


 
Evaluating Carbon Sequestration and Water Quality Improvement in AIT’s Constructed Wetland Systems	 

ABSTRACT
Wetlands deliver critical ecosystem services such as water purification and carbon sequestration, essential for urban sustainability and climate mitigation. The objectives of the study are to quantify wastewater treatment benefits provided in the Asian Institute of Technology (AIT), wetland systems and to quantify carbon sequestration provided in the AIT wetland systems. Constructed wetlands at the AIT, Thailand. Constructed wetlands at the AIT, Thailand, were evaluated for their wastewater treatment efficiency and carbon sequestration capacity. Carbon storage was measured in sediments, macrophytes, mangroves, and microalgae. Water quality improvement was assessed using turbidity, nutrient concentrations, and microbial indicators. Sediment carbon sequestration averaged 175.2 ± 19.2 g C m⁻² year⁻¹, while macrophytes contributed 25.7 ± 1.5 g C m⁻² month⁻¹. Significant water quality improvements were observed, including reductions in turbidity (from 46.2 NTU to 5.7 NTU) and E. coli levels (from >5000 to 728 MPN/100 mL). Macrophyte introduction enhanced nutrient removal and biodiversity by reducing harmful algal blooms. Constructed wetlands provide cost-effective, multifunctional ecosystem services, making them a viable nature-based solution for wastewater treatment and carbon management in urban environments.
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INTRODUCTION
Wetlands are considered vitally important ecosystems that offer an enormous variety of ecological and socio-economic benefits, including water purification, flood control, biodiversity maintenance, and climate adaptation (Chanapong and Menachai, 2024). Out of all these services, wastewater treatment and carbon sequestration are very important in terms of environmental sustainability (Nag et al., 2019). The process of wastewater purification in the wetland involves a combination of physical, chemical, and biological methods to eliminate pollutants and improve water quality (Lane et al., 2017). In the same manner, the wetlands are also a system of carbon sinks, storing organic matter in vegetation and soil, thus lowering the emission of greenhouse gases (Tan et al., 2023). With the challenges of rapid urbanization and a changing climate, the need to recognize and quantify these benefits has become central to making informed decisions and managing such resources (Taillardat et al., 2020).
Wetlands are regarded as one of the best urban natural resources. Given their many benefits, wetlands are among the most crucial elements of green-blue infrastructure (Shah et al., 2021).  Urban areas are more socially and environmentally sustainable when wetlands are used to their full potential (Gell et al., 2023). Specifically, urban wetlands are an essential component of urban ecosystems (Pinto et al., 2023). Urban wetlands are essential resources for human societies and offer a range of environmental services (Alikhani et al., 2021). These include lowering air pollution, sequestering carbon (Ye et al., 2022), repairing water quality (Huang et al., 2022), conserving coastal areas (Malerba et al., 2022), and leisure and recreation (Were et al., 2019). Controlling the impact of urban heat islands (UHI) is one of the additional benefits of blue infrastructure, such as ponds and wetlands in metropolitan settings. Changes in surface characteristics that result in increased solar radiation absorption, decreased convection cooling, and decreased water evaporation are the primary cause of this effect (Ampatzidis and Kershaw, 2020). Furthermore, urban wetlands are known to have a unique microclimate and typically have lower temperatures than the surrounding areas (Fricke et al., 2024). As a result, they contribute to environmental and life quality enhancement, which promotes sustainable urban growth (Probst et al., 2022).
Another category is constructed wetlands, such as those found at the Asian Institute of Technology (AIT), which aim to simulate natural wetlands with a larger capacity to treat domestic and industrial wastewater (Isaac et al., 2025). These systems employ the use of vegetation and microorganisms together with the soil substrates used to degrade organic matter, nutrients, and other contaminants in the wastewater before disposal (Li et al., 2022). Besides water purification, the constructed wetlands are rapidly becoming known as carbon sinks, and as such, they are part of global carbon management plans (Prasanya et al., 2024). But the level of such benefits may differ in design, range of operations, and environmental conditions in the area (Ncube and Arthur, 2021). Such services need to be measured quantitatively to ensure the maximum performance of the system and show their ecological and economic worth (Jisha and Puthur, 2021).
Additionally, wetlands are vital for preserving biodiversity worldwide. They are often called biodiversity hotspots (Kang et al., 2022). However, because they are ecologically sensitive yet compatible systems (Lin et al., 2019), they are among the most vulnerable ecosystems on Earth (Zhou et al., 2020). Due to their history, location, water and chemical regimes, dominant species, and soil and sediment characteristics, wetlands are highly diverse (Schild et al., 2018). Although the benefits of wetland systems have been demonstrated empirically, the dual role of wastewater treatment and carbon sequestration has not been thoroughly examined, especially in the developing world, where their use is growing increasingly popular (Mohanty et al., 2024). Most research focuses on pollutant removal efficiency without paying much attention to how wetlands contribute to climate change mitigation by acting as carbon sinks (Babaniyi et al., 2025; Napreenko et al., 2021). This knowledge gap limits policymakers and engineers from effectively including wetlands in water and carbon management strategies (Tun Lwin, 2024). Assessing these benefits within the AIT wetland systems can serve as a model of sustainable wastewater treatment and carbon sequestration practices applicable to other regions with similar contexts (Lu and Xiao, 2024). This paper aims to provide a detailed assessment of the wastewater treatment and carbon sequestration activities in AIT wetland systems. The research will emphasize the ecological importance of these systems in supporting environmental sustainability by measuring pollutant reduction efficiency and estimating carbon storage capacity. Moreover, the findings can be a valuable resource for researchers, practitioners, and policymakers seeking information on nature-based solutions to improve water quality and mitigate climate change (Liudmyla, 2023). Ultimately, the benefits of wetlands strongly support their role as multifunctional ecosystems essential for achieving sustainable development goals. This study is guided by the following research questions: (1) What are the wastewater treatment benefits provided by the wetland systems? (2) How much carbon is sequestered or stored in the wetland systems?
METHODOLOGY 
Study area
Wetland systems on the campus of the Asian Institute of Technology (AIT) were the subject of the investigation. In Khlong Luang-Pathumthani, Thailand, there is an international university called AIT. With coordinates of 14° 04′ 46.00′′ N, 100° 36′ 50.51′′ E, the campus is located in Bangkok, some 40 kilometers north of the country's center.  Since its founding in 1959, AIT has focused on engineering, innovative technologies, planning, and management. Approximately 3,000 people live on the campus, which occupies 1.28 km². The average annual temperature is between 25 and 33 °C, and the average annual precipitation is 1648 millimeters (Thai Meteorological Department, 2015).

Quantification of Ecosystem Services 
Carbon sequestration 
Wetland carbon sequestration was quantified in terms of sequestration by wetland sediment  (Callaway et al., 2012), wetland macrophytes (Sudin et al.,  2017),  wetland micro-algae (Singh and Ahluwalia, 2013) and wetland mangroves (Kauffman and Donato, 2012). Total amount of carbon sequestered was quantified in g C m-2 year-1 (Eneji et al., 2014; Birdsey, 1992).
(I) Sediment and macrophytes carbon sequestration analysis:
This is the determination of the amount of carbon stored in wetland sediment and macrophytes, which included laboratory analysis of the carbon sediment and saprophyte samples. Sample of sediment and macrophytes were obtained at the end of every month between November 2016 and January 2017. A sediment cylindrical auger was used to collect sediment cores and above-ground macrophyte biomass was harvested on specific quadrats. All the samples were taken to the laboratory on ice. Preparation of samples was done first in the lab. Macrophytes were washed using deionized water to eliminate debris and dried under 70degC of temperature to a constant weight. The samples of sediment were air-dried, and any roots or stones which were visible removed, and then ground up to a fine powder in a mortar and pestle. Loss on Ignition (LOI) was used to determine the percentage of carbon (% C) in the prepared samples. Dried and pre-weighed samples were burnt in a muffle furnace at 550degC and over a period of 4 h. The weight loss was divided into the percentage amount of organic matter. The content of organic matter was estimated as 50 % of the total weight (divided by 0.5) and was then estimated as the 50 % of the organic matter content. The sediment and macrophytes carbon sequestration were quantified using sediment and macrophytes carbon analysis (% C) values. The values for estimation were done with results from laboratory analysis. The weight of CO2 or carbon sequestration was determined using the atomic weight of CO2 (Eneji et al., 2014; Birdsey, 1992). Percentage of carbon (% C) values were converted to grams of carbon per square meter per year (g C m-2 year-1)  for each wetland following the atomic weight of CO2 (Eneji et al., 2014; Birdsey, 1992).
Equation I below was used to estimate the amount of carbon sequestration. 
CO2 = C (2 x O) -------------------------------------------------------------------------------              I

Where: CO2 = Carbon dioxide; C = Carbon, O = Oxygen 
The carbon dioxide (CO2) sequestered was determined by the mass of carbon (C) by the molecular weight of carbon and oxygen. Carbon (C) has a mass of 12 g/mol, and oxygen (O) has a mass of 16g/mol. Thus, the molecular weight of CO2 (C + 2O) equals 44g/mol.
This means that 44 grams of CO2 are removed in the atmosphere with 12 grams of carbon stored. The mass of carbon that was measured was converted to CO2 equivalents using the equation as follows:
Mass of CO₂ sequestered = Mass of C × (44 / 12)
The results for carbon sequestration are presented as grams of carbon per square meter per unit time (g C m⁻² year⁻¹ or month⁻¹).
(II) Mangroves carbon sequestration analysis: 
This is the determination of the amount of carbon stored in wetland mangroves by the estimation of mangrove biomass. Quantification of mangrove sequestration involved the determination of the percentage carbon (% C) of mangrove and the conversion of %C to grams of carbon per square meter (Kauffman and Donato, 2012). The percentage carbon (%C) of mangrove was determined by the equation (II, III) from (Kauffman and Donato, 2012), indicated below: 
%C = B (kg) * 0.45 0r 0.50 where Carbon, B= Biomass, 0.45 0r 0.50 = conversion constant.

(III) Algal carbon sequestration analysis: 
This is an estimation of the amount of carbon utilized by algae in the wetlands, based on laboratory analysis of the chlorophyll a concentration in water samples. The quantification of wetland algae carbon sequestration was done following the algae-CO2 sequestration relationship (Adamczyk et al., 2016; Sharmila et al., 2014). Therefore, one kg of green algae biomass contains 1.88 kg of CO2. Thus, 1 kg of algal biomass equals 1.88 kg of CO2. The amount of CO2 sequestered was converted into grams of carbon using equation VIII (Birdsey, 1992; Eneji et al., 2014). 
Determination of wastewater treatment benefits
The physicochemical analysis data were used to quantify the state of water quality of AIT wetlands before and after the introduction of macrophytes in the wetlands. The baseline for comparison of the state of water quality was based on the  data from previous research work of (Mukhtar, 2015) and data on the current study (2016-2017). Turbidity, Dissolved oxygen, pH, E. coli concentration, chlorophyll a concentration, and N and P were used for assessment. 
Water quality parameters were analyzed using the following standard methods:
· Turbidity: Measured in situ using a portable turbidimeter (HACH 2100Q), reported in Nephelometric Turbidity Units (NTU).
· pH and Dissolved Oxygen (DO): Measured in situ using a calibrated multi-parameter water quality probe (YSI ProDSS).
· E. coli concentration: Quantified using the Multiple Tube Fermentation Technique (MTF), and results are reported as Most Probable Number per 100 milliliters (MPN/100 mL).
· Chlorophyll a concentration: Water samples were filtered, and chlorophyll a was extracted with 90% acetone. The concentration was determined spectrophotometrically and calculated using standard equations, reported in micrograms per liter (µg/L).
· Nitrogen (N) and Phosphorus (P): Ammonia-nitrogen (NH₃-N) and Total Phosphorus (TP) were analyzed from water samples. NH₃-N was determined using the Nessler method, and TP was determined using the Ascorbic Acid Method following an acid digestion, both via spectrophotometry. Concentrations are reported in milligrams per liter (mg/L).

Relationship between N and P with microphytes (algae), macrophytes and zooplankton (rotifers)
Regression analysis was carried out to determine the N and P relationship with microphytes, macrophytes, and zooplankton to establish the wastewater treatment performance efficiency of the wetland systems (Bbalali,  2013; Zirino et al., 2016 ) . A linear regression model was applied to establish the relationships (Kern, 2007) With the help of the equation below: 

Y = a + bX ----------------------------------------------------------------------------                II
Where:  X = explanatory variable; Y = dependent variable; b= slope of the line; a = intercept
Bbalali (2013) studied and applied a regression model to establish the relationships between nutrients and microphytes in the International Alma Gol Wetland, where a significant correlation between microalgae biomass and ammonia (P<0.05) was found.
Regression equation for Chlorophyll a: Nitrogen was:
[bookmark: _Toc395026339][bookmark: _Toc418212443]Y = 0.004x +1.482 with R2 = 0.002 -----------------------------------------------------         III
Where: Y = Chlorophyll a; X = Nitrogen; R2 = correlation coefficient.
RESULTS  
Quantification of Ecosystem Services of AIT Wetland Systems: Carbon Sequestration and Wastewater Treatment Benefits
Sediment carbon sequestration
[bookmark: _Hlk214563703]The results of average sediment sequestration are shown below in Figure 1. Sediment carbon sequestration among selected ponds was significantly higher (p<.001), with the WD pond recording the highest carbon sequestration of 6.6 ± 0.7g Cm-2 month-1. The total sediment carbon sequestration was measured to be 14.6 ± 1.6 g Cm-2 month-1.  The detailed results of monthly sediment carbon sequestration of the ponds are presented in Figure 1, indicating that sequestration within months was not significantly different (p >0.05) from each month. However, the average monthly sequestration was observed to be highly significant (p <.001) among the ponds over the period analysis (Table 1).
The detailed results of monthly sediment carbon storage of the Fountain Pond system, SV1 Pond, SV2 Pond, and WD Pond are presented in Table 1; monthly carbon storage of each above wetlands within the period of analysis was not significantly different (p>0.05) from each other. However, the average monthly carbon stored among the wetlands was observed to be highly significant (p<0.001) over the period of study, with WD Pond recording the highest amount of carbon of 6.6 ± 1.0 g C m-2 month-1.  The total sediment sequestration of the selected wetlands was measured as 14.6 ± 1.6 g Cm-2 month-1 (175.2 ± 19.2 g Cm-2 year-1). 
[image: ]
Figure 1. AIT wetland sediment carbon sequestration (November 2016 – January 2017)
Different lowercase letters above bars indicate a statistically significant difference in the average monthly carbon sequestration among the ponds over the period of analysis (p < 0.001). Monthly carbon storage within each wetland was not significantly different (p > 0.05).

[bookmark: _Hlk214562978]Table 1: Monthly Wetland Sediment Carbon 
	Wetland Types
	Monthly carbon sequestration (g Cm-2 month-1)

	
	November
	December
	January
	Mean

	Fountain pond system
	3.3 ± 0.1b
	2.8 ± 0.1b
	3.1 ± 0.4b
	  3.0 ± 0.2b

	SV1 pond
	1.5 ± 0.2c
	1.7 ± 0.3c
	1.5 ± 0.3c
	 1.6 ± 0.2c

	SV2 pond
	3.4 ± 0. 5b
	3.4 ± 0.7b
	3.3 ± 0.2b
	  3.4 ± 0.5b

	WD pond
	6.9 ± 0.5a
	6.1 ± 0.6a
	6.6 ± 1.0a
	3.6 ± 0.7a


Values are mean ± standard deviation (n=3 months). A one-way ANOVA was conducted to compare means across wetland types. Different superscript letters (a, b, c) indicate significant differences (p < 0.001) between wetland types based on a post-hoc test.

Macrophyte carbon sequestration
The results of average sediment sequestration are shown below in Figure 1. Sediment carbon sequestration among selected ponds was significantly higher (p<.001), with the WD pond recording the highest carbon sequestration of 6.6 ± 0.7g Cm-2 month-1. 
The results of the AIT wetland macrophytes carbon sequestration are shown in Table 2. Macrophytes sequestration among the ponds was significant (p<.001), with the SV2 pond recording the highest mean value of 9.4 ± 0.5 g Cm-2 month-1. The total macrophytes sequestration of the wetlands over the period of the study was 25.7 ± 1.5 g Cm-2 month-1.
Table 2: Monthly Wetland Macrophytes Carbon 
	Wetland Types
	Monthly carbon sequestration (g Cm-2 month-1)

	
	November
	December
	January
	Mean

	Fountain pond system
	7.3 ± 0.5b
	7.1 ± 0.8b
	6.7 ± 0.6b
	7.0 ± 0.6b

	SV2 pond 
	9.8 ± 0.6a
	9.7 ± 0.2a
	8.9 ± 0.8a
	9.4 ± 0.5a

	WD pond 
	9.8 ± 0.5a
	8.9 ± 0.3a
	9.3 ± 0.3a
	9.3 ± 0.4a


Values are mean ± standard deviation (n=3 months). A one-way ANOVA showed that macrophyte carbon sequestration was significantly different among the ponds (p < 0.001). Different superscript letters (a, b) indicate significant differences between wetland types based on a post-hoc test.

Mangroves carbon sequestration
The results on AIT mangroves' carbon sequestration are presented in Table 3. It can be observed that the total mangrove sequestration during the study period was 5.2 g C m-2 month-1, with Sonneratia caseolaris recording the highest mean sequestration of 3.4 g C m-2 month-1.  

Table 3: AIT Wetland Mangrove Carbon Sequestration
	AIT Mangrove species
	DBH
(cm)
	H
(m)
	Current tree
biomass (kg)
	
Current carbon sequestration


	
	
	
	
	(% C)
	(g Cm-2 month-1)

	Sonneratia caseolaris
 (Mangrove Apple) 
	40

	6
	24.62
	12.3
	3.4

	Alstonia scholaris (Blackboard Tree)
	
13
	
1.8
	
13.3
	
6.7
	
1.8


Data are presented for individual tree specimens. Due to the low sample size (n=1 per species), a statistical comparison of carbon sequestration between Sonneratia caseolaris and Alstonia scholaris was not performed.
Microphytes (microalgae) carbon sequestration
Daily carbon sequestration by wetland microphytes (algae) was quantified through the microalgae-CO2 sequestration relationship, and the result is shown in Table 4. Daily carbon sequestration by wetland algae was 0.0356 g C m-2 day-1 (0.609 g C m-2 month-1), with the Fountain pond system recording the highest daily sequestration of 0.0203 g C m-2 day-1. The total daily sequestration by algae in the wetlands, based on a surface area of 13605 m², was 231.22 g C m ² day ¹. 

Table 4: AIT Wetlands Algae Carbon Sequestration
	Wetland Types
	Algae
biomass(g)
	Daily CO2 sequestration
(g CO2 m-2 day-1)
	Daily carbon
sequestration
(g C m-2day-1)
	Carbon
sequestration/pond
(g C Day-1)

	Fountain Pond 
System
	3000a
	560a
	0.0203a
	152.3a

	SV1- 2 Pond 
	700b
	290b
	0.0132b
	79.1b

	WD Pond 
	0.47
	0.0874
	2.19 x 10-3
	0.023


Different superscript letters (a, b) indicate significant differences between AIT wetlands' algae carbon sequestration.

Wastewater treatment benefits
The physicochemical water quality analysis data from previous research (2015) by Mukhtar (2015) and the current data (2016-2017) were used to assess the water quality status of AIT wetlands. The previous (2015) and current (2016-2017) water quality conditions of the AIT wetlands are summarized in Table 5. The results indicate that both Fountain Pond and Library Pond water quality significantly improved in 2016-2017 compared to 2015 (Table 5a and 5b).

Table 5a: State of AIT Fountain Pond Water Quality (2015 and 2017)
	Parameters
	May 2015
(Mukhtar, 2015)
	Nov. 2016 -April 2017
	State of change
	Status

	
	Fountain Pond
	Fountain Pond
	
	

	Turbidity (NTU)
	46.2c
	5.7 ± 0.4c
	40.5
	Improved

	E. coli (MPN/100mL)
	5000-9300a
	728 ± 80a
	8572
	improved

	Chlorophyll a (µg/L)
	201- 400b
	67 ± 2.0b
	333
	Improved 

	NH3-N (mg/L)
	0.26e
	0.08 ± 0.01e
	0.18
	Improved 

	TP (mg/L)
	0.41d
	0.16 ± 0.03d
	0.25
	Improved 


A one-sample t-test confirmed that the mean values for 2016-2017 were significantly lower (p < 0.05) than the 2015 baseline value for Turbidity, E. coli, and Chlorophyll a in both ponds, and for NH₃-N and TP in the Fountain Pond. Different superscript letters (a, b, c, d, e) indicate significant differences between the State of AIT Fountain Pond Water Quality  
Table 5b: State of AIT Library Pond Water Quality (2015 and 2017)
	Parameters
	May 2015
(Mukhtar, 2015)
	Nov.2016-April 2017
	State of change
	Status

	
	Library Pond
	Library Pond
	
	

	Turbidity (NTU)
	39.6c
	4.1 ± 0.3c
	35c
	Improved

	E. coli (MPN/100mL)
	5500a
	668 ± 47a
	4832a
	Improved

	Chlorophyll a (µg/L)
	380b
	167 ± 3b
	213b
	Improved

	NH3-N (mg/L)
	0.24d
	0.41 ± 0.13d
	0.17d
	No improvement 

	TP (mg/L)
	0.22d
	0.28 ± 0.05e
	0.06e
	No improvement


A one-sample t-test confirmed that the mean values for 2016-2017 were significantly lower (p < 0.05) than the 2015 baseline value for Turbidity, E. coli, and Chlorophyll a in both ponds, and for NH₃-N and TP in the Fountain Pond. Different superscript letters (a, b, c, d, e) indicate significant differences between the State of AIT Fountain Pond Water Quality  

From the above results, the Turbidity of the Fountain Pond in 2015 was 46.2 NTU, while in 2016-2017 decreased to 5.7 ± 0.4 NTU. Chlorophyll a, in 2015, was 400 µg/L, while in 2016-2017 reduced to 67 ± 2.0 µg/L. E. coli, NH3-N, and TP concentrations were very high in 2015 but significantly decreased in 2016-2017 (Table 5a). Library Pond water also experienced similar changes items of all above mention parameters (Table 5b). It is also important to know that the effect of rains during wet seasons might contribute to reducing the limits of these water quality indicators observed in both fountain and library ponds.  




Relation among N and P with microphytes (microalgae), macrophytes and zooplankton (rotifers)
	
Relationship between N and P with microphytes (microalgae)
The result of the regression analysis of TP and chlorophyll a is presented in Table 6 and Figures 2 and 3. Results illustrated that there was a positive and insignificant relationship between chlorophyll a with total phosphorus (P >0.276) and ammonia (P >0.641) in Fountain Pond and SVI pond (Table 6) and (Figures 2 and 3).   
Regression lines for Chlorophyll a: TP relations are shown in Figures 2 and 3 and explained below: 
y = -99.49x + 69.752     R2 = 0.51232, Chlorophyll a: TP in Fountain Pond
y = -51.095x + 48.19     R2 = 0.2669,    Chlorophyll a: TP in SV1 Pond 

Table 6: Relation of (N, P) with microalgae in AIT Wetlands
	Wetland type
	Parameter relationship
	R2
	p-value

	Fountain pond 
	Microphytes (Chlorophyll a): TP
	0.523
	0.276b

	Fountain pond 
	Microphytes (Chlorophyll a): NH3-N
	0.129
	0.641a

	

	SV1 pond
	Microphytes (Chlorophyll a): TP
	0.267
	0.483a

	SV1 pond
	Microphytes (Chlorophyll a): NH3-N
	0.215
	0.537a


A p-value > 0.05 indicates that the relationship between the nutrient (TP or NH₃-N) and chlorophyll a was not statistically significant.


Figure 2. Chlorophyll a: TP relation for fountain pond


Figure 3. Chlorophyll a: TP relation for SVI pond

A marginal relationship was observed between total phosphorus (TP) and microphytes (chlorophyll a), with (P<0.276, R2 = 0.523), which shows an insignificant relationship, but the R2 value indicates that 50% of the microphytes concentration in the Fountain pond depended on the TP concentration in the pond. The effect of NH3-N on micropyhte biomass was insignificant (P<0.641) in that the NH3-N concentration in was low (0.08 ± 0.1 mg/L).

Relations between microphytes (chlorophyll a) and rotifers (zooplankton)
Results illustrated that there was a positive but no significant relationship between chlorophyll a and density of rotifers (P<0.766, R2 = 0.034) in the Fountain Pond and SV1 Pond experienced the same (P<0.830, R2 = 0.0286) (Figures 4 and 5). Chlorophyll a in Fountain Pond ranged between 54 µg/L-110µg/L, while rotifers ranged between 100 - 300 individuals/L/L. Regression lines for Chlorophyll a: Rotifers relations were shown in Figures 4 and 5.  


Figure 4. Chlorophyll a: Rotifers relation for fountain pond



Figure 5. Chlorophyll a: Rotifers relation for SVI pond

Relationships among macrophytes and microphytes (microalgae)
The interaction between macrophytes and microphytes (microalgae) is shown in Figure 6. The graph describes the effect of macrophytes on cyanobacteria disappearance in urban wetlands (AIT wetlands) over a period of time. The graph is based on successive studies (Mukhtar, 2015) and this current study (May 2016 - April 2017). Dominant Microcystis was observed in AIT wetlands from January 2013 to July 2015, when there were no macrophytes in the wetlands. With the progressive introduction of macrophytes, the dominant Spirulina sp. appeared, which disappeared in July 2015, and new species of microphytes (microalgae) suddenly emerged in May 2016 when new macrophytes were introduced (Figure 6).  Spirulina sp. completely disappeared in AIT wetlands from May 2016 to April 2017, giving chance to Euglenids to dominate in all AIT wetlands.
The result shows that Cyanobacteria, which, being bacteria, are ecologically more resilient and invasive microphytes than green microalgae, can be controlled and effectively eliminated in urban wetlands. Their invasions, frequently called “blue-green algal” blooms, are well-known detrimental phenomena both in rural and urban environments. 
The concentration of chlorophyll a indicated microphyte abundance (Cyanobacteria and Chlorophyta). A high abundance of microphytes (Microcystis and Spirulina sp.) was observed at chlorophyll a concentration of 600-1000 µg/L when the wetlands (ponds) did not have macrophytes. Conversely, at chlorophyll a concentration of 200-400 µg/L, single-species microphytes (Spirulina sp.) were noted, and their levels significantly decreased over time (Figure 6). Thus, in November 2016, the Cyanobacteria Spirulina sp. disappeared, and the chlorophyll a concentration dropped to 100 µg/L. 
The control was exercised through an approach of the introduction of diverse macrophytes with a broad variety of properties. The approach follows a basic ecological principle that diversity of ecological habitats or niches characterized by different environmental conditions inevitably leads to a corresponding species diversity. Increased concentration of Rotifera and microalgal predators was observed in the AIT fountain pond, resulting from diversification of habitats or niches provided by macrophyte plants. 
The size of Spirulina sp. frequently poses a major problem for potential microscopic predators. Depending on several factors, the length of the entire Spirulina sp. spiral may potentially reach hundreds of micrometers. In case of the macrophyte-free Chiang Rak pond-canal system the length of the entire spiral was very high (5-6 spiral units, 200-300 µm) and this prevented predation, hence only low concentration of rotifers was observed (20-50 individuals L-1), and only one species (Brachyonis sp.), in contrast to much higher concentration and species diversity in the AIT Fountain pond-canal system after introduction of macrophytes.
[image: C:\Users\User\Desktop\graph 1.PNG]
Figure 6. Influence of macrophytes on microphytes abundance and species diversity in urban wetlands. Blue circles: dominant Microcystis, Blue triangles: dominant Spirulina sp. (a-e):  macrophytes, Arrows: species of microalgae. Gradient on the right (right y-axis): Diversity (varies from 2 to 8 species of microalga CVe)

DISCUSSION
Sediment carbon sequestration among selected ponds was significantly higher (p<.001), with the WD pond recording the highest carbon sequestration of 6.6 ± 0.7g Cm-2 month-1. The total sediment carbon sequestration was measured to be 14.6 ± 1.6 g Cm-2 month-1.  Average carbon sequestration in sediments was 175.2 ± 19.2g C m-2/year, but there were significant differences in carbon sequestration among ponds, showing that there is high storage capacity of carbon, specifically in the WD pond (6.6 ± 0.7 g C m⁻² month⁻¹.) (Table 1; Fig. 1). These values are consistent with previous reports that noted that sediments are the greatest carbon storage in wetland environments because of the slow rate of decomposition and accumulation of organic matter over time (Callaway et al., 2012; Mitsch and Gosselink, 2015). The high contrast of the ponds could be explained by the differences in their hydrology, inflow of organic matter, and the activity of the microorganisms that affect the rates of carbon burial (Liudmyla, 2023; Chmura et al., 2003). The results of the AIT wetland macrophytes carbon sequestration are shown in Table 2. Macrophytes sequestration among the ponds was significant (p<.001), with the SV2 pond recording the highest mean value of 9.4 ± 0.5 g Cm-2 month-1. The total macrophytes sequestration of the wetlands over the period of the study was 25.7 ± 1.5 g Cm-2 month-1 (Table 2). Also, Sudin et al. (2017) observed similar tendencies, noting that macrophytes are effective in accumulating and storing lake carbon, which is associated with the rapid growth of biomass. It was observed that the total mangrove sequestration during the study period was 5.2 g C m-2 month-1, with Sonneratia caseolaris recording the highest mean sequestration of 3.4 g C m-2 month-1 (Table 3), which was in agreement with other research studies where mangroves were among the most carbon-dense forests worldwide (Kauffman and Donato, 2012). The algae had a comparatively lesser daily sequestration, but still their contribution is ecologically important, which proves the point by Adamczyk et al. (2016) that microalgae serve an important role in the dynamics of carbon flux in aquatic environments within a short period of time.
Regarding the treatment of wastewater, the analysis noted significant changes in the turbidity, E. coli, chlorophyll a, and nutrient levels before 2015 levels (Mukhtar, 2015). The turbidity of the Fountain Pond in 2015 was 46.2 NTU, while in 2016-2017 it decreased to 5.7 ± 0.4 NTU. Chlorophyll a, in 2015, was 400 µg/L, while in 2016-2017 reduced to 67 ± 2.0 µg/L. E. coli, NH3-N, and TP concentrations were very high in 2015 but significantly decreased in 2016-2017 (Table 5a). Library Pond water also experienced similar changes items of all above mention parameters (Table 5b). This goes in line with Lane et al. (2017), who describe that constructed wetlands facilitate the process of sedimentation, filtration, and flocculation, which clarifies water. This significant decrease in the populations of E. coli also points to the system having biological treatment capacity that is probably due to the natural die-off, predation, and longer retention time (Zhang et al., 2020). Nutrient removal also occurred, and the NH3-N decreased to 0.08 mg/L, and TP to 0.16 mg/L (Table 5b), which was in accordance with the global data, which showed that macrophytes increased nutrient levels through assimilation, rhizosphere microbial interactions, and root zone oxygenation (Ran, 2025; Thakur et al., 2023). The change in microphyte composition, a shift to more diverse green microalgae instead of harmful cyanobacteria, is also another indicator of the impact of macrophyte introduction, as Lima Filho et al. (2024) found the diversity of macrophytes repressed cyanobacterial globules through changes in light penetration, nutrient interactions, and prey-predator relationships.
The result of the regression analysis of TP and chlorophyll a illustrated that there was a positive and insignificant relationship between chlorophyll a with total phosphorus (P >0.276) and ammonia (P >0.641) in Fountain Pond and SVI pond (Table 6) and (Figures 2 and 3). This indicates that the phosphorus availability partially determined the abundance of the algae. This is in line with the findings by Shanafield et al. (2020), who established that the relationships that exist between nutrients and algae in wetlands tend to be affected simultaneously by a variety of interplaying factors, such as the variability in hydrology and zooplankton grazing. The reason why the correlation between chlorophyll a and rotifers was weak could be in the fact that population of zooplankton was not only affected by the availability of food but also by the structure of the habitat and predation that were altered with the introduction of macrophytes (Serandour et al., 2024; Xu et al., 2023). The findings of the study attest to the ecological rule that enhanced habitat complexity initiates higher biodiversity since the disappearance of Microcystis and Spirulina and the onset of more diversified microalgal communities are possible (Hall and Lewandowska, 2022). This is in favour of previous findings in the literature by Moi et al. (2021), which reported a shift of the ecosystem dynamics of macrophyte-rich wetlands to stable and diverse biological communities.
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CONCLUSION
This research has shown that the developed wetland systems at the Asian Institute of Technology (AIT) offer significant dual ecosystem service especially in carbon sequestration and wastewater treatment. The outcome shows that there is a substantial storage of carbon among sediments, macrophytes, mangroves as well as micro algae with sediment carbon being the most dominant sink. This affirms the capacity of constructed wetlands to make significant contributions to climate reduction in terms of long-term burial of carbon. Likewise, the fact that the water quality parameters have changed significantly, e.g. the turbidity level, the number of E. coli, the amount of chlorophyll a and the amount of nutrients, indicates the efficiency of the wetlands in cleaning wastewater. Both the increase in the effectiveness of the nutrient removal process and the stabilization of the ecological community due to the introduction of macrophytes were effective, as the undesirable cyanobacteria were suppressed, and the much healthier and more diverse microalgal communities were promoted.
FUTURE PERSPECTIVE
The future study of the AIT constructed wetlands must be a longitudinal and inter-seasonal study to capture the dynamics of the carbon sequestration better the process of greenhouse gasses and the effects of variations in climate on the performance of the wetlands. Further research on the interactions of nutrients-microbial-macrophytes should also be done using modern techniques of analyzing microorganisms to explain the mechanisms that lead to the enhancement of water quality and suppression of dangerous cyanobacteria. 
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