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Coastal zones are biodiverse, with complex and dynamic interconnectivity between 

terrestrial and marine areas, and with multiple interactions between ecological and 

social systems. Despite on-going efforts to conserve and protect these ecosystems, 

destructive extraction and unsustainable resource utilization are persistent, posing 

challenges for governance. Issues and concerns in coastal zones are cross-sectoral 

and cross-boundary, often with overlapping jurisdictions. They are considered 

‘wicked’ governance problems, requiring nuanced approaches to address, rather than 

technical quick fixes. Interactive governance is one such approach that examines 

relationships within and between the ecological and social systems, as well as with 

the governing system. Theoretically, the governability of coastal zones depends on 

the inherent quality of these systems and their interactions, and improving 

governability needs to take place in all three orders of governance. At the ‘first order’, 

a better understanding of the diversity, complexity and dynamics of coastal zones, 

and related scale issues is required. Improving governability at the ‘second order’ 

involves evaluating and adjusting the existing legal and institutional frameworks to 

improve the performance and the correspondence with the systems they aim to 

govern. Finally, discussion about coastal governance needs to be elevated to ‘meta-

order’ where principles are set and values derived so that hard choices can be made, 

for instance, between conservation and utilization of coastal resources. Guided by the 

interactive governance framework, the paper presents an overview of coastal 

governance in Thailand, summarizing key features of the natural, social and 

governing systems associated with coastal zones, and discussing what can be done to 

improve coastal governability. 

Keywords: 

Wicked problems/ Resources 

governance/ Governing interaction/ 

Governability/ Coastal zones/ 

Thailand  
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1. INTRODUCTION

Coastal zones and the adjacent seas are 

biodiverse, with complex and dynamic 

terrestrial/marine inter-relationships and with multiple 

interactions between ecological and social systems. 

Coastal areas around the world face rapid and 

unplanned development, population growth and 

demographic change, which contribute to loss of 

habitats, increased erosion and ecological degradation, 

among others issues. Despite on-going efforts to 

conserve and protect aquatic resources and coastal 

ecosystems, destructive extraction practices, and 

unsustainable resource utilization remain.  

Multiple uses and activities in coastal systems, 

which are often cross-sectoral, cross-boundary and 

with overlapping jurisdiction, create ‘wicked’ 

governance problems that are difficult to define and 

solve. As posited by Rittel and Webber (1973) and 

Jentoft and Chuenpagdee (2009), they require nuanced 

approahes to address, rather than technical fixes. 

Conceptually, integrated coastal management (ICM) 

recognizes the wicked nature of coastal issues and is 

considered a better alternative to the traditional 

sectoral management (Cicin-Sain and Knecht, 1988; 

GESAMP, 1996; Satumanatpan, 2018). ICM is a 

dynamic process designed as an intersectoral, 

Citation: Satumantpan S, Chuenpagdee R. Interactive governance for the sustainability of marine and coastal resources in Thailand. Environ. Nat. 
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intergovernmental, land-sea and science-based 

management, which has been employed globally in 

promoting sustainable coastal development since the 

early 1980s. The goal of which is to maintain or restore 

ecological integrity and enhance the quality of life, 

while focusing also on developing the economies 

(Burbridge, 2004; Cicin-Sain and Belfiore, 2005; 

United Nations, 1982; Celliers et al., 2021). 

Despite long experiences of ICM practices 

around the world, coastal ecosystem health continues 

to decline, making sustainability a lofty goal. Olson 

(2000) posits that ICM challenges are linked to 

governance processes, which, according to Christies et 

al. (2005), require integration and coordination 

support, participative management, relevant policies, 

legislation and institutional arrangements and long-

term commitment. It has been argued that continuing 

evaluative and adaptive processes are imperative, 

using a system of indicators, but the application of this 

is not without a challenge due to the multi-faceted 

nature of coastal ecosystem. Eger et al. (2021), for 

instance, suggest that governance characteristics, 

including formal governance structure, engagement 

with diverse actors, and innovative mechanisms for 

coordination and cooperation among multi-actor 

groups, are key elements that need to be examined for 

successful ICM, measured by numerous input, process 

and output indicators (Ehler, 2003). 

A shift from traditional, single sector-based 

management approaches to cross-sectoral coastal 

governance is considered a critical pathway towards 

coastal sustainability. While there are several models 

that promote holistic and integrated perspectives in 

coastal zones, this paper follows the interactive 

governance theory (Kooiman et al., 2005) in 

examining the relationships and interactions within 

and between the natural and social coastal systems that 

are being governed, and the governing system, as key 

areas for improving coastal governance, as well as 

governability over time. The latter is a related concept 

that refers to the overall quality of the governance 

system, which includes the inherent characteristics of 

the systems themselves, as well as the capacity of the 

governing system to perform its tasks. In the first 

instance, a coastal system can be more or less 

governable depending on the diversity, complexity, 

dynamics and scale of the natural and social systems 

(Jentoft and Chuenpagdee, 2009). Generally speaking, 

a system that is diverse, complex, dynamic, and has 

scale and boundary issues is likely to be less 

governable, unless the governing system is adaptive 

and highly capable of dealing with the challenges 

posed by these characteristics. The diversity, 

complexity, dynamics and scale of the governing 

system also contribute to governability, which 

additionally depends on how well it aligns and 

corresponds to the nature of the coastal systems that it 

aims to govern. 

The interactive governance theory further posits 

that sources of governability (and opportunities to 

enhance it) can be found in all three orders of 

governance. The meta order is concerned with values, 

images and principles guiding governing institutions 

at the second order and governing interactions at the 

first order. When meta-order elements are well 

articulated and appreciated by all involved coastal 

stakeholders, and that laws and regulations are 

formulated accordingly (second order), which make it 

easy for the implementation on the ground (first 

order), coastal governability is likely to be high. 

Adjustment and transformation may be needed to 

better align the three orders of governance, which 

would then lead to improving governability 

(Chuenpagdee and Jentoft, 2009).  

The article extends from the work by 

Satumanatpan et al. (2014), Satumanatpan and 

Chuenpagdee (2015), and Satumanatpan et al. (2018) 

in looking at how interactive governance and three 

governance orders provide the needed foundation to 

help achieve coastal sustainability in Thailand. With a 

maritime territory of more than 320,000 km2, or about 

60 percent of the land area, and with 23 provinces 

adjacent to coastal seas, Thailand’s coastal and aquatic 

resources generate a high economic value of about 24 

trillion baht annually. The Thai government has been 

supportive of ICM and dedicated the responsibility of 

coastal management to the Department of Coastal and 

Marine Resources (DMCR) in 2015. Like other 

coastal regions elsewhere, Thailand faces several 

governance challenges related to inter-governmental 

and inter-sectoral coordination, communication 

and dissemination of information, stakeholder 

participation, long-term financial support, and 

consistent monitoring and evaluation, among others 

(see e.g., Christie et al., 2005; White et al., 2006; 

Satumanatpan et al., 2017; Eger et al., 2021). Thailand 

is a signatory to Sustainable Development Goals 

(SDGs) (NESDC, 2021), supporting the ocean 

sustainable development agenda, including the most 

recent Blue Growth and Blue Economy initiatives.  

Coastal areas are among the most complex and 

challenging systems to govern. On that premise alone, 
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the application of a theoretical framework like 

interactive governance to unpack the wicked problems 

embedded in the coastal system offers valuable 

lessons. Thailand coastal system is presented in the 

paper to illustrate such an application. Yet, how 

coastal areas in Thailand are governed presents 

additional challenges, as well as opportunities for 

improving governance, given the new laws and 

regulations governing coastal and fisheries resources. 

It serves as a good case study for resource governance 

reform, which many countries are either implementing 

or contemplating.   

In this paper, we first undertook a desk review 

of the policy and legal basis for governing marine and 

coastal resources in Thailand. The review included the 

following key documents: the 20 years National 

Strategy and the Master plan, the National Economic 

and Social Development Plans, the Five Year 

Environmental Management Plan, and other relevant 

national laws. After completing the reviews, we 

employed the interactive governance in guiding the 

discourse  analysis by exploring the overall coastal 

system, including the systems that are being governed, 

the governing system and the governing interaction. 

Additionally, we examined these systems in three 

orders of governance, in the understanding of coastal 

governability, using the following questions. For the 

Meta-order governance: What are the goals and 

principles underlying the coastal governance system? 

Do governing actors recognize or ignore them? For 

the second-order governance: What institutional 

characteristics do the governance system have? Are 

existing regulations conducive for effective coastal 

management? Are there instruments to support the 

goals? And finally, for first-order governance: What 

are the day-to-day operations? Are patterns of 

interaction among stakeholders supporting coastal 

management?  Where appropriate, we also put 

relevant examples, which clearly explain where and 

how to address the coastal challenges and improve 

governance. 

The article is organized as follows. We begin 

with the theoretical framework of interactive 

governance and the description of the natural and 

social coastal systems, the governing system, and the 

interaction between the two. Key legislations that took 

place since the Rio’s conference in 1992 are 

highlighted to illustrate the diversity, complexity and 

dynamic of the governing system. This is followed by 

discussion about issues and challenges in coastal 

governance following the three orders analysis. We 

conclude with suggestions about how to improve 

coastal governability in Thailand, as part of the 

possible pathways towards sustainable coastal 

development.  

2. INTERACTIVE GOVERNANCE AND GO-

VERNABILLITY

Governance is a concept that has several 

meanings and definitions (Graham et al., 2003; 

Lockwood et al., 2010; Moore et al., 2011). For 

instance, Graham et al. (2003) define governance as the 

interactions among structures, processes and traditions 

that determine how power and responsibilities are 

exercised, how decisions are taken, and how citizens or 

other stakeholders have their say. Moore et al. (2011) 

state that governance involves the exercise of power, 

decision making, and implementation of decisions. 

They also point to laws or rules, institutions and 

processes among the key governance components. In 

another instance, governance is referred to as the 

structural, institutional, and procedural umbrella under 

which development programs and management 

practices operate (Bennett and Dearden, 2014). Singh 

(2014), on the other hand, defines governance as the 

ability of a state to govern its resources as prescribed in 

the form of legal instruments, supplemented by policy, 

programs and institutional interventions, all operating 

in a holistic manner with effective synergies among and 

within the various entities.  

Interactive governance, as defined by Kooiman 

(2003), is similar to the above but has its emphasis on 

interactions. Specifically, interactive governance 

refers to “the whole of public as well as private 

interaction taken to solve societal problems and create 

societal opportunities” (Kooiman et al., 2005). It 

includes the formulation and application of principles 

guiding those interactions and care for institutions that 

enable them. The emphasis on interactions, posited in 

interactive governance theory, encourages a whole-

system analysis of all aspects of governance, in 

identifying challenges and obstacles, and in exploring 

new opportunities and perspectives to address them. 

These interactions occur in all levels and all orders of 

governance, and these interactions are part of what 

make the system more or less governable 

(Chuenpagdee and Jentoft, 2009). 

In accord with the interactive governance 

concept, coastal systems are characterized by the 

diversity, complexity and dynamics of the system 

components, which operate at various scales. These 

characteristics can be found in the natural and the 
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social systems-to-be-governed (SG), the governing 

system (GS) and the governing interaction (GI) within 

and between the SG and GS. They are fundamental 

building blocks of a governance structure, and 

therefore must be carefully examined when assessing 

the capacity and performance of the governance 

system. As previously stated, systems with low 

diversity, dynamic and complexity, with a well-

defined boundary, and activities taking place in a small 

spatial scale, may be more governable than those that 

are highly diverse, complex and dynamic, and are 

ridden with boundary and scale issues. Yet, the latter 

systems can still be governable if the governing 

system is highly capable of performing its function, 

and it is organized to align with these characteristics 

and can respond in timely and effective manner.  

2.1 The natural and social coastal SG 

Coastal areas of Thailand are rich with many 

key aquatic ecosystems and habitats including 

mangroves, coral reefs, seagrass beds, sandy beach, 

muddy shore and rocky shore. Mangroves, coral reefs 

and seagrass beds, in particular, serve as feeding 

ground and nursery areas, for many aquatic organism. 

According to a recent report by DMCR (2022), 

mangrove covers an area of about 2,780 km2, coral 

reefs 239 km2, and seagrass beds 159 km2. A total of 

96 species of mangrove plants have been identified, 

with the dominance of Rhizophora spp. There are 273 

species of coral, the majority of which are branching 

corals (Acopora spp.) and massive coral of the species 

Porites lutea. Two seagrass species, Halophila ovalis 

and Enhalus acoroides, are common among the 12 

species found in Thailand (DMCR, 2022).  

The rich natural coastal system supports diverse 

stakeholders with multiple uses in both coastal and 

marine areas. They provide food security and local 

livelihoods for coastal communities engaged in 

fisheries, aquaculture and tourism. Ports and shipping, 

oil and gas exploration and production, and coastal 

development are other activities taking place in these 

coastal areas. Fish and seafood are a key part of the 

Thai diet, with about 29 kg/year of fish being 

consumed per capita, which is higher than the world 

average of 21 kg/capita/year (FAO, 2020). The 

importance of fisheries, especially small-scale 

fisheries, cannot be under-estimated. Small-scale 

fisheries take place in all the 22 coastal provinces, and 

according to the latest catch survey statistics by the 

Department of Fisheries, the sector produced about 

161,500 ton of marine fishery catch or about 11% of 

the country’s total production (DOF, 2020). The 

number of fishers has also been estimated at 168,140 

people actively fishing during peak season, with 

57,800 households depending on fisheries livelihoods 

(DOF, 2016), the majority of which are involved in the 

small-scale fisheries value chain. 

Threats to coastal and aquatic resources in 

Thailand have been increasing for decades and 

continue to grow. For instance, marine resources have 

been over-exploited, with some destructive fishing 

practices causing damage to habitats and marine 

mammals (PEMSEA, 2019). Coral reefs suffer 

damages from multiple causes including tourism, 

sedimentation, marine debris and untreated 

wastewater discharge. Sewage, sedimentation from 

coastal projects, destructive fishing, and shrimp 

farming have been reported to accelerate the decline 

of seagrass and other coastal vegetation. Loss of 

mangrove forests continues through deforestation and 

conversion to aquaculture, industrial development, 

construction of road, piers and other infrastructure, 

and agriculture. The mangrove forest area decreased 

from approximately 3,680 km2 in 1961 to 1,680 km2 in 

1996. With reforestation programs carried out by 

government agencies, private sectors, and NGOs, 

mangroves have recovered with a reported area of 

about 2,780 km2 in 2020 (DMCR, 2022). 

2.2 Coastal GS 

In line with how natural resources are generally 

governed in Thailand, coastal resources  are governed 

under a decentralization system, with local 

government officials responsible for the day-to-day 

management and local decision-making since 1999 

(Table S1).  

In 2003, a bureaucratic reform took place, 

which resulted in an establishment of the new Ministry 

of Natural Resources and Environment (MONRE), 

designated as the main agency responsible for 

environmental and natural resource management in 

the country (Royal Gazette, 2003). The Department of 

Marine and Coastal Resources (DMCR) is one of the 

units under the ministry, in charge of promoting 

sustainable management and conservation of 

Thailand’s marine and coastal resources, particularly 

mangrove forests, coral reefs, seagrass and marine 

endangered species. DMCR has a direct mandate for 

coastal resource management, but shares decision-

making responsibility with other government agencies 

that also have jurisdiction in the coastal zone, such as 

the Department of National Parks, Wildlife and Plant 
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Conservation, and Office of Natural Resources and 

Environmental Policy and Planning under the 

MONRE, Department of Fisheries under the Ministry 

of Agriculture and Cooperatives, Marine Department 

(main authority for marine transportation and 

shipping) under the Ministry of Transport, Department 

of Public Works and Town Planning under the 

Ministry of Interior, and Office of the National 

Security Council under the Office of the Prime 

Minister.  (Supplement A, upper box shows major 

institutions involved in governing marine and coastal 

resources at the national scale). 

Prior to 2015, coastal resources were managed 

under a number of related laws (Table S1).  Since 

March 2015, the Promotion of Marine and Coastal 

Resources Management Act (hereafter, 2015 Coastal 

Act) was enacted, with provisions for setting up 

institutions for managing coastal resources, either at 

the national or the local scale, and promoting 

community participation in coastal resources 

governance. In November of that year, the Royal 

Ordinance on Fishery came into effect, with the 

mandate of protecting fishery resources through 

similar institutional arrangement (i.e., national and 

provincial fishery committees) and promoting fishing 

communities’ participation in fishery governance. In 

2019, the National Park Act and the Marine Interest 

Protection Act are the two most recent laws, playing a 

supporting role in the governance of marine and 

coastal resources in Thailand (Table S1). We provide 

comprehensive details of direct governing institutions 

created under the 2015 Coastal Act as the second-

order governance in section 3.2.   

In sum, multiple government agencies have 

jurisdiction in the coastal zone and all have decision 

making authority at both national and provincial 

scales, thus creating a highly complex governing 

system (Supplement A). For instance, at the provincial 

scale (grey box in Supplement A), there are a 

minimum of three committees directly responsible for 

marine and coastal governance  the PMCRC (under 

the Coastal Act), the PFC (under the Royal Ordinance 

on Fisheries), and the PMECC (under the Marine 

Interest Protection Act). Additionally, two more 

committees will be added in the provinces that have 

environmental protected areas (the PCCME created 

under the National Environmental Quality Act) and 

marine protected areas (the PMNPC under the 

National Park Act), respectively. 

2.3 Governing interaction 

Several forms of interactions among several 

governing actors and the institutions (like the legal 

instruments) can be found, mostly in connection with 

the roles and responsibilities of different agencies, 

following principles such as participation, access to 

information, transparency and accountability. 

Specifically, there is a close connection and 

relationship between the Coastal Act and the Royal 

Ordinance on Fisheries, both of which have similar 

requirements to promote the participation and 

support of coastal communities (section 16) and local 

fishing communities (section 25) in the management, 

maintenance, conservation, restoration and 

exploitation of coastal and fishery resources. As in 

other areas, there are laws and legislations that can be 

drawn upon to enhance participation and interaction in 

the governance of coastal resources. For instance, the 

1997 Official Information Act (Royal Gazette, 1997) 

establishes the right of people to access public 

information and makes all state agencies legally 

responsible for disseminating it. Additionally, the 

2018 National Environmental Quality Act (second 

amendment, Royal Gazette, 2018a) requires that an 

environmental impact study be conducted on large-

scale development projects that might affect coastal 

resources, with meaningful consultations with the 

communities to assess and mitigate impacts. There is 

also a mechanism that allows representatives of 

coastal communities to participate in committees at 

the provincial and national level. 

While certain forms of interactions such as 

involving coastal communities in coastal decision 

making generally contribute to increasing coastal 

governability, quality of interactions and persons 

participating may affect the governance outcomes. This 

was the case with the plan to designate the dolphin 

conservation areas (under the 2015 Coastal Act) in Trat 

Province where the process began in 2018, but without 

much progress. Information about the causes of dolphin 

death was unclear, with the DMCR claiming that it was 

mostly caused by small-scale fishing gears, while 

fishers argued that the death was a result of plastic 

waste. Despite this, the DMCR began the planning 

process that did not lead to developing trust and 

agreement with the communities and fishers. This 

contrasts with a case in Trang Province, southern 

Thailand, where progress has been made to establish a 

marine protected areas (MPAs), taking into 

consideration local culture and sustainable use of local 
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people, and with an inclusive process with all relevant 

stakeholders sharing information (DMCR, 2021a). 

3. GOVERNABILLITY IN THREE ORDERS

The ecological, social, economic and cultural 

importance of coastal systems makes it critical to get 

the governance right. As posited by the interactive 

governance theory, challenges and opportunities for 

governance, along with ways to improve 

governability, can be found in the system to be 

governed, governing system, governing interaction 

(section 2.1-2.3), and can be also found in the three 

orders of governance. We illustrate below what they 

imply in the context of Thai coastal zones. 

3.1 Meta-order governance 

The meta-order elements, i.e. values, images 

and principles underlying governance, are often 

implicit and not well articulated. Principles are the 

most explicit element among them and can be easily 

identified, at least on the face value. For instance, the 

five-year environmental management plan (Royal 

Gazette, 2017) lists twelve principles for natural 

resources and environment governance. These are: 

sustainable development, ecosystem approach, 

precautionary principle, polluters pay principle, 

beneficiaries pay principle, public-private partnership, 

good governance, extended producer responsibility, 

resource efficiency, human rights, integration, and 

environmental justice. The latter two principles, in 

particular, are emphasized in the upcoming five-year 

environmental management plan (2023-2027) under 

the Office of Natural Resources and Environmental 

Policy and Planning. Additionally, the sufficiency 

principle, originated more than 40 years ago by the late 

King Bhumibol Adulyadej, has been recognized as 

another key guiding principle for sustainable 

development envisaged in the SDGs, and has been 

incorporated in the Ninth National Economic and 

Social Development Plan since 2002 (NESDC, 2002). 

The importance of meta-level governance, 

especially the sufficiency principle, in enhancing 

governability of many small-scale fishers in Thailand 

has been illustrated. Chuenpagdee and Juntarashote 

(2011) document how small-scale fisheries people in 

four provinces (Chantaburi, Prachuap Khiri Khan, 

Ranong and Krabi) adhered to the sufficiency 

principle, reflecting the positive image that they would 

like to portray along with their commitment to 

conservation. In these case studies, small-scale 

fisheries people were explicit in their agreement to 

abolish the use of illegal fishing gears and were active 

in their participation to protect and restore coastal 

resources. These actions contributed not only to 

maintaining the healthy marine environment but also 

to sustaining their livelihood and wellbeing.  

Since the Rio+20 conference in 2012, the blue 

growth and blue economy concepts have been widely 

discussed and incorporated in the ocean development 

plans in many coastal states. Thailand has followed 

this trend in promoting blue economy as part of coastal 

and ocean sustainable development since 2015. The 

articulation of this concept can be found in several 

national strategies, including the 20 years National 

Strategy and the Master Plan (Royal Gazette, 2018b; 

Royal Gazette, 2019), and the 12th national social and 

economic plan (NESDC, 2016). Blue Economy is also 

incorporated in the DMCR action plan. Along with 

this is the incorporation of SDG14 (Life below water) 

targets in the national policy for protection and 

conservation of marine resources, which are 

implemented through, among other approaches, place-

based tools such as marine spatial planning (MSP) and 

MPAs. These two are further discussed in section 3.2. 

While principles are clearly articulated in the 

policy and planning documents, it is less obvious what 

or whose values underline them. It is also unclear what 

images drive the blue economy, nor whether key 

coastal and ocean stakeholders share them. So far the 

discussion about SDG14 in Thailand has been driven 

by the central government, and similar to other 

countries, the blue economy initiatives are mostly 

influenced by large-scale ocean-based sectors, 

including aquaculture, land development, industrial 

parks, tourism and industrial fisheries (Fabinyi et 

al., 2022). While there is an early attempt to provide 

small-scale fisheries people with alternative income 

(DMCR, 2021b), the most marginalized and 

vulnerable groups among them, such as women, will 

continue to be disadvantaged (Jentoft and 

Chuenpagdee, 2022). 

3.2 Second-order governance 

The second governance order refers to the 

institutional design and arrangement, formed in 

alignment with the meta-order, to enable the first order 

processes in problem-solving and opportunity 

creation. Kooiman et al. (2005) suggest that when 

designing or building these governing institutions, two 

questions must be considered: (1) whether the 

institutions form a proper framework for problem 

solving and opportunities creation; and (2) what a 
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division of tasks and responsibilities for each of them, 

or in combination between them, might look like. 

As illustrated in the above, Thailand has a 

strong foundation of legal and policy instruments to 

support the sustainability of marine and coastal 

resources in the country (section 2.2). Through the 

2015 Coastal Act, the NMCRC is inclusive in the 

approach to policy and planning for marine and coastal 

resources, with members representing 19 relevant 

ministries. Additionally, 12 academic or independent 

experts in fields related to coastal and marine 

resources are included in the committee, with a 

minimum of six individuals from coastal 

communities. The Prime Minister chairs the NMCRC 

and the DMCR Director-General serves as a 

secretariat, providing to a certain extent a high-level 

coordination and continuity to the coastal policy and 

planning process. The work of the NMCRC is done 

through eight sub-committees, which deal with 

specific issues (see Table S1 under the 2015 Coastal 

Act). 

The 2015 Coastal Act also enables an 

establishment of the provincial level committee 

(PMCRC), with similar membership and response-

bilities, as well as supports the registration of coastal 

community organizations, as another mechanism to 

enhance participation of coastal communities in 

resource governance. The involvement of community 

groups and local stakeholders in the provincial 

committees aligns well with what studies show 

about the importance of involving coastal actors in 

adapting and planning for change (see for instance 

Amarasinghe and Bavinck, 2011; Dearden et al., 2017; 

Prado et al., 2015).  

In addition to setting up these institutions, the 

two spatial tools employed for coastal management in 

Thailand are worth noting in terms of their 

institutional design. Currently, Thailand has about 

15,336 km2 (close to 5% of the total maritime zone) 

designated as MPAs (NESDC, 2021), but is aiming to 

increase it to 10% by 2030. It is not clear, however, 

how the target will be met since coordination and 

harmonization among involved departments is highly 

problematic. The designation of an MPA in Thailand 

can be executed under three main laws including the 

Marine National Park Act (by DNP), the National 

Environment Quality Act (by ONEP), and the Coastal 

Act (by DMCR). Unavoidably, overlapping efforts 

and redundant work occur, causing confusion among 

coastal communities, especially about the different 

laws that allow or prohibit certain activities. The MPA 

designation has been delayed because of this lack of 

coordination. 

Similar problems are likely to be observed in the 

MSP process, with two major laws related to its 

execution. The Marine Interest Protection Act 

provides power and authorities to the Office of the 

National Security Council in integrating multiple 

activities in the marine and coastal zone, and the 

Coastal Act enables protection of marine and coastal 

resources, but offers no direct power to DMCR to lead 

other institutions in integrating multiple activities in 

an area. Yet, without the legal responsibility to create 

an MSP, the DMCR has worked on drafting MSP 

plans for several areas in eastern and southern 

Thailand over the past five years. The Royal Thai 

Navy, an official institution in charge of mapping 

coastal seas, is also heavily involved in supporting the 

MSP process. Strong coordination between the lead 

agency and relevant institutions as related to MSP is 

imperative for an effective implenation of a place-

based tool like MSP (DMCR, 2021c), especially in the 

context of Blue Ecnomy. As argued by Jentoft and 

Chuenpagdee (2022), MSP process must consider 

multi sectoral uses, and be inclusive of small-scale 

sectors, such as small-scale fishers and other 

vulnerable groups, to achieve just and equitable access 

and utilitzation of resources. 

3.3 First-order governance 

The first-order governance deals with day-to-

day coastal management activities required to solve 

societal problems and to create societal opportunities. 

Principally speaking, when values, images and 

principles are well articulated and reflected in how the 

institutions are designed, actions at the first-order 

should follow correspondingly. Yet, many conditions 

are required for an efficient operation, most 

importantly the capability and capacity of governing 

actors and the shared understanding about the law and 

legal instruments among coastal stakeholders. 

Across the country, staff persons in the two 

main agencies (local DMCR and the PMCRC) have 

limited skill to deal with complex problems, which are 

often interdisciplinary in nature. The local DMCR 

staffs are generally unequipped to tackle large-scale 

problems with multiple sources of threats to coastal 

and marine ecosystems. They are challenged by the 

need to approach coastal and marine degradation from 

the perspective of spatial integration, following MSP, 

and to identify the ways in which pressures from 

different sources are interconnected (Satumanatpan et 
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al., 2018). The reliance on familiar tools and 

approaches to deal with problems, and the lack of 

knowledge and opportunity to reflect on the root 

causes is a common challenge in coastal governance, 

not only in the case of Thailand (Eger et al., 2021).  

A specific example is related to the 

operationalization of the Environmental Protected 

Areas (EPAs) in Phetchaburi and Prachuap Khiri 

Khan Provinces, and Koh Tao in Surat Thani 

Province, both of which were designated under the 

1992 National Environmental Quality Act. EPAs is 

managed by the local governments (under the 

decentralized system) and is regulated through the 

EPAs committees, which comprise multi-stakeholders 

from relevant government agencies, local experts, 

private sectors, state enterprises and members of 

NGOs. The structure of the governing system is well 

defined and rather stable, which should facilitate the 

operationalization of the EPAs on the ground. Yet, a 

study by Satumanatpan and Chuenpagdee (2015) 

reveals that the EPAs do not function well, due mostly 

to the lack of understanding among the committee 

members about the natural and the coastal systems 

associated with the EPAs, the poor relationship and 

interaction between coastal stakeholders and the EPA 

committees, low enthusiasm and limited leadership 

from the EPA secretariat, and weak financial 

commitments for managing the EPA. Similarly, as 

revealed by Satumanatpan et al. (2017), the Koh Tao 

EPAs committees had limited understanding of the 

ministerial announcement about the Koh Tao EPAs, 

and their roles as decision makers, and had not held 

regular meetings but would convene only when there 

was a request for it. As such with all reported 

constraints, long-term goals for Koh Tao’s sustainable 

development are unlikely to be achieved in a timely 

manner. 

4. IMPLICATIONS FOR COASTAL GOVER-

NABILLITY

The above review illustrates how the coastal 

natural and social systems interact with the governing 

system in all three orders of governance, which then 

influences coastal governability. Certain features of 

the coastal systems, such as the rich habitats and 

multiplicity of coastal activities, are highly diverse, 

complex and dynamic, and operate at various scales, 

causing the coastal zones of Thailand to be difficult to 

govern effectively. When coupled with the highly 

complex and dynamic governing system, consisting of 

multiple agencies sharing responsibility and 

overlapping jurisdiction, and with limited staff 

capacity and poor coordination, the governability 

challenge is made even more difficult. Despite 

having the essential principles for good coastal 

governance, supported by laws and legislations, their 

operationalization is not straightforward, and coastal 

governance is often done without any good reflection 

about what it implies. In other words, the arrows in 

Jentoft and Chuenpagdee’s figure (2022) go one way 

as a trickle down process from the meta-order, without 

any trickle up. The opportunity for interactive learning 

and adaptiveness is therefore limited. In this 

circumstance, some of the effective mechanisms to 

strengthen interaction between the orders would 

include communication and sharing information, 

along with a regular assessment of the alignment and 

correspondence. Further, governing interaction 

between the GS and SG can be facilitated through the 

participation mechanism in coastal governance, 

provided that it is meaningful and inclusive, and well 

facilitated and coordinated. 

The interactive governance analytical approach 

offers opportunities to consider where in the 

governance system the coastal governability can be 

improved. First, at the meta-order governance, policy 

documents and vision for sustainable development need 

to be more explicit about principles such as social 

justice and equity. Specifically, better discussion with 

relevant coastal stakeholders about what Blue Economy 

means, what it should look like, and how to achieve it 

would be necessary. The same applies to the principles 

underlying the MSP process in a way that enables just 

and inclusive participation of small-scale fisheries and 

coastal communities. A broader conversation about the 

importance and values of coastal ecosystem, and the 

imminent role they play to support life and livelihoods 

of coastal people, is imperative. 

In the second-order, serious considerations are 

required to examine the role and function of the 

different government agencies, making clear about 

their responsibility, authority and jurisdiction. 

Coordinating mechanisms need to be established to 

facilitate cooperation and harmonization, as well as to 

minimize duplication and confusion to increase 

credibility. Consideration should also be given to 

creating a process that recognizes the local culture and 

is respectful of the time and efforts of coastal 

community representatives involved in the governing 

committees. Coastal governability could also be 

enhanced through investment on relationship and trust 

building between governments and communities, 
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given the past experiences and the current political 

climate.  

For the first-order, transdisciplinary training 

and capacity development programs need to be 

designed to enhance knowledge and skills of staff 

persons in the different government departments. The 

focus of the training is to build appreciation for the 

wicked nature in coastal governance, the reality of 

diverse worldviews agendas, and avoiding thus the 

application of technical fixes to favor iterative 

solutions co-creation. It is also about sensitizing staff 

persons with issues and concerns affecting coastal 

communities, and how they can work together to come 

up with innovative solutions for coastal sustainability. 

At the end, it is through mutual respect and 

collaborative efforts that would make governance 

work in the first-order. 

5. CONCLUSION

This article uses the interactive governance 

theory, especially the three orders of governance, for 

examining coastal governance challenges, using the 

case of Thailand as an illustration. The findings can 

aid in understanding where governability challenges 

lie and how to enhance coastal governance. The study 

reveals the applicability of the interactive governance 

framework in other coastal developing countries that 

have similar contexts and that share the common goals 

to sustain marine and coastal resources.   
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Over the last decades, several studies showed that phthalic acid esters (PAEs) 

were ubiquitous environmental contaminants and became a major threat to 

human health. This study provided the first case study about the concentration 

and the potential sources of soil’s PAEs, both in Tunisia and North Africa. Soil 

samples were collected from four cultivated (CS) and two adjacent native soils 

(NS) at 0-10 cm and 10-30 cm layers in southeastern Tunisia. The PAEs 

concentrations were analyzed using a gas chromatography-mass spectrometry 

(GC- MS) system. Results showed that the total concentration of PAEs ranged 

from 2.40 to 11.05%. Higher values were detected in NS in the 0-10 cm layer 

contrary to CS which showed higher PAEs concentration in 10-30 cm depth. The 

di-n-butyl phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP) were the

most abundant PAEs. In the 0-10 cm layer, PAEs concentration was highly

related to the age of the plastic film in CS. We observed a positive association

between PAEs concentration and conductivity (EC) values. The PAEs

concentrations were affected by the presence of soil organic matter (SOM) in CS.

This decrease of PAEs in CS compared to the NS may be related to the microbial

decomposition activity stimulated by the presence of fresh organic residues and

fertilizers. These results showed that CS and adjacent NS in the studied regions

were contaminated by PAEs which is probably a result of agricultural activities.

More investigations on PAEs concentrations in various soil managements are

needed to confirm these results.
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1. INTRODUCTION

Intensive use of plastic films can induce 

contamination of microplastics and phthalate esters 

(PAEs) (Li et al., 2021). Reduction of microplastics 

contamination is related to the management and 

mitigation of microplastics pollution (Rahmayanti et 

al., 2022). However, Phthalic acid esters (PAEs) are 

extensively used in plastic materials (Zhu et al., 2022), 

such as, polyvinyl chloride, medical product, cosmetics, 

clothing, building materials, paints, pesticides, 

fertilizers, food packaging (Staples et al., 1997; Xu et 

al., 2008; Wang et al., 2013). As a result of their large 

scale use, the global PAEs consumption per annum is 

estimated to 6.0×106 tons (Xie et al., 2007). In recent 

times, there has been an increasing concern over the risk 

of phthalate exposure leading to adverse effects to 

human health and the environment (Das et al., 2021). 

Several studies have reported health concerns 

related to endocrine disruptive problems and confirmed 

that human exposure to PAEs causes particularly 

cancer and reproductive effects (Hens and Caballos, 

2003; Guo and Kannan, 2011). Therefore, they are 

considered as one of the widespread classes of organic 

pollutants (Kong et al., 2012) and classified as priority 

environmental contaminants (USEPA, 2013). 

The presence of PAEs is confirmed in various 

environmental media, such as, air (Wang et al., 2012), 

water (Xie et al., 2007), sediment, soils (Ma et al., 

2013; Kong et al., 2012) and many types of plant 

species (Fu and Du, 2011). Soils are considered as the 

main environmental matrices, highly affected by 

anthropogenic activities, and they act as natural sinks 

for pollutants, which can lead to the pollution of other 

spheres of the ecosystems and the human food chain. 
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Actually, irrigation methods, the application of 

pesticides, and the impact of surrounding pollutant 

sources, waste and diversity of manure may lead to the 

differences of PAEs concentrations in various types of 

soils (Kong et al., 2012). Fertilizers contain between 

0.01 to 2.8 mg/kg of PAEs as reported by Mo et al. 

(2008). It can lead to the accumulation of PAEs in the 

soil (Fu and Du, 2011). Plastic film used in agricultural 

field is associated to the increase of PAEs 

contamination (Pedersen et al., 2008). The use modes, 

and the amount of plastic films, as well as the age of 

the greenhouse, are the principal sources of PAEs soil 

contamination. Thus, they are the main factors 

controlling the PAEs concentration’s variation in soil 

(Guo and Wu, 2011).   

Soil contamination by PAEs is controlled by 

various factors, such as, soil properties and soil uses 

(Xu et al., 2008; Zeng et al., 2009), as well as the 

meteorological conditions (Cai et al., 2008; Kong et 

al., 2012). Zhang et al. (2015) demonstrated that high 

PAEs concentrations are detected in the summer. 

DEHP and DBP are the most identified 

contaminants in cultivated soils and in multiple 

environment compartments like surface waters (Kelly 

et al., 2010). In fact, DEHP and DBP are the dominant 

components in plastic film (Wang et al., 2013). 

Moreover, longer/branching alkyl-chain PAEs such as 

DEHP improve polymer flexibility and they have been 

extensively used in the polymer industry as 

plasticizers (Hens and Caballos, 2003). DEHP is a 

principal component in most widely used-fertilizers 

(Mo et al., 2008). High concentration of DBP and 

DEHP in agricultural soils have already been detected 

in Chinese soils (Ma et al., 2003; Xu et al., 2008).  

Our study was carried out in the Gabès 

Governorate, which is an industrial and commercial 

town with a population of about 374,300 inhabitants. 

However, since the foundation of one of the biggest 

Tunisian industrial complexes in Gabes City (1972), 

several studies showed that many wastes are produced 

by the industrial complex and have been directly 

dumped in the near coastal environment of Gabes 

region which is considered one of the most polluted 

areas in the Mediterranean Basin (El Zrelli et al., 

2021). In addition, in Gabès region oasis agrosystems 

and other agricultural soil play a vital role in the life 

of the local communities. Actually, date palms are one 

of the most important crops in oasis ecosystems, 

providing a major source of income for local farmers 

and for the national economy. Seasonal crops in this 

region, where soils are poor quality, use fertilizers and 

greenhouse vegetables are extensively grown. 

However, in many developing countries, there is a 

large quantity of agricultural wastes that cause severe 

pollution problems (El-Hassanin et al., 2020). Hence, 

degrees of damage on the ecosystem and on human 

health are detected. We believe that the contamination 

of atmosphere, groundwater and soils are behind 

several health damages such as birth defects, negative 

effects on neurodevelopment and growth in children, 

cancer, and so on, in the Gabès population. Actually, 

industrial towns worldwide and particularly in arid 

regions are subjected to several environmental threats 

because temperature and wind spread pollutants over 

large areas. According to Wei et al. (2020) PAEs were 

detected in all the soil and vegetable samples collected 

in the economically developed YRD region of China. 

The main objective of this preliminary study, being the 

first one in the field in North Africa, is to determine 

the concentration and the potential sources of soil 

PAEs under cultivated greenhouse and adjacent non-

cultivated native soils. More considerable attention 

should be given to the PAEs contamination status in 

soils and potential effects on local resident health (Tao 

et al., 2020). 

2. METHODOLOGY

2.1 Studied sites and sampling method

All studied sites were located in southeastern arid 

region of Tunisia, precisely in Gabès governorate 

(Figure 1). The climate is Mediterranean, dry, hot in 

summer and mild in winter. The average annual 

temperatures ranged between 17 and 45°C and irregular 

precipitation (237 mm/year) is concentrated in the 

winter. Soils in southren regions of Tunisia are 

classified as Arenosols or Gypsisols in the WRB 

classification (Jones et al., 2013; Labiadh et al., 2013). 

However, in the current study, sampled soils in both 

sites were classified as Gypsisols. Soil samples were 

taken from the 0-10 cm and 10-30 cm layers of the 

profile using pre-cleaned iron soil shovel. In each 

greenhouse, three profiles were sampled: the first one 

was about 1m from the door of the greenhouse, the 

second is at the middle and the third is in the back of the 

greenhouse. In the laboratory, the three samples from 

each depth were sieved and mixed to produce 

composite samples which were reduced and used for 

analyses. Soil samples were stored in glass bottles and 

air-dried in a ventilated place at room temperature. 

Before analysis, samples were sieved through a 2 mm 

stainless steel sieve to remove plant debris and rock 

fragments. Six profiles were selected in four vegetable 
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greenhouse cultivated soils (CS1, CS2, CS3, and CS4) 

and two adjacent native soils (NS1 and NS2). The ages 

of the vegetable greenhouses were 8, 10, 15, and 30 

years for, respectively, CS1, CS2, CS3, and CS4. In 

these greenhouses (each one covering 504 m2, 

length=56 m, width=9 m) (Figure 2), farmers produce 

seasonal crops, particularly tomato, pepper, cucumber, 

melon. The planting date is depending on type of crops. 

Figure 1. Localization map of the study area in Gabès Governorate 

Figure 2. The sampling sites of soils (a) Arram (vegetable greenhouse CS1, CS2, and NS1) and (b) Zerkine (vegetable greenhouse CS3, 

CS4, and NS2) 

2.2 Soil analysis 

The total soil organic carbon (SOC) was 

determined by K2Cr2O7·H2SO4 oxidation method of 

Walkey and Black (Nelson and Sommers, 1982) then 

the soil organic matter (SOM) content was calculated 

by multiplying SOC content by 1.72 (Dabin, 1967). 

Soil pH and EC were measured in a 1:5 soil:water 

suspension. Calcium carbonate (CaCO3) content was 

estimated by the method of calcimetry (Nelson, 1982). 

Soil particle size distribution was determined by 

Robinson’s method (Robinson, 1922). 

2.3 Organic compounds extraction 

Soil organic compounds were obtained by 

maceration of 50 g of air-dried soil (<2 mm) in 250 

mL of methanol (MeOH) for 2 h at room temperature. 

After filtration, the solvent was evaporated under 

vacuum at 35°C, using a rotary evaporator (IKA, RV 

10 auto V, Germany). The obtained dry concentrated 

organic residues were placed in hemolysis tubes and 

stored at -20°C until further analysis (Rahmani et al., 

2020). 

(a) (b) 
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2.4 Gas chromatography-mass spectrometry (GC-

MS) 

Gas chromatography-mass spectrometry 

analysis (a gas chromatography system (7890A) 

coupled to a mass spectrometry system (5975C, 

MSD) (Agilent Technologies, USA), was used to 

identify the volatile compounds from soil organic 

extracts (Rahmani et al., 2020) (Figure 2). 

3. RESULTS AND DISCUSSION

3.1 Soil properties

The cultivated soils and native soils were slightly 

alkaline because pH values were between 8.12 and 

8.90. Specifically, the cultivated soils showed high EC 

values. However, SOM concentrations were from 0.39 

to 1.39% and from 0.55 to 0.87%, respectively, in 

cultivated soils and in native soils (Table 1). Among 

soils low concentrations of CaCO3 and gypsum were 

recorded. The soil textures were loamy sand. 

The pH values can be attributed to the high 

levels of carbonate calcium and gypsum (Corti et al., 

2020). Similar pH values are detected by Mlih et al. 

(2019) and Omar et al. (2020) in the same regions 

under cultivated and non-cultivated soils. However, 

higher EC value in CS can be explained particularly 

by the use of saline water in irrigation (2.5 g/L to 4 

g/L) (Omar et al., 2017; Corti et al., 2020). The 

presence of CaCO3 and gypsum in arid soils of Tunisia 

was related to the alteration of geological parent 

materials (Mtimet, 2001). Low SOM concentrations 

observed in studied regions are similar to the average 

of SOM contents in soils of arid regions characterized 

by little accumulation of organic residues and high 

mineralization rate. SOM concentrations ranged 

between 0.39 and 1.39%; and between 0.55 and 

0.87%, respectively, in CS and NS. Our results are in 

agreement with those detected by Mlih et al. (2019), 

Omar et al. (2020), and Znaidi et al. (2020) in soils of 

arid regions of Tunisia, by Elbasiouny et al. (2017) in 

reclaimed cultivated soils of the Nile Delta, Egypt and 

by Shahabinejad et al. (2019) in arid regions of Iran.

Table 1. Main characteristics of the vegetable greenhouse cultivated soils (CS1, CS2, CS3, and CS4) and adjacent native soils (NS1 and 

NS2). 

pH EC 

(mS/cm) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

SOM 

(%) 

CaCO3

(%) 

Gypsum 

(%) 

CS1 0-10 cm 8.19±0.03 2.67±0.02 5.6 7.8 83.9 1.37±0.03 10.09±1.36 1.10±0.28 

10-30 cm 8.20±0.04 2.62±0.08 4.2 18 77.1 0.49±0.02 6.25±1.10 1.10±0.56 

CS2 0-10 cm 8.17±0.12 6.89±0.61 6.7 7.2 83.5 0.39±0.05 6.25±1.30 8.70±0.74 

10-30 cm 8.18±0.08 6.23±0.45 8.1 7.7 83.9 0.96±0.06 5.28±1.30 12.25±0.42 

CS3 0-10 cm 8.12±0.05 5.27±0.09 13.3 6.5 78.1 1.39±0.04 7.70±0.90 1.25±0.09 

10-30 cm 8.14±0.04 5.90±0.05 12.9 4.8 79.5 1.04±0.03 7.20±1.87 1.77±0.10 

CS4 0-10 cm 8.39±0.04 9.40±1.10 14.2 3.3 80.9 0.73±0.03 8.18±1.91 2.06±0.12 

10-30 cm 8.28±0.03 12.20±1.80 12.5 4.5 81.6 0.84±0.03 7.24±2.44 0.44±0.01 

NS1 0-10 cm 8.12±0.09 2.92±0.02 6.6 8.8 82.9 0.55±0.01 3.63±1.51 0.44±0.05 

10-30 cm 8.13±0.06 1.65±0.03 6.2 16.7 77.3 0.67±0.02 10.90±2.86 0.22±0.02 

NS2 0-10 cm 8.19±0.02 1.48±0.01 14.9 5.3 78.9 0.87±0.01 8.20±2.55 0.29±0.02 

10-30 cm 8.38±0.02 2.36±0.02 13.5 5.1 81.5 0.60±0.03 8.60±3.22 0.44±0.02 

C: cultivated; N: Native; EC: electrical conductivity; SOM: soil organic matter 

3.2 PAEs soil concentrations and sources 

Four types of PAEs are detected in studied soils 

DBP, DEHP, Dimethyl phthalate (DMP), and 

Dipentyl phthalate (DPP), which indicated that 

studied soils, as expected, were polluted by PAEs 

(Table 2). The total PAEs concentrations (∑PAEs) are 

ranging from 2.40 to11.05%. Across depth, PAEs 

concentration in CS was between 2.40 and 8.33% and 

in NS between 5.01 and 11.05%. Several previous 

studies have reported that soils of various agrosystems 

and uncultivated surrounding soil are contaminated by 

PAEs (Zhang et al., 2015). However, in our study as 

unexpected in NS the ∑PAEs was more than two or 

three times higher compared to CS. For example the 

∑PAEs in NS2 in 0-10 cm was equal to 10.05% but in 

CS1 and CS2 we recorded, respectively, 2.4 and 

3.97%. This finding is in agreement with those by 

Zhang et al. (2014) which found that total PAEs and 

individual concentrations of phthalate contaminants 

were all relatively low in the areas that used plastic 

films compared with other samples. They considered 

this fact is due to the greatest usage amount of plastic 
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products in people’s daily lives and other factors like 

diffusion of PAEs in the atmosphere. In our study, 

probably, these differences can be the result of the 

impact of factors controlling PAEs accumulation in 

soil, such as, distance from a pollution source, soil 

type and properties, land use, rainfall and temperature, 

which can make transverse, vertical and seasonal 

changes (He et al., 2015). Xu et al. (2008) thought that 

precipitation, atmospheric deposition, drainage, or 

seepage could cause PAEs contaminations in 

cultivated and uncultivated soils. Moreover, building 

materials and domestic garbage at surroundings can 

cause native PAEs soil contamination. Actually, high 

concentrations of PAEs in urban soils were observed 

for roadside sites (Kong et al., 2012). Moreover,  the 

less PAEs in cultivated soils in the present study is 

probably because sampling in the present study was 

performed in summer when fewer agricultural 

activities were involved, leading to less PAEs input. In 

addition, in CS, we hypothesize that the presence of 

organic matter (Gao et al., 2021), water and fertilizers 

increase microbial activity in CS which in turn 

increases organic matter and PAEs mineralization 

(Boll et al., 2020; Das et al., 2021; Wang et al., 2020). 

Microbial degradation could efficiently reduce the 

residue of organic pollutants in soil and crop plants 

(Liu et al., 2022; Wang et al., 2020). This is perhaps 

why in CS the PAES concentration is low than in NS.

Table 2. The concentrations (%) of different PAEs detected in the vegetable greenhouse cultivated soils (CS1, CS2, CS3, and CS4) and 

adjacent native soils (NS1 and NS2) 

Soil CS1 CS2 CS3 CS4 NS1 NS2 

8years 10years 15years 30 years 

0
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0
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1
0

-3
0
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0
-1

0
 cm

1
0

-3
0

 cm
 

0
-1

0
 cm

1
0

-3
0

 cm
 

0
-1

0
 cm

1
0

-3
0

 cm
 

0
-1

0
 cm

1
0

-3
0

 cm
 

0
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0
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1
0

-3
0

 cm
 

DEHP (%) 2.40 6.00 3.97 4.99 4.30 5.39 5.34 6.38 7.12 3.30 6.74 5.30 

DBP (%) ND 1.74 ND 0.78 0.97 1.26 0.00 1.95 1.05 1.33 3.40 3.00 

DPP (%) ND 0.41 ND ND ND ND ND ND ND ND ND ND 

DMP (%) ND ND ND ND ND ND 0.59 ND ND 0.38 0.91 0.00 

Total (%) 2.40 8.15 3.97 5.77 5.27 6.65 5.93 8.33 8.17 5.01 11.05 8.30 

C: cultivated; N: native; DEHP: di-(2-ethylhexyl) phthalate; DBP: di-n-butyl phthalate; DPP: dipentyl phthalate; DMP: dimethyl phthalate; ND: not detected 

Among different sampled soils four types of 

phthalates were detected DBP, DEHP, DPP, and DMP 

which showed different concentrations. The DPP is 

closely present in CS1 in Arram region. However, the 

DMP was detected in NS and cultivated soil CS4. The 

DEHP and DBP are the most abundant PAEs in NS 

and CS but varied widely between sites and across soil 

depth. This result is in agreement with those found by 

Ma et al. (2020). The DEHP and DBP are the principal 

components of wide ranges of industrial products. For 

example, according to Mo et al. (2008) and Kong et al. 

(2012), the concentrations of DBP and DEHP were 

influenced by fertilizers and plastic films, as well as 

differences in the use of irrigation mode. An increase 

in the annual average temperature causes the reduction 

in bond strength of the plasticizer and Polyvinyl 

chloride (PVC) chain thus leading to increased 

discharge of PAEs into the surrounding soil (Chen et 

al., 2011). DEHP is not easily biodegradable; 

therefore, it easily accumulates in the soil at high 

levels (Cartwright et al., 2000). An increase in the 

annual average temperature causes the reduction in 

bond strength of the plasticizer and PVC chain thus 

leading to increased discharge of PAEs particularly 

into the surrounding soil (Chen et al., 2011). That is 

probably why sampled soils showed relatively high 

accumulation of DEHP and DBP. 

3.3. The DEHP and DBP concentrations and 

repartition across depth  

Among sites, the DEHP concentration ranged 

between 2.40 and 7.12% and 3.30 and 6.38% in 0-10 

cm and 10-30 cm depth, respectively. Native soils 

showed the highest contamination by DEHP which 

was located at surface layer (0-10 cm) (Figure 3(a)). 

In 0-10 cm the largest proportion of DEHP in 

cultivated soil (5.34%) was detected in CS4 which 

showed also the greatest DEHP percentage (6.38%) in 

10-30 cm depth. Soil cultivation increases deep layer 

contamination by PAEs. For example, in CS1 the 

DEHP concentration in 10-30 cm depth was more than 

two times higher than in 0-10 cm depth. Conversely, 

in NS the surface layer 0-10 cm concentrated more 

DEHP than the 10-30 cm layer depth. Contrarily to 
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DEHP, the presence of DBP is recorded in only four 

samples at 0-10 cm depth and five samples in 10-30 

cm (Figure 3(b)). The maximum of DBP concentration 

was detected in NS2 with 3.40 and 3.00%, 

respectively, in 0-10 cm depth and 10-30 cm depth. 

However, in the cultivated sites, the DBP 

concentration did not exceed 2%. Our results are in 

agreement with those found by Chai et al. (2014) who 

indicated that the maximum of PAEs concentration 

was detected in 10-20 cm layer in soils of vegetable 

greenhouses. Also, sampled soils from different 

regions of China, showed that the DEHP and DBP are 

concentrated in 0-20 or 0-30 cm layer, but DEHP was 

the dominant congener at 20 cm to 40 cm depth (Chai 

et al., 2014; Zhang et al., 2015).

Figure 3. The (a) DEHP and (b) DBP concentrations of different sampled soil 

Actually, the consumption of plastic films 

would lead to the continuous input of the PAEs into 

the soil, which leads to an increase in the concentration 

of DBP and DEHP in the soil (Tao et al., 2020). DEHP 

and DBP are the dominant components in plastic films 

(Wang et al., 2013, Tao et al., 2020). The amount of 

DEHP added in flexible PVC products could reach up 

to 40% (Chao and Cheng, 2007). DEHP is a principal 

component in most widely used-fertilizers (Mo et al., 

2008), and it is typically used in plastic products in 

high volume compared to DBP (Zeng et al., 2009; 

Chai et al., 2014). In recent studies (Tao et al., 2020; 

Wei et al., 2020; Zhou et al., 2021) in Chinese soils the 

DBP and DEHP were the dominant pollutants among 

large numbers of PAEs.  

Our results were in agreement with the finding 

of the Chinese study which concluded that cultivation 

is a principal source of soil’s contamination by DBP 

and DEHP. However, in the current study we found 

that less DBP and DEHP concentrations were 

recorded in cultivated soils which are in disagreement 

with the previously mentioned study in China. For 

example the DBP and DEHP levels for cultivated 

fields were about 3.5 fold higher than those for non-

cultivated fields in Chinese soils (Xu et al., 2008). We 

can suggest that differences between soil properties in 

arid Tunisia and in China make the studied CS show 

low concentrations of PAEs compared to surrounding 

soils. The higher accumulation in surface layer was the 

result of the rapprochement to the source of 

contamination. Actually, in 0-10 cm depth we remark 

a strong relationship between DEHP and DBP 

percentages (Figure 4). This supports our suggestion 

that these two compounds have the same source. 

Figure 4. Relationship between the DEHP and the DBP 

percentages in different vegetable greenhouse cultivated soils 
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3.4. Effect of plastic film use period on PAEs 

concentration 

As shown in Figure 5, the PAEs concentration 

appears to be related to the period of plastic film use. 

Interestingly, in 0-10 cm layer, the PAEs 

concentration increases with the age of the used plastic 

film. Similarly, Fu and Du (2011), remarked that the 

variation of PAEs concentration in soil could be 

related to the age of plastic greenhouse or the amounts 

of remaining plastic film residues. Due to the use of a 

large amount of agricultural film, greenhouse 

vegetable soil has become a key area of PAE pollution, 

and it has also become a pollution source of PAEs 

(Zhou et al., 2021). 

According to Wang et al. (2013), the time over 

which the soil is exposed to the plastic film and the use 

mode can influence PAEs concentration. Larger value 

of PAEs concentrations in soils at 0-10 cm and 10-20 

cm appeared in the region with a long history of 

vegetable production and particularly for extensive 

greenhouse cultivation (Chai et al., 2014). In their 

previous study, Wang et al. (2013) found that Chinese 

soil exhibited elevated levels of PAEs caused by large 

amounts of plastic film and compost fertilizers, which 

had been used for several years. In addition, they 

demonstrated that in soil covered with new plastic film 

the PAEs concentration is high. High PAEs levels 

have been previously reported in soils with residual 

plastic film (Kong et al., 2012). In addition, it was 

noticed that the PAEs soil concentration is 

significantly correlated to the period of plastic film 

coverage because the PAEs compounds in plastic 

films are released to the soils with the passage of time 

(Hens and Caballos, 2003). Soils using plastic mulch 

for long or using black plastic mulch were found to 

have a relatively higher PAEs content. The application 

of large amounts of plastic film over long periods of 

time can raise PAEs concentrations and environmental 

risk in soils (Wang et al., 2013). Guo and Wu (2011) 

and Chai et al. (2014) demonstrated that DBP and 

DEHP contents in soils were high with long periods of 

plastic film utilization or the use of greenhouse 

vegetable cultivation over years. Recently, Wang et al. 

(2022) confirmed that the duration of plastic film used 

and air temperature affect phthalate soil-air migration. 

In our study this positive relationship between soil 

PAEs concentrations and the period of use of plastic 

film strongly supports the hypothesis that plastic films 

are the main source of the contamination by PAEs. 

However, PAEs concentration in 10-30 cm 

showed no link with the age of plastic film use. In the 

deeper layer from 10-30 cm depth the concentration of 

PAEs was not correlated to the period of plastic film 

use and fertilizers addition. The current results were in 

agreement with those found by Chai et al. (2014) 

which record a low correlation between PAEs and the 

age of vegetable greenhouses in deeper soil layer. This 

may be due to the soil properties, soil land use or the 

soil leaching by water, which caused the migration of 

PAEs through the soil (Chai et al., 2014). Soil leaching 

of studied soils is considered high because of their 

coarse texture (developed porosity). 

Figure 5. Effect of period of plastic film use of vegetable 

greenhouse on total PAEs concentrations across soil depth in 

cultivated soils. 

3.5. Relation between soil properties and PAEs 

concentration 

Globally, the soil properties and the soil use 

types affect largely the concentration, mobility and the 

decomposition rate of pollutants. According to Zeng 

et al. (2009), the soil’s PAEs concentration levels and 

variation were, also, affected by many factors, such as, 

land use and soil properties.  

As shown in Figures 6 and 7 we can draw 

positive correlations between PAES concentrations and 

particular soil properties in the current study. Indeed, 

Figure 6(a) shows positive relationship (R2=0.16) 

between PAEs concentrations and EC (soil salinity) in 

CS. Similarly positive association (R2=0.28) was 

observed between DEHP percentages and EC values 

(Figure 6(b)). However, we recorded negative 

correlation between the amount of SOC in CS and the 

PAEs and DEHP percentages in soil (Figure 7 and 

Figure 7(b)). Similar positive correlations with similar 

R-squared are recorded by Li et al. (2016), particularly 

between SOM and PAEs in contrast with our study. It 

means that these soil properties affect directly or 

indirectly the concentration of PAEs of soil in studied 

region. Though, these weak associations between soil 
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properties and PAEs in this work make it hard to draw 

any conclusive statements on the observed values. We 

can make hypothesis about the origins of this 

correlation. Generally, soil salinity, in arid regions, is 

related to the soil irrigation by saline water and the use 

of PVC irrigation system increases the soil’s PAEs 

concentration by dissolved plastic compounds in the 

water. In addition, several studies indicated the 

presence of PAEs in water used for irrigation in polluted 

regions (Zeng et al., 2009; Wang et al., 2012). Hence 

we can consider that irrigation increases simultaneously 

EC and PAEs concentration in soil which can explain 

the association between them. Similarly, the negative 

association between SOC and PAEs or DEHP 

concentrations is in contrast with both results found by 

Zhang et al. (2015) and Li et al. (2022) which recorded 

high significant positive correlation between PAEs and 

organic matter. We can suggest that the difference in 

results can be related to other soil properties such as soil 

microbiology or CEC, the type of fertilizers and the 

type of agro-systems. This makes it crucial to start 

further studies to give more accurate data about factors 

controlling PAEs concentration, origins and dynamic in 

soil of Tunisia and MENA regions.

Figure 6. Relationships between soil’s electrical conductivity EC (a) Total PAEs concentrations and (b) the DEHP concentrations in 

vegetable greenhouse cultivated soils 

Figure 7. Relationships between SOC and (a) total PAEs concentrations and (b) the DEHP concentrations in vegetable greenhouse 

cultivated soils 

4. CONCLUSION

The current preliminary study has provided 

baseline information about the concentration and 

distribution of phthalate acid esters (PAEs) in the soils 

of arid regions of Tunisia. Only four types of PAEs 

were detected with different concentrations. 

Cultivated soils under greenhouses showed low PAE 

concentrations than in adjacent native soils. The main 

PAEs detected were DBP and DEHP. Soil PAEs, DBP 

and DEHP concentrations seem to be related to the age 
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of greenhouses, the EC and to the SOC content. This 

primary data confirmed that PAEs are emerging 

organic contaminants in agricultural soils of Tunisia. 

Data on PAEs in various types of soils in different 

regions and in various types of irrigation water are 

needed for future research on human exposure to these 

emerging toxic contaminants. Effective measures 

should be taken to control the migration of PAEs from 

soil to plants. The soil pollution by PAEs and human 

health threats should receive more attention in 

developed country in MENA regions. 
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Tigers (Panthera tigris) have disappeared from over 90% of their historical 

range, and extant populations face habitat loss, direct poaching, and prey 

depletion in otherwise suitable habitats. In Thailand, tiger numbers continue to 

decline due to prey depletion, yet a few strongholds remain. Recently, tigers 

have been detected in the Southern Western Forest Complex (sWEFCOM), 

following intensification of conservation efforts. However, there is still a lack 

of primary data on the status of tigers and their prey in the sWEFCOM. To fill 

this knowledge gap, we conducted camera trapping surveys between 2019 and 

2020 in Khuean Srinagarindra National Park (KSR) and Salakphra Wildlife 

Sanctuary (SLP). Located near a tiger source population in Thungyai Naresuan 

and Huai Kha Khaeng, these areas are potential areas for tiger recovery. In 

particular, our study assessed the status of prey, a prerequisite to the persistence 

and recovery of tigers. Based on relative abundance indices, time overlap and 

occupancy models, we analysed the effect of anthropogenic and ecological 

factors on the spatial and temporal habitat use of the main prey species. We 

highlight that anthropogenic factor impacted species-specific habitat 

relationships. Mainly, shifts in ungulate temporal and spatial habitat use was 

linked to human activities. These relationships, however, differed between the 

two protected areas. As tiger recovery depends on prey recovery, we suggest 

that increased conservation law enforcement and greater engagement with 

villages within and adjacent to protected areas are essential to minimising 

unsustainable resource use practices that currently affect prey. 
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1. INTRODUCTION

Thailand’s Western Forest Complex 

(WEFCOM) is the largest remaining tract of forest in 

mainland Southeast Asia and is currently home to the 

largest known population of Indochinese tigers 

(Panthera tigris corbetti) (DNP, 2010a; WEFCOM, 

2004). The WEFCOM lies at the heart of the Dawna 

Tenasserimm mountain range that straddles the border 

with Myanmar and includes the Kaeng Krachan Forest 

Complex to the south. The Thung Yai-Huai Kha 

Khaeng (TY-HKK) World Heritage Site, established 

in 1991, covering an area of approximately 6,000 km2, 

constitutes the core of the WEFCOM (WEFCOM, 

2004; UNESCO, 2020). In 2005 the government of 

Thailand established an intensive patrolling system to 

protect and recover its most significant source of wild 

tigers in Huai Kha Khaeng Wildlife Sanctuary. 

Duangchantrasiri et al. (2016) conducted photographic 

capture-recapture from 2006 to 2012 to estimate tiger 

abundances annually and reported an increase in 

abundance from 35 to 58 tigers, with high individual 

survival (ranging from 79.60% to 95.50%), and 

substantial recruitment of 25 individuals. In large part, 

this increase is attributed to better management and 

protection of ungulate species, the tiger’s main prey 

within the protected area, and the intensification of 
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patrols and wildlife protection efforts. Consequently, 

the increase in tiger density during this period appears 

to have created the need for tigers to disperse to other 

forested areas adjacent to the wildlife sanctuaries 

(Phumanee et al., 2021a). In light of some reports from 

Khuean Srinagarindra National Park (KSR) and 

Salakphra Wildlife Sanctuary (SLP) south of TY-

HKK, it is critical to assess the potential for these sites 

to support tiger recovery (Panthera, 2018). 

Tigers are large carnivores and prey primarily 

on ungulates within the weight range of 10 to 250 kg 

(Hayward et al., 2007). However, over 50% of 

ungulate species that tigers prey upon are threatened, 

and over 80% of these species have declining 

population trends on account of habitat loss and 

degradation, being hunted for human consumption, 

and coming into conflict with agriculturalists due to 

damages to crops (Wolf and Ripple, 2016; Wolf and 

Ripple, 2017). Hence, understanding the status of prey 

at sites constitutes a crucial first step in evaluating the 

site’s potential to support tiger recovery and suggest 

appropriate interventions to meet recovery objectives. 

In the TY-HKK World Heritage Site (WHS), a broad 

assemblage of ungulates are present, ranging from 

muntjac (18 kg) to gaur/banteng (600-1,200 kg). And, 

studies report the tigers' diet is primarily composed of 

large prey (with 89.80% biomass consumed being 

banteng, sambar, gaur, and domestic water buffalo). In 

contrast, small prey species (<100 kg) in the tiger’s 

diet was 10.20% (Simcharoen et al., 2018). However, 

studies highlight that prey occupancy outside the 

WHS is low, especially for large ungulates 

(Duangchatrasiri et al., 2019). Therefore, it is critical 

to understand the status of prey outside of the WHS to 

evaluate the sites recovery potential (Harihar et al., 

2018). With Phumanee et al. (2020) and Phumanee et 

al. (2021b) highlighting that the status of prey to the 

north of the WHS is poor, we aim to assess the status 

of prey to the south in the protected areas of KSR and 

SLP to inform tiger population recovery efforts. For 

the most part, both KSR and SLP are surrounded by 

settlements, with a few relatively large communities 

also existing within the boundaries of the protected 

areas. Furthermore, data from the DNP (2019) 

confirmed the occurrence of offenses directly 

affecting the population of wildlife in the study area 

(19 cases in KSR and two cases in SLP), which 

indicates that species may be threatened at these sites 

from anthropogenic influences. Furthermore, Lahkar 

et al. (2020) report that chronic anthropogenic 

disturbances such as unsustainable natural resource 

harvesting have a detrimental effect on ungulate 

populations, with a consequence on carnivore 

populations as well, and Amorntiyangkul et al.   (2022) 

report that human activity near villages in protected 

areas has a negative effect on wildlife populations. 

Therefore, understanding the nature of human- 

wildlife relationships is essential when considering 

conservation measures and natural resource 

management policies. Currently, no scientific studies 

having been conducted to examine the spatial and 

temporal influence of humans on the prey species of 

tigers in the sWEFCOM. Therefore, understanding the 

impacts of human disturbances and interactions with 

carnivores and their prey is vital to formulate 

appropriate conservation action in the region (Widodo 

et al., 2022). 

Since SLP may be a potential recovery site for 

breeding populations and KSR may provide critical 

connectivity between TY-HKK and SLP, this study 

aims to understand the determinants of prey species 

occurrence and behavior in relation to ecological and 

anthropogenic factors. As part of our assessment of the 

status of prey in these two protected areas, we 

estimated the relative abundance indices, time activity 

and occupancy of the tigers’ main prey and the 

influence of anthropogenic and ecological factors on 

their spatial and temporal distribution. 

2. METHODOLOGY

2.1 Study area

This study was carried out in two protected 

areas, Khuean Srinagarindra National Park (KSR) and 

Salakphra Wildlife Sanctuary (SLP), located in the 

West of Thailand (Figure 1). The rainy season runs 

from May to October, with an average rainfall of 

1,628.8 mm/year.  The highest temperature is around 

44-45ºC in April. The minimum temperature is about 

8-9ºC in December. With an average temperature of 

approximately 27ºC. 

KSR, established in the early 1980s, is bisected 

by a large reservoir, covering an area of 1,532 km2 

(15.80% of the NP); 76.22% of the national park is 

forested, consisting of 56.06% mixed deciduous 

forest, 7.30% bamboo forest, 6.43% dry-dipterocarp 

forest, 5.64% dry-evergreen forest, 0.78% evergreen 

forest, and 1.41% grassland and natural forest 

restoration (WEFCOM, 2004). The remaining 7.98% 

comprises agricultural lands and communities. There 

are 42 villages within the National Park boundaries 

with 1,716 households and approximately 8,415 

people, most farmers (WEFCOM, 2004). The 
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reservoir construction caused a large-scale relocation 

of local communities from the flooded plain to higher 

areas. The displacement and subsequent expansion of 

communities in the higher regions, as well as related 

agricultural and subsistence activities such as farming, 

livestock grazing and hunting, has caused a decrease 

in the occurrence of wildlife species in the area and 

potentially constricting connectivity (Knight and Cole, 

1995; Suttidate et al., 2021). Important perennial 

watersheds flow into KSR Reservoir, including large 

basins such as the Mae Klong River and Huai Kha 

Khaeng Stream.

Figure 1. Protected areas in the Western Forest Complex (WEFCOM) in West Central Thailand 

SLP, Thailand’s first wildlife sanctuary, 

established in 1965, forms the southernmost tip of the 

Western Forest Complex, and covers an area of 

approximately 858.55 km2, consisting of 60% mixed 

deciduous forest, 30% dry-dipterocarp forest, and 10% 

dry-evergreen forest (WEFCOM, 2004). Seven 

villages with 833 households and 3,483 individuals are 

located inside the sanctuary. Within the 3-km buffer 

from the boundary, there are 17 villages with 937 

households and 3,937 individuals (WEFCOM, 2004). 

Critical perennial watersheds flow through SLP, 

including Huai Sadong, Huai Lam Esu, Huai Mae 

Lamoon, and Huai Mae Plasoi.  SLP supports, gaur, 

sambar, muntjac, and wild pig. Additionally, banteng 

was locally extinct in SLP, and a reintroduction 

program was carried out between 2015 and 2016 to 

repopulate the park (Chaiyarat et al., 2020). While 

tigers inhabited SLP historically, no photographic 

evidence was recorded until 2014. However, a camera 

trap study, using similar methods to those used in the 
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World Heritage Site and carried out by the Zoological 

Society of London (ZSL) in collaboration with the 

DNP and Panthera, confirmed the presence of one 

female tiger. Cross-referencing with the Khao Nang 

Ram research stations tiger database revealed that this 

individual had dispersed from HKK, travelling over 

130 km. This dispersal likely occurred through 

Khuean Srinagarindra National Park (KSR). In 2015, 

ZSL and Panthera collaborated with the DNP to 

survey the Northeastern part of KSR and identified 

three tigers, one of which, a young male, had also 

dispersed from HKK. The other two tigers, both 

females, had not been identified previously in HKK 

and were, therefore, new records for Thailand. In 2019 

and 2022, surveys were replicated in KSR and SLP, 

respectively. Based on previous research studying the 

dietary preferences of tigers in HKK (Simcharoen et 

al., 2018), wild ungulates represent the main prey for 

tigers, with five species comprising the majority of 

wild tigers’ diet in Thailand, banteng (Bos javanicus), 

gaur (Bos gaurus), sambar (Rusa unicolor), northern 

red muntjac (Muntiacus vaginalis), and the wild pig 

(Sus scrofa). Hence in this study, we assess the status 

of these species from camera trapping surveys. 

2.2 Camera trap survey 

We conducted systematic camera trap gridded 

surveys in sWEFCOM covering an area of 572 km2 in 

north KSR and 557 km2 in SLP, respectively, placing 

camera traps to optimize detections of tigers and their 

prey. The surveys were carried out in KSR from 

January to May 2019 with 76 camera trap stations and 

in SLP from November 2019 to February 2020 with 

69 stations (Figure 2).

Figure 2. Camera trap stations in Khuean Srinagarindra National Park (KSR) from January to May 2019 and Salakphra Wildlife Sanctuary 

from November 2019 to February 2020, the map also shows the 9 km2 grid cells (gray-filled squares) that were surveyed. 

While the two surveys were not undertaken 

simultaneously, they were carried out in the same year 

in the dry season and, therefore subject to similar 

seasonal conditions and diurnal patterns. Although the 

effective trapping period was approximately 90 days 

for each survey, the remoteness and steepness of the 

terrain in KSR required longer deployment and 

collection periods when compared to SLP.  

Camera trap stations consisted of a pair of 

motion-triggered PantheraCam V-series camera 

traps positioned opposite each other and fixed 

approximately 40-50 cm above the ground. Cameras 

were set to have a minimum of 15 seconds between 

trigger events and were continuously active during the 

survey period. To maximize the probability of 

detecting our target species, camera-trap stations were 
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placed in a grid 3×3 km along dirt roads, streams, 

animal trails and routes commonly used by tiger and 

their prey. Camera traps were mounted on trees 

located 3-5 m from the trail, clearing vegetation that 

might obstruct the camera’s field of view. We did not 

use any baits to attract wildlife. Camera traps were not 

moved during the individual surveys.  

After collecting the images from camera traps, 

we categorized the photos using Panthera’s “Camera 

trap File Manager” software (Olliff et al., 2014). First, 

we identified the animal species in each image, 

referring to Francis (2019). If a species could not be 

identified, the image was categorized as “unidentified 

species”. Next, all images of the same species captured 

within 30 min were grouped into independent events, 

following the principle described by O’Brien et al. 

(2003). Finally, a photo with multiple individuals of 

the same species in the frame were counted as single 

detection for that species. 

2.3 Data analysis 

2.3.1 Photographic capture rate index (PCRI) 

For each station, we calculated the photographic 

capture rate index (PCRI) using independent event 

captures of individuals of the same species taken at 

more than 30 minutes time intervals (O’Brien et al., 

2003). We then divided the number of independent 

event captures obtained at each trap by the number of 

camera trap nights and expressed the estimate per 100 

trap nights (Carbone et al., 2001). Finally, PCRI 

values of each camera trap were calculated and 

mapped using the open-source software QGIS. To 

create the map and assess the difference in PCRI of 

prey species between KSR and SLP, we summarized 

species-specific PCRI of each area. We finally 

visualised the magnitude of the capture rate with 

higher rates of capture shown as larger dots. 

2.3.2 Temporal activity 

We used the ‘overlap’ package (Ridout and 

Linkie, 2009) in the program R to fit kernel density 

functions to times of observations of human and five 

prey species and to estimate the coefficient of 

overlapping, a quantitative measure the continuous 

ranging from 0 (no overlap) to 1 (identical activity 

patterns). The coefficient is defined as the area under 

the curve. Confident intervals for coefficients of 

overlap were calculated by 1,000 bootstraps.  

2.3.3 Influence of ecological and anthropogenic 

factors on species occupancy 

 Ecological and anthropogenic covariate

We examined the effects of ecological and

anthropogenic covariates to explain the probability of 

occupancy in each grid. Across the two PAs we 

included (a) distance to closest village, (b) average 

distance to closest road, (c) distance to closest stream, 

(d) distance to park boundary, (e) distance to reservoir,

(f) human PCRI, (g) elevation, (h) NDV, and (i)

distance to closest patrol path, all factors shown in

Table 1. All distances, except for roads were

calculated from the centroid of each grid. We suppose

that all species might occur nearby water (survey in

the dry season) and further from anthropogenic factors

(poaching pressure is higher closer to villages)

(Phumanee et al., 2020). NDVI is a remotely sensed

measure for vegetation productivity, nitrogen content,

and other aspects of high-quality food for herbivores

and is widely used to predict herbivore distribution

and abundance (Pettorelli et al., 2011).

Table 1. Factors hypothesized to influence of detection probability and occupancy of prey species in sWEFCOM, Thailand 

Covariate Description Source 

a Distance to closest village WEFCOM (2004)   

b Average distance to closest road WEFCOM (2004)   

c Distance to closest stream WEFCOM (2004)   

d Distance to protected area boundary WEFCOM (2004)   

e Distance to reservoir WEFCOM (2004)   

f Human PCRI Camera trap data  

g Elevation Google engine (Gorelick et al., 2017) 

h NDVI Google engine (Gorelick et al., 2017) 

i Distance to closest patrol path SMART patrol database 
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 Unmarked occupancy model

Capture data for the main prey species was

formatted into detection/non-detection data format 

with 14 occasions, with each occasion representing 

one week time. If a species was detected in one or 

more days of the week, it was recorded as detected (1), 

else it was recorded as not-detected (0) for the 

particular occasion. For SLP, data was available from 

4/11/2019 to 5/02/2020 (14 weeks) for 69 sites. 

Accordingly, data for KSR was truncated to 14 weeks 

(15/01/2020 to 22/04/2020) and included 70 sites. 

Each site was represented by a grid of 3×3 km2, and 

sites from both protected areas were combined in a 

single occupancy analysis as data was scarce for PA 

specific models. Effort, in terms of the number of days 

each camera trap was active during the study period, 

was used as a covariate to explain heterogeneity in 

detection probability. 

Ten models were set up independently for each 

site to explain occupancy and detection probabilities 

for the different species. The first five models included 

(a) null model with no covariates for either occupancy

or detection probability (NULL), (b) a full model with

all covariates used to explain occupancy, (c) a habitat

model including only covariates for habitat

characteristics, i.e., distance to stream and elevation,

(d) an environment model including NDVI, and (e) a

human intervention model including covariates a, b, d,

f, and i. The second set of five models were the same,

with detection probability additionally being modelled

as a function of effort.

Highly correlated variables (Pearson’s 

correlation coefficient ≥0.7) were checked for and 

removed before further analysis. Variables ‘distance 

to reservoir’ and ‘NDVI’ were removed for KSR, 

while variables ‘NDVI’ and ‘distance to road’ were 

removed for SLP. However, since NDVI was the only 

variable used to explain occupancy in ‘environment’ 

models, it was only removed from the ‘full’ models. 

All covariates were centre scaled. All analyses were 

conducted in R using the package ‘unmarked’ 

(MacKenzie et al., 2002). 

Models were ranked according to their AIC 

values and weights. However, all models were 

averaged for further inference on occupancy, detection 

probability and effect sizes of covariates on them. Site-

wise occupancy and site/occasion-wise detection 

probabilities were estimated using the ‘predict’ 

function in R, which were used to calculate mean 

occupancy and detection probability values for each 

species at each site. 

3. RESULTS AND DISCUSSION

3.1 Survey effort and photo captured rate

3.1.1 Khuean Srinagarindra National Park 

(KSR) 

Our survey in KSR had 75 camera stations (one 

location did not yield data because the cameras were 

stolen), totalling 8,751 camera trap nights. No tigers 

were detected during this survey. However, Panthera’s 

previous survey revealed a tiger to have been 

photographed at TY-HKK. This indicates that the 

tigers from TY-HKK disperse toward KSR. The main 

prey animals detected included gaur, banteng, sambar, 

muntjac, and wild pig. According to the event per 100 

camera trap nights, wild pig was the most detected 

species, with 3.77 events per 100 camera trap nights, 

followed by muntjac, gaur, sambar, and banteng with 

3.57, 0.38, 0.30, and 0.15 events per 100 trap nights, 

respectively (Table 2). The majority of captures were 

of small prey species while large prey capture rates 

were low, especially banteng. Capture records 

indicated that banteng occurred in a small area covered 

by seven camera stations close to each other. Sambar 

was primarily distributed along the edge of the 

reservoir. Guar was found mainly in the upland areas 

adjacent to the TY-HKK forest. We found small prey 

species (wild pigs and muntjac) distributed throughout 

the area.

Table 2. Number of photo capture event per 100 trap nights in KSR and SLP 

Species KSR SLP 

No. of capture event No. of event per 100 trap nights No. of capture event No. of event per 100 trap nights 

Gaur 33 0.38 47 1.07 

Banteng 13 0.15 3 0.07 

Sambar 26 0.30 209 4.77 

Muntjac 312 3.57 356 8.12 

Wild Pig 330 3.77 382 8.71 
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3.1.2 Salakphra Wildlife Sanctuary (SLP) 

We placed 69 camera stations in part of SLP, 

totalling 4,384 camera trap nights. Three tigers were 

found and, comparing the tiger individual with the 

DNP tiger database, we found that two tigers dispersed 

from the TY-HKK World Heritage Site, and one tiger 

had never been detected previously. However, we 

detected gaur, banteng (reintroduced species), sambar, 

muntjac, and wild pig amongst ungulate species. The 

wild pig was the most detected species with 8.71 

events per 100 camera trap nights, followed by 

muntjac, sambar, gaur, and banteng were 8.12, 4.77, 

1.07, and 0.07 events per 100 camera trap nights, 

respectively. Banteng were detected at two locations, 

one at the release site of the reintroduction, and 

another to the south of the protected area, suggesting 

the spread of the population. Sambar was detected in 

flat areas located in the middle PA. Muntjac and wild 

pig were distributed throughout the site.  

Overall, most prey species at SLP had a higher 

capture rate than KSR. The number of banteng found 

in both areas was low. In addition, based on the camera 

trap image data, a calf of banteng was detected. The 

two smaller prey (wild pig and muntjac) were common 

throughout both areas. Similarly, in another protected 

area in WEFCOM, wild pig and muntjac were the 

most commonly detected than large prey, observed 

>50% of camera locations, sambar <22%, and gaur

<19% (Phumanee et al., 2020). Additionally, strong

habitat protection in some protected areas has resulted

in more gaurs occurring near the borders of the

protected area (Prayoon et al., 2021), explaining the

distribution of gaur in the upper area adjacent to HKK

(Figure 3).

Figure 3. Photographic capture rate index (PCRI) of prey species in KSR and SLP including: (a) gaur, (b) banteng, (c) sambar, (d) northern 

red muntjac, and (e) wild pig 

3.2 Temporal activity 

In our study areas, the peak of human activity 

was recorded at mid-day, as illustrated by the dotted 

line in Figure 4. The shaded area in Figure 4 represents 

the estimated temporal overlap in activity for humans 

and prey species. Camera trap data has revealed the 

widespread movement of people throughout the 

protected areas. In KSR, large prey species, gaur, 

banteng, and sambar, were more active during the 

hours of darkness compared to smaller species such as 

muntjac and wild pig, whose peak activity periods 

were during the day. In SLP, sambar, muntjac, and 

wild pig showed similar temporal activity patterns to 

their conspecifics in KSR, while gaur and banteng 
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appeared to be active day and night. As a result, the 

species with the highest temporal overlap with humans 

in both areas is the wild pig, (KSR; 0.763 (0.70-0.82) 

and SLP; 0.607 (0.51-0.70)), while sambar was the 

species with the lowest temporal overlap in both areas, 

(KSR; 0.439 (0.29-0.60) and SLP; 0.194 (0.11-0.28)). 

In Khao Yai National Park, Khoewsree et al. 

(2020) found that sambar mainly was active during the 

night while most human, muntjac, and wild pig 

activity was recorded during the daylight hours 

resulting in low temporal overlap, similar to the 

findings of this study. Furthermore, Johann et al. 

(2020) reported that large areas with low levels of 

human disturbance were linked with higher daytime 

activity of wild pigs than smaller areas with relatively 

higher levels of disturbance. Similarly, Ohashi et al. 

(2013) also reported human activity in the 

Southwestern part of Tochigi, Japan, significantly 

affected the activity patterns of wild pigs. 

Additionally, in a study of the spatial and temporal 

distribution of leopards and their prey in Thailand’s 

Western Forest Complex, Saisamorn et al. (2019) 

reported that sambar and banteng were nocturnal 

while wild pig and muntjac were diurnal. 

Our results indicate that gaur activity in KSR 

peaks around 00:00, while in SLP, the peak period is 

around 18:00. Similarly, Vinitpornsawan and Fuller 

(2020) also found similar patterns of activity, with 

most detections between 17:00 and 18:00 and 59% of 

overall gaur activity in the daytime. Their study 

recorded most human activity around noon, with only 

a few detections after 18:00 hours, causing overlaps of 

activity with nocturnal wildlife species.

Figure 4. Time overlaps plot of human and tiger’s prey species in (a) KSR and (b) SLP, the estimated overlap is shown by the grey area.

(a) 

(b) 
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3.3 Influence of covariates on occupancy model 

3.3.1 Gaur 

The model averaged estimate of gaur 

occupancy across the two protected areas was 29% 

(Table 3). The top model included human influence 

covariates with distance to closest patrol path and road 

having the most significant effect (Table S1 and S2). 

Differing from studies in HKK, Jornburom et al. 

(2020) reported the best model for gaur is higher 

elevation and avoidance of shallow slope areas within 

a 1 km buffer of streams. In addition to this, McShea 

et al. (2011) reported that gaur in Thailand required 

grassland and open areas of moist evergreen, dry 

evergreen, semi-evergreen, and mixed deciduous 

forests. Paansri et al. (2022) however found that gaur 

was detected in both open and closed forests. 

In the past, both study areas had a greater 

distribution of gaur (Srikosamatara and Suteethorn, 

1995). Currently, there is a threat to the population from 

hunting. Around and within both areas there are human 

settlements and this might be causal to the relationship.

Table 3. Detection probability and occupancy estimates of prey species in KSR and SLP, Thailand, 2019-2020 

Species Detection probability Occupancy probability 

Mean 2.50% 97.50% Mean 2.50% 97.50% 

Gaur 0.11 0.07 0.11 0.29 0.01 0.98 

Banteng 0.08 0.03 0.08 0.10 0.07 0.14 

Muntjac 0.27 0.10 0.30 0.77 0.74 0.82 

Sambar 0.31 0.13 0.33 0.23 0.00 0.94 

Wild pig 0.29 0.05 0.32 0.73 0.08 1.00 

3.3.2 Banteng 

The model averaged estimate of banteng 

occupancy was low (10%) across the two PAs (Table 

3). Banteng detections in our study were likely too few 

to run the model effectively (Table S1 and S2). 

Jornburom et al. (2020) simulated a map of predicted 

occupancy for banteng in WEFCOM in the absence of 

poaching, and estimated ~6,400 km2 of ecologically 

suitable habitat that could support reintroduction of 

banteng in other protected areas and reports banteng 

used low elevations and low slopes. Furthermore, Mae 

Wong National Park confirms the return of banteng 

after an absence of over 40 years, likely dispersed 

from HKK (Phoonjampa et al., 2021). 

Three replications of camera trap surveys in 

KSR since 2016 have confirmed that banteng is 

present in only one relatively small area of the protected 

area. In SLP, Banteng were distributed throughout the 

park, however, there were no reports of sightings for 

more than 30 years (personal communication with park 

rangers). Therefore, banteng was reintroduced in 2015. 

Currently, the reintroduced population of 13 have 

increased to 19 and is concentrated near the release 

area. With improved protection, this population is 

expected to increase. 

3.3.3 Sambar 

The model averaged estimate of sambar 

occupancy across the parks is 23% (Table 3). Habitat 

covariates such as distance to reservoir, elevation and 

NDVI had a significant relationship on the occupancy 

suggesting that sambar was far the reservoir, at lower 

elevation and in more open habitats (Table S1 and S2). 

Our results are similar to that reported from HKK, 

where occupancy of sambar was negatively correlated 

to elevation, with the majority of detections distributed 

in lower altitude grasslands (Simcharoen et al., 2014). 

Duangchatrasiri et al. (2019) found that livestock was 

negatively correlated with tiger and sambar occupancy 

in HKK. Furthermore, Paansri et al. (2021) found that 

sambar occupancy was directly related to grass 

biomass and also avoided human disturbance factors. 

From our study, sambar avoid the reservoirs. This 

might be because the KSR reservoir area has a traffic 

of villagers’ boats, fishing, and livestock. Livestock 

grazing in forested areas was expected to negatively 

impact ecosystems and wildlife, such as competition 

for forage, pollution of water resources. (Chaiyarat 

and Srikosamatara, 2009). 

3.3.4 Northern red muntjac 

The model averaged estimate of occupancy 

from the muntjac is 77% across the two PAs (Table 3). 

The human influence model was top ranked 

suggesting that (although non-significant) human 

capture rate negatively influenced muntjac occupancy 

(Table S1 and S2). Similar to a study in Mae Wong-

Khlong Lan National Park in northern WEFCOM, 
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none of the variables in the top model set were 

statistically significant, (Phumanee et al., 2020). 

Likely as muntjac has non-specific habitats and can be 

detected in all forest types, agricultural areas, and 

abandoned farm (DNP, 2010b). The negative 

correlation with photo capture rate of human shows 

that muntjac although widely distributed are 

susceptible to human influence.  

3.3.5 Wild pig 

Model averaged occupancy estimate of wild pig 

across the two PAs was 73% (Table 3). The top models 

included human influence covariates, particularly 

noting higher occupancy away from roads and the 

reservoir (Table S1 and S2). Consistent with studies of 

ungulates in Mae Wong and Khlong Lan, where wild 

pig was associated with avoidance of villages 

(Phumanee et al., 2020). The wild pig is a resilient 

species, distributed throughout the area. It has the 

highest reproduction rate among ungulates and 

therefore a high resilience to hunting pressure 

(Gaillard et al., 1993; Steinmetz et al., 2010) and is a 

habitat generalist (Spitz and Janeau, 1995). 

While our study provides an assessment of 

species occupancy in the sWEFCOM, these estimates 

are relatively lower compared to HKK (Duangchatrasiri 

et al., 2019). Tiger occupancy is strongly influenced 

by prey availability and often choose larger ungulates 

as diet (sambar, gaur, and banteng) (Simcharoen et al., 

2018). Given large prey occupnacy was low in KSR 

and SLP this may limit the recovery of tigers and 

conservation measures should therefore focus on 

mitigating the factors that limit the presence of large 

tiger prey (Duangchantrasiri et al., 2016). 

4. CONCLUSION

This study provides evidence of the impact of 

ecological and anthropogenic factors on the spatial 

and temporal habitat use patterns of the tigers’ wild 

prey across KSR and SLP, and emphasizes the 

importance of initiating and maintaining conservation 

measures to support prey recovery to ensure the 

recovery of tigers. To be more specific, we first 

demonstrate that the abundance indices of prey (PCRI) 

across the two protected areas indicate that small prey 

appear to be more abundant than large prey. 

Nevertheless, large prey species, such as sambar and 

gaur, registered higher PCRI estimates in SLP than in 

KSR, suggesting that the site might be a better habitat 

for tigers. Secondly, we demonstrate through the 

analysis of time activity patterns that most prey 

avoided periods of high human activity. At both 

protected areas, this was most prominent among the 

large prey animals, gaur and sambar. While the 

smaller prey, which are more abundant, overlap more 

widely with human activity. Finally, the results of our 

occupancy analysis confirm that small prey (muntjacs 

and wild pigs) occupy more area than large prey 

(sambars, gaurs, and bantengs), demonstrating the 

importance of large prey recovery if tiger recovery is 

to be supported across the PAs. 

The results of this study and other similar 

analysis suggest that most tiger prey species tend to 

avoid anthropogenic activity. The detection in the 

southern WEFCOM of at least two tigers having 

dispersed from the Thungyai Naresuan-Huai Kha 

Khaeng World Heritage Site has highlighted the 

importance of sWEFCOM for the long-term viability 

of tiger populations in Thailand. Our results will also 

help protected area managers better understand the 

ecological and anthropogenic factors affecting 

ungulate, allowing them to make more informed 

decisions regarding the management and regulation of 

the protected areas. 

 Management implications

Many studies have shown that the

abundance of tigers often depends on the health and 

abundance of large ungulates. Sambar, banteng, and 

gaur composed 95.10% of biomass of these kills in 

HKK (Pakpien et al., 2017), It can be noticed that 

tigers tend to choose large prey (>100 kg). Based on 

our surveys within KSR and SLP, populations of large 

prey species should be of concern. Strengthening 

efforts should be made to protect the remaining small 

red bull populations and to preserve the area. Since 

communities are settled throughout around KSR and 

SLP, human activities impacting wildlife distribution 

and abundance should be regulated through a 

combination of patrolling and community engagement 

aimed at reducing, where possible, spatial and 

temporal overlap between human activities and 

wildlife. There should be a zoning arrangement for 

villagers who come to use forest resources to reduce 

disturbances in wildlife habitats, including livestock. 

At present, the outbreak of lumpy skin disease affects 

both domestic and wild cattle in Thailand (Arjkumpa 

et al., 2021). There should be surveillance for diseases 

transmitted from domestic animals to wild animals. 

Wildlife conservation depends on habitat maintenance 

(Reed, 2004). KSR connects to HKK and are suitable 

for gaur population. Most suitable gaur habitat was 
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connected to large patches (Prayoon et al., 2021). 

Therefore, it should be managed to reduce the threat in 

order to support population of gaur that spread from 

nearby areas. To increase the large ungulate 

populations throughout the area, salt lick sources need 

attention, because the tiger’s prey is herbivorous, 

causing sodium and other nutrient deficiencies. 

(Emmons and Stark, 1979). Furthermore, the presence 

of salt licks in WEFCOM is associated with gaur and 

other ungulate species (Jornburom et al., 2020; 

Phumanee et al., 2020). Finally, these studies should 

provide information that can be used by management 

for the establishment of conservation areas to develop 

plans to conserve gaur and banteng to support tiger 

habitat. 
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Mangrove forests are located in the transition zone of terrestrial and river/marine 

ecosystems, making these forests a unique environment harbouring diverse 

microbes. This study investigated the bacterial community of Klong Tub Mangrove 

Forest in Chonburi Province, Thailand. The distinct feature of this forest is its nearby 

location to a narrowleaf cattail wetland. Assessment of the abiotic parameters of the 

sediments from site#1 nearby the narrowleaf cattail wetland and site#2 in the 

mangrove forest revealed differences in pH and salinity values between these two 

sites. Biochemical identification of bacterial isolates (n=233) indicated that these 

species belonged to 16 families and 29 genera as follows: Moraxellaceae (17.60%) 

> Vibrionaceae (16.31%) > Paenibacillaceae (15.88%) > Staphylococcaceae and

Bacillaceae (9.87% each) > Aeromonadaceae and Pseudomonadaceae (8.58% each)

> Enterobacteriaceae (4.29%) > Lactobacillaceae (2.58%) > Moraxellaceae (2.15%)

> Comamonadaceae (1.72%) > Alcaligenaceae (0.86%) > Morganellaceae,

Burkholderiaceae, Pasteurellaceae and Streptococcaceae (0.43% each). Among the

genera, 12 were commonly isolated from both sites. Bacterial strains from 7 and 10

genera were detected only in site#1 and site#2, respectively. Analysis of the partial

16s rRNA gene sequence of four filamentous gram-positive isolates showed their

high sequence similarity to three genera, including three novel species, Streptomyces

sp. NA03103, Micromonospora fluminis sp. nov. and Bacillus velezensis sp. nov. In

conclusion, the Klong Tub Mangrove Forest possesses high microbial diversity, and

the bacterial taxon in the sediments differ between the narrowleaf cattail wetland and

mangrove forest. Several bacterial isolates from the forest show a high

biotechnological potential.
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1. INTRODUCTION

Mangrove forests harbour a unique environment 

with microbial diversity because they are located in 

the transition zone of terrestrial and river/marine 

ecosystems. Mangroves with high microbial diversity 

are a potential natural resource for various biotech-

nological fields, such as industry, agriculture, and 

medicine. In the past decade, mangrove ecosystems 

have become a hotspot in the study of natural products 

(Azman et al., 2015; Katili and Retnowati, 2017). 

Several novel species, particularly actinomycetes, have 

been found in marine ecosystems; this breakthrough 

led to the discovery of newly bioactive compounds, 

some of which are promising drug candidates (Pathom-

aree et al., 2006; Hong et al., 2009; Gong et al., 2018; 

Shi et al., 2019; Xavier et al., 2021). Other mangrove-

associated bacteria with high potential biotech-

nological interests were also documented, including 

an extracellular hydrolytic enzyme producer Vibrio 

alginolyticus Jme3-20, a diverse metabolic inter-

mediate producer Bacillus velezensis sp. nov. and a new 

lipopeptide biosurfactant and mosquitocidal agent 

producer Aneurinibacillus aneurinilyticus (Das et al., 

2016; Balan et al., 2017; Abouelkheir et al., 2020; 

Mamangkey et al., 2021). Exploring the bacterial 

strains in mangroves is crucial for biotechnology 

applications and deep understanding of the ecosystem, 

such as the interaction between microorganisms and 

Citation: Ganjanasiripong P, Neesanant P, Taechowisan T, Kitkumthorn N, Chuen-im T. Bacterial community of Klong Tub Mangrove Forest in 

Chonburi Province, Thailand. Environ. Nat. Resour. J. 2022;20(6):575-584. (https://doi.org/10.32526/ennrj/20/202200058) 
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their environment and the dynamics of microbial 

population resilience in response to seasonality 

(Fuhrman et al., 2015). The abiotic factors of each site 

vary and can influence its microbial taxonomy and 

structure (Stottmeister et al., 2003; Oguh et al., 2021). 

Hence, the various aspects of a mangrove forest, 

including status, microbial diversity and ecosystem 

interaction webs, are crucial in establishing policies for 

its protection, rehabilitation and sustainable use (Allard 

et al., 2020). 

The Klong Tub Mangrove Forest is well 

preserved under the care of the Air and Costal Defense 

Command, Royal Thai Navy. It covers a small area of 

0.0112 km2 but contains a high diversity of plant 

species from at least 15 genera, including Rhizophora, 

Acrostichum, Lumnitzera, Ceriops, Clerodendrum, 

Sonneratia, Bruguiera, Avicennia, Hibiscus, 

Xylocarpus, Nypa, Flagellaria, Barringtonia, 

Wollastonia, and Derris (Mangrove Forest at Air and 

Coastal Defense Command, 2014). This forest has 

distinct characteristics because it is located near a 

narrowleaf cattail (Typha angustifolia L.) wetland 

whose rhizopheric bacterial colonies exhibit high 

taxon richness (Gao and Shi, 2018). The Klong Tub 

Mangrove is also an undisturbed and unpolluted forest 

because it is isolated from the community, tourists and 

any other activities. Several publications have 

reported anthropogenic effects on the biodiversity of 

mangrove ecosystems, including the alternation and 

abundance of their bacterial communities (Ghizelini et 

al., 2012; Mishra et al., 2012; Oguh et al., 2021; Palit 

et al., 2022). Given that it is undisturbed by any human 

activity, contains a variety of plant species and is 

located close to a narrowleaf cattail wetland, the Klong 

Tub Forest may possess high microbial diversity and 

contain bacterial strains with high biotechnological 

potential. This study aimed to investigate the bacterial 

diversity of Klong Tub Mangrove Forest and to 

compare the structure of bacterial community in the 

sediments between near the narrowleaf cattail wetland 

and close to the Sattahip Bay. The findings will be 

used in the evaluation of the forest status and the 

establishment of management plan for sustainable 

uses in biotechnological applications.  

2. METHODOLOGY

2.1 Sample collection

Klong Tub Mangrove Forest, Sattahip District, 

Chonburi Province, Thailand is located on the coast 

of Sattahip Bay, the Upper Gulf of Thailand (Figure 1) 

and about 30 km from Pattaya City, a famous touring 

place in Eastern Thailand. This forest has a distinct 

environment because it is located in the interface of a 

marine ecosystem and a narrowleaf cattail (Typha 

angustifolia L.) wetland. Sampling was carried out in 

two sites (Figure 1): site#1 samples were collected 

nearby T. angustifolia wetland, and site#2 samples 

were from the mangrove area close to the Sattahip Bay. 

Soil samples were collected at the depth of 5 cm 

from the surface, placed in sterile bags, kept on ice 

during transportation, and maintained at 4C until 

microbiological examination. Three sediment samples 

were collected about 2 m apart for each site, and their 

temperature was measured at the time of sampling using 

a glass thermometer. Salinity and pH were measured at 

the laboratory using a portable salinity/resistivity metre 

(SUNTEX, model SC-110, Taiwan).

Figure 1. Map of Klong Tub Mangrove Forest, Sattahip District, Chonburi Province, Thailand and sample sites in this study (modified 

from Google map and own work based on Nordwest). Site#1: 12º38′48.7′′N 100º55′53.7′′E and site#2: 12º38′46.4′′N 100º55′50.9′′E 
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Bangkok 
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2.2 Bacterial isolation 

Bacterial strains were isolated within 12 h after 

sample collection using the modified protocol of Jalal 

et al. (2010). Briefly, 1 g of each soil sample was 

suspended in 9 mL of sterile distilled water. The 

mixture was shaken to thoroughly combine the 

suspension before centrifugation to collect the 

supernatant. The supernatant of each sample was 

diluted by 10-fold serial dilution method to obtain 

10-1-10-5 dilutions. For the total plate count of

heterotrophic bacteria, 100 L of each dilution was

spread on nutrient agar supplemented with 1% NaCl

(NA+1% NaCl). The plates were incubated at 37C for

24-48 h and used for bacterial identification.

Actinomycetes were isolated and characterised 

using ISP medium#2 (ISP-2) containing 10 g/L 

glucose, 5 g/L meat extract, 4 g/L malt extract, and 18 

g/L agar-agar with pH 7.0 and incubated at 30C 

(Taechowisan et al., 2017). Actinomycete colonies, 

evidenced by a filamentous growth pattern, were then 

subjected to amplified partial 16S rRNA gene 

sequencing for identification. 

2.3 Biochemical test for the identification of 

bacterial isolates 

For bacterial strain identification, colonies were 

randomly selected according to their morphological 

differences and streaked on NA+1% NaCl. The pure 

culture was observed for the presence of Gram’s 

reaction. The strains were subsequently identified 

using the following morphological and standard 

biochemical features/tests: carbohydrate fermentation, 

triple-sugar iron agar, indole production, methyl red 

and Voges-Proskauer tests, citrate utilisation, motility, 

urease, oxidase, catalase and decarboxylation. Primary 

bacterial identification was performed using the ABIS 

online tool available at https://www.tgw1916.net/ 

(Sorescu and Stoica, 2021). According to the 

guidelines of the ABIS online tool, the bacteria were 

identified according to the isolates’ metabolic 

characteristics, cultural and phenotypical charac-

teristics, ecology data and similarity percentage 

(≥87.00). 

2.4 Identification of bacteria by 16S rRNA PCR 

Genomic DNA was extracted using the 

modified protocol of Taechowisan et al. (2017). 

Briefly, the isolates were cultured in ISP-2 broth by 

shaking at 100 rpm and 28C for 7-14 days. After 

centrifugation at 6,000 rpm for 15 min, the mycelial 

pellet was ground to powder in liquid nitrogen using 

mortar and pestle. The powder was mixed with 400 L 

of lysozyme (20 mg/mL) and then incubated at 25C 

for 20 min. Subsequently, the mixture was added with 

20 L of 25% (w/v) SDS and 10 L of RNase (100 

mg/mL) and incubated at 37C for 30 min, followed 

by protein digestion with 50 L of proteinase K (20 

mg/mL) at 37C for 2 h. Finally, the mixture was 

subjected to phenol:chloroform (1:1) extraction and 

subsequent DNA precipitation with 2 volume of 

absolute ethanol and 0.1 M NaCl. The DNA pellet was 

rinsed with 70% ethanol and resuspend in TE buffer. 

DNA concentration was measured using Nano drop 

(Thermo Fisher Scientific, USA), followed by PCR. 

The 16S rRNA gene was amplified using 

primers A7-26f (5′-CCGTCGACGAGCTCA 

GAGTTTGATCCTGGCTCAG-3′) and B1523-1504r 

(5′-CCCGGGTACCAAGCTTAAGGAGGTGATC-

CAGCCGCA-3′), and the thermal cycle for PCR was 

described by Taechowisan et al. (2017). The PCR 

condition was started with denaturation at 95C for 5 

min, followed by 35 cycles of denaturation at 95C for 

1 min, annealing at 56C for 1 min, extension at 73C 

for 1 min, and a final extension at 72C for 10 min. 

The PCR products were then subjected to sequence 

analysis (Illumina Miseq, Celemics, South Korea). 

The resulting sequences were submitted to the 

National Center for Biotechnology Information 

database using Basic Local Alignment Search Tool 

(BLAST) algorithm (Zhang et al., 2000; Morgulis et 

al., 2008), Ribosomal Database Project (RDP) (Wang 

et al., 2007) and EzBioCloud (Yoon et al., 2017). 

3. RESULTS AND DISCUSSION

3.1 Abiotic parameters of the sediments from

Klong Tub Mangrove Forest

Three abiotic parameters influencing micro-

organism growth were measured in the sediment 

samples from the Klong Tub Forest. The pH of site#1 

sediments was higher than that of site#2 sediments with 

ranges of 7.55 to 8.12 and 7.11 to 7.53, respectively. 

Meanwhile, the salinity of site#1 sediments ranged 

from 0.54 to 1.20 ppt and was lower than that of site#2 

sediments at 18.40 to 23.42 ppt. The temperature of 

site#1 sediments was between 28C and 30C, and that 

of site#2 sediments was between 26C and 28C. 

3.2 Determination of microbial diversity in the 

sediments from Klong Tub Mangrove Forest  

According to the experiment using spread plate 

technique on NA+1%NaCl, the total plate count of 
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heterotrophic bacteria in site#1 and site#2 sediments 

ranged from 2.39 log CFU/mL to 4.39 log CFU/mL 

and from 2.47 log CFU/mL to 3.07 log CFU/mL, 

respectively. The bacterial colonies on NA+1% NaCl 

were categorised on the basis of morphology, such as 

shape, size and colour, and then randomly selected for 

identification. A total of 233 bacterial isolates were 

subsequently identified using biochemical tests and 

were found to belong to 16 families and 29 genera 

(Figure 2). The first-, second-, and third-most 

identified isolates were in families Moraxellaceae (41 

isolates; 17.60%), Vibrionaceae (38 isolates; 16.31%), 

and Paenibacillaceae (37 isolates; 15.88%), 

respectively. 

Figure 2. Taxonomy of bacterial strains isolated from Klong Tub Mangrove Forest at sites#1 (nearby the narrowleaf cattail wetland) and 

site#2 (in the mangrove)

Site#1 

Site#2 

578



Ganjanasiripong P et al. / Environment and Natural Resources Journal 2022; 20(6): 575-584  

Comparison of bacterial isolates in site#1 and 

site#2 sediments revealed differences in bacterial 

structure and composition (Figure 2). Identification of 

isolates from site#1 sediments (n=80) revealed that the 

bacteria belonged to nine families and 19 genera. The 

first-, second-, and third-most frequently identified 

isolates were in genera Acinetobacter (38%), Bacillus 

(14%), and Aneurinibacillus (13%), respectively. One 

isolate each from six genera including Citrobacter, 

Panoea, Edwardsiella, Pragia, Rahnella, and 

Streptococcus and two isolates of Achromobacter spp. 

were identified in site#1 sediments but not in site#2 

samples. For site#2 sediments, 153 of the isolates 

belonged to 14 families and 21 genera. The first- and 

second-most frequently identified isolates were in 

genera Vibrio (20%) and Aeromonas (13%), and the 

third-most frequently identified isolates were bacterial 

strains from three genera Pseudomonas, Staphylo-

coccus, and Paenibacillus (10% each). The following 

bacterial strains from nine genera were detected only 

in site#2 sediments: Vibrio spp. (30 isolates), 

Aliivibrio spp. (8 isolates), Lactobacillus spp. (6 

isolates), Commamonas spp. (4 isolates), Kluyvera 

spp. (2 isolates), Shigella sp. (1 isolate), Providencia 

sp. (1 isolate), Paraburkholderia sp. (1 isolate), and 

Pasteurella sp. (1 isolate). 

Figure 3 shows the colony morphology of four 

bacterial isolates (A.1, B.1, C.1, and D.1) identified 

using 16s rRNA sequence analysis. Isolate A.1 

showed a mucous, transparent spread out, edged shape 

with chalk-like colour. For isolate B.1, the 

morphology was power-like colony with pink colour 

in the centre. Isolate C.1 was a small, orange-brown-

coloured colony covered with thick slime. Finally, 

isolate D.1 appeared as a powder-like colony with 

whitish to greyish aerial mycelium. Results from the 

alignment of partial 16s rRNA sequences using three 

different tools, BLAST, EzBioCloud, and RDP 

classifier, are shown in Table 1. The alignment of all 

sequences gave high similarity values (≥99.65%). 

Isolates A.1 and C.1 were closely related to 

Streptomyces platensis strain ATCC 23948 and 

Streptomyces sp. NA03103, respectively. The other 

two isolates, B.1 and D.1, shared sequence similarity 

to Micromonospora sp. A38 (100.00%) and Bacillus 

velezensis strain KKLW (≥99.86%), respectively. 

Accordingly, isolates A.1 and C.1 were identified as 

Streptomyces spp. and isolates B.1 and D.1 were 

Micromonospora sp. and Bacillus sp., respectively.

Figure 3. Colonial appearance of bacterial isolates on ISP-2 agar (a) isolate A.1, (b) isolate B.1, (c) isolate C.1, and (d) isolate D.1 

Table 1. Closely related species shared similarity to the partial 16s rRNA sequence of isolates A.1, B.1, C.1, and D.1 as analysed by three 

different tools 

Isolate Best blast match with known taxa by 

BLAST (% identity)  

Top-hit taxon by EzBioCloud 

(% similarity) 

Genus predicted by RDP classifier at 

95% confidence threshold  

(% probability) 

A.1 Streptomyces platensis strain ATCC 

23948 (100.00%)  

Streptomyces platensis JCM 4662 

(99.93%) 

Streptomyces (100%) 

B.1 Micromonospora sp. A38  

(100.00%) 

Micromonospora fluminis A38 

(100.00%) 

Micromonospora (100%) 

C.1 Streptomyces sp. NA03103  

(100.00%) 

Streptomyces ardesiacus  

(99.65%) 

Streptomyces (100%) 

D.1 Bacillus velezensis strain KKLW 

(100.00%) 

Bacillus velezensis CR-502  

(99.86%) 

Bacillus (100%) 

(a) (b) (c) (d) 

0.1 mm 
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4. DISCUSSION

This study investigated the microbial diversity 

of Klong Tub Mangrove Forest. Observation of 

heterotrophic bacteria in aerobic condition was 

conducted in 5 cm-deep sediments because the oxygen 

level in the sediments at this level is higher than that 

of the sediments in low depths, leading to high 

microbial diversity (Dias et al., 2009; Somerfield et 

al., 1998). A total of 233 bacterial isolates were 

isolated and identified using biochemical approaches 

and ABIS online tools (Bhagobaty, 2020; Kayode et 

al., 2020; Dumitru et al., 2021; Ndukwu et al., 2021; 

Vansia et al., 2021). The results showed that the 

bacteria belonged to 29 genera and 16 families. The 

dominant strains in the microbial community were in 

descending ranked order as follows: Moraxellaceae 

(17.60%), Vibrionaceae (16.31%), Paenibacillaceae 

(15.88%), Staphylococcaceae (9.87%), Bacillaceae 

(9.87%), Aeromonadaceae (8.58%), and Pseudo-

monadaceae (8.58%). Moreover, phosphate-

solubilizing bacteria that were commonly found in 

mangroves, namely, Bacillus, Paenibacillus, 

Kluyvera, Pseudomonas, Burkholderia, Serrtia, and 

Acinetobacter species, were predominant in this forest 

(Thatoi et al., 2013; Teymouri et al., 2016). The Klong 

Tub Mangrove Forest is located in the transition zone 

between a narrowleaf cattail wetland and Sattahip Bay 

(Figure 1). Assessment of abiotic parameters revealed 

differences in abiotic values between the two site 

samples. Compared with site#2 samples, site#1 

samples had higher pH and lower salinity. Differences 

in taxonomic structures were also detected between 

the bacterial communities. The first-, second-, and 

third-most frequently identified isolates from site#1 

samples were from genera Acinetobacter (38%), 

Bacillus (14%), and Aneurinibacillus (13%), 

respectively. Acinetobacter spp. and Bacillus spp. 

have been reported as two of the top 26 genera 

associated with narrowleaf cattail rhizospheric 

samples (Gao and Shi, 2018). For site#2 samples, the 

predominant bacterial strains were Vibrio (20%), 

Aeromonas (13%), Pseudomonas (10%), 

Staphylococcus (10%), and Paenibacillus (10%). 

These bacterial groups are commonly found in marine 

and estuarine environments (Thompson et al., 2004; 

Sousa et al., 2006; Stevens et al., 2007). This study 

provided evidence on the influence of environmental 

conditions, including abiotic parameters and types of 

plants, on determining the compositions and diversity 

patterns of bacterial communities (Stottmeister et al., 

2003; Oguh et al., 2021). 

The microbial community in site#1 sediments 

(19 genera, n=80) showed higher diversity than those 

in site#2 sediments (21 genera, n=153). Gao and Shi 

(2018) investigated the taxonomic structure of seed, 

root and rhizospheric bacterial microbiota of 

narrowleaf cattail T. angustifolia using Illumina-based 

sequencing. They found that the rhizospheric bacterial 

community exhibited higher taxon richness compared 

with the seed and root endophytes. Similarly, a study 

of ammonium/ammonia-oxidizing prokaryote (AOP) 

communities in Hong Kong revealed more complex 

AOP community structures in man-made freshwater 

wetland than in natural coastal marine wetland (Wang 

and Gu, 2013). The authors concluded that the high 

diversity in freshwater AOP community was affected 

by narrowleaf cattail T. angustifolia which enhanced 

AOP abundances in the rhizophere area. This finding 

suggested that presence of narrowleaf cattail nearby 

the Klong Tub Mangrove Forest may influence the 

high microbial diversity in site#1 sediments. 

Four filamentous Gram-positive isolates were 

isolated from the sediment in the studied mangrove 

forest. Partial 16s rRNA sequence analysis using three 

different similarity-based search tools, BLAST, 

EzBioCloud, and RPD Classifier, revealed three 

presumptive genera with a similarity value of 

≥99.65%. Two isolates, A.1 and C.1, shared high 16s 

rRNA gene sequence similarity with Streptomyces 

platensis and Streptomyces sp. NA03103, 

respectively. Streptomyces platensis produces a 

variety of antibiotics, including oxytetracycline, 

platensimycin, migrastatin, isomigrastatin, platencin, 

dorrigocin A and B and terramycine (Ju et al., 2005; 

Smanski et al., 2012). Genome mining of 

Streptomyces sp. NA03103 revealed the presence of 

an orphan nonribosomal peptide synthetase (NRPS) 

gene cluster (asm) encoding for two novel 

cyclopeptides ashimides A and B (Shi et al., 2019). 

Ashimide B has been classified as an organic 

compound, namely, benzoxazine. Several studies have 

reported the biological activities of benzoxazine 

derivatives in various aspects, including anti-

inflammatory, antimicrobial, anticancer and anti-

malaria (Akhter et al., 2011; Foto et al., 2014; Sharma 

et al., 2018). This finding is consistent with the study 

of Xavier et al. (2021) who analysed the genomic 

DNA of Streptomyces sp. NA03103 using anti-

SMASH v5.2.0 and found a number of predictive 

BCGs which may implicate diverse secondary 

metabolic biosynthesis, such as polyketides, 

nonribosomal peptides, terpenes, and lanthipeptides 
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(Xavier et al., 2021). Further experiments are required 

to investigate the function of this potential bacterial 

strain on the synthesis of marine natural products. 

In addition to Streptomyces, one rare 

actinomycete strain was isolated from the sediments in 

Klong Tub mangrove forest. Analysis of partial 16s 

rRNA sequence showed 100.00% similarity to 

Micromonospora sp. A38 (Table 1). Strain A38 has 

been classified as a novel species named 

Micromonospora fluminis sp. nov. (Pozo et al., 2020). 

M. fluminis strain was isolated from freshwater, the

Carpintero River in Cuba. Meanwhile, the isolated

strain in the present study was from a marine

environment, implying its ability to adopt to a wide

range of environmental conditions. To our knowledge,

the secondary metabolites of this novel strain has

never been reported.

A number of bacterial strains isolated from the 

Klong Tub Mangrove Forest have been documented 

for their biotechnological potentials. One of which 

was Bacillus, one of the abundant genera detected in 

the rhizosphere communities of mangroves 

(Sebastianes et al., 2017; Jeyanny et al., 2020). In the 

present study, a rhizophere bacterium named Bacillus 

velezensis, a novel species of Bacillus, was isolated. 

B. velezensis produces diverse metabolic inter-

mediates with wide applications, such as in surfactant

production, antagonistic activities against phyto-

pathogens, promotion of seed development and plant

growth, antibiotics, iron chelators, antioxidants, and

anticancer agents (Ruiz-García et al., 2005; Meena et

al., 2018; Aloo et al., 2019; Rabbee et al., 2019). B.

velezensis SMR isolated from seawater can produce

nanocellulose, a promising material for various

industries, such as medicine, food and agriculture

(Abouelkheir et al., 2020). In Thailand, a number of

Bacillus spp., such as Bacillus aquimaris strain TF-12

and B. aryabhattai strain B8W22, have been isolated

from mangrove forest sediments (Foophow and

Tangjitjaroenkun, 2014). These isolates can produce

proteases, enzymes that are widely used in various

industries (Razzaq et al., 2019). In addition to Bacillus

spp., Aeromonas spp. were documented for their

biotechnological potentials, particularly extracellular

proteases that are involved in the degradation of

different proteinaceous compounds, such as albumin,

fibrin and gelatine (Liu, 2014). For the genus

Acinetobacter, the predominant bacterial strains

isolated from site#1 sediments have the abilities of

hydrocarbon degradation, ester production and

biosurfactant production (Jung and Park, 2015). The

other genus was Comamonas spp. which can be found 

in soil and water. The recent isolation and 

investigation of Comamonas aquatica from mangrove 

swamps in Rayong Province, Thailand revealed its 

ability to degrade polycyclic aromatic hydrocarbons 

(PAHs) (Chantarasiri, 2021). C. aquatica can also 

promote plant growth via the production of indole-3-

acetic acid as their metabolites (Al-Mamari et al., 

2020). Moreover, the C. aquatica strain isolated from 

the root of freshwater plant Pistia stratiotes exhibited 

the efficient removal of heavy metal, Ni and Cu in the 

environment, implying the potential of this bacterial 

genera in phytoremediation technology (Ghosh et al., 

2020). Aneurinibacillus aneurinilyticus is another 

bacterial strain displaying various biotechnological 

interests. It was recognised as a plant growth-

promoting rhizobacteria and also exhibited antifungal 

activity (Chauhan et al., 2014). Its marine strain has 

been recently evaluated for a new lipopeptide 

biosurfactant (Balan et al., 2017). Interestingly, the 

secondary metabolite of this bacterium has 

mosquitocidal potential to control mosquito-borne 

diseases (Das et al., 2016). 

The Klong Tub Mangrove Forest is located near 

Pattaya City, Chonburi Province, Thailand, a famous 

coastal city on the Upper Gulf of Thailand. Bacterial 

identification revealed that none of the isolates were 

enterococci and Escherichia coli, bacterial indicators 

of faecal contamination (U.S. EPA, 2012). The 

absence of faecal contamination was confirmed by 

spread plate technique on eosin methylene blue agar 

(Abbu and Lyimo, 2009). On the basis of these results 

were, the Klong Tub Mangrove Forest in Sattahip, 

Chonburi Province, Thailand possesses high microbial 

diversity with minimal anthropogenic effects, making 

it a valuable natural resource in terms of industrial 

enzymes and secondary metabolite producers. 

Particularly, the three Actinomycete isolates require 

further investigation to determine their potential in 

biotechnological applications. 

5. CONCLUSION

This study investigated the microbial 

community in sediments from Klong Tub Mangrove 

Forest. The results indicated that the forest possesses 

a number of bacterial strains. Comparison of the 

structure of bacterial microbiota between site#1 

(nearby the narrowleaf cattail wetland) and site#2 (the 

mangrove forest close to the sea) revealed differences 

in their predominant bacterial species and 

compositions. This finding implied the significance of 
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environmental conditions on determining bacterial 

community compositions and diversity patterns. 

Moreover, two actinomycete strains (Streptomyces sp. 

and Streptomyces sp. NA03103) and a rare 

actinomycete Micromonospora sp. were isolated. The 

production of bioactive compounds from these isolates 

are currently under investigation. Several bacterial 

isolates from the mangrove forest have been 

documented for their biotechnological potentials, 

including plant growth promotion, antibiotics, 

antifungal and PAH degradation. According to our 

observation, the Klong Tub Mangrove Forest 

possesses high microbial diversity with minimal 

anthropogenic effects and high potentials for 

biotechnological applications. 
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Heavy metal pollution in soil has received more attention in recent years because 

of an increase in human activities and its potential effects on ecology and human 

health. This study assessed the occurrence of heavy metals (As, Pb, Cu, Zn, and 

Cd) in different cultivated land and their ecological risk in Dong Thap Province, 

Vietnam. Seventeen samples collected in paddy, vegetable, perennials, and 

ornamental soils were measured for heavy metal concentrations and soil 

structure. The data were analyzed using Pearson correlation, principal component 

analysis (PCA), cluster analysis (CA), Nemerow pollution index (PIN), 

geoaccumulation index (Igeo), pollution load index (PLI), and potential ecological 

risk index (RI). The results revealed that the soil structure was clay loam and silt 

clay loam. Heavy metal concentrations were within the national limits with the 

order of Zn>Cu>Pb>As>Cd. Pearson correlation and PCA indicated that heavy 

metals were strongly correlated, and agriculture and soil formation were 

responsible for their presence in soil. The sampling sites were divided into four 

groups using CA, in which paddy and crop soils had the highest content of heavy 

metals. Based on PIN values (0.82-2.92), the heavy metal pollution ranged from 

warning to moderate level. As had the highest accumulation potential in the soil, 

with the Igeo values ranging from 0.12-2.05. The risk of heavy metal pollution in 

agricultural soil to ecology was low to moderate. Despite that, it is recommended 

to annually monitor the occurrence of heavy metals in agricultural soils to have 

proper solutions to protect public health. 

Keywords: 

Agricultural soil/ Ecological risks/ 

Dong Thap/ Heavy metals/ Source 

identification  

* Corresponding author:

E-mail: ntgiao@ctu.edu.vn

1. INTRODUCTION

Heavy metals are defined as metallic elements 

whose density is at least five times higher than water 

(Fergusson, 1990). Based on this definition, heavy 

metals include metalloids such as arsenic (As) with a 

density of 5.73 g/cm3 (Duffus, 2002; Tchounwou et al., 

2012). Heavy metals are naturally occurring elements 

in the earth’s crust. As a result of rapid urbanization 

and industrialization, an increase in heavy metal 

pollution has become a significant concern (Apostol et 

al., 2021; Fei et al., 2022). Heavy metals are persistent 

and non-biodegradable, which are likely to disperse 

and accumulate in ecosystems, eventually entering the 

human body through the food chain (Klinsawathom et 

al., 2017; Rashed, 2018). Some heavy metals, such as 

cadmium (Cd), chromium (Cr), arsenic (As), mercury 

(Hg), lead (Pb), copper (Cu), zinc (Zn), and nickel 

(Ni), have been listed as priority pollutants for control 

by the United States Environmental Protection 

Agency (USEPA) (Cravotta and Brady, 2015). Heavy 

metal accumulation in the human body can cause 

serious diseases, such as Cd damaging kidney function 

(Liu et al., 2022) and As causing cardiovascular disease, 

diabetes, and cancer (Li et al., 2016). Therefore, it is 

necessary to evaluate heavy metal contamination in soil 

and determine their potential risks. 

The presence of heavy metals in soil is attributed 

to two primary sources. Firstly, natural processes such 

as weathering and volcanism are associated with 

heavy metal pollution (Fei et al., 2022; Cui et al., 2021). 

The impacts of anthropogenic activities are prominent, 

including mining and smelting industries, metal-based 

industries, domestic wastes, and agriculture (Wei and 

Yang, 2010; Huan et al., 2017; Guan et al., 2019;  Cui 

et al., 2021; Fei et al., 2022). In terms of the impact 

of agricultural activities, applying heavy metal-
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containing pesticides and herbicides greatly 

contributes to soil pollution. For example, As 

contamination in cultivated land was associated with 

the excessive application of pesticides (Cai et al., 

2019; Jiang et al., 2020; Fei et al., 2022). Using 

phosphate fertilizers and pesticides is a reason for the 

high content of Cd in Shanghai (Fei et al., 2022). In 

addition, using contaminated water for irrigation has 

caused the enrichment of heavy metals in the 

agricultural system (Hung and Thom, 2016). In recent 

years, many countries have intensively increased 

agricultural activities to ensure food safety which is one 

of 17 sustainable development goals (SDGs). This has 

led to a high risk of heavy metal contamination in the 

agricultural soil. There are several factors that control 

the concentrations of heavy metals in soil: wind 

direction, topography, and particle size distribution 

(Lou et al., 2022). However, the number of studies on 

heavy metals in agricultural soils and their potential 

environmental risks are limited (Fei et al., 2022). 

In recent studies, different indices have been 

introduced to assess the extent of pollution and the 

potential pollution of agricultural soil by heavy 

metals, such as Nemerow pollution index (PIN), 

geoaccumulation index (Igeo), pollution load index 

(PLI), and potential ecological risk index (RI) (Fei et 

al., 2022; Kowalska et al., 2018; Cui et al., 2021; Kang 

et al., 2020). PIN is calculated to evaluate the overall 

pollution of soil and determine the most polluted 

parameters (Kowalska et al., 2018). Similar to PIN, PLI 

is used to assess the pollution levels or the levels of 

heavy metals in soil, which can be used to compare the 

soil quality between different study areas (Nazzal et 

al., 2021; Ferreira et al., 2022). Igeo index is employed 

to assess the pollution extent in soil by each heavy 

metal, which can compare the changes in the soil 

problems in the past and the present (Kowalska et al., 

2018; Nazzal et al., 2021; Ferreira et al., 2022). To 

evaluate the potential risks to ecology by heavy metal-

contaminated soils, RI is employed with the 

consideration of toxic level, ecological sensitivity, and 

synergy effects of heavy metals (Cui et al., 2021; 

Ferreira et al., 2022). These indices are deemed 

effective tools to comprehensively evaluate soil 

contamination and predict the effects on ecology 

(Kowalska et al., 2018). However, the application of a 

single index could not provide a full understanding of 

the pollution extent (Kowalska et al., 2018; Fei et al., 

2022). Thus, it is required to combine different indices 

to generate comprehensive information related to soil 

pollution by heavy metals, which supports 

policymakers in developing sustainable development 

strategies. 

In Vietnam, agricultural production is one of the 

most important economic sectors, especially in two 

primary deltas (Red River delta and Mekong Delta). In 

the Red River delta, high As content was found in 

vegetable land (Ha et al., 2016). Collected soil samples 

in the vegetable growing area showed the signal of Cu, 

Cd, and Pb contamination (Huan et al., 2017). In 

Mekong Delta, the natural land area is mainly used for 

agricultural cultivation, about 2,615.6 thousand 

hectares, accounting for approximately 64.08% of the 

total area (General Statistics Office of Vietnam, 2022). 

According to Huynh et al. (2022), several heavy 

metals (As, Pb, Cu, Zn) were detected in An Giang 

Province. Nevertheless, studies about heavy metals in 

different agricultural soils in the Mekong Delta 

remain limited. Thus, this study was conducted to 

evaluate soil characteristics and identify sources and 

ecological risk associated with the occurrence of 

heavy metals in agricultural soil using multivariate 

statistics, Nemerow pollution index (PIN), geological 

accumulation index (Igeo), pollutant load index (PLI) 

and ecological potential risk index (RI). The findings 

could provide helpful information on the agricultural 

soil pollution levels in Dong Thap Province to 

formulate strategies for agricultural safety and 

sustainability.  

2. METHODOLOGY

2.1 Description of the study area

Dong Thap is located in Mekong Delta with the 

coordinates of 10o07′ to 10o58′ North latitude and 

105o12′ to 105o56′ East longitude, which is adjacent to 

Cambodia (North), Vinh Long Province and Can Tho 

City (South), An Giang Province (West), Long An and 

Tien Giang Provinces (East). Dong Thap has a fairly 

flat terrain, and the whole province is located in the 

delta region. The elevation difference is not large, with 

an average of about 2 m. The province has three types 

of terrain: natural dykes along the Tien and Hau 

Rivers, behind the dyke, and low-lying fields (closed 

floodplains). Land resources of Dong Thap Province 

are classified into four main soil types. Alluvial and 

alkaline soils have the largest area, with an area of 

183.9 thousand hectares and 92.4 thousand hectares, 

respectively. They are distributed mainly along the 

Tien and Hau Rivers (alluvial soil), Tam Nong and 

Thap Muoi Districts (alkaline soil). Gray soil is mainly 

found in Tan Hong District bordering Cambodia and 

Tam Nong District, about 26.5 thousand hectares. 
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Sandy soil is distributed in Thap Muoi and Cao Lanh 

Districts with 0.067 thousand hectares.  

The structure of land use in agriculture in Dong 

Thap Province in 2019 is divided into two categories: 

annual cropland (accounting for 227.3 thousand 

hectares) and perennial cropland (accounting for 32.80 

thousand hectares). The annual cropland is used 

mainly for rice cultivation, with about 221.5 thousand 

hectares (accounting for 65.47%). Dong Thap 

Province has a total natural land area in 2019 of 338.4 

thousand hectares, of which agricultural production 

land accounts for 76.84% with 260.1 thousand 

hectares (DoNRE, 2021). Therefore, it is considered 

one of the provinces with agricultural land accounting 

for a high proportion of the total natural land area. The 

agricultural system of Dong Thap Province is diverse 

with many other agricultural cultivation models, such 

as rice, vegetables, fruit trees, and ornamental plants. 

2.2 Soil sample collection and analysis 

Seventeen agricultural soil samples (D01-D17) 

were collected twice in 2020. The sampling sites are 

presented in Figure 1. The soil samples were collected 

at different agricultural cultivation areas in Dong Thap 

Province, including rice, vegetables, perennials, and 

ornamental plants. These collected soil samples were 

then analyzed for soil structure and heavy metals (As, 

Pb, Cu, Zn, and Cd). Soil samples were collected and 

preserved according to the standards specified in the 

national standard TCVN 5297:1995 on Soil Quality-

Sampling-General requirements (MOST, 1995) and 

the national standard TCVN 7538-2:2005 in the Soil 

Quality-Sampling-Part 2: Guidance on sampling 

techniques (MOST, 2005). The collected soil samples 

were dried in an oven and then ground to pass through 

a 0.5 mm stainless steel mesh. The heavy metal 

concentrations in the soil were measured according 

to the national standard TCVN 6496:2009 on Soil 

quality - Determination of cadmium, chromium, 

cobalt, copper, lead, manganese, nickel, and zinc in 

aqua regia extracts of soil - Flame and electrothermal 

atomic absorption spectrometric methods (Varian 

SpectrAA Model 220FS, US) (MOST, 2009). The 

detection limits of these heavy metals were 0.01 

mg/kg. The sample collection and analysis were 

strictly conducted to ensure quality assurance/quality 

control (QA/QC). Three field samples were obtained 

from one location and preserved in a separate 

container. In the laboratory, blank samples, 

verification standard samples, and duplicate 

laboratory samples were measured. 

2.3 Data processing 

2.3.1 Statistical analysis 

The data of heavy metals were analyzed to 

determine the values of min, max, mean, standard 

deviation, and coefficient of variation (CV). To assess 

the current status and evolution of soil environmental 

quality in Dong Thap Province, the heavy metals 

in the soil were compared with QCVN 03-

MT:2015/BTNMT-National technical regulation on 

heavy metal content for agricultural soil (MoNRE, 

2015). Correlation analysis was performed to 

determine the relationship between soil properties and 

heavy metals (Qishlaqi and Moore, 2007; Zhu et al., 

2017). In addition, the principal component analysis 

(PCA) and cluster analysis (CA) were applied based 

on the mean of the parameters. PCA aims to determine 

the most significant parameters affecting soil quality. 

On the other hand, PCA was also used to determine 

the origin of heavy metals in the soil. Moreover, CA 

can group the sampling locations with similar soil 

properties (Yang et al., 2014; Zhang et al., 2016; 

Nazzal et al., 2021). The analytical methods were 

performed using the statistical software Statgraphics 

Centurion version XVI (Statgraphics Technologies 

Inc., Virginia, USA). 

2.3.2 Ecological risk and pollution level 

calculation 

The Nemerow pollution index (PIN), cumulative 

geographic index (Igeo), pollution load index (PLI), and 

potential ecological risk index (RI) were applied to 

quantify pollution level and potential risk of heavy 

metals in agricultural soil. 

The single pollution index (PI) is used to 

evaluate the pollution level of each heavy metal in soil 

(Kowalska et al., 2018). Meanwhile, the accumulation 

level of each heavy metal in the soil was assessed 

by geoaccumulation index (Igeo) (Kowalska et al., 

2018; Cui et al., 2021). The values of indexes were 

calculated by the equation (1) and (2): 

PI =  
Cn

GB
     (1) 

Igeo =  log2  (
Cn

1.5GB
) (2) 

The spatial variation of Igeo values was 

conducted by the Arcgis version 10.2 software. It was 

based on interpolation with the inverse distance 

weighted method.
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Figure 1. Location of soil sample collection in Dong Thap Province 

The overall pollution level of heavy metals in 

the soil was determined through two indexes (PIN and 

PLI). These two indexes were calculated by formulas 

(3) and (4) (Kowalska et al., 2018; Mamut et al., 2018;

Kang et al., 2020):

PIN = √
(

1

n
∑ PIn

i−1 )
2

+ PImax
2

n
(3) 

PLI =  √PI1 × PI2 × PI3 × … × PIn
n   (4) 

In addition, the potential ecological risk (RI) 

was used to assess potential risks that heavy metals 

pose to the ecology of the study area (Hakanson, 1980; 

Ramdani et al., 2018):
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RI = ∑ Er
i = ∑ Tr

i x PIn
i=1

n
i=1          (5) 

Where, Cn is heavy metal content in analyzed soil 

samples; GB is the value of the geochemical 

background corresponding to As, Pb, Cu, Zn, and Cd 

are 0.67, 27, 38.9, 70, and 0.41 mg/kg, respectively 

(Kabata-Pendias, 2010; Kowalska et al., 2018); PImax is 

the maximum value of single pollution index (PI); PI is 

value of single pollution index; n is the number of heavy 

metals; Ei
r is potential ecological risk factor for each 

metal; Ti
r is the toxicity coefficient of metal corresponds 

to As, Pb, Cu, Zn, and Cd are 10, 5, 5, 1, and 30, 

respectively (Hakanson, 1980). The reference values of 

each index in the study are detailed in Table 1.

Table 1. Pollution and risk rating scale 

Index Values Rating Index Values Rating 

PLI PLI≤1 No pollution RI RI<50 Low 

1<PLI≤2 Moderate 50≤RI<100 Moderate 

2<PLI≤3 High 100≤RI<200 High 

PLI>3 Extremely high RI≥200 Very high 

PIN PIN≤0.7 Safe level Igeo Igeo≤0 No pollution 

0.7<PIN≤1 Warning limit 0<Igeo≤1 No to moderate 

1<PIN≤2 Slight pollution 1<Igeo≤2 Moderate 

2<PIN≤3 Moderate pollution 2<Igeo≤3 Moderate to high 

PIN > 3 Heavy pollution 3<Igeo≤4 High 

4<Igeo≤5 High to very high 

5<Igeo Extreme pollution 

3. RESULTS AND DISCUSSION

3.1 Soil structure properties

The change in soil structure is considered a 

factor affecting the fluctuation in soil chemical 

composition (Wang et al., 2018). The analysis results 

of the structure of agricultural soil are presented in 

Figure 2. The percentage of clay and silt was high in 

this study area, which was about 32.57±3.82% and 

44.87±5.87%, respectively. Meanwhile, that of sand 

only fluctuated around 22.56±4.95%. Based on the 

soil structure triangle classified by Soil Survey Staff 

(1999), the results showed that the soil in Dong Thap 

mainly belongs to the clay loam and silty clay loam 

groups (Figure 2). Soil particle-size distribution will 

affect the organic matter content in the soil (Wang et 

al., 2018). This can affect the mobility and 

accumulation of heavy metals in the soil. Specifically, 

agricultural land in the study area is assessed to have 

a higher ability to absorb and retain nutrients and 

heavy metals (Wang et al., 2018). 

3.2 Concentrations of heavy metals 

In agricultural soils, heavy metal pollution can 

negatively impact soil properties, reduce the yield and 

quality of agricultural products, and consequently 

affect human and animal health (Hung and Thom, 

2016). The results of heavy metal concentration in 

agricultural soils in Dong Thap Province are shown in 

Table 2. The Cu content fluctuated in the range of 

18.53-44.48 mg/kg, with an average of 27.28±7.24 

mg/kg. In Mekong Delta, the Cu concentration varied 

from 20.1-43.0 mg/kg (Nguyen et al., 2020), which is 

consistent with the current study. However, the Cu 

concentration in agricultural soils along the Tarim 

basin (Xinjiang, China) is generally lower than in the 

present study area, ranging from 16.4±3.22 to 

21.97±7.6 mg/kg (Fan et al., 2019). High Cu 

concentration in agricultural land is attributed to 

weathering and trace fertilizers. In addition, the high 

concentration of Cu in the soil is partly due to the 

influence of domestic wastewater (Thu et al., 2018). 

Figure 2. Triangle of soil structure in the study area 
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In the earth’s crust, the Zn concentration is 

about 75 mg/kg and about 50 mg/kg in soil (Nazzal et 

al., 2021). The results revealed that the relatively high 

Zn content was found in the range of 104.30 to 195.49 

mg/kg, with an average of 143.96±29.62 mg/kg. 

According to Marrugo-Negrete et al. (2017), the Zn 

content in the soil Sinu River Basin (Colombia) was 

found to be the highest among other heavy metals. 

This is consistent with the results of the present study. 

In the Mekong Delta, the Zn concentration was 

recorded at about 90 mg/kg in soil (Nguyen et al., 

2020). In addition, the previous study by Ramdani et 

al. (2018) found that Zn in the agricultural area ranged 

from 52.5 to 1,952.5 mg/kg, with an average of 

126.8±510.7 mg/kg. This analysis indicated that Zn 

concentration increased significantly in agricultural 

soil in Dong Thap Province. This range of Zn 

concentration could be affected by anthropogenic 

sources (Ramdani et al., 2018). 

Table 2. The concentration of heavy metals in agricultural soil in the study area 

Parameters Range Minimum Maximum Mean Standard deviation %CV Vietnamese standard 

Cu 25.95 18.53 44.48 27.28 7.24 26.54 100 

Zn 91.19 104.30 195.49 143.96 29.62 20.58 200 

As 3.08 1.09 4.17 2.51 0.93 37.16 15 

Pb 6.39 5.98 12.37 8.56 1.82 21.27 70 

Cd 0.08 0.05 0.12 0.07 0.02 30.41 1.5 

The concentration of Pb varied from 5.98 to 

12.37 mg/kg, reaching an average of 8.56±1.82 mg/kg. 

The lowest and highest concentration was both found 

in soil for farming vegetables. It can be seen that the 

concentration of Pb in the soil depends on the soil 

characteristics and the doses of agrochemicals used or 

wastes from the surrounding areas. Compared with the 

study of Nguyen et al. (2020) and Ha et al. (2016), the 

Pb concentration in agricultural soil in the Mekong 

Delta region (28.6±18.5 mg/kg) and Hanoi Capital 

(17.3-42.0 mg/kg) was higher than that in the study 

area. The use of herbicides, insecticides, and gasoline 

combustion in treating rice straws are the potential 

sources of Pb generation in the soil (Guan et al., 2019). 

The arsenic concentrations ranged from 1.01 to 

4.17 mg/kg, with an average of 2.51±0.93 mg/kg. 

Compared with the study of Hung and Thom (2016), 

the As concentration in agricultural soil fluctuated 

higher from 2.56 to 5.15 mg/kg, and the highest 

concentration was found in the paddy field. According 

to Nguyen et al. (2020), the As concentration was 

found in the range of 8.3-28.9 mg/kg in the Mekong 

Delta region, which was significantly higher than that 

of the study area. Ren et al. (2019) and Rostami et al. 

(2021) suggested that As concentration in agricultural 

soil increased after using phosphate fertilizers and 

pesticides over long periods of time.  

The average Cd concentration in the study 

area was  0.07±0.02 mg/kg, ranging from  0.05 to 0.12 

mg/kg. The lowest was found at position D12, and the 

highest was found at location D8. Former studies 

found that higher Cd concentrations ranging from 2.20 

to 2.72 mg/kg exceeded the permissible limit (Huan et 

al., 2017). However, the Cd contents in the Mekong 

Delta varied from 0.16-0.43 mg/kg (Nguyen et al., 

2020). According to Pan et al. (2016), the application 

of phosphate fertilizers is considered a major source of 

Cd in the environment. In addition, inorganic 

fertilizers such as nitrogen or potassium have 

significant Cd concentrations, which are sources of Cd 

in the soil (Cai et al., 2012). Other Cd sources are 

wastewater, sewage sludge, pesticides, fertilizers, and 

industrial emissions (Aboubakar et al., 2021).  

 It was found that the heavy metal contents in 

agricultural soil in Dong Thap province increased 

gradually in the order of Cd<As<Pb<Cu<Zn. Based 

on the coefficient of variation, the contents of heavy 

metals showed obvious spatial variability with the 

range of 20.58-37.16%. Spatial variability of heavy 

metals was explained by different types of agriculture 

having different effects on the concentration of heavy 

metals in the soil (Ren et al., 2019). The enrichment of 

heavy metals in agricultural soil is related to the 

supply of inputs for agricultural production, such as 

fertilizers and pesticides (Aboubakar et al., 2021). 

Compared with the national standard in QCVN 03-

MT:2015/BTNMT-agricultural soil (MoNRE, 2015), 

the concentration of heavy metals is still within limits. 
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3.3 Correlation between soil parameters in the 

study area 

The results of the Pearson correlation analysis 

between heavy metals in soil are presented in Table 3. 

There was a positive correlation between As, Pb, Cu, 

and Zn (p<0.01). Meanwhile, Cd was only found to be 

positively correlated with Pb (r=0.55) and Cu (r=0.45) 

in soil. The strong correlation between heavy metals 

showed that these elements are derived from the same 

source, which is human activities (Marrugo-Negrete et 

al., 2017; Wu et al., 2022). In addition, the high 

content of As, Pb, Cu, and Zn also indicated that 

pollution level is affected not only by the intrinsic 

properties of the soil but also by long-term agricultural 

activities (Zhu et al., 2017; Wu et al., 2022). In 

addition, the analysis also showed a high correlation 

of soil particles, including sand, clay and silt. 

However, the results only recorded a significant 

correlation between the percentage of sandy soil and 

Cu, which had a negative correlation (r=-0.48). 

Table 3. Correlation between heavy metals and soil structure in agricultural soil 

Parameter As Pb Cu Zn Cd Sand Silt 

Pb 0.56** 

Cu 0.49** 0.73** 

Zn 0.63** 0.6** 0.41** 

Cd 0.34 0.55** 0.45** 0.23 

Sand -0.39 -0.33 -0.48** -0.28 -0.26

Silt 0.34 0.13 0.22 0.09 0.08 -0.68**

Clay -0.06 0.15 0.2 0.17 0.17 -0.112 -0.66**

Range -1 0 1 

**Correlation is significant at the level of 0.01; *Correlation is significant at the level of 0.05. 

3.4 The main factors affecting the soil quality in the 

study area 

PCA analysis was used to extract principal 

components (PCs) that can detect and identify sources 

of heavy metal contamination. In this analysis, only 

the components with eigenvalues greater than 1 are 

retained (Nazzal et al., 2021). The analysis results 

showed that there were three main components 

extracted, explaining 82.14% of the variations of 

heavy metals in the study area (Table 4).

Table 4. Principal component analysis results 

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 

As 0.40 -0.12 -0.42 0.13 0.05 -0.75 -0.25

Pb 0.45 0.16 -0.14 -0.07 -0.26 0.49 -0.66

Cu 0.43 0.08 0.17 -0.31 -0.67 -0.13 0.48 

Zn 0.38 0.08 -0.52 -0.19 0.47 0.33 0.46 

Cd 0.32 0.28 0.23 0.85 0.04 0.08 0.20 

Sand -0.37 0.28 -0.53 0.18 -0.37 0.04 0.08 

Silt 0.23 -0.64 0.22 0.05 0.09 0.11 0.01 

Clay 0.11 0.62 0.35 -0.31 0.34 -0.22 -0.12

Eigenvalues 3.74 1.82 1.02 0.57 0.41 0.30 0.14 

%Variation 46.70 22.75 12.69 7.12 5.17 3.76 1.81 

Cum.%Variation 46.70 69.44 82.14 89.26 94.43 98.19 100.00 

The first principal component (PC1) explained 

46.70% of the total variance of heavy metals. PC1 had 

positive loadings for As (0.40), Pb (0.45), Cu (0.43), 

Zn (0.38), Cd (0.32), and was the most important 

component. PC1 could explain the anthropogenic 

origin of heavy metals, specifically related to long-

term agricultural activities in the study area. Several 

previous studies have noted that P-containing

fertilizers used in vegetable cultivation also contain 

Pb, Cd and others (Yang et al., 2014; Wu et al., 2022). 

In addition, the contribution of heavy metals in this PC 

can originate from the formation of soil structure in the 
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study area, namely Cd. The second principal 

component (PC2) accounted for 22.75% of total 

variance, which was contributed by the ratio of clay 

(0.62) and silt (-0.64). This component describes the 

effects of soil structure in the study areas. PC3 

explained 12.69% of the variation correlated with As 

(-0.42) and Zn (-0.52). Although the presence of As 

and Zn may be the results of anthropogenic activities, 

this probably comes from different sources with 

previous PCs. The eigenvalues of PC4 were less than 

1, accounting for 7.10% of the variation. However, 

PC4 was very strongly correlated with Cd (-0.85). In 

general, the heavy metals have contributed to soil 

quality variability in the study area. Excessive use of 

pesticides and inorganic fertilizers in farming can lead 

to the formation of heavy metals such as Cu, Zn, Pb, 

Cd, and As in the soil (Huang et al., 2010; Yang et al., 

2014). 

3.5 Clustering soil quality based on heavy metal 

concentrations  

Four groups of sampling locations were 

obtained from CA method and the characteristics of 

each group are presented in Figure 3 and Table 5. 

Group I consisted of four sites D01, D05, D11, and 

D15, with relative similar soil quality (accounted for 

25.53% of the total locations), which were located in 

the rice-growing areas. The average concentrations of 

As, Pb and Cu were 2.74, 8.35, and 24.13 mg/kg, 

respectively. The concentrations of Zn and Cd in this 

group were 154.25 and 0.08 mg/kg, respectively. 

Group III had 3 sampling sites (D02, D06, and D07), 

accounting for 17.65% of the total locations. These 

sites were also identified in the rice cultivation area. 

However, the proportion of clay and silt particles was 

higher than in Group I. Meanwhile, Group II gathered 

seven locations with similar soil quality, namely D03, 

D04, D12, D13, D14, D16, and D17, accounting for 

41.18%. The locations in Group II have been 

identified as perennial crops, vegetables and 

ornamental plants. Group II had the lowest 

concentration of heavy metals in the soil. Finally, 

Group IV included D08, D09, and D10, accounting for 

17.65%. The heavy metal content in group IV was the 

highest among the four soil groups. 

Figure 3. Clustering soil quality in the study area 

Table 5. Heavy metals concentrations in the identified groups 

Cluster As (mg/kg) Pb (mg/kg) Cu (mg/kg) Zn (mg/kg) Cd (mg/kg) Sand (%) Silt (%) Clay (%) 

I 2.74 8.35 24.13 154.25 0.08 23.86 43.00 33.16 

II 1.67 7.22 22.22 121.47 0.05 25.43 42.48 32.10 

III 3.56 9.63 31.44 157.98 0.07 18.38 54.20 27.44 

IV 3.12 10.89 39.13 168.70 0.09 18.37 43.63 38.01 

3.6 Assessment of pollution levels and ecological 

risks in the study area 

The PIN is an index used to assess the aggregate 

influence of heavy metals on the quality of the soil 

environment (Cui et al., 2021). The results showed 

that the PIN fluctuated in the range of 0.82-2.92. This 

assessed heavy metals from a warning level to 

moderate pollution (Figure 4). Only D14 and D17 

were recorded at a warning level, accounting for 

11.76% of total samples. Eight soil samples (D03, 

D04, D05, D11, D12, D13, D15, and D16) were 

slightly contaminated, which accounted for 47.06%. 

These sites are found mainly in the southern part of 

Dong Thap Province, with the dominance of perennial 

crops. Meanwhile, seven sampling sites (D01, D02, 

D06, D07, D08, D09, and D10) for cultivating rice and 

vegetable crops were evaluated at moderate pollution 

levels, accounting for 41.18% of the total sampling 

sites. In addition, Figure 4 also shows that the average 

heavy metal pollution was distributed mainly in the 

north of Dong Thap Province. The findings were 

consistent with the cluster analysis by groups III and 

IV, which show the highest soil heavy metal content. 

It can be seen that agricultural cultivation activities 

have greatly affected the soil quality in the area. 

Therefore, it is necessary to take appropriate measures 

to improve and implement sustainable production in 

agriculture.
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Figure 4. Values of PIN at the study area 

The Igeo values of Cu, Pb, and Cd were lower 

than 0; that is, there was no pollution of these heavy 

metals in soil. The contamination extent of As 

fluctuated from moderate to high, with the Igeo ranges 

of 0.12-2.05. The Igeo values of Zn were slightly lower 

than those of As, ranging from -0.01 to 0.90. The level 

of Zn pollution in soil was moderate. Specifically, the 

average values of Igeo index increased gradually from 

Cd(-3.20)<Pb(-2.27)<Cu(-1.14)<Zn(0.43)<As(1.21). 

The Igeo values of As and Zn in soil are presented in 

Figure 5(a) and Figure 5(b), respectively. The analysis 

results found that As and Zn accumulation was 

highest at D02 and D01 in rice-growing areas. 

According to Cai et al. (2012), As accumulated in 

agricultural soils is mainly derived from human 

activities, such as the inappropriate use of pesticides 

and fertilizers containing calcium and sodium 

arsenate. In superphosphate and granular fertilizers, 

Zn concentrations were approximately two and seven 

times higher, respectively, than the maximum 
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tolerable concentrations (Rostami et al., 2021). The 

trend of heavy metals accumulation was higher in the 

northern part of Dong Thap Province. This is 

explained by the soil structure is mainly clay and silt 

particles, which are more likely to accumulate heavy 

metals than sandy soils.

Figure 5. The values of Igeo of As (a) and Zn (b) in soil 

The values of PLI ranged from 0.53 to 1.11 

(Figure 6). Heavy metals in agricultural soils in the 

study area were at a non-polluted (94.1%) to 

moderately polluted level (5.9%). In addition, the 

values of RI ranged from 26.73 to 74.80. This has 

shown the potential ecological risk of heavy metals 

ranging from low (47.06%) to moderate (52.94%). It 

can be deduced that agricultural farming negatively 

impacts heavy metal contamination and risk to 

ecosystems. Excessive use of phosphate fertilizers 

increases the amount of phosphorus in the soil and 

leads to the accumulation of heavy metals in 

agricultural soils and pesticides (Marrugo-Negrete et 

al., 2017; Rostami et al., 2021). This information is 

useful for environmental managers in the agricultural 

sector to reconsider the cropping patterns and 

agricultural practices for sustainable development.

Figure 6. The values of PLI and RI in the study area 
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4. CONCLUSION

This study evaluated heavy metal 

contamination in various cultivated lands (rice, 

vegetables, perennials, ornamental plants) and 

potential ecological risks using multivariate statistics 

and pollution indices in Dong Thap Province, 

Vietnam. The soil structure in the study area was 

characterized by clay loam and silty clay loam groups. 

The results showed that the contents of heavy metals 

in agricultural soil were within the Vietnamese 

standard. Heavy metals (As, Pb, Cu, Zn, Cd) were 

strongly positively correlated. The results of PCA 

identified that agricultural practices contributed to the 

heavy metal pollution in the study area, especially in 

rice and vegetable-cultivated areas. Four different 

groups of sampling locations were obtained from CA, 

representing the effects of different agricultural 

practices on the presence of heavy metals. The PIN 

index showed that the soil pollution by heavy metals 

was at the warning limit to moderate levels. As had the 

highest contribution to soil pollution in the study area. 

The PLI index reflected heavy metals in the soil 

ranging from non-polluted to moderately polluted. 

The ecological risk of heavy metal pollution was low 

to moderate. It should be noted that the impacts of 

heavy metals are cumulated, and the occurrence of 

several metals at the same time could accelerate the 

negative repercussions. Therefore, it is suggested to 

continue monitoring the concentration of heavy metals 

in soils for timely solutions to prevent the effects on 

ecology and human health. 
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Using potential microbes in biodegradable solid waste management is an emerging 

science. Microbes play a significant role in recycling of organic solid wastes. 

Therefore, the present project was carried out to isolate indigenous potential non-

phytopathogenic fungi from local relevant decomposed substrates for the purpose of 

organic waste recycling as bio-organic fertilizer (BOF). A total of thirteen fungal 

strains were isolated. Seven of them were identified as Trichoderma spp., and the rest 

were Penicillium spp. Germination of mung bean (Vigna radiata), mustard (Brassica 

campestris), and wheat (Triticum aestivum) seeds were assessed by application of 13 

fungal isolate suspensions. Significant increase of germination percent was achieved 

in mung bean (98.35%), mustard (96.65%), and wheat (93.35%) by fungal treatments 

RW-T02, PL-P01, and CD-T01/MSW-T05, respectively, compared to the controls. 

But radicle and plumule lengths were not promoted by fungal treatments in the 

majority of cases. Significantly, the longest radicle and plumule lengths of mung bean 

and mustard were found in control treatments. Conversely, in wheat the longest 

radicle and plumule length were achieved in treatments MSW-T05 and RW-T03, 

respectively. Based on superior performances of percent germination and 

radicle/plumule length, six fungal isolates were selected for compatibility 

performance in mixed cultures. In the compatibility tests, two fungal combinations 

(ABF and BCE) presented superior mutual intermingle appearances. Perhaps these 

combinations may play significant roles in biodegradation of organic wastes. 
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1. INTRODUCTION

Waste is not waste, but may be treated as a 

resource, if it is managed properly. Proper 

management of waste offers value added product and 

its recycling conserves congenial environment. One of 

the most acceptable and viable options of organic 

waste management is composting, which offers good 

quality product recognized as bio-organic fertilizer 

(Kauser and Khwairakpam, 2022). Bio-organic 

fertilizer (BOF) is not simply bio-fertilizer but it is rich 

in both beneficial microbes and organic substances. 

Well decomposed, fully biomatured and sanitized 

compost with potential microbes are known as bio-

organic fertilizer, which is beneficial for soil health 

improvement and to ensure agricultural yield with 

high nutritional values (Heerden et al., 2002; Barua et 

al., 2018; Castiglione et al., 2021). Microbes enriched 

BOF is not only rich in decomposed organic 

substances but also beneficial microbes which 

enhance yield and nutritional qualities of the crop, and 

obviously it is superior to simply organic fertilizer 

(Molla et al., 2012). 

Bangladesh is an agro-based and densely 

populated country. Therefore, a significant volume of 

waste is generated every day. In Dhaka City, 

approximately 4,000-4,500 tons of solid waste is 

generated per day (Bari et al., 2007), where the 

majority is biodegradable for composting. Proper 

environmentally friendly and economically viable 

disposal of such waste is a great concern to the 

relevant authority. Generation of potential technology 

for production of quality BOF may reduce the load of 

excessive usages of chemicals fertilizers for 

agronomic practices, as well as opening an avenue of 

sustainable environmentally friendly recycling of bio-

decomposable wastes. 

The potential microbes play vital roles in 

composting/bioconversion of organic wastes treated 

Citation: Molla AH, Zahan H, Oliver MMH, Mosharaf MK. Exploration of potential indigenous non-phytopathogenic fungi for bio-organic fertilizer 

recycling from organic waste. Environ. Nat. Resour. J. 2022;20(6):598-610. (https://doi.org/10.32526/ennrj/20/202200110) 
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by a reliable process of waste management to reduce 

the aforesaid problems (Molla et al., 2006; Cerda et 

al., 2018). Additionally, the roles of microbes in 

biodegradation are considered as an important factor 

(Jung and Kim, 2016; Srivastava et al., 2020). Proper 

attention on using biological agents for composting is 

important, otherwise the obtained end product of 

composting (i.e., BOF) may cause severe damage to 

the applied crop. This implies that the use of microbes 

for composting (biodegradation) should be non-

phytopathogenic. In biodegradation processes of 

organic wastes, the microbes used have greater 

degradation ability if they originated from a similar 

environment (Meda et al., 2021). 

Moreover, the food toxicities/adulteration is a 

common phenomenon due to excessive usage of 

agrochemicals for agronomic practices. Continuous 

consumption of adulterated foods may invite several 

fatal diseases to human as well as other living beings. 

Possible alternatives to ensure the supply of bio-based 

plant growth enhancers (i.e., value added BOF) may 

help to produce safe food (crops) production by 

reducing usages of chemical fertilizers. Accordingly, 

the current interest of using bio-organic fertilizers and 

phyto-stimulators is inspiring the enhancement of crop 

yield and protection against crop damages as green 

technologies (Adesemoye et al., 2008; Castiglione et 

al., 2021). Moreover, degradation of organic 

substrates was enhanced more by application of a 

microbial consortia than a monoculture (Li et al., 

2021). The most important determinant in the 

biodegradation process is a compatible consortium of 

microbes, which ensure quality compost for crop 

growth and development (Gutierrez-Correa and 

Tengerdy, 1997; Molla et al., 2004; Devi and Anu-

Appaiah, 2021). 

Therefore, the present study was undertaken to 

find potential, but non-phytopathogenic fungal 

isolates and compatible consortia which will be 

efficient for future use in degradation of organic 

wastes into bio-organic fertilizer as well as reduce the 

load of inorganic fertilizer usage, promote safe food 

production and conserve congenial friendly 

environment. 

2. METHODOLOGY

2.1 Collection of relevant wastes for isolation of

native filamentous fungal isolates

Six types of decomposed organic wastes 

materials were collected from local sources for 

filamentous fungal strains isolation.  These were (1) 

Decomposed cow dung (CD), (2) Rotten rice straw 

(RW), (3) Decomposed poultry litter (PL), (4) Rotten 

wood (RW), (5) Decomposed municipal solid waste 

(MSW), and (6) Decomposed leaf litter (LL). 

2.2 Isolation of fungal isolates as pure culture 

The Rose Bengal Agar (RBA) media and 

technique was used for isolation of indigenous fungal 

strains (Martin, 1950). All reagents of RBA were 

dissolved in distilled water by subsequent stirring and 

gentle heating before being autoclaved (121ºC for 15 

min). Exactly 2 mL of sterile (filtered) streptomycin 

(50 mg/mL) was added aseptically to molten RBA and 

mixed homogeneously. One milliliter of the 1,000-

fold diluted sample (substrate used for isolation of 

fungi) was poured into a petri dish followed by 

approximately 15 mL of molten RBA and allowed to 

solidify. The plates were incubated at room 

temperature (28±2ºC) for 2 weeks and observed every 

day. The colonies (i.e., colony forming unit) were 

transferred onto 3.9% potato dextrose agar (PDA, 

Oxoid) plate for subculture to obtain the pure strains. 

2.3 Identification of isolated fungal strains 

Visual observation of petri dish cultures and 

macro and micro-morphological features of the 

reproductive organs of well grown fungal 

isolates/strains in slide culture (Molla et al., 2002a) 

were adopted for identification of fungal species by 

viewing in microscope and image processing unit. For 

visual observation the isolates were grown in 3.9% 

PDA (Oxoid) for 10 days and for studying 

reproductive organs in slide culture, the slides were 

kept 2-4 days at room temperature based on 

description of Molla (2002). The mode of mycelial 

growth, color, odor, and changes of medium color of 

each isolate were examined daily. The relevant code 

number was assigned to the tentatively identified 

fungal isolates based on source of origin and genus. 

2.4 Preparation of fungal spore suspensions for 

screening against crop seed germination  

A total of 13 fungal isolates/strains were 

selected based on fast and vigorous growth appearance 

in PDA plates. The fungal isolate was subcultured on 

potato dextrose agar (PDA, 3.9% Merck) plate for 

seven days at ambient temperature (28±2ºC). For 

preparing spore suspension/culture filtrate, each plate 

of fungal culture was washed with 10 mL of sterilized 

0.01% Tween 20 solution, diluted twenty-fold with 

sterile water and filtered by 12.5 cm Whatman#1 filter 
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paper. The stocks of spore suspensions were preserved 

at 4ºC until used for subsequent activities. 

2.5 Seed sterilization and germination of seeds 

against fungal spore suspensions 

The germination of three crop seeds [Mung 

bean (Vigna radiata), Mustard (Brassica campestris), 

and Wheat (Triticum aestivum)] were examined by 

applying fungal spore suspensions. Uniform disease 

free crop seeds were surface sterilized by washing one 

minute in 95% ethanol followed by 2-3 min in 2% 

sodium hypochloride and finally washing six times 

with sterile distilled water (Molla et al., 2001a). 

Twenty-five seeds were soaked on filter paper with 

fungal spore suspensions in glass petri dishes. 

However, the filter of each petri dish was soaked with 

5 mL of fungal suspension based on treatment before 

placing seeds on the petri dishes. Each fungal isolate 

was considered as a treatment and replicated five 

times. Sterile water soaked filter paper was used as a 

control treatment. Seeds were allowed to germinate in 

aseptic environment to attain a constant number of 

germinated seeds in a seed germinator in the Seed 

Technology Laboratory of BSMRAU (Bangabandhu 

Sheikh Mujibur Rahman Agricultural University). 

Concurrently, germination performance was recorded. 

Approximately more than 2 mm of radicle emerging 

from a seed coat was considered as a germinated seed. 

Germination percent, germination index, radicle 

length and plumule length were recorded and percent 

infected/spotted seedlings were considered for 

evaluation of induced phytopathogenic study of 

seedlings by fungi in seeds germination. Germination 

index was calculated based on the procedure of Islam 

et al. (2018). 

2.6 Compatibility of fungal mixed culture 

The six fungal isolates/strains were designated 

as A=CD-T01 (Trichoderma sp.), B=MSW-T04 

(Trichoderma sp.), C=RW-T02 (Trichoderma sp.), 

D=RS-P01 (Penicillium sp.), E=MSW-T05 

(Trichoderma sp.), and F=PL-P01 (Penicillium sp.) 

and selected from 13 fungal isolates/strains based on 

crop seeds germination.  

A total of 12 combinations designated as ABC, 

ABF, ACE, ACF, ADE, ADF, BCE, BCF, BDE, BDF, 

CDE, and CDF using six isolates/strains (A, B, C, D, 

E, and F) were evaluated for compatibility 

performance. Each combination was replicated five 

times. Equal sizes of three different fungal blocks were 

placed in a freshly prepared PDA plate and allowed to 

grow in an incubator at 28ºC for 5-7 days. The study 

was exercised by adopting the technique described by 

Molla et al. (2001b). 

The inoculated fungal plates were monitored 

daily after the second day of inoculation. Fungal 

isolates combinations with proper intermingled growth 

were selected for subsequent research activities. 

2.7 Experimental design and statistical analysis 

The experiments were done in glass petri dishes 

in an aseptic environment in factorial completely 

randomized design with five replications. Simple 

statistical tools along with R-software (version 4.1.3) 

were used for analysis of variance and mean 

comparison (LSD). Finally, the processed data were 

presented in tables and figures. 

3. RESULTS AND DISCUSSION

3.1 Isolation and identification of filamentous

fungal isolates/strains

Several numbers of filamentous fungal strains 

were isolated from six decomposed sources of organic 

substrates rich in cellulose and hemicellulose (Figure 

1), but, finally, 13 pure cultures of filamentous fungal 

strains were recorded (Table 1). Others isolates were 

discarded based on their almost similar appearance at 

plate culture. Generally, cow dung, poultry litter, 

municipal solid wastes (MSW), etc. are being used for 

composting with the addition of bulking materials rich 

in cellulose and hemicellulose as carbon source such 

as rice straw, saw dust etc. Fungal isolates originated 

from cellulose and hemicellulose rich substrates 

would be effective for degradation of bulking 

materials as compost. 

Among the isolated fungal strains, the species 

of Trichoderma and Penicillium were monitored, and 

the species Trichoderma was higher in number than 

the Penicillium. Only these two genera of fungal 

strains were recorded from six sources. Several 

authors reported different species and number of 

filamentous fungi isolated from different substrates. 

Findings of our previous study reported a maximum 

number of Trichoderma spp. in decomposed POME 

(Palm Oil Mill Effluent) wreckages and Penicillium 

spp. in decomposed sludge (Molla et al., 2002a). In 

another study, Ahirwar et al. (2017) isolated 5, 10, and 

11 thermophilic and thermotolerant fungi from 6, 11, 

and 12 samples of litter, wheat straw and compost, 

respectively. Thirty-six fungal isolates under seven 

genera were isolated from four biogas plants and DNA 

sequences tools were used for their identification 
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(Young et al., 2018). The macro/micro-morphological 

structures of the reproductive organs of the studied 

fungi were used to identify the genera (Rifai, 1969; 

Bohacz and Kornillowicz-Kowalska, 2020). 

Figure 1. Isolated fungal species from different related native sources 

3.2 Germination of crop seeds 

Thirteen fungal isolates/species were used for 

three crop seeds [Mung bean (Vigna radiata), Mustard 

(Brassica campestris), and Wheat (Triticum 

aestivum)] germination to evaluate its performance 

(Figure 2). Performances of the applied 13 fungal 

isolates/species were examined by studying the 

parameters of percent germination, germination index, 

radicle length, and plumule length. The findings of the 

study have been presented and discussed below. 
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Table 1. Tentatively identified fungal isolates/strains 

Isolate code View in plate Morphological description Tentative identification 

CD-P01 Smooth and uniform growth of fungal strain, initial color was dark 

ash, the central matured part became whitish. The young margin was 

relatively more off-white in color.  

Penicillium sp. 

CD-P03 It’s growth was also smooth and uniform but color was more dark ask. 

Slow growing fungal strain.  

Penicillium sp. 

CD-T01 Relatively compact white i.e., milk colored, fast growing fungal 

mycelia mat was observed within 3-4 days after inoculation in PDA 

plate. Later sporadic green fungal biomass was developed.  

Trichoderma sp. 

RW-T02 Fluffy milk-colored fungal mycelia in nature. But the mycelia color 

was changed as olive green in color within 3-4 days and the green 

portion was expanded in mature stage. 

Trichoderma sp. 

RW-T03 Relatively green colored mycelia were appeared and later on the 

middle portion became whitish in color. The peripheral portion was 

quite green.  

Trichoderma sp. 

PL-P01 Smooth and uniform fungal mycelial growth was appeared. The 

matured central portion of mycelia became whitish in color. The 

peripheral young mycelia were off-white. 

Penicillium sp. 

PL-P03 Slow growing deep olive colored mycelial smooth mat was appeared 

and uniform growth and colored was maintained.  

Penicillium sp. 

PL-T01 Closely similar pattern of fungal mycelial growth was observed as 

CD-T01.

Trichoderma sp. 

RS-P01 Slightly rough, harsh, deep greenish to olive colored slow growing 

mycelia was observed. At matured stage loose power of spores was 

noticed on mycelial mat. 

Penicillium sp. 

RS-P02 Almost similar pattern of fungal mycelial growth was observed as PL-

P01. But the color of the whole was almost uniform.  

Penicillium sp. 

LL-T04 Initially deep green colored fluffy mycelial growth was observed. But 

at mature stage, the fungal biomass of central part of the plate became 

comparatively whitish in color and peripheral portion was quite green. 

Trichoderma sp. 

MSW-T04 Quite fluffy and fast growing white colored mycelial was appeared at 

early stage. But after 2-3 day later it was turned into olive color. 

Trichoderma sp. 

MSW-T05 More or less uneven but smooth fungal mycelial growth was 

observed. Moreover, it was slowing growing in nature. 

Trichoderma sp. 
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Figure 2. Germination performance of mung bean, mustard and wheat seeds at spores suspension of different fungal isolates/strains in 

petri dishes. (A-mung bean seed, B-mustard seed, and C-wheat seed) 

3.2.1 Germination percentage 

No germination of mung bean seeds (Vigna 

radiata) was noticed after 24 h, but at 48 h more than 

30% seeds were germinated in all treatments (Table 

2). Next, 60% germination of seeds was recorded at 72 

h, and at 96 h the percent germination in all treatments 

was above 80%, except the treatment CD-P03 which 

was around 76%. The treatment RW-T02 provided the 

highest (98.35) percent of germination at 96 h (Table 

2 and Figure 3) and the second highest (96.65%) was 

monitored at PL-P01 treatment. However, the control 

(water) treatment provided 91.61% of mung bean seed 

germination at 96 h.

A B C 
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Table 2. Germination percent of three crop seeds by application of several fungal suspensions 

Treatment* Germination (%) of three crop seeds 

Mung bean Mustard Wheat 

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 

CD-P01 0.00 43.30 68.35 81.65e 1.67 48.35 86.65 93.35abc 26.65 80.00 86.65 86.65cd 

CD-P03 0.00 35.00 65.00 76.65f 0.00 65.00 90.00 95.00ab 46.65 85.00 85.00 85.00cd 

CD-T01 0.00 58.30 73.35 85.00de 0.00 41.65 85.00 93.35abc 18.35 88.35 93.35 93.35a 

RW-T02 0.00 71.65 95.00 98.35a 0.00 33.35 73.35 91.65bcd 26.65 80.00 83.35 83.35d 

RW-T03 0.00 35.00 78.35 83.35de 0.00 25.00 78.35 93.35abc 31.65 83.35 86.65 86.65cd 

PL-P01 0.00 75.00 91.65 96.65ab 0.00 55.00 95.00 96.65a 26.65 85.00 86.65 86.65cd 

PL-P03 0.00 41.65 70.00 83.35de 1.67 58.35 85.00 90.00cd 35.00 81.65 83.35 83.35d 

PL-T01 0.00 46.65 68.35 83.35de 0.00 56.65 88.35 91.65bcd 33.35 85.00 86.65 86.65cd 

RS-P01 0.00 58.30 80.00 81.65e 0.00 35.00 51.65 75.00e 33.35 90.00 91.65 91.65ab 

RS-P02 0.00 66.65 76.65 86.65d 0.00 46.65 90.00 93.35abc 30.00 85.00 88.35 88.35bc 

LL-T04 0.00 63.30 76.65 85.00de 0.00 23.35 71.65 91.65bcd 8.35 75.00 85.00 85.00cd 

MSW-T04 0.00 75.00 90.00 93.35bc 0.00 31.65 71.65 91.65bcd 31.65 85.00 86.65 86.65cd 

MSW-T05 0.00 56.65 70.00 81.65e 0.00 46.65 88.35 90.00cd 28.35 90.00 93.35 93.35a 

Control 0.00 56.65 91.65 91.65c 0.00 38.35 80.00 88.35d 36.65 76.65 78.35 78.35e 

(p≤0.1) (p≤0.001) (p≤0.01) 

*N.B. Fungal strains isolated from decomposed/rotten (CD-Cow dung, RW-Rotten wood, PL-Poultry litter, RS-Rice straw, LL-Decomposed leaf litter, and

MSW-Municipal solid waste); P-Penicillium sp. and T-Trichoderma sp.

Figure 3. Maximum and minimum germination percent of three crop seeds while germination allowed by application of fungal suspension 

Mustard Mung bean Wheat 

Minimum number of germinated seeds 

Maximum number of germinated seeds 
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In the case of mustard (Brassica campestris) at 

24 h, 1.67% germination was monitored in treatments 

CD-P01 and PL-P03 (Table 2). After 48 h, 25% or 

more germinated seeds were recorded in all 

treatments. At 72 h, more than 50% germinated seeds 

were noticed. While at 96 h the percent germination in 

all treatments was above 88%, except the treatment 

RS-P01 which was around 75%. The treatment PL-

P01 provided the highest (96.65) percent of 

germination at 96 h and second highest (95%) was 

treatment CD-P03. On the other hand, the treatment 

RW-T03 provided above 93% of seeds germination. 

But in control (water) treatment, only 88.35% of 

mustard seed germination was achieved at 96 h. 

In wheat (Triticum aestivum) seed germination, 

the responses were not like mung bean and mustard. 

Germination of wheat seed was responded earlier at 24 

h and completed by day 72 h and at 96 h the 

germination record was same as at 72 h (Table 2). At 

72 h above 80% germination was recorded in all the 

treatments except the control (78.35%). The highest 

93.35% germination was recorded in the treatments 

CD-T01 and MSW-T05. The second highest (91.65%) 

was achieved at treatment RS-P01. In all cases the 

germination percent of all crop seeds was significantly 

higher than the control treatment. 

The applied fungal spore suspension treatment 

influenced germination of seed and germination index. 

Germination of some seeds by some isolates/strains 

was quite encouraging. The obtained findings conveyed 

that no particular isolate positively influenced in 

germination of all tested crop seeds. In the present 

study, the influence on germination of seeds by fungal 

suspension was crop specific. However, the 

germination of Brassica campestris seeds was 

promoted when a fungal suspension was applied (Molla 

and Khan, 2018). Microbes release different bio-

molecules/growth promoting substances, i.e., phyto-

hormones, which influence or promote germination of 

seeds and growth of seedlings (Kagithoju et al., 2013; 

Castiglione et al., 2021). In the present study, the fungal 

isolates PL-P01 and RW-T02 played remarkable roles 

in crop seeds germination in most of the cases. It 

implied that these isolates might release useful bio-

enhancer plant metabolites which promote germination. 

Yue et al. (2019) studied seed germination and 

mortality of desert winter annual plants (Brassica 

tournefortii; Plantago ovata) with soil-borne fungi, and 

used fungi induced substantial seed germination and 

mortality in summer with ten strains demonstrating 

host-specificity. Increasing and decreasing of seeds 

germination were noticed by fungal application due to 

species host-specificity (Li et al., 2021). Trichoderma 

spp. promote seed germination and alleviated biotic and 

abiotic stresses in germinating seeds and seedlings by 

inducing physiological protection in plants against 

oxidative damage (Mastouri et al., 2010; Delgado-

Sánchez et al., 2013). Like Triochoderma spp., 

Penicillium spp. promotes seed germination and 

seedling growth (Yamaji et al., 2005; Tamura et al., 

2008; Delgado-Sánchez et al., 2013), and protects 

seedlings by producing antifungal compounds to keep 

antifungal activity under competitive condition (Yamaji 

et al., 2005). In another study, seed germination of 

Strychnos potatorum with Penicillium and Aspergillus 

species that the significant increase and early 

germination was noticed due to the culture exudates on 

metabolic activities that promote cell division of pre-

germinated seeds, as well as production of growth 

regulating substances like gibberellins and auxins 

(Yoneyama et al., 1998; Kagithoju et al., 2013; 

Khokhar et al., 2013). In the present study, early 

germination appeared in wheat (Triticum aestivum), 

which may be most responsive to the released 

metabolites by the applied fungal isolates.  

3.2.2 Germination index (GI) 

No germination was recorded at 24 h in the case 

of mung bean. So, the germination index was zero for 

all the treatments at 24 h. The germination index at 72 

h was 100 or above in each treatment. The treatment 

RW-T02 provided the highest (107.31) germination 

index at 96 h and a closer index (second highest) was 

recorded 105.46 for PL-P01 at the same period. 

Whereas the germination index of 100 was recorded in 

control treatment (Table 3). Conversely, the lowest GI 

(83.63) was monitored for the CD-P03 treatment. 

In the case of mustard, at 24 h the germination 

index was zero for all the treatments, similar to mung 

bean (Table 3). However, the highest germination 

index was 118.75 and 109.39 recorded in treatment 

PL-P01 at 72 and 96 h, respectively. The second 

highest GI (107.53) was found in treatment CD-P03 at 

96 h. On the other hand, the germination index in 

control treatment was 100. 

In wheat seed (Table 3) germination, the 

responses were not like mung bean or mustard. Wheat 

seed germination was noticed at 24 h and completed 

by 72 h. At 72 h the highest germination index was 

recorded in the treatments CD-T01 and MSW-T05 

(119.14), whereas in control it was 100 as usual. The 
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second highest GI (116.98) was recorded in treatment 

RS-P01 at 72 h. 

The germination index (GI) is the percent 

expression of multiplied results of percent germination 

(Molla et al., 2002b). Therefore, it follows the similar 

trends as the germination percent. But GI is treated as 

a dependable measurement of phytotoxicity levels of 

seeds germination (DeVleeschauwer et al., 1981; Rao 

et al., 2014). Seed germination by fungal application 

either enhances (germination) due to release of growth 

regulating substances like gibberellins and auxins 

(Khokhar et al., 2013) or decreases due to liberation of 

mycotoxins (Khokhar et al., 2011; Rao et al., 2014), 

which is dependent on the strains of microbes. In the 

present study, the GI of mustard and wheat were 

influenced more than the control by all fungal 

treatment, but mung bean was affected by only some 

of the fungal isolates.

Table 3. Germination index of three crop seeds in germination with application of several fungal suspensions 

Treatment* Germination index (GI) of three crop seeds 

Mung bean Mustard Wheat 

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 

CD-P01 0.00 76.43 74.58 89.09 0.00 126.08 108.31 105.66 72.72 104.37 110.59 110.59 

CD-P03 0.00 61.78 70.92 83.63 0.00 169.49 112.50 107.53 127.29 110.89 108.49 108.49 

CD-T01 0.00 102.91 80.03 92.75 0.00 108.60 106.25 105.66 50.07 115.26 119.14 119.14 

RW-T02 0.00 126.48 103.66 107.31 0.00 86.96 91.69 103.74 72.72 104.37 106.38 106.38 

RW-T03 0.00 61.78 85.49 90.94 0.00 65.19 97.93 105.66 86.36 108.74 110.59 110.59 

PL-P01 0.00 132.39 100.00 105.46 0.00 143.42 118.75 109.39 72.72 110.89 110.59 110.59 

PL-P03 0.00 73.52 76.38 90.94 0.00 152.15 106.25 101.87 95.49 106.52 106.38 106.38 

PL-T01 0.00 82.35 74.58 90.94 0.00 147.72 110.44 103.74 90.99 110.89 110.59 110.59 

RS-P01 0.00 102.91 87.29 89.09 0.00 91.26 64.56 84.89 90.99 117.42 116.98 116.98 

RS-P02 0.00 117.65 83.63 94.55 0.00 121.64 112.50 105.66 81.86 110.89 112.76 112.76 

LL-T04 0.00 111.74 83.63 92.75 0.00 60.89 89.56 103.74 22.78 97.85 108.49 108.49 

MSW-T04 0.00 132.39 98.19 101.85 0.00 82.53 89.56 103.74 86.36 110.89 110.59 110.59 

MSW-T05 0.00 100.00 76.38 89.09 0.00 121.64 110.44 101.87 77.35 117.42 119.14 119.14 

Control 0.00 100.00 100.00 100.00 0.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

*N.B. Fungal strains isolated from decomposed/rotten (CD-Cow dung, RW-Rotten wood, PL-Poultry litter, RS-Rice straw, LL-Decomposed leaf litter, and

MSW-Municipal solid waste); P-Penicillium sp. and T-Trichoderma sp.

3.2.3 Length of radicle and plumule 

Radicle and plumule length of mung bean, 

mustard and wheat are shown in Table 4. In case of 

mung bean, the longest radicle length was observed in 

control treatment (9.08 cm) and which was followed by 

the treatment LL-T04 (9.06 cm). The shortest radicle 

length was recorded in the treatment PL-P03 (6.37 cm). 

In the case of mustard, the longest radicle length was 

observed in control treatment (5.89 cm) also which was 

followed by the treatment PL-T01 (4.47 cm). The 

shortest radicle length was recorded in the treatment 

RW-T03 (0.8 cm). Conversely, in wheat the longest 

radicle length was observed in treatment MSW-T05 

(6.87 cm) which was followed by the control treatment 

(6.09 cm). The shortest radicle length was recorded in 

the treatment RW-T03 (3.18 cm). 

In Table 4 the longest plumule length of mung 

bean was observed in control treatment (1.98 cm) 

which was followed by the treatment MSW-T05 (1.93 

cm). The shortest plumule length was recorded in the 

treatment CD-T01 (1.43 cm). In mustard the longest 

plumule length was observed in control treatment 

(3.25 cm) which was followed by the treatment PL-

P03 (2.62 cm). Conversely the shortest plumule length 

was recorded in the treatment RS-P01 (0.90 cm). On 

the other hand, in wheat the longest plumule length 

was observed in treatment RW-T03 (3.08 cm) which 

was followed by the control treatment (2.91 cm). The 

shortest plumule length was recorded in the treatment 

CD-P03 (2.15 cm). Both radicle and plumule length of 

mustard and mung bean attained significant height in 

the control than other treatments. It might happen that 

the fungal treatments released some sorts of 

metabolites that arrested the growth of radicle and 

plumule to some extent. Conversely in wheat the 

longest radicle and plumule lengths were recorded in 

MSW-T05 and RW-T03, respectively; which were 

statistically insignificant to the results attained in 
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control treatment. Moreover, both radicle and plumule 

length in wheat were enhanced by the treatments 

containing Trichoderma spp. 

The germination of Millet (Dami Mallit) seeds 

by application of Trichoderma spp. and Penicillium sp. 

were examined and the Trichoderma strains enhanced 

the plumule length whereas, Pencillium strain 

decreased the plumule growth of all varieties in all 

concentrations compared to control (Hassan et al., 

2013). In another study, the coleoptile length of Elymus 

sibiricus increased with application of endophytic fungi 

supernatant (Li et al., 2017). In the present study, the 

longest plumule length was achieved using fungal 

treatment (RW-T03) in wheat, but it was statistically 

similar to control and most of the fungal treatments 

presented the statistically similar results also. Mustard 

had the longest plumule length in the control, but it was 

statistically similar to most of the treatments. In mung 

bean, relatively poor plumule length was noticed in the 

most fungal treatments compared to control, perhaps 

due to release of some mycotoxins by the applied fungi 

(Khokhar et al., 2011). Among eight fungal treatments, 

Fusarium oxysporum and Aspergillus flavus presented 

reduced radicle and plumule length on fenugreek seed 

germination (Khokhar et al., 2011). It implied that 

responses of fungal suspension/supernatant are not 

similar to all crop seed germination, but seems to be 

crop specific. Besides, the radicle and plumule growth 

are more responsive to mycotoxins than germination of 

seeds.

Table 4. Radicle and plumule length of mung bean, mustard and wheat germinated seeds by different fungal isolates suspension at last 

day of observation 

Treatment* Radicle length (cm) at 96 h of germination Plumule length (cm) at 96 h of germination 

Mung bean Mustard Wheat Mung bean Mustard Wheat 

CD-P01 7.62ab 3.81bc 5.40bc 1.73abc 2.28ab 2.39bcd 

CD-P03 7.64ab 2.49de 5.35bc 1.77abc 2.54ab 2.15cd 

CD-T01 7.21ab 1.60efg 5.58abc 1.43d 1.84bc 2.83ab 

RW-T02 6.68b 4.39b 5.21bc 1.69bcd 2.04abc 2.16d 

RW-T03 8.01ab 0.80g 3.18d 1.77abc 1.43bc 3.08a 

PL-P01 8.07ab 4.41b 5.40bc 1.68bcd 2.22ab 2.31bcd 

PL-P03 6.37b 1.23g 5.52bc 1.64cd 2.62ab 2.70abcd 

PL-T01 8.15ab 4.47b 4.97bc 1.56cd 2.07abc 2.45bcd 

RS-P01 6.69b 1.19g 4.88bc 1.71bc 0.90c 2.54abcd 

RS-P02 7.72ab 3.53bcd 5.58abc 1.76abc 2.30ab 2.50abcd 

LL-T04 9.06a 1.29fg 4.61c 1.82abc 1.64bc 2.57abcd 

MSW-T04 7.12ab 2.77cd 5.92ab 1.73abc 2.42ab 2.80abc 

MSW-T05 7.41ab 2.42def 6.87a 1.93ab 2.27ab 2.85ab 

Control 9.08a 5.89a 6.09ab 1.98a 3.25a 2.91ab 

(p≤0.1) (p≤0.001) (p≤0.01) (p≤0.05) (p≤0.1)) (p≤0.1) 

*N.B. Fungal strains isolated from decomposed/rotten (CD-Cow dung, RW-Rotten wood, PL-Poultry litter, RS-Rice straw, LL-Decomposed leaf litter, and

MSW-Municipal solid waste); P-Penicillium sp. and T-Trichoderma sp.

3.3 Compatibility performance of fungal mixed 

culture 

A total of 12 combinations designated as ABC, 

ABF, ACE, ACF, ADE, ADF, BCE, BCF, BDE, 

BDF, CDE, and CDF using six fungal isolates (A, B, 

C, D, E, and F) were examined for their performance 

as mixed fungal growth. Compatible mixed cultures, 

which might ensure multiple enzymes in bioprocess 

system for enhancement of biodegradation, are more 

highly efficient than monocultures (Gutierrez-Correa 

and Tengerdy, 1997; Rahman et al., 2002). However, 

both mutual intermingle as well as inhibitory growth 

of fungal isolates were noticed. The combination ABF 

and BCE presented the maximum mutual intermingle 

growth (Figure 4). Mixed cultures of microbes can 

strengthen and accelerate the bioconversion process 

and the most important determinants in mixed 

culture are strain compatibility and nutritional status 

(Duenas et al., 1995; Gutierrez-Correa and Tengerdy, 

1997; Molla et al., 2001b). Accordingly, these two 

combinations are considered for future research 

activities.
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Figure 4. Features of mixed culture growth of different fungal isolate on PDA plates 

4. CONCLUSION

Responses of fungal isolates/strains isolated 

from six native habitats showed dissimilar trends in 

germination of different seeds. Isolates/strains showed 

significant response to a crop seed germination, but 

not equally to all seed types. An isolate/strain 

significantly increased percent germination but did not 

affect radicle/plumule length. Discoloration and 

abnormal symptoms of germinated seeds were not 

noticed. ABF and BCE combinations of fungal 

isolates/strains may respond successfully in organic 

wastes degradation as a mixed culture due to its 

excellent intermingle performance. Perhaps these 

combinations (ABF and BCE) of fungal isolates may 

play significant roles in biodegradation of organic 

wastes into compost that will reduce load of inorganic 

fertilizers usages along with improved yield and 

quality of crop in future research. 
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In this study, biochar made from the Sesbania sesban plant, under slow pyrolysis 

at 300°C was used to adsorb methylene blue (MB) in aqueous solution. The 

biochar properties were clarified by diverse analytical methods such as FTIR, 

SEM, and BET. The results indicated that the surface of biochar was relatively 

smooth, had porous texture, and stacked evenly. In addition, the biochar had a 

large specific surface area of 561.8 m2/g and the pHpzc value was 6.9. The effect 

of adsorbent dosage, initial pH, contact time, and concentration of dye solution 

on biochar were investigated. The optimum conditions for MB adsorption were 

found at the MB concentration of 50 mg/L, initial pH of 11, biochar mass of 0.6 

mg, and contact time of 30 min. Under these optimal conditions, MB dye removal 

efficiency was above 90%. Adsorption isotherm data were fitted with the 

Langmuir isotherm model (R2=0.897) suggesting the adsorption was monolayer, 

and its maximum adsorption capacity was about 6.6 mg/g. The adsorption kinetic 

models showed that the linear pseudo-second-order by R2=0.999 was well fitted. 

The results indicated the enormous potential of Sesbania sesban plant to produce 

biochar as a low-cost and rather high-effective adsorbent for dye removal from 

wastewater as well as water quality improvement. 
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1. INTRODUCTION

Presently, removing color from industrial 

wastewater, particularly from textile and color 

manufacturers, is an important pollution control 

measure. Dye wastewater dumped into natural 

receiving waters may render them unfit for human 

consumption due to the toxicological challenges 

caused by harmful dyes to the environment and human 

health. Methylene blue (MB), for example, is a 

synthetic dye that is widely employed in medical 

staining agents, diagnostic examination, and fiber 

coloring agents in the textile industry (Ahmad et al., 

2020). A high dose of MB dye produces major skin 

problems, eye discomfort, vomiting, decreases cardiac 

output, renal blood flow, and other side effects 

(Rahman-Setayesh et al., 2019). Furthermore, MB has 

poor biodegradability, so it needs to be treated before 

being discharged into the environment. 

The standard water treatment solutions cannot 

effectively decolorize dyes because of their complex 

chemical structure and resistance to oxidizing 

chemicals and light. Hence, these dyes are processed 

using a variety of procedures commonly employed in 

industrial effluent treatment, such as membrane process 

(Liu et al., 2020; Rashidi et al., 2015), solidification 

(Khayat and Zali-Boeini, 2019), ion exchange (Joseph 

et al., 2020), electrochemical oxidation (Rodríguez-

Narváez et al., 2021), and absorption (Nouri et al., 

2021; Saleh et al., 2021). However, among present 

treatment methods, adsorption is the most effective 

solution for removing contaminants from an aquatic 

environment due to its ease of usage and high efficiency 

(Nodehi et al., 2022; Sarbisheh et al., 2017; Tran et al., 

2020). Absorption techniques can especially deal with 

different types of color. There are many adsorbents 

have been studied such as activated carbon (Hameed et 

al., 2007), graphene oxide (Zhang et al., 2011), carbon 

Citation: Hiep NT, Thu TTH, Quyen LTT, Dong PD, Suong TT, Vu TP. Biochar derived from Sesbania sesban plant as a potential low-cost 

adsorbent for removal of methylene blue. Environ. Nat. Resour. J. 2022;20(6):611-620. (https://doi.org/10.32526/ennrj/20/202200119)

611



Hiep NT et al. / Environment and Natural Resources Journal 2022; 20(6): 611-620

nanotubes (Li et al., 2013), bentonite (Oussalah and 

Boukerroui, 2020), and diatomite (Du and Danh, 2021). 

Furthermore, a numerical study on using low-cost and 

regeneration adsorbents have been investigated (Abdul 

et al., 2021; Alorabi et al., 2021; Hussain et al., 2022; 

Misran et al., 2022).  

In recent years, biochar has been evaluated as a 

highly effective, environmentally safe and cost-

effective adsorbent, which is used for water 

purification and removal of various contamination 

(Nguyen et al., 2021; Sutar et al., 2022). Biochar is 

produced by pyrolysis of organic raw materials under 

conditions in the absence or limitation of oxygen 

(Meyer et al., 2011). As reported by Lee et al. (2020), 

the biochar adsorption process is heavily influenced 

by biomass type, pyrolysis conditions, porosity, and 

surface functionalities. Moreover, the biochar has 

distinct qualities such as a huge surface area, a highly 

porous structure, enhanced surface functional groups, 

and mineral components. In order to produce biochar, 

various other biomass has been investigated such as 

agricultural organic waste, botanical biomass, and 

animal waste (Ahmad et al., 2020; Liu et al., 2012; 

Lonappan et al., 2016). However, to our knowledge, 

the preparation of biochar from Sesbania sesban plant 

has not been studied yet. Therefore, biochar generated 

from S. sesban plant is considered as a new type of 

biomass with properties that need to be explored.         

S. sesban plant is a scrub that fixes atmospheric N2 and

has both commercial and biological importance

(Farghaly et al., 2022; Kwesiga et al., 1999). In

Vietnam, the leaves of S. sesban are used as feed to

augment rice straw in animal diets and as much in

home gardens (Dan et al., 2011). S. sesban thrives

rapidly in wetland areas in the Mekong Delta. Notably,

the stem of S. sesban has a porous structure, light, and

water absorption capacity. It is these unique properties

that make S. sesban a potential biomass to produce

biochar.

This study was carried out to figure out the 

adsorption potential of biochar derived from S. sesban 

biomass based on the experiments on methylene blue 

(MB) adsorption. The MB dye was thought as a model 

for visible pollution due to its strong adsorption onto 

the materials. The absorption process was carried out 

at different batch adsorption conditions (adsorbent 

dosage, initial MB concentration, contact time, and 

pH) and calculated through adsorption isotherms and 

kinetics. The biochar was characterized by Fourier 

transform infrared spectroscopy (FT-IR), scanning 

electron microscope (SEM) images, and Brunauer-

Emmett-Teller (BET) analysis. This research 

advances our understanding of a new material and 

suggests a possible adsorbent for the treatment of dye-

rich wastewater.  

2. METHODOLOGY

2.1 Preparation of biochar and adsorbate

The S. sesban plant was harvested from the 

Mekong delta region in southwestern Vietnam and used 

to make biochar. S. sesban stalks were stripped of their 

shells and leaves, cut into small pieces, and dried 

outside for 2-4 days before being cleaned to remove 

contaminants. Next, the material was dried at 105°C in 

24 h. To make biochar from S. sesban, the materials 

were placed in inox cups with lids and heated under 

oxygen-limited conditions in a muffle furnace 

(Nabertherm GmbH, model B410, Germany). This 

muffle furnace was set to heat to 300°C at a rate of 

10°C/min, and it was kept there for 2 h. Lastly, the 

biochar was crushed into small particles and then 

screened through sieves with a mesh size of 0.15 mm. 

The biochar derived from S. sesban plant was 

abbreviated as BSS. It was kept in an airtight container 

until used in adsorption experiments. 

Methylene Blue (MB), a cationic dye with a 

chemical formula of C16H18ClN3S, was chosen as the 

adsorbate in this research. It was purchased from 

Xilong Chemical Co., Ltd., China. The MB stock 

solution (1,000 mg/L) was made with distilled water. 

The working solutions were made by diluting this stock 

solution with distilled water to the required 

concentration. 

2.2 Analysis of the biochar characterization 

The pH value at the point of zero charge (pHpzc) 

of the biochar was determined using the solid addition 

method. Accordingly, around 50 mL of 0.1 M NaCl was 

prepared in a series of 100 mL Erlenmeyer flasks. The 

initial pH values (pHi) were roughly adjusted in the pH 

range of 2-12 by adding 0.1 M HCl or 0.1 M NaOH 

solution. Then, 1 g of biochar was added to each 50 mL 

conical flask. After 24 h of shaking using a rotary 

shaker at room temperature, the final pH values (pHf) 

of the solution were determined. Finally, the difference 

between pHi and pHf (ΔpH = pHi-pHf) was plotted 

against pHi. The point of zero charge (pHpzc) was 

defined as the intersection of the plot and the X-axis. 

The microscopic surface texture of biochar was 

examined using a Scanning Electron Microscope 

(Thermo Scientific, model Prisma E SEM, USA). The 

functional groups present in the material were 
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characterized by Fourier Transform Infra-Red 

spectrometer (Thermo Scientific, model Nicolet iS5, 

USA). In addition, the specific surface areas of the 

adsorbent were measured by the Brunauer-Emmett-

Teller (BET) method using nitrogen gas adsorption at 

-196°C as an analyzer.

2.3 Adsorption experiments 

Batch experiments were conducted to 

investigate the efficiency of MB removal in an 

aqueous solution. The influence of varied reaction 

conditions on MB removal efficiency were examined 

by altering the pH solution (viz., 4, 5, 6, 7, 8, 9, 10, 

11), contact time (viz., 0, 10, 20, 30, 40, 50, 60 min), 

biochar dosage (viz., 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 g), and 

initial MB solution concentration (viz., 20, 30, 40, 50, 

60, 70, 80 mg/L). Adsorption studies were carried out 

in Erlenmeyer flasks containing 50 mL of MB solution 

in a rotary shaker (Jeio Tech, model OS-2000, Korea) 

at 150 rpm and 30±2°C. After adsorption, the filter 

paper was used to get the adsorbent from the 

suspension. The concentration of filtrate was analyzed 

by measuring the MB absorbance using a UV-Vis 

spectrophotometer (Thermo Scientific, model 

Evolution 350, USA) at a wavelength of maximum 

absorbance (665 nm). All of the experiments were 

carried out in triplicates. 

The amount of adsorbate at equilibrium, at a 

particular time and MB removal efficiency, were 

calculated using the equations (1-3), respectively 

(Tehubijuluw et al., 2021). 

The adsorption capacity at equilibrium:   q
e
 = 

C0-Ce

m
 × V   (1) 

The adsorption capacity at a particular time: q
t
 = 

C0-Ct

m
 × V    (2) 

 Removal efficiency:     H%  =  
C0-Ce

C0

 × 100   (3) 

Where; qe is the adsorption capacity at 

equilibrium, qt is the adsorption capacity at a particular 

time, C0 is the initial MB solution concentration 

(mg/L), Ce is the equilibrium MB solution 

concentration (mg/L), Ct is the MB solution 

concentration (mg/L) at time t, V is the volume of 

solution (L), and m is the mass of the biochar (g). 

2.4 Adsorption isotherm and kinetic models 

The Langmuir and Freundlich (Assimeddine et 

al., 2022; Shayesteh et al., 2016) adsorption isotherm 

models were used to study the adsorption performance 

at equilibrium. The non-linear forms of the isotherm 

models are shown in Equations (4-5). 

Langmuir adsorption isotherm model:   q
e
 = 

QmaxKLCe

1 + KLCe

       (4) 

Freundlich adsorption isotherm model:  q
e
  =  KFCe

(1 n)⁄
  (5) 

Where; Ce (mg/L) is the equilibrium 

concentration of the MB, qe (mg/g) is the amount of 

MB adsorbed per unit mass of biochar, Qmax is 

maximum adsorption capacity (mg/g), KL (L/mg) is 

the Langmuir constant related to the heat of 

adsorption, KF [(mg/g)/(mg/L)1/n] is the Freundlich 

adsorption capacity, and  1/n (dimensionless) is a 

Freundlich intensity parameter. 

In terms of adsorption kinetics, pseudo-first-

order kinetic model and pseudo-second-order kinetic 

model were applied to investigate MB adsorption 

capability onto each adsorbent surface (Shayesteh et 

al., 2016). The formulas of the models are expressed 

in non-linear form as follows: 

Pseudo-first-order kinetic model:   q
t
 = q

e
(1 −  exp-k1t)     (6)

Pseudo-second-order kinetic model:   q
t
 =

q
e
2k2t

1 + q
e
k2t

  (7) 

Where; qe (mg/g) is the adsorbed amount at 

equilibrium, qt (mg/g) the adsorbed amount at time t 

(min). In addition, k1 (1/min) and k2 (g/mg.min) were 

respectively the rate constants of the two kinetic 

models.  

3. RESULTS AND DISCUSSION

3.1 Characterization of adsorbent

3.1.1 Fourier transforms infrared analysis 

(FTIR) 

The presence of organic functional groups on the 

surface of BSS were characterized using FTIR analysis. 

Figure 1 shows the FTIR spectrum of BSS. The broad 

absorption band at 3,500-3,300 cm-1 was expressed 

with a peak band of about 3,451 cm-1 due to O-H 

vibrations of alcohols, phenols, and carboxylic acids, as 

in cellulose and lignin. As a result, phenolic and acidic 

groups were responsible for the adsorption of MB dye 

on BSS. The small peaks at 2,937 and 2,869 cm-1 can 

be attributed to the C-H stretching (Bhattacharya et al., 

2021). The absorption band near 1,640 cm-1 

corresponds to the C=C stretching vibration from 

conjugated alkene groups. The peak at 1,450 cm-1 may 

be regarded as a C-H bending vibration caused by the 
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methyl group. Another band was found at about 1,222 

cm-1, which was associated with C-O stretching. 

3.1.2 Scanning electron microscopy (SEM) 

The morphology of the BSS is presented in     

the SEM image (Figure 2). The surface of BSS is 

relatively smooth, porous texture, and stacks evenly. 

This unique morphological result led to a high surface 

area. In addition, the block pore structure facilitated 

MB adsorption. 

3.1.3 Specific surface area 

The physical properties of BSS were analyzed 

in order to confirm the specific surface area, pore 

diameter, and total pore volume (Table 1). The BET 

results have shown a huge surface area of up to 561.8 

m2/g. This surface area is higher than that of other non-

modified biochar. Therefore, it is envisaged that they 

will have a high adsorption capability to the MB dye 

in an aqueous solution. 

3.1.4 pH zero charge point (pHpzc) 

The pHpzc (zero charge point pH) describes the 

pH value at which the surface charge of the adsorbent 

is zero. This is a vital parameter in adsorption 

processes that demonstrates the comprehensive effects 

of functional groups on the surface of biochar. 

Essentially, when the pHpzc is greater than the solution 

pH, the adsorbent surface becomes positively charged; 

conversely, when the pHpzc is less than the solution pH, 

the adsorbent surface becomes negatively charged. 

The result of this research showed that the pHpzc value 

of the BSS was roughly 6.9 (Figure 3). When the 

solution pH was above 6.9, the surface of the 

adsorbent was negatively charged. As a result, the BSS 

efficiently adsorb a cationic MB dye.

Figure 1. FTIR spectra of biochar 

Figure 2. The SEM morphology of BSS 
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Table 1. The physical properties of BSS for N2 adsorption 

Parameters Value 

BET specific surface area (m2/g) 561.8 

Total pore volume (cm3/g) 0.5 

Pore diameter (nm) 3.7 

Figure 3. The pH zero charge point (pHpzc) of BSS 

3.2 Adsorption performance 

3.2.1 Influence of pH on adsorption 

The initial solution pH is a vital parameter in the 

adsorption process which can affect the surface charge 

of the biochar as well as the chemistry of the 

adsorbate. Furthermore, the influence of pH on MB 

adsorption might reveal information on adsorption 

mechanisms. Figure 4(a) shows the experimental 

performance of MB adsorption at different pH 

conditions. The results present an increasing trend in 

the MB removal efficiency and adsorption capacity of 

biochar as the pH increased from 4 to 11. This trend 

was consistent with the results of previous studies 

(Assimeddine et al., 2022; Dawood et al., 2016; Huang 

et al., 2018). The removal efficiency of MB was low 

~66% at acidic pH (range 4-5). As the pH of the MB 

solution approached 11, the removal efficiency was 

approximately 90% and the adsorption capacity 

reached 3.4 mg/g. These results can be explained when 

the solution pH is above 6.9 (pHsolution > pHpzc), the 

biochar surface is negatively charged, which promotes 

adsorption of the MB dye. This adsorption is 

principally caused by electrostatic attraction between 

the surface adsorbent and the positive charge MB 

molecules. 

3.2.2 Influence of contact time on adsorption 

The MB dye adsorption of biochar was 

investigated in the contact time of 10-60 min, pH of 

11, and the adsorbent dosage of 0.4 g was mixed with 

the initial MB concentration of 30 mg/L. As indicated 

in Figure 4(b), the MB dye removal efficiency and 

adsorption capacity of biochar increased rapidly in the 

first 10 min, and then progressively stabilized. The 

first quick adsorption is caused by a physical 

mechanism involving solid-to-liquid mass transfer. 

The ensuing stabilization phase shows deterioration in 

physical adsorption with equilibrium and minor 

desorption of MB dye. In this study, the acceptable 

contact time for adsorption to reach an equilibrium 

state was 30 min. At this time, MB adsorption 

efficiency and adsorption capacity of biochar reached 

approximately 94% and 3.5 mg/g, respectively. 

3.2.3 Influence of biochar dosage on adsorption 

The MB dye adsorption performance at the 

different dosages of biochar is shown in Figure 4(c). 

The removal efficiency of MB dye increased rapidly 

(from 62.7±2.7% to 92.1±0.4%) when the biochar 

dosage was in the range of 0.2-0.4 g (per 50 mL of MB 

solution). The rise in adsorption efficiency with 

increasing adsorbent dosage was explained by the 

enhancement in the higher number of adsorption sites. 

When biochar dosage was increased from 0.4 to 0.8 g, 

the performance gradually stabled. However, when the 

biochar mass was increased to 1.2 g, the treatment 

efficiency tended to decrease slightly. The MB dye 

adsorption was enhanced insignificantly when the 

biochar dose was raised to a specified amount because 

the adsorbent layers overlapped and concealed the 

adsorbent active sites. The tendency to simultaneously 

increase the adsorption capacity and MB removal 

efficiency when increasing the amount of adsorbent 

was also found in some previous studies (Inyang et al., 

2014; Lonappan et al., 2016; Sun et al., 2013). In this 

study, to save adsorbent cost, biochar in the amount of 

0.6 g was suggested to be used for further experiments. 

At an adsorbent dosage of 0.6 g (per 50 mL of MB 

solution), MB dye adsorption efficiency and 

adsorption capacity of biochar reached approximately 

95% and 3.6 mg/g, respectively. 

Initial pH 
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Figure 4. The influence of different experimental conditions on MB adsorption by biochar: (a) Initial pH solution, (b) Contact time, (c) 

Biochar dosage, and (d) MB concentration 

3.2.4 Influence of initial MB concentration on 

adsorption 

The effect of initial concentrations is an 

important factor for MB dye adsorption. In this study, 

MB concentrations were investigated in the range of 

20-80 mg/L. As observed in Figure 4(c), the MB 

removal efficiency was over 90% when the initial 

dye concentration rose from 20 to 60 mg/L. 

Simultaneously, the adsorption capacity also enhanced 

from 1.6 to 4.7 mg/g in this MB concentration range. 

However, at the initial concentration of 80 mg/L, the 

treatment efficiency tended to decline sharply. This 

result was explained because the active sites of the 

adsorbent decreased compared to the increasing MB 

concentration. In contrast, the adsorption capacity 

continued to increase as MB concentration increased 

from 60 to 80 mg/L. According to Assimeddine et al. 

(2022), increasing the initial MB concentration 

improves the interaction between the MB molecules 

and the biochar particles, resulting in an increase in 

adsorption capacity. A similar trend was also reported 

in previous studies (Dawood et al., 2016; Phihusut and 

Chantharat, 2017; Subratti et al., 2021) on dye 

adsorption of biochar. In general, raising the 

concentration of MB enhanced adsorption capacity but 

decreased MB removal efficiency. Therefore, in this 

case, the appropriate initial MB concentration for the 

study was 50 mg/L. At this concentration, the removal 

efficiency reached 94.3±1.5%. 

3.2.5 Adsorption isotherms 

In essence, adsorption isotherms describe the 

relationship between MB concentration and 

adsorption capacity for a given biochar dose and 

temperature. Various isotherm models were applied to 

fit the experimental data and assess their usefulness for 

adsorption (Ayawei et al., 2017). In this study, the 

experimental data points were compared to theoretical 

Langmuir and Freundlich isotherms due to the 

simplicity of their model parameters. It can be seen in 

Figure 5 that Langmuir model symbolled the 

adsorption process on biochar better than Freundlich 
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model did because its values were close to the 

experimental value. In contrast, the values in the 

Freundlich model deviate further from the 

experimental value rendering it unsuitable. In 

addition, the parameters and correlation coefficients of 

these two isotherm models provided in Table 2 

confirmed that the studied adsorption process fitted to 

the Langmuir model due to its higher correlation 

coefficient (R2). Therefore, the monolayer adsorption 

occurred and the adsorption sites are identical and 

energetically equivalent. 

Table 2. The parameters of the Langmuir and Freundlich isotherm 

models for MB adsorbed onto BSS at 30±2°C 

Isotherm 

models 

Parameters 

value 

Correlation 

coefficient (R2) 

Langmuir Qm = 6.6 (mg/g) 

KL = 0.414 (L/g) 

0.897 

Freundlich n = 2.4 

KF = 0.332 × 

 [(mg/g)/(mg/L)1/n] 

0.725 

Table 3 shows the comparison of the MB 

absorption capabilities of BSS to those of other 

adsorbents. It was well known that there are many 

factors influencing the adsorbent capacity of biochar, 

such as its surface property and particle size, adsorbate 

and solution properties, and temperature. Therefore, 

the comparison between the adsorption capacity of 

BSS biochar and other types of adsorbents was 

difficult because of their different research conditions. 

However, the adsorption capability of biochar 

generated in this study outperformed that of biochar 

derived from pine wood, coir pith carbon, and 

eucalyptus (Kavitha and Namasivayam, 2007; 

Lonappan et al., 2016; Sun et al., 2013). 

Figure 5. The adsorption isotherm models of MB dye onto BSS at 

30±2°C 

Table 3. The adsorption capabilities of various adsorbents for the elimination of MB dye 

Adsorbents Pyrolysis temperature (°C) Heating time (h) Qmax (mg/g) References 

Sesbania sesban 300 1 6.6 This research 

Cedrela odorata  

(capsule-like interior) 

400 1 158.5 Subratti et al. (2021) 

Pine wood 525 - 3.9 Lonappan et al. (2016) 

Eucalyptus 400 1 2.1 Sun et al. (2013) 

Coir pith carbon 700 1 5.8 Kavitha and Namasivayam (2007) 

3.2.6 Adsorption kinetic 

The two kinetic models namely, pseudo-first-

order and pseudo-second-order, have been analyzed to 

find out the kinetics and mechanism of the MB 

adsorption process. The results of the kinetic models 

are illustrated in Figure 6 and Table 4. According to 

the results, the two models matched the experimental 

data well, with a high correlation coefficient. 

However, chi-square values (χ2) were analyzed to 

determine the best-fit kinetic models. The χ2 values 

were near zero when the data derived using models 

were similar to that in (Ho and Wang, 2008). The 

constants, correlation coefficients, and χ2 values of the 

kinetic models were shown in Table 4. The chi-square 

values of the pseudo-second-order (χ2=0.001) were 

significantly lower than the pseudo-first-order 

(χ2=2.106). Thus, the pseudo-second-order model was 

more correct in describing the adsorption process of 

BSS, whereas the pseudo-first-order model can only 

be suitable to describe the kinetics in the early stages 

of the adsorption process. 
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Table 4. The kinetic parameters for MB adsorption by BSS (non-linearized method) 

Kinetic models Parameters value R2 χ2 

Pseudo-first-order qe,exp = 3.5 (mg/g) 

qe,cal = 3.5 (mg/g) 

k1 = 0.29 (1/min) 

0.999 2.106 

Pseudo-second-order qe,exp = 3.5 (mg/g) 

qe,cal = 3.6 (mg/g) 

k2 = 0.39 (g/mg/min) 

0.999 0.001 

Figure 6. The adsorption kinetic models of MB dye onto BSS 

4. CONCLUSION

Slow temperature pyrolysis resulted in BSS 

with a larger specific surface area and a more complex 

pore structure, indicating a strong adsorption potential. 

The adsorption factors, namely, initial pH, contact 

time, biochar dosage, and MB concentration, all had a 

substantial impact on MB adsorption. The equilibrium 

data fit well to the Langmuir isotherm model with the 

maximum adsorption capacity of 6.6 mg/g. The 

reaction achieved equilibrium in 30 minutes, and the 

adsorption kinetics followed the pseudo-second-order 

model. In general, the current investigation has 

demonstrated that the BSS looks to be a promising 

adsorbent candidate for the decolorization of dye-

containing effluents. Furthermore, the BSS can be 

regenerated using the proper processes. If it is not 

economically feasible to regenerate the BSS, it must 

be treated according to hazardous waste procedures. 

Therefore, the regeneration of BSS also needs to be 

further studied to find an economically appropriate 

method and efficient reuse of materials. 
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Identifying the optimal rice establishment option combined with specific 

fertilizer application can lower the global warming potential (GWP) and 

greenhouse gases intensity (GHGI) of rice production. In this study, methane 

(CH4) and nitric oxide (N2O) emissions and rice yields under different fertilizer 

application methods and two different planting methods, transplanted rice (TPR) 

and wet bed direct seeded rice (WDSR), was measured. Field experiments using 

a split plot design and closed chamber-GC method for gas flux measurements 

were conducted.  CH4 and N2O emissions ranged from 1.83-4.68 mg/m2/h and 

0.073-0.135 mg/m2/h, respectively. Minimum CH4 and N2O emissions were 

observed at 48-69 days after seedling (DAS) (tiller stage), while maximum 

emissions were generally found at 90 DAS or early primordial initiation (EPI) 

stage. It was found that TPR produced more CH4 and N2O than WDSR across 

fertilizers methods almost each growth stage throughout the growing period.  

Regarding GHGs emission factors, CH4 emissions were negatively correlated 

with soil pH (-0.35*, N=18). At higher soil pH, lower CH4 emissions were found 

in early growth stages. The N2O emissions did not correlate with soil pH (-0.04 

ns, N=18). The highest average CH4 emission was reached in 90 days after 

seedling and EPI when the soil temperature was maximal at 34.8ºC. The 

correlation coefficient (r) between CH4 emission and soil temperature was 0.48*, 

N=18, indicating a positive correlation. 
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1. INTRODUCTION

The addition of greenhouse gases (GHGs) to 

the global atmosphere has been ascending since the 

very first days of civilization. Among the several 

GHGs, the two major gases are methane (CH4) and 

nitrous oxide (N2O) which have global warming 

potentials (GWP) 28 and 265 times higher than carbon 

dioxide(CO2) equivalent in a 100 year time horizon, 

respectively (Pachauri et al., 2014). Methane 

emissions from anthropogenic activities has been 

increasing at a rate from 0.5% to 1% per year and 

reached 16% of the total anthropogenic GHGs 

emissions in 2010. An additional 6% of the 

anthropogenic GHGs emission was from N2O 

emissions (Pachauri et al., 2014). 

The agriculture sector is the one of the main 

causes of anthropogenic GHGs emissions and 

accounts for 1.5% of global anthropogenic GHGs 

emissions (Lam et al., 2017; Mosier et al., 1998; 

Timilsina et al., 2020; Tubiello et al., 2013). Methane 

(CH4) and nitrous oxide (N2O) are released from 

agricultural practices and are considered as the major 

source of greenhouse gases producing 60% of global 

N2O emission and 50% of CH4 emission (Linquist et 

al., 2012; Shukla et al., 2019). In the case of GHGs 

emission from the agricultural sector, rice cultivation 

is one important source of emitting CH4 (Zhang et al., 

2020) and N2O (Lam et al., 2017; Mosier et al., 1998; 

Timilsina et al., 2020). Globally, rice is mostly grown 

and consumed in Asia and it will continue to influence 
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the world rice economy as per capita rice consumption 

of Asia increased from 85 kg per year in the early 

1960s to nearly 103 kg in the early 1990s (Chauhan et 

al., 2017). Moreover, rice production in Asia accounts 

for 90% of total rice production (Bandumula, 2018). 

The major cause of CH4 emissions from 

agriculture land is biologically mediated processes of 

methanogenesis bacteria as a consequence of organic 

matter decomposition especially in anaerobic soil 

conditions (Conrad, 2002; Sass et al., 2002) while 

nitrification and denitrification of soil influence N2O 

emissions (Smith, 2010). Therefore, mitigation 

strategies of CH4 and N2O emissions are considered on 

the management of soil submergence duration or 

irrigation practices and controlling the carbon inputs, 

for instance, crop establishment management and 

fertilizer application (Linquist et al., 2012; Yan et al., 

2005). Additionally, The rice cultivation practice 

including selection of rice cultivar crop variety, 

fertilizer management and water management are the 

determinant factors of these emissions (Sun et al., 

2013).  

Myanmar is traditionally an agricultural country 

and this sector contributes 20.1% of the national Gross 

Domestic Profit (GDP) (MoALI, 2019). Among the 

diverse crops, rice is major crop and yield 

maximization strategies are given as high priority for 

domestic consumption and for exports as well. Two 

popular practices for local farmers are transplanted 

rice (TPR) and wet bed direct seeded rice (WDSR). 

Generally, TPR method utilizes intensive inputs and 

large amounts of water and labor resulting in a high 

cost of production (Chauhan et al., 2017; MoALI, 

2019). Meanwhile, WDSR method seeded directly on 

non-puddle soil has become very popular since it can 

solve water shortage and labor scarcity problems. It 

also has a high cost-benefit ratio (Janz et al., 2016; 

Pathak et al., 2013). Several studies have indicated that 

crop establishment using WDSR with appropriate 

water management will be a potentially better CH4 

mitigation strategy than TPR (Liu et al., 2014). Gupta 

et al. (2016) also highlighted the average CH4 emission 

from TPR practice was more than 80% greater than the 

WDSR practice in two year experiments. In addition, 

WDSR with midseason drainage probably reduced the 

CH4 emission rate up to 50% (Wassmann et al., 2004). 

WDSR may be easily accepted by different levels of 

rice farmers through less requirement of water and 

lower cost of production. The capacity for adaptation 

to climate change may also be good using WDSR 

which is relatively tolerant to drought and water stress 

(Pathak et al., 2013).  

Concerning GHGs emissions from paddy fields 

in Myanmar, there are no robust research programs 

that have investigated the GHGs emissions from rice 

fields under different conditions. Both private and 

public sector have still overlooked that the agricultural 

sector can harm the environment. The Ministry of 

Natural Resources and Environmental Conservation 

(MONREC) issued the Environmental Conservation 

Law in 2012. This law has totally ignored GHGs 

emission from the agriculture sector and only paid 

attention upon the industrial sector, urbanization, 

tourism, and mining sectors. Furthermore, the System 

of Rice Intensification (SRI) policy was issued in 2018 

as a national plan by the Ministry of Agriculture, 

Livestock and Irrigation (MOALI), Department of 

Planning (DoP) with two main objectives, securing 

national food security and increasing rice exports 

through developing agricultural economics, without 

consideration of environmental problems. As a 

consequence of current circumstances in Myanmar, it 

is truly necessary to initiate primary field experiments 

that underline the GHGs emission from the 

agricultural sector.  

In this regard, the objective of this study was to 

answer the following question: Among the rice 

establishment methods and fertilizer applications 

currently practiced by the farmers in lowland rice 

system, is there a combination that significantly 

mitigates CH4 and N2O emissions? 

If a particular rice establishment option or 

fertilizer application method can result in less CH4 or 

N2O emissions without reducing rice yield, it would be 

a valuable practice for cost effective GHGs mitigation 

strategy in sustainable rice production. Furthermore, 

the desired mitigation strategy should be compatible 

with the ongoing processes of farmers and can 

improve their current system to achieve systemic 

change for GHGs mitigation.  

2. METHODOLOGY

2.1 Study area

The field experiment was carried out at 

Kyaukse research station in Kyaukse Township, 

Mandalay region, Myanmar (Figure 1) situated at 

21º36ʹ47ʺN 96º7ʹ49ʺE and 77 m above average sea 

level, where many varieties of agricultural practices 

have been traditionally exercised by the farmers. Soil 

property of this area is carbonated Alluvial (Gleysol) 

in FAO/UNESCO system with very fine texture and 
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shallow soil profile. There is good water drainage and 

high water percolation but low moisture retaining 

capacity. The soil is suitable for cultivation of field 

crops with paddy-upland cropping system: green 

gram, chickpea, and sesame, sunflower as upland 

crops and rice as lowland crop.  

As per lab analysis, soil texture in top soil is clay 

loam consisting of sand (34.2%), silt (38%), and clay 

(27.8%) with soil organic matter (2.9%). Soil reaction 

is moderately alkaline with a pH of (8.1) and electrical 

conductivity (EC) is 0.12 d/Sm. Low, medium and high 

rating of available N (59 mg/kg), K (225 mg/kg), and P 

(30 mg/kg), respectively. Relatively high exchangeable 

Calcium (12.4 cmole/kg) and exchangeable magnesium 

(11.9 cmole/kg) are contained in this soil. Calcium 

extractable SO4-S was found to be sufficient (11 mg/kg) 

and DTPA extractable Zn (0.6 mg/kg), and Fe (53 

mg/kg) could be rated as marginal and adequate, 

respectively, but exchangeable Mn (6.8 mg/kg) was 

rated as adequate in soil.

Figure 1. Location map of Kyaukse Township in Mandalay Region 

2.2 Field experiment design, treatments, and layout 

The two factors based on current local farmers’ 

existing practices were designated as Crop 

establishment factor (Transplanted rice-TPR and Wet 

direct seeded rice-WDSR) and Fertilizer factor (F0, 

F1, and F2). The experimental design had two factors 

with three replications as a split plot design (Figure 2). 

The crop establishment and fertilizer application 

methods adopted in this experiment followed the local 

farmers’ practices of rice cultivation. 

As of crop establishment factor, the TPR was 

cultivated under wet condition and made puddling. 

Kyaukse Research Station 
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Twenty day-old seedlings of SinThuKha (IRYn1068-

7-1 (Manawthukha/IRBB21) were transplanted and 

kept in flooded water as deep as 10 cm until one week 

before maturity but  irrigated again whenever water 

reached 1 cm above soil level.  The WDSR was grown 

under wet condition and made puddling and leveling. 

The same variety of rice, 70 kg/ha seed rate was sown 

with sprouted seeds through manual line sowing after 

thorough land leveling and draining water. Water was 

irrigated when seedlings were well survived and kept 

water level at about 3-5 cm. Flooded water was kept at 

about 10 cm depth and irrigated again when ever water 

reached 1 cm above soil level. 

Regarding fertilizer factor, there were three 

treatments: Control (1) F0=No nitrogen + 63 kg TSP/ha 

(28 kg P2O5/ha) + 63 kg MOP/ha (37 kg K2O/ha); (2) 

F1=Urea alone 189 kg urea/ha (86 kg N/ha) + 63 kg 

TSP/ha (28 kg P2O5/ha) + 63 kg MOP/ha (37 kg 

K2O/ha); and (3). F2=124 kg/ha compound fertilizer 

(15:15:15), NPK were supplemented with 145 kg 

urea/ha (67 kg N/ha), 20 kg TSP/ha (9 kg P2O5/ha) and 

30 kg MOP/ha (18 kg K2O/ha).

Figure 2. Field layout of experimental design 

2.3 Sampling and measurement 

Collected soil, plant, and gas samples were 

analyzed at the soil science research section and water 

utilization research section laboratories from the 

Department of Agricultural Research (DAR), Yezin, 

Nay Pyi Taw (ISO No. 90012015) under the Ministry 

of Agriculture, Livestock and Irrigation (MOALI) in 

Myanmar. Soil sample collection was made before and 

during field experimentation. Ten composite soil 

samples (0-15 cm) which had been randomly collected 

were taken at the experimental site before tillage 

preparation and at a depth of plow layer from each 

treatment one day after fertilizer split application         

at recovery, tillering, early panicle initiation (EPI), 

and booting stages to be analyzed for pH, EC, 

available N, P, K, and soil texture for expressing site 

characterization and to check for soil property 

changes. The Tyurin’s method was used to determine 

the organic carbon using these soil samples and the 

result was expressed as percent. 

Regarding grain yield of TPR treatments, rice 

plants were harvested from areas of 5 m2 (2.74 m × 

1.82 m) by rejecting two border rows and a sampling 

row to avoid interfering border effects. In WDSR 

treatments, since rice seeds are direct seeded into 20 

cm rows, a 25 m linear row was harvested to be the 

same as 5 m2 harvested areas. The rice grains were 

allowed to dry under sunshine to have restored seed 

moisture from about 16-17% to 14% which was 

checked by grain moisture meter. According to the 

guidance of laboratory of Department of Agricultural 

Research (DAR) DAR, the rice grain yield and 

biomass of each treatment was expressed as kg/ha. 

Adjusted rice grain weight (kg/5 m2) at 14% moisture 

= (100 ‒ M/86) × W 
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Where; M=moisture content of grain, W= 

weight of harvested grain from 5 m2 

For on-site data, soil pH, soil temperature and 

Oxidation-Reduction Potential (ORP) by portable 

pH/ORP/ISE (HANNA Model-HI98191), and air 

temperature, water depth and irrigation frequency 

were recorded at weekly intervals throughout the 

experiment. Soil temperature was also recorded at the 

same time of pH measurement. 

2.4 Gas sample and analysis 

In this study, a closed chamber was used to 

collect the gas emitted from the rice field (Yuesi and 

Yinghong, 2003; Zou et al., 2005). There are two 

parts, a chamber base with a size of 30 cm width × 40 

cm length × 15 cm height made of aluminum, and a 30 

cm width × 40 cm length × 60 cm or 120 cm height 

chamber cover made of acrylic. The chamber base was 

immersed 7.5 cm into the soil throughout cultivation 

period and the joints of the chamber were sealed by 

water. There are two holes on the top surface of 

chamber cover, one is for gas collection and the other 

one is used for measuring inside air temperature. Two 

covers having different heights of 60 and 120 cm, 

respectively, were used depending on plant height. 

The 60 cm cover was used for early stage while the

120 cm cover was utilized in the older stage of rice 

plants.  

Fifty four (54) gas samples were collected on a 

weekly basis throughout the growing period from six 

treatments in three replications at intervals of 0, 10, 

and 20 min in the morning from 09.00 am to 12.00 am 

as adapted from several references (Huang et al., 2017; 

Liu et al., 2014; Venterea et al., 2011). Gas samples 

were collected into Aluminum foil multi-layer bag-

ABS valve (Cap. 0.5 L) through suction with portable 

battery driven air pump (SB-980). Air temperature 

inside the chamber was also measured by thermometer 

with temperature sensor-tip and recorded at the time 

of gas collection. Collected gas samples were analyzed 

for CH4 and N2O using gas chromatography-GC 

(SHIMADZU-Model-2010 Plus). An SH-Rt-Q-

BOND column (Serial No. 1357883) was used with a 

flame ignition detector (FID) for CH4 and electron 

captured detector (ECD) for N2O fluxes analysis. CH4 

and N2O fluxes were calculated according to the 

following equation; 

E = 
Slope (ppm/min) × VC × MW × 60 × 24 

22.4 (273 + T/273) × Ac × 1,000

The emissions as kg CH4 (or kg N2O)/ha were 

derived from the slope of the linear regression curve 

of gas (CH4 and N2O) concentrations against the 

chamber closing time. The slope was referred to as 

mass per unit area per unit time (mg/m2/h) (Gaihre et 

al., 2013), where VC is the volume of the gas chamber 

in liters (L), MW is the molecular weight of the 

respective gas, 60 is minutes per hour and twenty four 

is hours of the day. The volume of 1 mol of gas in L at 

standard temperature and pressure is 22.4. T is the 

temperature inside the chamber (ºC) while 273 is the 

standard temperature of ºK. AC is the chamber area 

(m2) and 1,000 is μg/mg (Islam et al., 2020).  

According to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change (AR5) 

CO2 equivalents are used as 1 kg N2O = 265 kg CO2, 

and 1 kg CH4 = 28 kg CO2 (Myhre et al., 2013). GHG 

intensity (GHGI) (kg CO2-equivalent/kg) was 

computed by dividing GWP of CH4 and N2O emissions 

by rice grain yield (Haque and Biswas, 2021). 

Total GWP    =   (CH4 emission × 28) + (N2O 

(kg CO2 equivalent/ha)        emission × 265) 

   GHGI   =   Total GWP/Grain yield 

2.5 Statistical analysis 

This is performed to compare seasonal value of 

CH4 and N2O gases emission, grain yield as affected 

by treatments (two factors: fertilizer factor and crop 

establishment factor) either individually or its 

interaction by using two way analysis of variances 

(F-test; ANOVA). Correlation coefficient (r) is used 

for indicating the relation between dependent 

variances; CH4 and N2O emission, grain yield and 

independent variances, such as fertilizer factor and 

crop establishment factor. Moreover, the statistical 

analysis was made between environmental factors 

such as pH, Eh, water depth and soil temperature and 

their influence on the fluxes of CH4 and N2O. The 

statistical significance was tested at (α=0.05) by 

statistical software SPSS (Statistical Package for 

Social Science) V.18. 

3. RESULTS

3.1 Methane emission

Regarding weekly flux changes, TPR generally 

produced more CH4 emissions as compared to WDSR 

throughout the rice growing period (Figure 3). CH4 

emissions are found to be relatively lower (2.15-5.03 

mg/m2/h) during the 30-48 days after seeding (DAS) 
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but gradually increased and maximized  (20.23-24.04 

mg/m2/h) at EPI (90 DAS). After that, emissions 

gently decreased and minimized at maturity stage (132 

DAS). 

As far as fertilizer effect is concerned, flux 

change patterns throughout the growing period is 

observed to have similar trends as crop establishment 

(Figure 4). The emissions of CH4 for F0, F1, and F2     

are more or less minimum between 30-48 DAS but 

slowly elevated and peaked at EPI (90 DAS). After 

that, emissions tended to sharply decline up to 

maturity stage with minimum fluxes.

Figure 3. CH4 fluxes of crop establishment methods (mg/m2/h) by rice growth stages 

Figure 4. CH4 fluxes of N fertilizer application methods (mg/m2/h) by rice growth stages 

3.2 Nitrous oxide emission 

Regarding weekly N2O flux changes by rice 

growth stages as affected by crop establishment, TPR 

produced slightly more N2O than that of WDSR 

throughout the rice growing period, but they are not 

statistically different (Figure 5). In both TPR and 

WDSR, N2O emissions are relatively higher during 

early stages of 30-37 DAS, unlike CH4 emission in 

which fluxes are noticed as minimum during 30-37 

DAS (Figure 3 and Figure 4). The N2O emissions 

again declined and minimized at the tillering stage (69 

DAS). After that, emissions slowly increased and was 

found to be highest at EPI stage (90 DAS). After EPI 

stage, N2O fluxes slightly decreased but remained at 

levels similar to 30-37 DAS. The trend of all fertilizer 

treatments were more or less the same throughout the 

growing period and F2 produce more N2O than the 

others (Figure 6). The emissions of N2O for F0, F1, 
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and F2 were showed minimum fluxes between 48-83 

DAS but slowly elevated and become stable after EPI 

(90 DAS). According to fluxes of CH4 and N2O result, 

the trade-off effect between CH4 and N2O occurred 

throughout the growth stages of rice cultivation. 

Figure 5. N2O fluxes of crop establishment methods (mg/m2/h) by rice growth stage 

Figure 6. N2O fluxes of N fertilizer application methods (mg/m2/h) by rice growth stages 

3.3 Rice grain yield 

Rice grain yield and fluxes of CH4 and N2O as 

affected by crop establishment and fertilizer are shown 

in Table 1.  

These data revealed that any two combination 

of crop establishment and fertilizer tested in this 

experiment (TPR, WDSR, and F1, F2) grain yields are 

not statistically different from each other (Table 1). 

Rice grain yields between TPR and WDSR are not 

significantly different across the fertilizers at the       

5% probability level, while among F0, F1, and F2,    

grain yields are found to be significantly different 

using F0 (without N), but F1 and F2 were not different 

from each other. 

3.4 Global worming potential (GWP) and 

greenhouse gas intensity (GHGI) 

In Table 2, all fertilizer treatments with TPR 

contributed more GWP as compared to that of with 

WDSR indicating again TPR produced more GHG 
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emissions than WDSR. As for GHGI, GHGI, of TPR 

with all fertilizer treatments were found to be 

generally higher than that of WDSR. According to 

(Song et al., 2021b) WDSR practice indicated 75% 

lower GHGI than flooded TPR. It is noticeable that 

WDSR planting method is likely to be acceptable 

when compared with TRP across the fertilizer 

treatments owing to lower GHGI. When looking at 

WF1 (WDSR with urea) and WF2 (WDSR with 

compound fertilizer), GHGI is similar but WF1 had a 

7% higher yield compared to WF2. Thus, based on 

GWP and GHGI analysis, WF1 (WDR with urea) is 

noticed to be suitable for cost efficient GHGs 

mitigation strategy.  

Table 1. Rice grain yield (kg/ha) and fluxes of CH4 and N2O as affected by crop establishment and fertilizer 

No Treatment Grain yield 

(kg/ha) 

Average flux (mg/m2/h) 

Crop establish Fertilizer CH4 N2O 

1 TPR F0 5,370.39 3.27198 0.1348830 

2 TPR F1 6,846.36 3.58669 0.0976081 

3 TPR F2 6,868.53 4.68619 0.0683357 

4 WDSR F0 5,283.60 1.83577 0.0738248 

5 WDSR F1 6,527.40 2.71568 0.0844403 

6 WDSR F2 6,100.08 3.29895 0.0778937 

5% LSD 8,91.276 1.65580 0.1003500 

1 TPR 6,361.76 3.84828 0.1002760 

2 WDSR 5,970.36 2.61680 0.0787196 

5% LSD 783.367 NS 0.95597* 0.0579372 NS 

1 F0 5,327.00 2.55378 0.1043540 

2 F1 6,686.88 3.15119 0.0910242 

3 F2 6,484.30 3.99257 0.0731147 

5% LSD 640.357* 1.17083 NS 0.0709582 NS 

C,V% 12.90 28.20 61.60 

TPR=transplanted rice, WDSR=wet direct seeded rice, F0=no N, F1=urea, F2=compound fertilizer, LSD=the least significant difference, NS=not 

significant, *=significant at 5% probability level 

Table 2. Average GWP kg CO2eq/ha and GHGI of six treatments 

TPR=transplanted rice, WDSR=wet direct seeded rice, F0=no N, F1=urea, F2=compound fertilizer 

3.5 Environmental factors and GHGs emission 

correlation  

Since the soil is calcareous, the average pH of 

all experimental units (EU) are kept higher at 8.5-8.6 

in early stage during 30-37 DAS but gradually 

decreased after 37 DAS and maintained 7.05-7.55. 

The methane emissions in this study are negatively 

correlated with average soil pH (-0.35*, N=18) (Table 

4) as the higher the average soil pH, the lower the CH4

emission, as found in early growth stages (Table 3).

Although soil pH was fairly stable around neutral after 

48 DAS, CH4 emissions are not consistent (Figure 3 

and Figure 5). The N2O emissions in this study did not 

correlatd with soil pH value (-0.04 ns N=18) (Table 4). 

In this study, CH4 emission are significantly 

correlated with average soil water depth of all plots 

(Table 4). The CH4 emissions are noted as lower when 

average ORP -110.25 mV to -125.75 mV during 30-

48 DAS under the water depth of 1.0-1.5 cm but 

gradually increased and peaked at -184.84 mV 

No Treatment Rice grain yield 

(kg/ha) 

CH4 

(kg/ha) 

N2O 

(kg/ha) 

GWP 

(kg CO2eq/ha) 

GHGI 

(kg CO2eq/kg) Crop establish Fertilizer 

1 TPR F0 5,370.39 109.93 4.53 4,238.48 0.79 

2 TPR F1 6,846.36 120.51 3.27 4,213.94 0.62 

3 TPR F2 6,868.53 157.45 2.29 4,996.56 0.73 

4 WDSR F0 5,283.60 61.68 2.48 2,362.09 0.45 

5 WDSR F1 6,527.40 91.24 2.83 3,281.23 0.50 

6 WDSR F2 6,100.08 110.84 2.61 3,773.66 0.62 
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(90DAS-EPI stage) under the average water depth of 

5.8-6.0 cm, after that it sharply decreased when water 

depth was 0.0-0.5 cm and ORP was -123.64 mV to 

-125.25 mV at heading and maturity stages. In relation

with N2O emissions, it is relatively higher when ORP

was -110.25 mV to -121.6 mV under the presence of

water depth 1.0 cm during 30-37 DAS whereas CH4

emissions are lower at that time. The ORP are noted to

be lower (-189.74 mV to -189.84 mV) when water

depths were under 5.6-6.0 cm during 69-90 DAS.

However, correlation coefficient (r) of ORP between

CH4 and N2O are 0.08 ns, N=18 and 0.05 ns, N=18,

respectively. Thus, it implies that GHG emission (CH4 

and N2O) is not correlated with ORP in this study.  

At the time of 30 DAS, the average soil 

temperature was 27ºC and gently increased with 

growth stages, thereby CH4 emissions are lower at 

early stages, but it slowly increased with increasing 

soil temperature.  Average CH4 emission peaked at 90 

DAS, EPI when soil temperature reached its highest 

temperature at 34.84ºC. The correlation coefficient (r) 

between CH4 emission and soil temperature is 0.48*, 

N=18 (Table 4). However, correlation between N2O

emission and soil temperature was not observed 

during this field experiment.

Table 3. Average soil pH, soil temperature, oxidation reduction potential (ORP), and water depth by rice growth stages 

No Growth stages Soil pH Soil temperature (ºC) ORP (mV) Water depth (cm) 

1 30 DAS 8.60 27.00 -110.25 1.5 

2 37 DAS 8.50 27.31 -121.60 1.5 

3 48 DAS 7.55 29.30 -125.75 1.0 

4 69 DAS Tiller 7.05 29.72 -189.74 5.8 

5 83 DAS 7.73 29.91 -187.60 6.5 

6 90 DAS EPI 7.50 34.87 -189.84 6.0 

7 111 DAS Heading 7.52 29.76 -123.64 0.5 

8 132 Maturity 7.52 27.00 -125.23 0.0 

DAS=days after seeding 

Table 4. Correlation coefficient (r) of GHGs emissions (CH4 and N2O) against the environmental factors 

GHG (mg/m2/h) Environmental factors 

pH ORP (mV) Water depth (cm) Soil temperature (°C) 

CH4 -0.36* 0.08 NS 0.45* 0.48* 

N2O -0.04 NS 0.05 NS -0.14 NS 0.07 NS 

NS=not significant, *=significant at 5% probability level 

4. DISCUSSION

4.1 Emissions pattern of CH4 and N2O

Although the measurement of GHGs emissions 

from rice cultivation have been systemically 

researched by a number of regional countries in South 

East Asia, there is no reliable information available 

from Myanmar, especially CH4 and N2O emissions, 

from existing farmers’ adopted fertilizer application 

under different rice establishment methods (Win et al., 

2021). Further, the insight upon the consequences of 

the local farmers’ adopted agricultural practices on 

CH4 and N2O emissions from rice cultivation was 

gained from this study. In this study, the trade-off 

effect between CH4 and N2O occurred which agreed 

with other research findings (Janz et al., 2016; Kong 

et al., 2021; Song et al., 2021b). 

Along with the rice growth throughout the 

season, CH4 fluxes increase continuously until 90 

DAS (EPI stage) and after that descended rapidly, 

which were similar with the results of the previous 

studies (Gaihre et al., 2013). This may be due to crop 

residue accumulation which favors the emission of 

CH4 (Janz et al., 2019). Moreover, the period between 

83 DAS and 90 DAS (EPI stage) had the highest 

water depth (Table 3 and Figure 7). The effect of 

continuously flooded rice fields on CH4 emission in 

assisting CH4 production through creating anaerobic 

situation has been well documented (Gupta et al., 

2016; Song et al., 2021a; Vo et al., 2018; Zhou et al., 

2018). The anaerobic situation of soil aids the 

methanogenic bacteria which are the major source of 

CH4 in the atmosphere (Haque and Biswas, 2021; 

Islam et al., 2020; Kong et al., 2021).  
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On the other hand, the trends of N2O emission 

were not similar with CH4 trend. The N2O flux was 

higher at the 30 DAS and gradually reduced to the 

minimum rate at the 69 DAS or the tiller stage. 

Furthermore, the curve of N2O emissions increased 

again until the EPI stage which was the highest stage 

of N2O, while CH4 fluxes decreased again from its 

highest point. According to the data of N2O emission, 

the rate of N2O positively responded to low water 

depth situation and N fertilizer application. The dry 

situation and N fertilizer are perfect boosters to 

generate the nitrification and denitrification process in 

the soil and that knowledge clearly explains the reason 

why N2O emission becomes higher during low water 

depth and N fertilizer application (Granli, 1994; Janz 

et al., 2016; Kong et al., 2021).  

4.2 Effect of environmental factors on CH4 and 

N2O emission 

Over all rice growing stages of this study, TPR 

always emitted higher CH4 and N2O than WDSR. This 

matches the report that mentioned WDSR could 

reduce CH4 emissions significantly over conventional 

transplanting method (Sandhu et al., 2021) and it 

showed WDSR can reduce at least 8% GHG emission 

as compared to TPR. There were numerous causes for 

higher CH4 emissions in TPR. Mainly, the water depth 

of rice field is one of the main influencing factors on 

CH4 emission. The minimum irrigation of WDSR 

produced an aerobic soil environment which depresses 

emission of CH4 (Islam et al., 2020; Kumar and Ladha, 

2011; Liu et al., 2014) while the TPR always maintains 

at least 1 cm of water depth (Figure 7).  

There was a negative correlation between CH4 

emission and average soil pH (Table 4). Higher average 

soil pH was recorded while the CH4 emission reached 

the lowest rate in early growth stages (Figure 3). This 

result corresponds with previous research that the 

impact of pH on the soil organic matter decomposition 

and the activity of microorganism sometimes retards 

the growth of methanogens (Tang et al., 2016). The 

continuous flooding for appropriate amounts of time 

normally causes the soil pH to approach a neutral level 

(around 7) which enhances the CH4 production. Most 

of the methanogens are neutrophilic and usually active 

in neutral pH level, thus CH4 production is most 

efficient in the pH range between 6.5 and 7.5 under 

neutral or slightly alkaline conditions (Wang et al., 

2018). The N2O emissions in this study did not 

statistically correlate with soil pH values in this study 

since the relationship between pH and N2O emissions 

are complex (Smith, 2010; Tang et al., 2016). Although 

(Wang et al., 2015)  mentioned that increasing soil pH 

inhibits N2O production, both average soil pH and N2O 

emissions were simultaneously higher at the early stage 

of rice growth (30-48 DAS).

Figure 7. Water depth of TPR and WDSR by rice growing stages 

Although no correlation of the soil temperature 

with N2O fluxes was observed, there was a positive 

correlation between soil temperature and average CH4 

emission. Average CH4 emission peaked at 90 DAS, 

EPI when soil  temperature was highest  (34.84ºC). In 

addition, the differences in CH4 and N2O emission 

between two crop establishment methods and N 

fertilizer application relatively depends on abiotic 

factors, precipitation, and soil properties (including 

soil    temperature)   that   can   affect    activities   of 
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microorganisms such as oxidation and reduction (Liu 

et al., 2014; Sandhu et al., 2021; Venterea et al., 2011; 

Vo et al., 2018) 

4.3 Cost efficient GHGs mitigation strategy for 

Myanmar  

In this study, several of the results explain how 

crop establishments and nitrogen fertilizer influence 

GHG emissions and also global warming potential 

(GWP), and greenhouse gases intensity (GHGI). The 

overall findings of this study indicate the pair of wet 

bed direct seeded rice and urea fertilizer application 

(WDSR+F1) is the most appropriate agricultural 

practice for GHG mitigation technique in sustainable 

rice production profile, which gives relatively less 

methane and nitrous oxide emissions in term of lower 

GWP and GHGI with acceptable rice yield. 

According to the statistical analysis, the grain 

yield of TF1, WF1, TF2 (TPR with compound 

fertilizer), and WF2 (WDSR with compound 

fertilizer) are not statistically different to each other at 

5% probability level in this study (Table 1). This 

makes sense because the local farmers obviously 

select the agricultural practices which ensure 

productivity and profit. The rice grain yield of TPR 

and WDSR were more or less the same and  this 

finding was supported by (Liu et al., 2014; Sandhu et 

al., 2021). As rice plants can be either transplanted or 

direct seeded, depending on locality, labor availability 

and initial investment, the yield potential is often the 

same. The methane flux was 47% higher in TPR 

compared to WDSR, while there are no significant 

difference among F0, F1, and F2 in the average flux of 

CH4. With regard to average nitrous oxide fluxes, 

neither crop establishment (TPR, WDSR) nor 

fertilizers (F0, F1, and F2) were found to be 

significantly different. In addition, TPR produced 

more CH4 and N2O than WDSR across fertilizers in 

almost each growth stage throughout the growing 

period. 

Regarding Global Warming potential (Table 2), 

GWP of both TF1 and TF2 were higher than the WF1 

and WF2 as the result of producing more GHG 

emissions than WDSR. Furthermore, GHGI of WDSR 

with all fertilizer treatments were found to be 

generally lower than that of TPR. It is noticeable that 

WDSR planting method is likely to be acceptable 

when compared with TRP across the fertilizer 

treatments owing to lower GHGI. Thus, based on 

GWP and GHGI analysis, the pair of wet bed direct 

seeded rice and urea fertilizer application (WDSR+F1) 

practices is noted to be suitable for GHG mitigation. 

5. CONCLUSION

Currently, several studies highlighted that 

changing the cultivation practice from TPR to WDSR 

makes sense to resolve the high cost of farming inputs, 

water, and labor scarcity. This change has been 

adapted by farmers themselves based on their 

experiences and indigenous knowledge (Janz et al., 

2016; Pathak et al., 2013). This study indicates a pair 

of practices (WDSR+F1) has great potential in 

mitigating GHGs emission from the agricultural sector 

since it creates lower GWP and GHGI with acceptable 

productivity. However, the finding of this study may 

not be used to generalize the feature of all small 

farmers in the central dry zone of Myanmar, since it 

was a pioneer field experiment in Myanmar with 

limited equipment, facilities, budget and time. Further 

studies should be done to identify the flexibility 

(wiggle room) in practices to fulfil the cost efficient 

GHGs mitigation strategy for Myanmar. 
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Magnetite humic acid (MHA) was successfully synthesized by the 

coprecipitation method followed by hydrothermal process, as evidenced by the 

XRD, FTIR, VSM, and SEM analysis characterization results. XRD diffraction 

shows diffraction peaks at 2θ=21.53º, 35.95º, and 57.93º. The FTIR spectra have 

a typical absorption at 3,410, 1,589, 1,396, 1,026, 910, 794, and 540 cm-1. 

Magnetite humic acid was paramagnetic with magnetization (Ms) 17.04 emu/g. 

Humic acid and magnetite humic acid have an irregular structure; the morphology 

of magnetite humic acid is smoother than humic acid. Malachite green was more 

selective than methylene blue and rhodamine B on magnetite humic acid. The 

adsorption of malachite green on humic acid and magnetite humic acid was 

carried out at pHpzc 8.06 and 6.08. The adsorption capacity (Qmax) of humic acid 

(77.519 mg/g) and magnetite humic acid (169.492 mg/g) were found with 

pseudo-second-order kinetic and Langmuir isotherm models. After five 

regeneration cycles, the adsorption percentages of malachite green with humic 

acid and magnetite humic acid ranged from 94.67-61.37% and 62.03-21.11%, 

respectively. Magnetite humic acid has high stability and reusability. The good 

regeneration of MHA was supported by the XRD diffractogram. Magnetic 

properties in the material simplify the adsorption process and minimize the 

potential for damage to the surface of the material. 
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1. INTRODUCTION

Textile wastewater is a severe problem for the 

environment. Textile wastewater pollutes water, 

which is a basic human need. The industrial sector 

uses 100,000 dyes to generate textile wastewater 

(Fazal et al., 2018; Khalaf, 2008). However, only 8% 

of Textile wastewater is treated before being 

discharged into waters (Roohi et al., 2016). 

Wastewater is dangerous for the environment and 

human health because of the carcinogenic effects 

caused by these dyes. Malachite green (MG) dye is 

used in textile and paper industries, and even in food 

coloring additives (Srivastava et al., 2004). Malachite 

green can cause disturbances in the immune and 

reproductive systems (Das and Dhar, 2020) and even 

cause kidney failure (Eltaweil et al., 2020). 

There are different technologies for removing 

dyes from textile wastewater, such as membrane 

(Januário et al., 2022), electrocoagulation (Signorelli et 

al., 2021), photocatalytic (You et al., 2022), and 

adsorption (Sachdev et al., 2022; Zhang et al., 2020). 

The adsorption process is suitable for its simplicity, 

effectivness, efficiency, and low cost. Several 

adsorbents have been reported, including kaolin 

(Angerasa et al., 2021), bentonite (Wang et al., 2021a), 

layer double hydroxide (Lesbani et al., 2020; Wijaya et 

al., 2021), and humic acid (Yang and Antonietti, 2020). 

Humic acid (HA) is extracted from peat soil 

with -COOH and -OH groups (Stevenson, 1994). 

Humic acid is one of the fractions of humic 

compounds that are naturally occurring in soil organic 

matter. Humic acid (HA) has the potential for 

Citation: Ahmad N, Arsyad FS, Royani I, Lesbani A. Selectivity of malachite green on cationic dye mixtures toward adsorption on magnetite humic 

acid. Environ. Nat. Resour. J. 2022;20(6):634-643.  (https://doi.org/10.32526/ennrj/20/202200142)
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adsorption because of its high adsorption capacity, and 

use in organic and inorganic pollutants (Shao et al., 

2021). However, the structure of humic acid is easily 

damaged and difficult to separate from aqueous 

solution. Magnetite (Fe3O4) is an iron oxide of the 

spinel mineral group (She et al., 2021). Magnetite has 

been applied to adsorption for water treatment 

(Abdullah et al., 2022; Paz et al., 2022), catalysts (Liu 

et al., 2018), membrane processes (Vu et al., 2020), 

and biodegradation (Shen et al., 2021). Magnetite, in 

adsorption, imparts its magnetic properties to HA, and 

it can separate the adsorbent from the solution using 

an external magnet (Lee and Kim, 2022). Composite 

magnetite with humic acid (MHA) has been reported 

for removing phosphate (Rashid et al., 2017), gold ion 

adsorption (Santosa et al., 2021a), and removing 

Pb(II) (Lu et al., 2019). Selectivity and adsorption of 

MHA for malachite green has not been registered.  

In this study, Magnetite Humic Acid (MHA) 

was synthesized by the conventional coprecipitation 

method followed by hydrothermal process as 

evidenced by the characterization results using 

XRD, FTIR, VSM, and SEM analysis. A selectivity 

test was performed by mixing cationic dyes to 

determine the dye used for the adsorption process. 

Adsorption processes such as kinetic, isotherm, and 

thermodynamic, and the stability of the adsorbent with 

regeneration were evaluated.  

2. METHODOLOGY

2.1 Materials and instruments

Humic acid (HA) was extracted from the peat 

soil of South Sumatra, Indonesia. Chemicals 

(analytical-grade reagent) used in this study, FeCl3 

(Merck, 162.2 g/mol), FeSO4·7H2O (Merck, 278.01 

g/mol), HCl (MallinckrodtAR®, 37%), NaOH (40 

g/mol), and NH3 (25%) were purchased from 

EMSURE® ACS. Distilled water was purchased from 

PT. Bratachem Indonesia. Analytical instrumentals 

used included UV-Vis Spectrophotometer type 

Biobase BK-UV 1800 PC (China), Fourier Transfer 

Infra-Red (FTIR, Japan) type Shimadzu Prestige-21, 

X-Ray Diffractometer (XRD, Japan) type Rigaku 

Miniflex-6000, Vibrating Sample Magnetometer 

(VSM, England) type OXFORD VSM1.2H, and FEI 

Quanta 650 Scanning Electron Microscope (SEM, 

England) OXFORD. 

2.2 Synthesis of magnetite humic acid (MHA) 

MHA   was   synthesized   by   coprecipitation 

method followed by hydrothermal process (Taher et 

al., 2021). FeCl3 (0.6488 g) and FeSO4·7H2O (0.5560 

g) was added to 6 mL of distilled water, then stirred

until dissolved. The mixture was added to 1 g of humic

acid (HA) and stirred for 3 h at room temperature. NH3

(3 mL) was added to the mixture slowly, then stirred

for 30 min at 75ºC. The obtained slurry was transferred

to Teflon for hydrothermal treatment for 3 h at 150ºC.

The slurry was washed and then dried at 100ºC.

2.3 Determination of functional group of HA and 

MHA  

2.3.1 Total acidity 

HA (0.1 g) or MHA (0.1 g) were added to 

Ba(OH)2 saturated solution (20 mL) under N2 

atmosphere and stirred for 24 h at 25ºC. Afterward, 

the HA or MHA treated was filtered using Whatman 

paper and washed with distilled water. The filtrate 

and wash water were combined and then titrated with 

HCl (0.5 M) to pH 8.4 (Santosa et al., 2021a). The total 

acidity of HA and MHA was then calculated by 

Equation (1): 

Total acidity (cmol/kg) =
(V0 − Vs) × M × 105

W
         (1) 

Where; V0  and Vs  are the volume of HCl for

titrated blank solution and sample, respectively; M is 

the molarity of HCl; W is the mass of HA and MHA. 

2.3.2 Carboxyl content 

HA (0.1 g) or MHA (0.1 g) were added to the 

mixture of Mg(CH3COO)2 0.5 M (10 mL) and distilled 

water (40 mL) under N2 atmosphere and stirred for 24 

h at 25ºC. Afterward, the treated HA or MHA was 

filtered using Whatman paper and washed with 

distilled water. The filtrate and wash water were 

combined then titrated with NaOH (0.1 M) to pH 9.8 

(Santosa et al., 2021a). The carboxyl content was 

determined using Equation (2): 

Carboxyl content (cmol/kg) =
(V0 − Vs) × M × 105

W
       (2) 

Where; V0 and Vs are the volume of NaOH for

titrated blank solution and sample, respectively; M is 

the molarity of NaOH; W is the mass of HA and MHA. 

2.3.3 Phenolic hydroxyl content 

Phenolic hydroxyl content is the difference 

between total acidity and carboxyl content. Phenolic 

hydroxyl content was determined using Equation (3): 
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Phenolic hydroxyl content (cmol/kg)    (3) 

=   Total acidity − Carboxyl content     

2.4 Selectivity of cationic dye mixture 

Selectivity was carried out to determine the most 

adsorbed dye by the adsorbent. Selectivity was 

performed using a mixture of 25 mg/L of rhodamine B, 

malachite green, and methylene blue. HA and MHA (20 

mg) were added to 20 mL of the cationic dye mixture 

and shaken for 15, 30, 60, 90, 120, and 150 min. The 

absorbance was measured at the wavelength scan. 

2.5 Determination of pHpzc of MHA 

pHpzc of HA and MHA was determined by the 

conventional pH-drift method. HA and MHA (20 mg) 

were added to 20 mL of 1 M NaCl at various pH 

from 2 to 11 (Tombácz and Szekeres, 2004). HCl 0.1 

M or NaOH 0.1 M was added to adjust the initial pH 

of the NaCl. Then, the mixture was shaken for 24 h. 

The final pH of each NaCl was measured. 

2.6 Adsorption of malachite green 

2.6.1 Adsorption kinetics 

HA and MHA (20 mg) were added into 20 mL 

of malachite green with 60 mg/L, which had been 

adjusted at pHpzc. Stirring is done with time variations 

of 10, 20, 30, 40, 50, 60, 70, 90, 120, 150, and 180 min 

in each beaker at 303 K. After stirring at 100 rpm, 

MHA was separated from the malachite green using 

an external magnet. The dye solution has been 

separated is then measured its absorbance using a UV-

Vis at 617 nm. The adsorption kinetics were analyzed 

by pseudo-first-order (PFO) and pseudo-second-order 

(PSO) with the following Equations 4 and 5, 

respectively. 

log(Qe − Qt) = log Qe − (
k1

2.303
) t (4) 

1

Qt
=

1

k2Qe
2 +

1

Qe
(5) 

Where; Qe  and Qt  are adsorption capacity at

equilibrium and t, respectively (mg/g); k1 (min-1) and

k2 (g/mg/min) are the rate constant at PFO and PSO,

respectively; t is the adsorption time of malachite 

green (min). 

2.6.2 Adsorption isotherms 

HA and MHA (20 mg) were added into 20 mL 

of malachite green with 50, 75, 100, 150, 175, and 200 

mg/L, which had been adjusted at pHpzc - stirring for 

2 h with various temperatures (303, 313, 323, 333, and 

343 K)  in each beaker. After stirring at 100 rpm, MHA 

was separated from the malachite green using an 

external magnet. The adsorption isotherms were 

analyzed by Langmuir and Freundlich isotherms 

model with the following Equations 6 and 7, 

respectively. 

Ce

Qe
=

Ce

Qm
+

1

QmKL
 (6) 

log  Qe = log KF − 1
n⁄ log Ce (7) 

Where; Ce  (mg/L) and Qe  (mg/g) are the

concentration of malachite green and adsorption 

capacity at equilibrium, respectively (mg/g); Qm

(mg/g) is the maximum adsorption capacity; KL and

KF are the rate constant at Langmuir and Freundlich,

respectively. 

The thermodynamic equation and the Gibbs 

free energy were determined using Equations 8 and 9, 

respectively. 

ln  
Qe

Ce
=

∆S

R
−

∆H

RT
(8) 

∆G° = ∆H − T∆S (9) 

Where; Ce  (mg/L) and Qe (mg/g) are the

concentration of malachite green and adsorption 

capacity at equilibrium, respectively (mg/g); ∆S 

(J/mol.K) is the entropy; ∆G° (kJ/mol) is the Gibbs 

free energy. ∆H (kJ/mol) is the enthalpy; R (J/mol/K) 

is the gas constant; T (K) is the temperature. 

2.6.3 Regeneration of MHA 

HA and MHA (20 mg) were added to 20 mL of 

malachite green with a concentration of 80 mg/L 

adjusted at pHpzc. Stirring was carried out for 2 h at 

303 K. After the stirring process is complete, the 

adsorbent is separated from the adsorbate. After that, 

the desorption process (distilled water medium) was 

carried out to remove the dye from the adsorbent. HA 

and MHA were reused two to five times in the 

adsorption and desorption processes. 

3. RESULTS AND DISCUSSION

3.1 Characteristics of HA and MHA

XRD diffractogram of HA as shown in Figure 

1(a) 21.53º, 25.03º, 35.75º, 55.08º, and 62.31º. XRD 

diffraction of MHA shows diffraction peaks at 

2θ=21.53º, 35.95º, and 57.93º. The diffraction peaks 

that appear at 2θ=21.53º (002) indicate the presence of 

high amounts of carbon contained in humic acid 
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(Zhang et al., 2018). The diffraction peaks at 

2θ=35.75º (311) and 57.93º (511) are originally peaks 

from Magnetite (Santosa et al., 2021b). 

The FT-IR spectra of HA and MHA are shown 

in Figure 1(b). HA has a typical absorption at 3,410 

cm-1 related to OH group stretching from phenolic

hydroxyl content (Ahmad et al., 2022), 1,589 cm-1 as

C=C stretching, 1,396 and 1,026 cm-1 indicated as C-

O stretching in COO- (carboxyl content) (Anjum et al., 

2019). The peak at 910 cm-1 is related to C=C bending 

and 540 cm-1 indicating the presence of metal ions in 

HA. After HA was modified with magnetite (MHA) at 

540 cm-1, the absorption became sharper indicating the 

presence of Fe-O. A new peak was observed at 

wavenumber 794 cm-1 due to the interaction between 

C-O and Fe-O.

Figure 1. XRD diffractogram (a) and IR spectra (b) of (1) HA, (2) MHA. The measured room temperature magnetization curve of MHA (c) 

The magnetic curve of MHA was measured 

using VSM. Figure 1(c) showed MHA was 

paramagnetic with magnetization (Ms) 17.04 emu/g. 

The magnetization (Ms) MHA was lower than Fe3O4 

(66.3 emu/g) because Fe3O4 was classified as 

superparamagnetic (Santosa et al., 2021b). Figure 2 

shows the surface morphology of HA and MHA by 

SEM images. HA and MHA have irregular structures. 

The morphology of MHA is smoother than HA. The 

surface of MHA is smooth because it is synthesized by 

hydrothermal process. 

3.2 Determination of functional group of HA and 

MHA 

Total acidity and carboxylic content were 

determined by titration using Ba(OH)2 saturated 

solution and Mg(CH3COO)2, respectively (Stevenson, 

1994). The total acidity, carboxyl content, and 

Phenolic -OH of HA and MHA are displayed in Table 

637



Ahmad N et al. / Environment and Natural Resources Journal 2022; 20(6): 634-643 

1. MHA had a drastic decrease in the total acidity and

carboxyl content, respectively, from 670 cmol/kg to

317.50 cmol/kg and 296 cmol/kg to 59.33 cmol/kg.

This is due to the preparation of MHA carried out

under alkaline conditions (addition of NH3). The

carboxyl content and phenolic -OH are iodized and

then interact with positively charged Fe2+ and Fe3+ 

form Fe3O4 (Koesnarpadi et al., 2015). However, the 

carboxyl group more readily interacts with Fe3O4 than 

the phenolic -OH, so the carboxyl group’s reduction is 

very drastic. 

Figure 2. SEM images of HA (a) and MHA (b) 

Table 1. Total acidity, carboxyl content, and phenolic -OH of HA and MHA 

Functional group Stevenson (1994) 

(cmol/kg) 

Santosa et al. (2021a) (cmol/kg) This study (cmol/kg) 

HA MHA HA MHA 

Total acidity 570-890 710.66 320.44 670 317.50 

Carboxyl content 150-570 315.79 87.43 296 59.33 

Phenolic -OH 150-400 394.87 233.01 374 258.17 

3.3 Selectivity adsorbent 

Figure 3 shows a wavelength scan for 

selectivity of malachite green. MHA adsorbed 

malachite green higher than rhodamine B and 

methylene blue. The drastic decrease in malachite 

green concentration indicated that the malachite green 

structure was smaller than methylene blue and 

rhodamine B (Mohadi et al., 2021; Palapa et al., 2021). 

Therefore, malachite green is used for the adsorption 

process. 

3.4 pHpzc of HA and MHA 

pHpzc of HA and MHA is the point neither 

positively nor negatively charged (Derakhshani and 

Naghizadeh, 2018). Through the movement of H+ ions 

from the HA and MHA surface, the pHpzc can be easily 

measured. Figure 4 shows the movement of H+ after 

24 h in the shaker. At low pH, H+ moves from the 

solution to the HA and MHA surface during shaking 

and increases pH of the solution. At high pH, H+ 

moves from the HA and MHA surface to the solution 

and lowers pH of the solution. 

Figure 3. Wavelength scan of adsorption by MHA into a mixture 

of MG, MB, and RhB 

(a) (b) 
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The meeting point between the initial and final 

pH shows no movement of H+ ions, which means that 

this meeting point is that pHpzc. As shown in Figure 4, 

pHpzc of HA and MHA were at pH 8.08 and 6.08, 

respectively. In a solution with a pH less than pHpzc, 

HA, and MHA are positively charged and at pH higher 

than pHpzc, HA, and MHA are negatively charged. 

Figure 4. pHpzc of HA and MHA 

3.5 Adsorption of malachite green 

Figure 5(a) shows that the adsorbed 

concentration of malachite green increased with time 

and was constant at 120 min. Pseudo-first-order and 

pseudo-second-order kinetic adsorption parameters of 

malachite green are shown in Table 2. The data in 

Table 2 shows that the value of the coefficient 

correlation in the adsorption process of malachite 

green using HA and MHA adsorbent tends to be a 

pseudo-second-order. The coefficient correlation (R2) 

for pseudo-second-order is higher than pseudo-first-

order. It means that the greater the concentration of the 

malachite green, the more adsorbed. Therefore, the 

adsorption process can be followed by chemisorption 

(Liu et al., 2020; Siraorarnroj et al., 2022). 

Based on Table 2 and Figures 5(b) and 5(c), the 

coefficient correlation (R2) of HA and MHA for 

Langmuir isotherm is higher than Freundlich isotherm 

at temperature 303 K. The adsorption process tends 

to follow the Langmuir isotherm. Therefore, the 

adsorption process can be followed by monolayer 

adsorption (Wang et al., 2021b). Adsorption capacity 

(Qmax) of HA and MHA was 77.519 and 169.492 mg/g, 

respectively. Adsorption of malachite green by several 

adsorbents is shown in Table 3.

Table 2. Kinetic and isotherm model parameter of adsorption on MHA 

Kinetic parameter Parameter Adsorbent 

HA MHA 

Pseudo-first-order Qeexp (mg/g) 41.981 56.075 

Qecalc (mg/g) 52.918 78.289 

k1 (min-1) 0.002 0.002 

R2 0.980 0.966 

Pseudo-second-order Qeexp (mg/g) 41.981 56.075 

Qecalc (mg/g) 54.945 71.942 

k2 (g/mg/min) 0.0004 0.0003 

R2 0.990 0.990 

Isotherm parameter Parameter Adsorbent 

HA MHA 

Langmuir Qmax 77.519 169.492 

kL 0.047 0.042 

R2 0.968 0.992 

Freundlich N 1.294 2.396 

kF 3.105 21.617 

R2 0.866 0.935 

Table 3. Comparison of HA and MHA with several adsorbents in terms of the adsorption capacity of malachite green 

Adsorbent Qmax (mg/g) Reference 

Date stones 98 Hijab et al. (2021) 

CuCr-[𝛼-SiW12O40] 55.322 Palapa et al. (2020) 

ZIF-8@Fe/Ni 151.520 Zhang et al. (2021) 
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Table 3. Comparison of HA and MHA with several adsorbents in terms of the adsorption capacity of malachite green (cont.) 

Adsorbent Qmax (mg/g) Reference 

Chitosan-DES B 17.86 Sadiq et al. (2020) 

EPS of Lysinibacillus sp. SS1 178.57 Miyar et al. (2021) 

GALA 113.5 Chen et al. (2020) 

Plasma-based biomass 15.55 Al-Yousef et al. (2021) 

S@TP Biochar 30.18 Vigneshwaran et al. (2021) 

Chinese fan palm seed biochar 21.4 Giri et al. (2022) 

HA 77.519 This study 

MHA 169.492 This study 

Figure 5. Effect of contact time (a), effect of initial concentration and temperature (b) and (c), regeneration (d) of HA and MHA 

Table 4 shows the thermodynamic data of HA 

and MHA for adsorption of malachite green. The value 

of ∆G° is negative, meaning that the adsorption takes 

place spontaneously. ∆H is positive, meaning that the 

adsorption is endothermic and requires energy for the 

adsorption process. ∆S is positive, meaning that there 

is an increase in irregularity on the surface of the 

adsorbent. Based on Figure 5(d), during five 

regeneration cycles of HA and MHA, the adsorption 

percentages of malachite green decreased from 94.6-

61.37% and 62.03-21.11%, respectively. Magnetic 

properties in the material simplify the adsorption 

process and minimize the potential for damage to the 

material’s surface. MHA has high stability and 

reusability of adsorbent up to five times. The good 

regeneration of  MHA  indicates that  MHA  has good 

(a) (b) 

(c) (d) 
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Table 4. Adsorption thermodynamic parameter 

Adsorbent ∆H 

(kJ/mol) 

∆S 

(kJ/mol) 

∆G (kJ/mol) R2 

303 K 313 K 323 K 333 K 343 K 

HA 8.189 0.029 -0.582 -0.871 -1.161 -1.450 -1.740 0.998 

MHA 12.940 0.055 -3.764 -4.316 -4.867 -5.418 -5.969 0.988 

stability, supported by the XRD diffractogram after 

adsorption with no significant changes as shown in 

Figure 6. The diffraction peaks at 2θ=21.53º (002), 

35.95º (311), and 57.93º (511) can still be observed. 

The adsorption mechanism can be studied from 

electrostatically interacting MHA with the cationic 

malachite green. In addition, the hydrogen bonding 

interactions and π-π interactions between the aromatic 

ring of the malachite green and the MHA can affect 

the adsorption mechanism. 

Figure 6. XRD diffractogram of MHA before (1) and after (2) 

adsorption 

4. CONCLUSION

In this study, magnetite humic acid (MHA) 

was successfully synthesized by the coprecipitation 

method followed by hydrothermal process. Selectivity 

of cationic dyes shows that malachite green was 

more selective than methylene blue and rhodamine B. 

Malachite green has a smaller structure than 

methylene blue and rhodamine B. Adsorption capacity 

(Qmax) of HA and MHA was 77.519 and 169.492 mg/g, 

respectively. After five regeneration cycles, the 

adsorption percentages of malachite green from HA 

and MHA ranged from 94.67-61.37% and 62.03-

21.11%, respectively. MHA has high stability and 

reusability as an adsorbent up to five times. 
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Plant diversity is important for sustainable development, particularly in 

watershed areas. This study explored tree population and diversity in a lower 

montane forest (LMF). A 16-ha permanent plot was established in LMF at Huai 

Kogma sub-watershed, northern Thailand. All trees with a diameter at breast 

height ≥ 2 cm were tagged, measured, identified, and their coordinates were 

mapped. The results showed that 220 species in 139 genera from 63 plant families 

were found. The dominant families based on species numbers and tree density 

were Fagaceae, Lauraceae, and Theaceae. The most dominant species were 

Castanopsis acuminatissima, Schima wallichii, Castanopsis armata, and Styrax 

benzoides. Diameter classes for climax species frequently followed negative 

exponential distributions, indicating their populations could be maintained into 

the future. By contrast, pioneer species, such as Macaranga indica, Morus 

macroura, and Rhus javanica, had discontinuous distribution, and were mostly 

found in gap areas, indicating successful regeneration may require high light 

intensity. Spatial distribution patterns based on Morisita’s index showed that 

most of the selected species had clumped patterns, particularly those in the 

Fagaceae family, which were predominantly distributed along the mountain 

ridge. Tree distribution patterns can affect ecological dynamics, thus reinforcing 

patterns dependent on local interactions such as the abundance of and distance to 

available resources. Our finding can aid evaluations of forest sustainability, and 

support the biodiversity conservation plans. In particular, the selection of suitable 

species for LMF restoration programs where mixed plantings of pioneer and 

climax species are planned. 

Keywords: 

Lower montane forest/ Ecological 

niche/ Distribution pattern/ Forest 

dynamics plot  
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1. INTRODUCTION

Understanding how species are distributed, and 

how they assemble to form communities and 

ecosystems, is an important issue that has attracted 

considerable scientific interest. Its information is a 

very useful component of conservation and 

management decisions, including focused efforts to 

conserve rare species, habitat management and 

restoration, anticipation of problematic invasions, and 

delimit valued habitat types (Franklin, 2010). 
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Vegetation ecologists have engaged in an extended 

debate on the mechanisms governing species 

assemblage into complex vegetation communities 

(Ricklefs, 2008; Brooker et al., 2009). Ongoing global 

changes, including climate change, deforestation, 

pollution, and biological invasions, have increased 

rates of biodiversity loss (Cardinale et al., 2012; Chen 

et al., 2011; Pereira et al., 2010; Sala et al., 2000). 

These changes have also heightened the need for 

knowledge that could help us anticipate and prevent 

deleterious effects on biodiversity and ecosystem 

functioning. This is especially important for mountain 

ecosystems, which are particularly exposed to climate 

changes (Pepin et al., 2015), and life mainly 

temperature limited and vulnerable to climatic 

changes (Amdre et al., 2009).  

Mountain ecosystems are mainly defined in 

terms of their minimum altitude in meters above sea 

level (m.a.s.l.), which ranges from 300 m at 67N and 

55S to 1,000 m at the equator. Mountain ecosystems 

cover about 27% of the Earth’s surface (Kapos et al., 

2000). They maintain ecological processes and 

services for both mountain communities and those 

living in lowlands, wherein demand from population 

centers, agriculture and industry is high (Regato and 

Salman, 2008). Mountains are exposed to both natural 

and anthropogenic drivers of change (Kampmann et 

al., 2008). In particular, montane plant diversity can be 

reduced by certain types of land-use, including 

intensification and land abandonment (Spehn et al., 

2006). Mountain biota are adapted to extreme climatic 

conditions, temperatures, and precipitation (Rashid et 

al., 2005). Recovery of mountain ecosystems from 

disturbances is typically slow.  

The characteristics of montane forests differ 

from those of lowland forests due to changes in 

vegetation composition along the altitudinal gradient 

(Marod et al., 2014; Richards, 1996). It is now 

accepted that four forest zones exist for taller tropical 

mountains up to the tree line, namely lowland, lower 

montane, upper montane and subalpine forest zones 

(Ashton, 2003). The transition from lowland to lower 

montane forest (LMF) seems to be mostly attributable 

to declining average temperature with elevation. At 

this threshold, many lowland tree species are displaced 

by a floristically distinct assemblage of montane 

species (Kitayama, 1992). Tree species from the 

Fagaceae and Lauraceae are particularly abundant in 

massifs, where their abundance in both the canopy and 

subcanopy has earned these forests the name “oak-

laurel forests” (Tagawa, 1995).  

Only two mountain forest ecosystems are found 

in Thailand: the LMF and upper montane forest 

(UMF). The ecotone between them is located at 

approximately 1,800 m.a.s.l. based on climatic 

characteristics and edaphic conditions (Santisuk, 

1988). Mount Doi Inthanon, at 2,565 m.a.s.l., is a 

summit in Thailand with extensive tracts of UMF. 

Trees are often small in stature and characterized by 

umbrella-shaped crowns, small leaves, gnarled stems, 

and branches that are covered by epiphytes such as 

orchids, ferns, lichens, and mosses (Hara et al., 2002; 

Khamyong et al., 2004). Several studies have reported 

that species from the Fagaceae and Lauraceae families 

are the most abundant, as also seen in tropical 

mountain forest areas (Kanzaki et al., 2004; Marod et 

al., 2018; Sri-Ngernyuang et al., 2003). 

Intensive studies of species composition, forest 

structure, and dynamics have been conducted in 

lowland forests since the 1980s using large-scale 

research plots (Condit, 1995). Large-scale research 

plots are not only suitable for studying the distribution 

patterns of existing trees, but also tree regeneration, 

which is often expressed in terms of stem-size 

distributions (Bunyavejchewin et al., 2001; Kanzaki et 

al., 2004; Yamada et al., 1997). Diameter class 

distributions (visualized using graphs showing the 

density of trees in several different classes) can be 

used to determine whether the density of smaller trees 

in a forest is sufficient to replace the current 

population of larger trees (Henle et al., 2004; Rubin et 

al., 2006; White et al., 2007). Whether a given forest 

is “sustainable” can be inferred from stand diameter 

distributions. For example, in the absence of major 

disturbances, a reversed J-shaped distribution in 

uneven-aged stands has been regarded as 

demonstrating dynamic equilibrium in sustainably 

managed forests (Marod et al., 2020; Nyland, 2002). 

Unimodal distributions characterized by fewer 

juveniles relative to adults have been interpreted as 

evidence of population decline (Condit et al., 1998; 

Deb and Sundriyal, 2008). The success of regeneration 

efforts can also be inferred from diameter distribution 

patterns associated with ecological processes. 

Distribution patterns (clumped or grouped, and regular 

or random) can effect ecological changes depending 

on local interactions among individuals, seed dispersal 

and germination, abundance, and ecological niche.  

Measuring distribution patterns and linking 

them to ecological processes is an ongoing area of 

ecological research. The Morisita Index of 

aggregation (Iδ) can be used to measure and interpret 
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spatial point patterns (Golay and Kanevski, 2015). 

This index measures whether a given point pattern is 

clumped or dispersed relative to a spatially random 

distribution. The value taken by the index depends on 

both quadrat size and population density. The Morisita 

Index has been applied to detect distribution patterns 

and understand the processes of seed dispersal, seed 

banking, and tree establishment (De Almeida and 

Galetti, 2007; Houle, 1994). It has also been used to 

analyze spatial patterns of regeneration and adult 

tree distributions (Hubbell, 1979). These data can 

help us estimate forest sustainability based on 

population structure and regeneration status. Thus, this 

study aimed to clarify the population structure and 

regeneration status of tree species in an area of 

LMF, and the relative distribution patterns of 

sapling-, pole-, and adult-stage tree in a 16-ha 

permanent plot in an LMF.  

2. METHODOLOGY

2.1 Study site

The Kog Ma sub-watershed (1848N, 9854E) 

is one of the Mae Sa head-watersheds which is located 

on the east-facing slope of Mount Doi Pui (1,685 

m.a.s.l.), 10 km west of Chiang Mai Province in

northern Thailand (Figure 1).  The sub-watershed area 

is 0.65 km2, and covered by primary LMF with canopy 

heights of 25-40 m. The dominant tree species are 

predominantly members of the Fagaceae, especially 

the genera Castanopsis, Lithocarpus, and Quercus, 

together with a variety of undergrowth, shrub, and 

epiphytic species (Bhumibhamon and Wasuwanich, 

1970). Many hydrological studies were found in 

several aspects (Kume et al., 2007; Tanaka et al., 2003; 

Tanaka et al., 2008). However, because less 

documentation on forest structure and dynamics of 

LMF has been reported, particularly based on a large 

permanent plot, an evaluation of LMF was selected for 

this study. The climate is subtropical, and the wet 

season (May to October) transitions to a cool dry 

season (November to January) and subsequent hot dry 

season (February to April). The mean annual 

temperature and rainfall are 20C and 1,700 mm, 

respectively. The majority of precipitation occurs in 

the wet season, with only about 8% of the annual total 

falling during the dry season (Kume et al., 2007; 

Tangtham, 1974). The soils are classified as reddish-

brown laterites (Thailand soil classification) or 

Ultisols (USDA Soil Taxonomy), with about 50% 

sand content and 60-74% porosity (Hashimoto, 2005). 

Figure 1. Study area with a 16-ha plot () in LMF at Doi Suthep-Pui National Park, northern Thailand 

2.2 Data collection 

Large permanent plots are widely used to 

monitor tree spatial distribution and population 

dynamics relating to the environmental changes 

(Condit et al., 2000). In 2010, a 16-ha permanent plot 

was established at an elevation range from 1,300-

1,450 m.a.s.l. The plot measured 400 m × 400 m and 

was subdivided into 1,600 10 m × 10 m subplots to 
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study forest structure and species composition based 

on Condit et al. (2014). All trees with a diameter at 

breast height (DBH, 1.3 m above the soil surface) of 

≥2 cm were tagged with a running number, measured, 

and identified to species. Tree coordinates (x, y) in 

each subplot were also recorded. Leaf specimens were 

collected from the enumerated trees and identified by 

referring to herbarium specimens at the Forest 

Herbarium of Department of National Parks, Wildlife 

and Plants Conservation. Species nomenclature was 

based on Smitinand (2014).  

2.3 Data analysis 

Plant ecological indices were calculated to 

clarify the forest structure. For all stems with a DBH 

≥ 5.0 cm, the density, dominance and importance 

value index (IVI) were calculated based on the sum of 

relative density, dominance and frequency (Krebs, 

1994). Basal area (BA), density and diversity were 

also calculated for each plant family by summing these 

variables across all species in a given family. The size 

class distribution for all species with at least 30 

individuals in the 16-ha plot were prepared. This 

analysis included the small size class of saplings 

(2.0 ≤ DBH < 5.0 cm). The population structure across 

this size reflects that of larger trees (Mclaren et al., 

2005). Size class distribution of each species was 

defined by families of probability mass functions 

fitting to the class frequency. In order to specifically 

select the most suitable family of mass distribution, 

Anderson-Darling statistic (Anderson and Darling 

1952; Liebscher, 2016) and probability-probability 

plot (Chambers et al., 2017) were then applied to help 

determine the goodness-of-fit among families of the 

probability function. Subsequently, the optimal 

probability function was specified from the set of the 

distribution function (varied number of parameters) of 

the selected family using the Likelihood ratio test and 

Akaike Information criteria (Akaike, 1998). The 

regeneration status of each tree species was predicted 

on the basis of its size-class distribution. 

To detect the distribution patterns of saplings, 

pole-stage (5.0 ≤ DBH < 10.0 cm) and mature trees 

(DBH ≥10.0 cm), all species with >80 individuals 

were selected (Lan et al., 2009). Morisita’s Iδ index 

was calculated by dividing the plot into quadrats of 

various sizes. The smallest quadrat size was obtained 

by dividing the 16-ha plot into square quadrats each 

with a size of (0.1)2 m × 400 m (i.e., x-axis length) and 

(0.10)2 × 400 m (i.e., y-axis length), yielding 4 m × 4 

m (16 m2) quadrats. Larger quadrats were obtained by 

doubling the length of the smaller quadrats, producing 

quadrats that ranged from 16 m2 to 6.5 ha. Morisita’s 

Iδ was then calculated using the following equation 

(Morisita, 1959): 

I = q 
∑ ni − N

2

(N2 − N)

Where; ni is the number of individuals in each 

quadrat, N is the total number of individuals in the16 

ha plot, and q is the number of quadrats of a given size. 

The Iδ value was used to classify distribution 

patterns as random (Iδ=1), clumped or aggregated 

(Iδ >1), or regular (Iδ <1). F-tests were used to test for 

departures from random expectation for each quadrat 

size. The statistical significance of the F-tests was 

tested at the 95% confidence limit (p<0.05). 

3. RESULTS AND DISCUSSION

3.1 Species composition and population structure

A total of 28,078 individuals ≥2 cm DBH were 

measured and identified. This population was 

composed of 220 species from 139 genera and 63 

families. The average density of all trees ≥5.0 cm  DBH 

was 806.88 stems/ha, and this population included   195 

species from 131 genera and 56 families (Table S1). 

The highest tree density (stems/ha) was found for 

Castanopsis acuminatissima (n=106.56) followed by 

Styrax benzoides (n=38.94), Vernonia volkameriiolia 

(n=36.19), Castanopsis armata (n=29.00), Litsea 

martabanica (n=27.31), Persea gamblei (n=24.81), 

Helicia nilagirica (n=22.44), Turpinia pomifera 

(n=20.06), and Schima wallichii (n=19.13). A number 

of other temperate tree species were present in low 

densities, including members of the families 

Podocarpaceae (Podocarpus neriifolius and Dacry-

carpus imbricatus), Betulaceae (Betula alnoides and 

Carpinus viminea), and Juglandaceae (Engelhardtia 

spicata and E. serrata). The most dominant tree 

species, with an average BA of 32.79 m2/ha and relative 

basal area (RBA, %) of 14.24, was Castanopsis 

acuminatissima. Other dominant species were Schima 

wallichii (RBA=9.23%), Manglietia garrettii (6.41%), 

Castanopsis armata (5.36%), Castanopsis tribuloides 

(4.80%), Litsea grandis (3.15%), Syzygium toddlioides 

(2.89%), Syzygium tetragonum (2.87%), Choeros-

pondias axillaris (2.81%), and Michelia baillonii 

(2.24%). These 10 species accounted for 54.00% of the 

total BA. To determine the ecological influence of each 

species, the IVI (%) was calculated. The species with 

the highest IVI was Castanopsis acuminatissima 

(33.36), followed by Schima wallichii (14.61), 
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Castanopsis armata (12.86), Styrax benzoides (9.55), 

Castanopsis tribuloides (8.85), Litsea martabanica 

(8.29), Manglietia garrettii (8.23), Persea gamblei 

(8.20), Vernonia volkameriiolia (6.21), Litsea 

martabanica (7.45), Helicia nilagirica (6.30), and 

Syzygium toddlioides (6.21).  

The Euphorbiaceae, Lauraceae, Fagaceae, 

Moraceae, and Theaceae families had the most species 

(20, 19, 16, 11, and 8 species, respectively). The 

Fagaceae family had the highest per hectare tree density 

(186.31 stems/ha) followed by the Lauraceae (92.69 

stems/ha), Euphorbiaceae (71.00 stems/ha), Theaceae 

(39.69 stems/ha), and Styracaceae (38.94 stems/ha) 

families. The Fagaceae family also had the highest 

BA (9.69 m2/ha), followed by the Lauraceae (4.11 

m2/ha), Theaceae (3.40 m2/ha), Magnoliaceae (2.76 

m2/ha), and Myrtaceae (2.38 m2/ha) families (Figure 2). 

As also reported for tropical montane forests 

elsewhere in Southeast Asia (Brambach et al., 2017; 

Buot and Okitsu, 1998; Maxwell et al., 1997; Ohsawa, 

1995; Pendry and Proctor, 1997), the Fagaceae and 

Lauraceae families were more abundant and more 

likely to occupy the highest layer of the tree canopy in 

the LMF in this study. The name “oak-laurel forest” 

has been used for this vegetation type (Ashton, 2003; 

Kochummen, 1989). Oak-laurel forests are the 

dominant vegetation type in the mountains of tropical 

Asia from the Himalayas to New Guinea (Sri-

Ngernyuang et al., 2003), and are closely related to the 

temperate evergreen oak forests of East Asia (Tagawa 

1995; Zhu et al., 2016). However, in Malesia, tropical 

lower montane forests are often dominated more by 

Myrtaceae than by Lauraceae (Aiba and Kitayama, 

2020; Kochummen, 1982). Ashton (2015) reported 

that lower-montane oak-laurel forest is rare in Borneo 

and patchy in Peninsular Malaysia, and he named 

lower montane forest on Mount Mulu, Borneo, as 

“lower montane kerangas”. A similar name for lower 

montane forest on old soil with low dominance of 

Lauraceae at Mount Kinabalu has also been mentioned 

(Aiba and Kitayama, 2020). 

3.2 Regeneration of tree species 

The characteristics of regenerating tree popu-

lations were explored using DBH-class distributions. 

In total, 123 tree species with populations comprising 

>30 individuals were analyzed. The result showed that

DBH classes followed two distributions: negative

exponential (NE; reverse-J) and polynomial (PO). Size

class distributions for 78 species followed an NE

distribution. These distributions have the greatest

numbers of individuals in the lowest DBH class and

progressively fewer individuals in larger DBH classes

(Table S1). Considering the dominance of the

Fagaceae, only three species from that family -

Castanopsis acuminatissima, C. tribuloides, and

Lithocarpus truncates - followed NE distributions

(Figure 3 (a)-(c)); this indicated  that  they  had a robust

capacity to maintain a stable population structure in

the future, because smaller trees will grow into larger

size classes and thus replace larger trees as they die. In

particular, these species would be sustained if

mortality were greater among small (suppressed) trees

and large trees  than  among  mid-sized  co-dominants

Figure 2. (a) Numbers of species, (b) tree densities, and (c) basal areas of the 20 most dominant families in the LMF for stems  5.0 cm 
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Figure 2. (a) Numbers of species, (b) tree densities, and (c) basal areas of the 20 most dominant families in the LMF for stems 5.0 cm 

DBH (cont.) 

(Goff and West, 1975). Other species belonging to the 

Fagaceae followed PO distributions, in which 

discontinuous DBH class distributions were detected 

(Figure 3 (d)-(h)). A lack of successful regeneration 

could have been caused by the activities of seed 

predators or frugivores, particularly small rodents that 

eat the seeds of Fagaceae (Rueangket et al., 2019). The 

large, edible seeds of C. diversifolia and C. armata 

were overexploited by local people, leading to reduced 

seed germination and discontinuous size-class 

distributions. Forty-six species followed PO 

distributions. Most species of Lauraceae, including 

Actinodaphne henryi, Cinnamomum inner, and Litsea 

pierrei, had discontinuous size-class distributions 

expressed through PO curves (Table S1). 

Pioneer species, such as Macaranga indica, 

Morus macroura, Erythrina subumbrans, and Rhus 

javanica (Figure 4 (a)-(d)), also followed PO 

distributions. The late pioneer species, Choeros-

pondias axillaris, Schima wallichii, and Betula 

alnoides, showed the same patterns (Figure 4 (e)-(g)). 

Pioneer species were mostly found in canopy gaps, 

which suggests that bright light conditions in disturbed 

areas are required for their successful establishment 

(Goodale et al., 2012; Huth and Wagner, 2006; 

Miyazawa et al., 2006; Sangsupan et al., 2021; 

Swinfield et al., 2016).  
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species were found in montane forests in Papua New 

Guinea (Enright and Jaffré, 2011). Its regeneration 

may be unable to compete with angiosperms or 

rainforest tree species that can absorb light as 

seedlings in a shaded understory, but which rapidly 

increase their growth rates when light availability 

increases (Brodribb et al., 2012; Wright et al., 2010). 

Therefore, we cautiously conclude that diameter 

distributions can indicate whether the density of 

smaller trees in a stand is sufficient to replace the 

current population of larger trees, which may help us 

to estimate forest sustainability. 

Figure 3. Diameter class distributions plotted on a logarithmic scale for some species of Fagaceae. (a) Castanopsis accuminatissima, (b) 

Castanopsis tribuloides, (c) Lithocarpus truncatus, (d) Castanopsis armata, (e) Castanopsis diversifolia, (f) Castanopsis argyrophylla, 

(g) Lithocarpus mekongensis, and (h) Lithocarpus auriculatus
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Figure 3. Diameter class distributions plotted on a logarithmic scale for some species of Fagaceae. (a) Castanopsis accuminatissima, (b) 

Castanopsis tribuloides, (c) Lithocarpus truncatus, (d) Castanopsis armata, (e) Castanopsis diversifolia, (f) Castanopsis argyrophylla, 

(g) Lithocarpus mekongensis, and (h) Lithocarpus auriculatus (cont.)
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Figure 3. Diameter class distributions plotted on a logarithmic scale for some species of Fagaceae. (a) Castanopsis accuminatissima, (b) 

Castanopsis tribuloides, (c) Lithocarpus truncatus, (d) Castanopsis armata, (e) Castanopsis diversifolia, (f) Castanopsis argyrophylla, 

(g) Lithocarpus mekongensis, and (h) Lithocarpus auriculatus (cont.)

Figure 4. Diameter class distributions plotted on a logarithmic scale for pioneer species: (a) Macaranga indica, (b) Morus macroura, 

(c) Erythrina subumbrans, (d) Rhus javanica, (e) Choerospondias axillaris, (f) Schima wallichii, (g) Betula alnoides, and the shade-

tolerant species as (h) Podocarpus neriifolius
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Figure 4. Diameter class distributions plotted on a logarithmic scale for pioneer species: (a) Macaranga indica, (b) Morus macroura, 

(c) Erythrina subumbrans, (d) Rhus javanica, (e) Choerospondias axillaris, (f) Schima wallichii, (g) Betula alnoides, and the shade-

tolerant species as (h) Podocarpus neriifolius (cont.)
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Figure 4. Diameter class distributions plotted on a logarithmic scale for pioneer species: (a) Macaranga indica, (b) Morus macroura, 

(c) Erythrina subumbrans, (d) Rhus javanica, (e) Choerospondias axillaris, (f) Schima wallichii, (g) Betula alnoides, and the shade-

tolerant species as (h) Podocarpus neriifolius (cont.)
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Figure 4. Diameter class distributions plotted on a logarithmic scale for pioneer species: (a) Macaranga indica, (b) Morus macroura, 

(c) Erythrina subumbrans, (d) Rhus javanica, (e) Choerospondias axillaris, (f) Schima wallichii, (g) Betula alnoides, and the shade-

tolerant species as (h) Podocarpus neriifolius (cont.)

3.3 Tree distribution pattern 

Seventy-two species were selected for the 

analysis of spatial distribution patterns. The Morisita 

index, Iδ, varied among species, growth stages (sapling, 

pole stage, and mature tree) and quadrat sizes. As 

quadrat size increased, the intensity of spatial 

aggregation decreased. Sixty-two species had clumped 

patterns (Iδ > 1.0) for all growth stages and quadrat sizes 

(Table S1). Aggregated spatial patterns were 

particularly observed in dominant Fagaceae species, 

such as Castanopsis acuminatissima, C. armata, and 

Lithocarpus truncatus (Figure 5). Manglietia garrettii, 

Prunus arborea, Bridelia glauca, Markhamia stipulate, 

and Lithocarpus dealbatus followed random patterns as 

saplings, but were clumped as pole-stage and mature 

trees (Figure 6). By contrast, Michelia baillonii, Schima 

wallichii, Canarium euphyllum, and Elaeocarpus 

serratus were clumped as saplings but randomly 

distributed in other life stages (Figure7). Only one 

species, Tarennoidea wallichii, had a random spatial 

pattern at every growth stage (Figure 7(d)).

 

Figure 5. Clumped spatial distribution patterns of dominant Fagaceae at each growth stage in the 16-ha permanent plot at HKM: (a) 

Castanopsis accuminatissima, (b) C. armata, (c) Lithocarpus truncatus, and (d) Quercus oidocarpa 
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Figure 5. Clumped spatial distribution patterns of dominant Fagaceae at each growth stage in the 16-ha permanent plot at HKM: (a) 

Castanopsis accuminatissima, (b) C. armata, (c) Lithocarpus truncatus, and (d) Quercus oidocarpa (cont.) 
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Figure 6. Species with random spatial patterns as saplings and clumped patterns at other stages in the 16-ha plot at HKM: (a) Mangleitia 

garetttia, (b) Prunus arborea, (c) Markhamia stipulata, and (d) Bridelia glauca 
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Figure 6. Species with random spatial patterns as saplings and clumped patterns at other stages in the 16-ha plot at HKM: (a) Mangleitia 

garetttia, (b) Prunus arborea, (c) Markhamia stipulata, and (d) Bridelia glauca (cont.) 

Clumped spatial patterns are usually observed 

for tree species in tropical forests. Clumping can be 

influenced by seed dispersal (Aparajita and Gopal, 

2008; Elias et al., 2011). We found that the dominant 

species of Fagaceae had clumped patterns at every life 

stage, even though spatial distributions varied among 

species that preferentially occupied ridge sites (Figure 

5). Most species of Fagaceae have acorn or nut fruit 

types, which fall directly beneath mature trees and 

generate clumps of saplings around parent trees. Seeds 

are also eaten by rodents such as squirrels and rats 

(Rueangket et al., 2019), which are well-known seed 

predators with strong incisors that enable them to 

gnaw and consume nuts and other fruits with thick 

seed coats (Corlett, 2017; Vander Wall, 2001). Some 

seeds can be distributed by rodents through scatter 

hoarding. Some seeds may then germinate and become 

established from forgotten seed caches (Corlett, 2017; 

Suzuki et al., 2007). By contrast, Tarenoidea wallichii 

(Rubiaceae) has small freshy fruits (Chamchumroon 

and Puff, 2003; Rueangket et al., 2021), which may 

facilitate its dispersal by frugivorous birds (Aparajita 

and Gopal, 2008; Corlett, 2017). Birds not only move 

seeds away from mature trees, but may also facilitate 

germination after seeds pass through their digestive 

system (Murali, 1997). This kind of dispersal typically 

promotes random rather than clumped patterns, 

similar to our results.

Figure 7. Species with clumped pattern as saplings and random patterns at other life stages in the 16-ha plot at HKM: (a) Maichelia 

baillonii, (b) Schima wallichii, and (c) Canarium euphyllum, while, and (d) Tarennoidea wallichii, which had random spatial patterns at 

every stage. 
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Figure 7. Species with clumped pattern as saplings and random patterns at other life stages in the 16-ha plot at HKM: (a) Maichelia 

baillonii, (b) Schima wallichii, and (c) Canarium euphyllum, while, and (d) Tarennoidea wallichii, which had random spatial patterns at 

every stage (cont.). 
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Canarium euphyllum was clumped at the 

sapling stage but randomly distributed in other stages 

(Figure 7). Its heavy fruits generally fall close to 

mature trees (Kitamura et al., 2006), where larger 

numbers of seedlings and saplings are found than in 

other places. These dense aggregations of seedlings 

and saplings experience intense competition and 

density-dependent mortality, also known as self-

thinning (Marod et al., 1999). In this study, survival 

rates increased with distance from the adult trees, 

which created a random distribution. Other 

researchers have reported the effects of natural 

disturbances on clumped tree species distribution 

patterns (Bunyavejchewin et al., 2003; Elias et al., 

2011; Marod et al., 2021). Environmental changes, 

particularly the sudden influx of high-intensity light 

after a big tree falls, can produce clumped tree 

distributions. Thus, changes in the spatial distributions 

of trees have implications for all parts of an ecosystem, 

both biotic and abiotic, and are reflected in different 

patterns of forest cover and species composition. 

4. CONCLUSION

The 16-ha permanent plot in LMF at Doi 

Suthep-Pui National Park supported high diversity of 

tree species (220 species in total). The dominant 

families, based on the numbers of species and 

population densities, were Fagaceae, Lauraceae, and 

Theaceae. Tree regeneration based on diameter class 

distributions suggested that 78 species can maintain 

their population structure, particularly the dominant 

species of Fagaceae, Castanopsis acuminatissima, C. 

tribuloides, and Lithocarpus truncata. Other species 

had discontinuous unimodal or PO distributions, 

particularly pioneer species such as Macaranga 

indica, Morus macroura, and Rhus javanica. These 

species generally established in canopy gaps, in which 

the environment was greatly altered and did not 

support the regeneration of climax species. The 

establishment of pioneer species may facilitate the 

development of suitable environments for climax 

species. Spatial distribution patterns can feed back to 

affect ecological dynamics, thereby further reinforcing 

patterns dependent on local interactions. For example, 

spatial patterns could be affected by the abundance of, 

and distance to, available resources, as well as by the 

relationship between seed dispersal and frugivores.  

Diameter-class distributions can assist in the 

evaluation of potential forest sustainability and inform 

biodiversity conservation plans for species with 

unimodal or PO distributions. In addition, 

distributions can inform the selection of species 

suitable for the LMF restoration program, especially 

in terms of the appropriate mixtures of pioneer and 

climax species. 
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