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Highlight 21 

¾ Carbon sequestration potentials of 21 plant species were studied upon the water purification 22 

benefits in watershed restoration; 23 

¾ Half-life coefficients of NH4
+ degradation showed negative relationship with increasing leaves 24 

and shoot biomass; 25 

¾ Optimal riparian planting can reduce GHGs emission from 0.151 to 0.082 kg CO2-e/m3 water 26 

treated; 27 

¾ Improper riparian planting increased GHGs emission by 16.5%. 28 
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Abstract 30 

Organic compounds and nutrients in urban runoff create negative impacts to global warming. Ri-31 

parian planting (RP) of urban watershed carried out only for urban greening may induce the deg-32 

radation of pollutants, while fixing the carbon and nitrogen in plant biomass. While a few previous 33 

publications have demonstrated the potential benefits of stormwater treatment by RP, the critical 34 

plant-specific indexes and corresponding contributions to the reduction of greenhouse gas (GHG) 35 

emission, in both the senses of water purification and carbon fixation, have never been elucidated 36 

quantitatively. This study investigated a total of 21 plant species to their capacities reducing car-37 

bonaceous pollutants and NH4
+ in synthetic stormwater during a 30-day period and under different 38 

operational conditions. Water quality data were collected to analyze the half-life (t1/2) of pollutants 39 

degradation rates of each species. Carbon contents in the stem, leaf and root of each species were 40 

also measured and used to calculate the total carbon sequestration potential per planting area. Col-41 

ocasia tonoimo (CT) and Thalia dealbata in freshwater; Crinum asiaticum and Phragmites aus-42 

tralis in brackish water; and Kandelia obovateand Aegiceras corniculatum in seawater showed 43 

shortest average t1/2 for the degradation of all three pollutants. Closed negative correlation were 44 

found between the t1/2 of NH4
+ and the increased biomass in leaves and shoot. The highest carbon 45 

sequestration density was the highest using plant CT, in both batch and continuous flow systems, 46 

i.e., 231.1 and 313.9 g/m2, respectively. Nitrogen sequestration density of CT in batch and contin-47 

uous conditions were 16.7 and 22.6 g/m2, respectively, which was also the highest among all the 48 

tested species. Current GHG emission of the targeted watershed without planting (Tsui Ping River, 49 

Hong Kong) were 0.151 kg CO2-e/m3-water. When CT were planted in the simulated watershed at 50 

the maximum areas, the GHG emission can be reduced to 0.082 kg CO2-e/m3.  51 

 52 

Keywords: water-energy nexus; stormwater treatment; riparian planting; watershed management; 53 

greenhouse gas emission 54 
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List of Nomenclature 57 
A                       Clerodendrum inerme 58 
ACa                     Acorus calamus 59 
ACc                     Aegiceras corniculatum 60 
AI                      Acanthus ilicifolius 61 
AM                     Alocasia macrorrhizos 62 
APA                    Alisma plantago-aquatica 63 
BG                      Bruguiera gymnorrhiza 64 
BMPs                    Best management practices 65 
Cp                       Total carbon stock 66 
CD                      Commelina diffusa 67 
COD                     Chemical oxygen demand (mg/L) 68 
CrA                      Crinum asiaticum 69 
CT                      Colocasia tonoimo 70 
CW                      Constructed wetland 71 
CyA                     Cyperus alternifolius 72 
DO                      Dissolved oxygen (mg/L) 73 
EF                       Emission factors 74 
EH                      Equisetum hyemale 75 
F                        Acrostichum aureum 76 
FIP                      Floating island planting 77 
GHG                     Greenhouse gas 78 
GWP                    Global warming potential (kg CO2-e) 79 
JE                       Typha orientalis 80 
KO                     Kandelia obovata 81 
PA                      Phragmites australis 82 
PM                      Panicum maximum 83 
RP                       Riparian planting 84 
SC                      Saururus chinensis 85 
SS                       Scaevola sericea 86 
t1/2                       Half-life coefficient for pollutant degradation (day) 87 
TD                      Thalia dealbata 88 
TOC                     Total organic carbon (mg/L) 89 
  90 
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1. Introduction 91 

The development of a circular economy relies on comprehensive integration of energy, water 92 

and environmental systems (Baleta et al., 2019). Under this prospective, watershed restoration has 93 

played a significant role for both regional and global environmental measures during urbanization 94 

(Lin et al., 2020). Through the removal of concrete structure and enhanced plantation, urban wa-95 

tersheds provide many direct and indirect values in the social (Chen and Cho, 2019), ecological 96 

(Zheng et al., 2019), and environmental perspectives (Sharrock and Jackson, 2017); in addition to 97 

their conventional functions of flood and sediments attenuation (Hu et al., 2019). The modern 98 

watershed restoration strategies, such as instream structure placement, riparian planting (RP), road 99 

restoration, and reconnection of isolated habitats have been extensively applied to reestablish in-100 

teractions among ecosystem components and environmental disturbances (Ralston and Sarr, 2017). 101 

Applications of green structures with aquatic systems, such as the constructed wetlands (CW) 102 

(Baleta et al., 2019), rain garden (Pavolová et al., 2019), best management practices (BMPs) (Xu 103 

et al., 2019) or other green infrastructures (Nordman et al., 2018) have also been widely considered 104 

in watershed management.  105 

Stormwater runoff is a main contributor of non-point source pollution (Chandrasena et al., 106 

2017). Organic matters, suspended particles, heavy metal or even micro-plastics in stormwater can 107 

directly threaten aquatic lives or gradually affect the whole ecosystem in the long run (Davis et al., 108 

2009). Urban stormwater may also contain high nitrogen nutrients originated from fertilizer or 109 

putrescible wastes (Lopez-Ponnada et al., 2020). To control the water quality of stormwater runoff 110 

and reduce the total pollutant loads into the receiving water bodies, floating island planting (FIP) 111 

and RP have been applied as emerging best management practices (BMPs) for watershed restora-112 

tion. Those systems can remove pollutants through hydraulic retention and biological activities 113 

(Loperfido et al., 2014), and vegetation has been employed in pollutants degradation (Breen, 1990). 114 

Appropriate planting can promote water purification with minimal management (Rogers et al., 115 

1991). For example, Revitt et al. (1997) developed a reedbed treatment system to treat airport 116 

runoff and reported a chemical oxygen demand (COD) reduction of 31% (with a mean influent 117 
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concentration of 47 mg/L) and NH4
+ reduction of 28%, respectively. Yang et al. (2008) examined 118 

the performance of a floating emergent macrophyte treatment wetlands mesocosm receiving arti-119 

ficial agricultural runoff (influent COD 42-69 g/m3) at different loading rates, and reported a con-120 

sistent background COD concentration in the effluent of 35-40 g/m3 regardless of the residence 121 

time (1-3 days) or influent loading rate (7.5-37.3 g/m2 /day). Ladislas et al. (2013) investigated 122 

plant species in floating treatment wetland for metal and organic matter removals from stormwater, 123 

resulting in a significant COD drop from 132 mg/L to 72.6 mg/L. Li et al. (2017) reported that 124 

stormwater treatment using an aquatic retention pond followed by a horizontal subsurface flow 125 

construction wetland (CW) achieved reasonable removal efficiencies of 79.2% and 56.5% for 126 

COD and NH4
+, respectively. The system was carried out with plantation operated at hydraulic 127 

retention time of 1.8-3.5 days and the influent flow contained low concentrations of pollutants, i.e., 128 

approximately 38.6 mg/L COD and 0.8 mg/L NH4
+.  129 

The impacts of water purification to sustainable development have been quantified by carbon 130 

footprint or global warming potential (GWP) analyses (Zhuang et al., 2020a). Methane and nitrous 131 

oxide are major greenhouse gases (GHGs) that can be generated from polluted water. Biodegrada-132 

tion of COD depleted dissolved oxygen (DO) and the resulted uncontrolled anaerobic digestion of 133 

the organics increased methane production (Rosso and Stenstrom, 2008). Unexpected discharges 134 

of nutrients may result in the production of nitrous oxide, and eutrophication may further aggravate 135 

the production of those undesirable gases (Perrin et al., 2017). Improvement in carbon and oxygen 136 

balance is expected with the introduction of urban vegetation to the watershed. Plants can consume 137 

or absorb the pollutants and nutrients, store carbon in the biomass, and mitigate the oxygen balance 138 

through photosynthesis. However, the carbon sequestration potential of different plant species may 139 

vary significantly among various planting or operational conditions. Most of the previous studies 140 

have considered only the greening facility (e.g., rain garden) as a whole treatment unit, and no 141 

comprehensive quantitative measures on plant selection have been conducted. The plant-specific 142 

relationships between biomass accumulation over water purification under the influences of dif-143 

ferent tidal situations and changed salinity have never been clarified. 144 
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The goal of this study was to study the carbon sequestration potential of various plant species 145 

in a river/marine environment. An urban watershed Tsui Ping River in Hong Kong was applied as 146 

a study background before its restoration. A total of 21 plant species of concerns in the watershed, 147 

including mangroves, shrubs, and herbs were grown in lab-tanks and fed with controlled carbona-148 

ceous pollutants and nutrients. We applied a pot trial under controlled conditions to address the 149 

following questions, i.e., (a) Does the presence of vegetation reduce pollutant concentration in the 150 

stormwater effluent? (b) Does flow pattern influence pollutants removal? (c) Is there any correla-151 

tion between pollutants removal and plants growth? (d) How much carbon sequestration does plan-152 

tation contribute? The growing conditions were designed to simulate the field conditions, includ-153 

ing tidal differences, salinities, and water flow. The concentrations of the pollutants in the testing 154 

water were monitored closely over time to understand the dynamic changes of pollutants degrada-155 

tion; and the biomass were weighted by sections after the experiments. The information was ap-156 

plied in the calculation of GWPs using the targeted watershed as background. The possible impacts 157 

of the carbon balance were rated upon four designed scenarios with various levels of plantation 158 

and species to clarify the sensitivity of the related practice to GHGs emissions. 159 

 160 

2. Material and Method  161 

2.1 Background of the studied watershed 162 

Tsui Ping River is a typical water channel receiving high organic pollutants from the domestic 163 

outfalls (Figure 1, top). The average flow rate is approximately 57508 m3/d; and the COD, NH4
+ 164 

and DO were 28.35, 1.04 and 7.16 mg/L, respectively. A comprehensive restoration project was 165 

proposed to upgrade the aquatic environment; for which the nullah has been divided into 3 zones 166 

from upstream to downstream for restoration, including a freshwater zone (Zone A), a brackish 167 

water zone (Zone B) and a seawater zone (Zone C). Salinity in the river gradually increased from 168 

Zone C to Zone A as upstream connects with inland freshwater resource and downstream flows to 169 

ocean. Three designs for embankment construction were proposed with increasing areas for plan-170 
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tation: Design I illustrates current profile; Design II constructs a platform for cultivation and De-171 

sign III leaves all area of slop for planting where intersection angle between slop and horizontal is 172 

approximately 45°and floating island also exist in the middle of river. The area alongside river is 173 

currently 2,742.78 m2. In addition, floating islands with total planting area of 696.5 m2 will be 174 

constructed in the middle of the river for Design III.  175 

 176 

2.2 Experimental set-up 177 

Lab-scale water tanks were constructed with dimensions of 150 cm length, 30 or 40 cm width, 178 

and 50 cm height for water purification experiments (Figure 2). The differences of 40 cm and 30 179 

cm in width were applied for comparatively the bigger tree/shrub species and smaller herbal spe-180 

cies, respectively. A total of nine same plant species were evenly placed in a tank. The water depth 181 

from the soil surface was approximately 10 cm, and the basic plant set-ups of three studied zones 182 

are shown in Table1. Synthetic stormwater with 16.4 mg/L ammonia, 164 mg/L peptone and 44 183 

mg/L glucose, was employed in the experiments. In order to match the changed salinities in dif-184 

ferent zones, 0 ppt, 5 ppt and 15 ppt concentrations of coral salts were employed in the synthetic 185 

stormwater in Zones A, B and C, respectively. To provide consistent lighting, natural and artificial 186 

light were carefully balanced and adjusted to provide homogenous luminous flux in different test-187 

ing tanks. The temperature of the room has been fixed at 25°C throughout the testing period. To 188 

simulate the tidal effects to plant growth and water purification capacities, the tested plants were 189 

kept in water at low tide for 18-16 hours and taken out from the water for 6-8 hours at high tide. 190 

The batch experiments (with static flow) and continuous flow experiments (with flow rate of 3-8 191 

L/s) were conducted simultaneously, where pump originated power to support continuous flow 192 

experiments.  193 

A total of 21 plant species potentially suitable planted in different salinity of stormwater were 194 

chosen and investigated, of which Colocasia tonoimo (Chan et al.), Panicum maximum (PM), 195 

Saururus chinensis (SC), Acorus calamus (ACa), Thalia dealbata (TD), Alocasia macrorrhizos 196 

(AM), Alisma plantago-aquatica (APA) were chosen for Zone A; Typha orientalis (Viana et al.), 197 
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Juncus effuses (Kauffman et al.), Crinum asiaticum (CrA), Commelina diffusa (CD), Cyperus al-198 

ternifolius (CyA), Phragmites australis (PA) were tested in Zone B; and high saline species, Ae-199 

giceras corniculatum (ACc), Kandelia obovate (Baleta et al.), Bruguiera gymnorrhiza (BG), Acan-200 

thus ilicifolius (AI), Acrostichum aureum (F) and Clerodendrum inerme (A) were used in Zone C, 201 

where most of the plants were true mangroves. Before experiments, the plant species employed in 202 

Zone A, B and C were cultivated in 0 ppt, 5 ppt and 15 ppt saline water with pollutant-free condi-203 

tion for 15 days. After 15-days of acclimation, experiments started and synthetic stormwater was 204 

added into each tank. As soon as experiments launched, water sample in each tank would be taken 205 

at day 0, day 1, day 3, day7, day 15, and day 30 for analysis. 206 

 207 

2.3 Physical properties 208 

Plant height and leaf number of each plant species were recorded with water quality tests. The 209 

biomass of the individual plant was measured by the following process. The fresh biomass of each 210 

part (leaf, stem and root) of the plant was measured separately immediately after segregation. After 211 

taking fresh biomass measurements, every part of the plant was taken for dry weight measurements. 212 

The samples were oven-dried at 80 °C until constant weights. The total dry biomass weight of each 213 

plant was calculated by summation of the weight of all the samples.     214 

 215 

2.4 Chemical analysis for stormwater 216 

Water samples were collected and passed through 0.45 µm pore size filter. The filtrates were 217 

employed for total organic carbon, chemical oxygen demand (COD) and NH4
+ measurement. The 218 

concentrations of TOC were measured by TOC analyzer. COD were tested by COD kit. In brief, 2 219 

ml synthetic stormwater samples were added in the COD kit, and the mixtures of the solution were 220 

in pre-heated digester at 150 ℃ for 2 hours. The color absorbance was measured at 410 nm using 221 

UV-VIS spectrophotometer. The concentrations of NH4
+ of the synthetic storm water samples were 222 

measured using direct nesslerization method. In brief, 0.8 mL potassium sodium tartrate was added 223 

into 0.6 mL synthetic storm water samples to prevent calcium and magnesium from precipitating 224 
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with nessler reagent, followed by the addition of 0.8 mL nessler reagents and diluted to 5 mL. The 225 

mixture was kept for 10 minutes to develop yellow colors, the absorbance of the mixtures was 226 

measured at 420 nm using UV-VIS spectrophotometer. This method is slightly different from the 227 

methods used in Zone C, of which 1 mL nessler reagents were added in 0.2 mL synthetic storm-228 

water samples and dilute to 5 mL. Since precipitation can increase ammonia absorbance at 420 229 

nm, extra potassium sodium tartrate was added to prevent calcium and magnesium from reacting 230 

with nessler reagent, resulting in relatively more accurate ammonia value. DO was measured by 231 

DO meter. 232 

 233 

2.5 Data analysis 234 

2.5.1. Pollutants degradation half-life 235 

Plant species can remove pollutants with high efficiency, which attributing to combined effect 236 

of entire plant biomass, instead of effect of unit plant biomass. For example, pollutants may be 237 

degraded faster by bigger plants than the smaller ones, although pollutants degradation capacity of 238 

unit biomass of bigger plant species were less than that of smaller plant species. Thus, the pollu-239 

tants per unit dry biomass were calculated to compare species. A 2nd order kinetic model was used 240 

to simulate TOC and COD per unit dry biomass. Exponential model was used to fit NH4
+ per unit 241 

dry biomass by various species. To compare the removal capacities of the pollutants among all the 242 

plant species, the half-life would be developed according to equation of models. The relationship 243 

between half-life of pollutant (COD, TOC and NH4
+) degradations per unit biomass and segregated 244 

parts of unit biomass were investigated to standardize the comparisons. 245 

 246 

2.5.2. Carbon sequestration densities in plants 247 

The 21 plant species employed in this study consisted of herb, shrub and tree, which contained 248 

various carbon contents due to tissue differences. Chan et al. (2018) provided a comprehensive 249 

method on carbon sequestration potentials with different plant species after chemical composition 250 

analyses, of which the related parameters were applied in this study. The total carbon stock (Cp) in 251 
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individual plant can be calculated by Equations (1):   252 

 253 

𝐶𝑝 = (𝑀𝑙 ∙ 𝑓𝑙 + 𝑀𝑠 ∙ 𝑓𝑠 + 𝑀𝑟 ∙ 𝑓𝑟) ∙ 𝜌        (1) 254 

 255 

where Ml, Ms and Mr are the increased dry biomass of leaves, stem and root in a plant, respectively 256 

(g); ρ is the population density of plant biomass per unit area (stand·m-2); fl, fs and fr represent the 257 

carbon content of leaves, stem and root, respectively, where except fl and fs for shrub and tree were 258 

calculated based on Chan et al. (2018) (fl of shrub = 0.19, fl of tree = 0.21, fs of shrub = 0.31, an fs 259 

of tree = 0.32), fr, fl and fs for herb, shrub and tree was extracted from Ma et al. (2018), where fr, fl 260 

and fs for herb equal to 0.4245, 0.4473 and 0.4241, respectively, fr for shrub and tree is 0.4743.  261 

 262 

2.5.3. Nitrogen sequestration density in plants 263 

Reich et al. (2006) provided a method to calculate the nitrogen content in herb and tree. Ni-264 

trogen content in shrub could be obtained from Viana et al. (2012). Increased N mass in shrub (MN-265 

shrub) can be calculated by equation (2): 266 

 267 

𝑀𝑁−𝑠ℎ𝑟𝑢𝑏 = 0.8725% 𝑀𝑠ℎ𝑜𝑜𝑡 + 0.6675%𝑀𝑟𝑜𝑜𝑡      (2) 268 

 269 

Where MN-shrub is increased N mass of shrub (g); Mshoot (g) and Mroot (g) are dry increased shoot 270 

and root biomass of shrub over 30 experimental periods, respectively. The accumulated N mass in 271 

tree and herb can be obtained by Equations (3) and (4), respectively: 272 

 273 

𝑀𝑁−ℎ𝑒𝑟𝑏 = 𝑀1.003 101.517⁄            (3) 274 

𝑀𝑁−𝑡𝑟𝑒𝑒 = 𝑀0.945 102.197⁄            (4) 275 

 276 

where MN-herb and MN-tree are increased N mass of herb and tree (g), respectively; M is dry increased 277 

biomass (g). Based on above equations, the nitrogen sequestration density of each plant pecies was 278 
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obtained. 279 

 280 

2.5.4. Emission factors and greenhouse gas inventories 281 

Three watershed restoration scenarios to reconstruct the embankment by Hong Kong SAR 282 

government were demonstrated (Figure 1, bottom), of which Design (I) is the current profile of 283 

embankment; Design (II) constructs a platform for cultivation and Design (III) leaves all area of 284 

slop for planting. Given that the area of embankment in vertical view in Tsui Ping River is 2742.78 285 

m2, the area of platform in design B equals to 2743 m2, while the area of slope in Design (III) is 286 

4575 m2 since intersection angle between slop and horizontal is approximately 45° and floating 287 

island of 696.51 m2 also exist in the middle of river. Surface of embankment of design A is laid 288 

concrete, so that no vegetation grows on it. Engineers designed a layer of hexagonal-ring shaped 289 

bricks in design B, and central space of brick left for planting without covered by bricks. In Design 290 

(III), the whole slop area is filled with soil for planting vegetation. According to Hong Kong stand-291 

ard, naked planting area is approximately 1.2 times of available planting part of hexagonal-ring 292 

shaped bricks. In other words, planting density of Design (III) is 1.2 times of Design (II). 293 

The results of carbon sequestration density showed that CT and EH were the highest and low-294 

est (Table 2). We would select CT and EH to estimate the minimum and maximum GHGs emission 295 

with 3 embankment designs. Four scenarios which would be discussed about potential GHGs emis-296 

sion were shown in Table 3. Vegetation growth can help carbon and nitrogen fixation from external 297 

environment, decreasing potential GHGs emission. Inherent DO contained in Tsui Ping River have 298 

potential to offset a part of COD.  299 

The GHGs emission factors (EF) of different emission sources are listed in Table 4. The re-300 

duced GHGs from carbon and nitrogen sequestration were taken as 3.67 kg CO2/kg C stock and 301 

3.14 kg N2O /kg N stock, respectively, through dividing CO2 molecular mass by C mass and divid-302 

ing N2O mass by N mass. The value of reduced CH4 by DO was 0.25, equaled to value of CH4 from 303 

COD, since unit mass DO can offset unit mass COD. The GHGs emissions from receiving water 304 

were calculated based on the potential impacts of unexpected methane emissions due to anaerobic 305 
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reaction and eutrophication. The EF of GHGs is used to calculate the GHGs emissions per unit of 306 

available activity. The total GHGs emissions were calculated by Equation (5) as: 307 

 308 

𝐸 = ∑ 𝐴𝑖 × 𝐸𝐹𝑖 × 𝐺𝑊𝑃𝑖
𝑛
𝑖=1           (5) 309 

 310 

where E = total emissions in CO2 equivalent (kg CO2-e·m-3); i = selected sources of a GHG; Ai = 311 

activity of GHG i; EFi = Emission Factor of GHG i; and GWPi = Global Warming Potential of 312 

GHG i for a 100-year time horizon obtained from IPCC’s Fifth Assessment Report; and n = total 313 

type of GHGs in discuss.  314 

 315 

3. Results and discussion 316 

3.1 Physical properties among different plant species 317 

The physical plants properties in batch and continuous experiments are presented in (Figure 318 

3). For plant species in Zone A, the heights of plants showed a wide variation from 39.3 cm to 319 

127.4 cm at the day 30 and the height in batch and continuous experiments were similar. All the 320 

plant heights at day 30 were lower than that at day 0. Leaf number of all plant species were nearly 321 

same except for SC. Leaf number of SC by day 30 in batch experiment were 47.4 and accounted 322 

for roughly half of that in continuous experiment of 73.9. In general, almost dry biomass weight 323 

of plants in continuous was more than that in batch. This phenomenon indicated that plant species 324 

in continuous were preferable for plant cultivation.  325 

In Zone B, the heights of plant were ranged from 13.75 cm (CrA) to 71.42 cm (JE) at day 30. 326 

Among the heights of all plant species throughout the whole experimental period, height of CrA 327 

gained the maximum increase of 186% and 47% in batch (from 9.3 cm to 26.72 cm) and continuous 328 

experiments (from 9.3 cm to 13.8 cm), respectively. EH showed the highest reduction rate of 38% 329 

in height in both batch and continuous flow experiments, respectively, which was decreasing from 330 

initial 56.4 cm and 55.7 cm to 34.8 cm and 34.7 cm by day 30. Leaf number at day 30 showed a 331 

wide variation from 6.3 to 116.3. The maximum falling of leaves was observed in CD, whose 332 
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average leaf number in batch and continuous experiments reduced from 191.4 and 227.5 to 96.3 333 

and 116.3, respectively. CD showed height reduction rate up to 32% compared to initial value. CD 334 

was observed to be intolerant to the 5 ppt saline water early in the acclimation period (i.e., no 335 

pollutants). To confirm the observation, two pots of CD were tested in freshwater with the same 336 

simulated tidal cycle, and both pots stayed healthy for a much longer time. Thus, the salt intoler-337 

ance can explain why CD showed high reduction in height and leaf number. There was a litter 338 

difference between numerical value in batch and continuous experiments. Initial biomass of CyA, 339 

TO and EH decreased from 51.37 g, 32.59 g and 67.75 g to approximately 32 g, 20 g, and 33 g in 340 

both batch and continuous experiments by the end. But biomass of PA, SS and CrA showed a 341 

significantly increase rate of 290%, 113% and 265%, respectively. Those plant species grew from 342 

approximately 5.2 g, 8.9 g, and 9.12 g to 20.0 g, 18.9 g, and 33.0 g, respectively.  343 

For plant species in Zone C, the highest value was obtained from A whose height was more 344 

than 70 cm throughout whole experimental period. All height of plant species kept relatively stable 345 

throughout 30-day growing, except height of F which dropped from 53.8 cm to 42.9 cm in batch 346 

experiment and decreased from 34 cm to 29.95 cm in continuous experiment. In both batch and 347 

continuous experiments at day 30, the leaf number varied from 8.6 to 66. Compared to initial value, 348 

average leaf number reduced 9.5% and 1.9% in batch and continuous experiments. Dry biomass 349 

of almost plant species ranged from 4.1 g to 59.0 g. 350 

The data of the plant growth provided important information to the growth of different plant 351 

species in a well-controlled environment. While beyond the scope of this study, the variation in 352 

plant growth, under the laboratory and field environment, is of critical and well-addressed in some 353 

previous studies. Rozema et al. (1997) compared chambers studies and field experiments with 354 

various UV-B radiations on plant metabolisms, and indicated that plant growth could be less sen-355 

sitive in field conditions than in laboratory. Reich et al. (2006) studied laboratory and field results 356 

of 43 field grown plants species and investigated the impacts of changing growing conditions on 357 

plant respiration. The relations between whole-plant respiration and biomass for plants in con-358 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



trasting environments (high versus low light, differing atmospheric CO2 concentration, tempera-359 

ture, and nitrogen supply) or different functional groups had similar scaling slopes, while total 360 

nitrogen content showed stronger impact than other factors. For older, field-grown plants, whole-361 

plant respiration rates at any given size were lower for the field-grown plants than the laboratory 362 

plants. In addition, both the field grown saplings and larger trees had much greater above-ground 363 

biomass at a common above-ground respiration rate than did the laboratory-grown plants. 364 

 365 

3.2 Pollutant degradation half-life (t1/2) 366 

The result of three pollutants (COD, TOC and NH4
+) in stormwater had been measured and 367 

recorded in day 0, 1, 3, 7, 15, 30, 45, and 60. Pollutants per dry biomass in batch experiment had 368 

also been calculated signed by dot (Figure 4). Due to difference of dry biomass of plant species, 369 

initial value of pollutants removal per unit biomass were located at various site of Y-axis, although 370 

initial pollutants concentrations (TOC, COD and NH4
+) among tanks were same. Pollutants per 371 

unit biomass fitting curves were constructed based on calculated data, represented by dash lines. 372 

The parameters of equation of all fitting curves were showed in Table 5, where almost R2 of equa-373 

tion ranged from 0.85 to 0.98 and showed reliable fitting. The 2nd order model was more applicable 374 

to COD and TOC per unit dry biomass than other models, while fitting curve of NH4
+ per unit dry 375 

biomass could have maximum R2 when it was simulated by exponential equation. Particularly, 376 

TOC in continuous and COD in both flow patterns treated by AI; TOC and COD in both flow 377 

patterns treated by F performed poor fitting by all models. It was observed that leaves of F were 378 

shrinkage from day 7 to the end, and leave of AI fell and yellowed stared from day 7. These poor 379 

growth condition of F and AI may cause irregular pollutants per unit dry biomass and invalid 380 

fitting. 381 

According to the curve fitting equations and their parameters, half-life coefficients (t1/2) of 382 

each species were calculated for the degradation of three pollutants by 21 plant species in synthetic 383 

stormwater were revealed in Figure 5, of which Figure 5 (a) and (d) described t1/2 of TOC, COD 384 

and NH4
+ treated by seven species in Zone A, including CT, PM, SC, ACa, TD, AM and APA. In 385 
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both of batch and continuous experiments, t1/2 by all species followed the order of NH4
+ > TOC > 386 

COD. The results indicated COD were the easiest to remove (t1/2 of COD ranged from 0.81 to 2.26 387 

days), and NH4
+ require longer time to degrade than other two pollutants (t1/2 of NH4

+ ranged from 388 

6.38 to 12.20 days). Compared to t1/2 of NH4
+ and TOC in batch experiments, t1/2 in the continuous 389 

experiments were obviously shorter. There was no large difference between t1/2 of COD in batch 390 

and continuous experiments, since numerical half-life in both flow patterns were short enough, 391 

while TOC and NH4
+ required longer time to decay with more distinct gap between batch and 392 

continuous flow. Meanwhile t1/2 of COD in Zone B & C in continuous experiments were obviously 393 

shorter than that in batch experiment. The results suggested that continuous flow can promote 394 

pollutants degradation in synthetic storm water. DO (Table 5) in continuous flow was higher than 395 

that in steady water (batch experiments), which provide more oxygen to oxidize organic com-396 

pounds to inorganic compounds and support nitrification process (NH4
+ to NO2

-). In this way, con-397 

centration of TOC and NH4
+ in continuous experiment can be reduced quickly. In Zone A, t1/2 of 398 

TOC in both flow patterns varied from 2.04 to 6.72 days, that of TD and CT were shorter than 399 

other species (3.46 and 2.04 days for batch and continuous of CT, respectively; 2.91 and 2.25 days 400 

for batch and continuous of TD, respectively). TD also can remove NH4
+ with the fastest rate 401 

among all species in Zone A, whose t1/2 was 6.47 and 6.50 days in batch and continuous experi-402 

ments, respectively. All the average DO was higher in continuous experiments (Table S2) than the 403 

batch systems. Compared with conventional constructed wetland systems, the tidal flow system 404 

demonstrated greater efficiency in the removal of organic matter (Sun et al., 2005). Average oxy-405 

gen supply under tidal operation (350 g∙m-2∙d-1) was much higher than in conventional constructed 406 

wetlands (<100 g m-2 d-1), resulting in enhanced removal of BOD5 and NH4
+ (Wu et al., 2011). 407 

Similar appearance was observed in this study, half-life of pollutants (COD, NH4
+ and TOC) were 408 

shorter in continuous than that in batch experiments. 409 

The t1/2 of pollutants treated in Zone B were shown in Figure 5 (b) and (f). Eight species were 410 

cultivated with 5ppt salinity, consisting of TO, JE, CrA, SS, CD, CyA, EH and PA. t1/2 of TOC 411 

varied from 1.65 to 5.70 days. CD, CyA and PA had higher removal efficiency of TOC, whose t1/2 412 
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varied from 1.65 to 2.86 days. COD presented a considerable variation in t1/2 (2.33 – 8.80 days). 413 

The shorter t1/2 were from PA (2.75 days and 2.65 days for batch and continuous, respectively). 414 

NH4
+ was the hardest pollutant to be removed compared to other two pollutants, whose t1/2 ranged 415 

from 3.78 to 9.89 days, were longer than t1/2 of other two pollutants. CrA (t1/2 of 5.53 and 3.78 days 416 

for batch and continuous, respectively) and PA (t1/2 of 4.83 and 3.9 days for batch and continuous) 417 

can remove NH4
+ with the fastest rate than other species in Zone B. Among 8 species, TO and EH 418 

had lower pollutants (TOC, COD and NH4
+) removal efficiency with longer t1/2. We also observed 419 

that TO was infested by aphids, and the condition worsened during the experiment. Also, the long 420 

and thin leaves of TO were relatively prone to breaking and tangling, especially when wetted, and 421 

did not recover easily. The EH was quite stable in each experiment at very beginning where the 422 

stems started to shrink and brown from the tips. Small bladder snails were found in the EH tanks. 423 

Thus, TO and EH should be taken care and avoid them from insect pest threatening.  424 

Six plant species, i.e., KO, ACc, BG, AI, A and F, were grown in synthetic stormwater with 15 425 

ppt salinity of Zone C. The results of t1/2 demonstrated in Figure 5 (c) and (g). The t1/2 of TOC 426 

ranged from 0.50 and 3.95 days, and the t1/2 of NH4
+ varied from 5.57 to 10.56 days. The range of 427 

t1/2 of COD was much extensive than the other pollutants (from 27.19 to 75.08 days). Especially, 428 

biomass loss of AI was extremely significant, resulting in a negative t1/2 of COD (not shown in the 429 

figure). AI have poor capability in COD removal, even possibly deteriorate aquatic quality. The 430 

half-life of TOC by F in batch and COD by AI in both batch and continuous experiments were also 431 

not presented herein, due to poor growing conditions. F were noted that leaves shrinkage from day 432 

7 to end. This health condition may lead to disorder TOC and COD degradation and hence not 433 

considered in our discussion.  434 

 435 

3.3 Correlation between half-life and segregated biomass 436 

Given the results of segregated dry biomass of each species, including leaf, stem and root in 437 

both the starting and end dates the changes of dry biomass were calculated. The correlations be-438 

tween increased dry biomass (i.e., total biomass, shoot biomass, leaves biomass and root biomass) 439 
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and t1/2 of tested pollutants (i.e., TOC, COD and NH4
+) had been presented in Figure 6. The t1/2 of 440 

NH4
+ in both of batch and continuous flow experiment were closely negative related to increased 441 

shoot biomass (ISB), displayed in Figure 6 (a) (R2 of batch experiment = 0.68, and R2 of contin-442 

uous experiment = 0.73). Besides, the t1/2 of NH4
+ showed closed negative correlation with in-443 

creased leaves biomass (Roni et al.), demonstrated in Figure 6 (b) (R2 of batch experiment = 0.54, 444 

and R2 of continuous experiment = 0.81). The finding confirmed the role of leaves and stem growth 445 

effect on mitigating NH4+ pressure on aquatic environment. Previous study of Vymazal (1995) 446 

suggested that nitrogen can be taken up directly by shoots and be converted into organic com-447 

pounds that serve as building blocks for cells and tissues. The rate of nitrogen removal is enslaved 448 

to the vegetation net productivity (growth rate), the concentration of nitrogen in the plant tissue 449 

(Ge et al., 2016; Keizer-Vlek et al., 2014). The results of this study confirmed that NH4
+ may be 450 

transformed to serving stem and leaves growing. The intercept in continuous flow experiment is 451 

lower than that in batch experiment, suggesting that continuous flow can strengthen NH4
+ decom-452 

position that steady water. Continuous flow can blend and contain more oxygen from external 453 

environment, which can promote nitrification and decrease NH4
+. The Figure 6 (d) revealed that 454 

root biomass growth isn’t significant related to t1/2 of NH4
+. However, Xu et al. (2017) pointed out 455 

that root biomass also can uptake nitrogen to build root productivity. This phenomenon was con-456 

trast with our results, since the plant species utilized in that paper were different with this study. 457 

There were no obvious correlations found between t1/2 of TOC and COD with increased biomass, 458 

implying that NH4
+ could be uptake by stem and leaves of plant species. When species reach mat-459 

uration period, stem and leaves would stop growing and less NH4
+ could be consumed by the 460 

vegetation. The results provided a strategy that harvest above-ground biomass can alleviate NH4
+ 461 

pressure on aquatic environment. In terms of management strategies, nutrients in plant tissues can 462 

be removed through plant harvesting. 463 

 464 

3.4 C and N sequestration density 465 

The carbon and nitrogen sequestration densities of each species were shown in Table 2. C 466 
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sequestration density is in the range from -432.86 to 313.9 g/ m2. N sequestration varied from -467 

31.35 to 22.64 g/m2. Because some species got biomass loss, negative value of C and N seques-468 

tration density occurred. Among all species, carbon sequestration density in 30 days of CT was 469 

maximum, with 231.12 and 313.90 g/ m2 in batch and continuous flow experiment, respectively, 470 

suggesting that CT has great potential of carbon fixation. N sequestration of CT was the highest, 471 

with 16.69 and 22.64 g/ m2. The t1/2 of three pollutants treated by CT was also shorter than most 472 

species. However, some species showed negative carbon sequestration density, implying that those 473 

species could strengthen carbon emission and worsen environmental issues induced by GHGs. EH 474 

was cultivated in Zone B with -95.68 and -128.2 g/m2 carbon sequestration density in batch and 475 

continuous flow, respectively. It was observed that EH’s stems shrink and browned from the tips 476 

and bladder snails were found in the EH. The insects may damage the EH’s healthy condition, 477 

further caused biomass loss occurred. The results of carbon sequestration density provided plant-478 

ing strategies. Selecting species with higher carbon sequestration density could help carbon fixa-479 

tion process. On the contrary, species with negative carbon sequestration density could aggravate 480 

threat posed by GHGs emission. 481 

 482 

3.5 GHGs emission 483 

The resources GHGs emission of four designed scenarios were illustrated in Figure 7. The 484 

Scenario 1 illustrated the GHGs emission of current Tsui Ping River where no vegetation was 485 

planted (Deign I in Figure 1); Scenarios 2 and 3 represented the watershed restoration approaches 486 

with increased planting areas (Deign II and III, respectively) and best performed plant; and Sce-487 

narios 4 showed the worse performing plant species with largest planting area (Deign III). As a 488 

result, the total GHGs emission of Scenarios 1 through 4 were 0.15066, 0.11655, 0.08238 and 489 

0.17551 kg CO2-e/m3, respectively. The CH4 emission from decayed biomass and COD contributed 490 

the principal GHGs emission was 0.19844 kg CO2-e/m3 in all scenarios. Reduced CH4 by DO 491 

accounted for major proportion of reducing GHGs emission, which is -0.05013 kg CO2-e/m3. 492 
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Compared scenario 1 with 2, 3 and 4, vegetation growth played a significant role in terms of ef-493 

fecting GHGs emission. For Scenario 2, GHGs reduction by C and N sequestration from CT 494 

growth were -0.00183 and -0.02998 kg CO2-e/m3, respectively. GHGs from C and N sequestration 495 

in scenario had more significant impact on GHGs reduction, which were -0.00366 and -0.06002 496 

kg CO2-e/m3, respectively, where there was more available area for scenario 3. However, C and N 497 

sequestration from EH growth in scenario 4 strengthened the GHGs emission, which were 0.0015 498 

and 0.02424 kg CO2-e/m3, respectively. Some important parameters contributing to GHGs emis-499 

sion from improper control of wastewater discharges in other studies (Zhuang et al., 2020b), i.e., 500 

GHGs from eutrophication, N2O from stormwater, reduced N2O from stormwater by vegetation 501 

and Reduced GHGs from eutrophication by vegetation, were calculated, but were less significant 502 

in this study (data not presented here). Compared to scenario 1 without vegetation, GHGs emission 503 

of scenario 4 more than current design. This result suggesting that cultivating vegetation would 504 

aggravate GHGs emission if wrong plant species were adopted.  505 

 506 

4. Conclusion 507 

This study demonstrated that the degradations of organic carbon, unlike ammonia nitrogen, 508 

seems not to be a critical factor supporting plant growths. The relation between half-life of NH4
+ 509 

and increased biomass showed similar slope in shoot and leaves Slope in shoot (-0.301) and leaves 510 

(-0.279) in batch experiments presented sharper trend than that in continuous experiments (shoot 511 

in -0.232 and leaves in -0.230). The results of half-life coefficients (t1/2) of pollutants treated 512 

demonstrated that five particular plant species (i.e., CT, TD, CrA, PA, KO and ACc) have more 513 

significant capabilities for water purification. The gradual decreases of COD half-life in freshwater 514 

(1.04-2.26 days), brackish water (2.33-8.80 days), and sea water (27.19-75.08 days) plants indi-515 

cated that increased salinity or plant species with high tolerances to sea water showed less tendency 516 

absorbing the COD. CT, CrA and PA were identified being crucial contributors to carbon accumu-517 

lation in watershed through both the direct and indirect manners, resulting in approximately 313.90, 518 

236.07 and 141.19 g/m2 of carbon sequestration during 30-day cultivation, respectively. However, 519 
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EH and SS were regarded to be improper species for alleviating GHGs emission in watershed, 520 

with expected -128.2 and 38.24 g/m2 carbon storage in 30-day continuous flow processes. The two 521 

plants suffered from frequent defoliation or stand fall if it cannot resist external environmental 522 

turbulences. Turning embankment and water surface into plantation ground with more planting 523 

area can further enhance water purification capacities and reduce GHGs emission. However, it 524 

should be emphasized again that pollutant removal shall serve only as an extra function of greening 525 

and cannot be treated as the main water purification approach for watershed restoration. 526 
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Figures Caption 534 

Figure 1 Conceptual diagram of the proposed study 535 

Figure 2 Experimental set-ups for (a) batch experiment; (b) continuous flow experiment 536 

Figure 3 Physical properties of plant species cultivated in Zone A, B and C over 30-day experi-537 

ments 538 

Figure 4 Pollutants per unit biomass in batch experiments in Zone A, B and C (a, b, and c for Zone 539 

A; d, e, and f for Zone B; g, h, and I for Zone C) 540 

Figure 5 Half-life (t1/2) of pollutants treated by 21 plant species 541 

Figure 6 Correlations between half-life of pollutants and increased biomass 542 

Figure 7 GHGs distributions in 4 planting scenarios543 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 
 
 

 
 
 

 
 

Figure 1 Conceptual diagram of the proposed study

Correlations between 
pollutants half-life and 
plants biomass growth

• Glucose
• Peptone
• (NH4)2SO4
• Coral salt

Synthetic water Species

c
• 2 Trees
• 5 Shrubs
• 14 Herbs

Flow pattern

• Continuous
• Batch

• COD
• NH4

+

• TOC

Water quality

c • Plant height
• Leaf number
• Dry biomass

Biomass properties

Degradation 
regression / half-life 

coefficient

• C sequestration from vegetation
• C sequestration from stormwater

• Planting area
• Floating island
• Slope factor
• Planting density

Embankment design

GHGs emission

• Harvest strategy
• Plant selections
• Embankment design selection

Outputs

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 
 
 
 
 

 
 
 

Figure 2 Experimental set-ups for (a) batch experiment; (b) continuous flow experiment 
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Figure 3 Physical properties of plant species cultivated in Zone A, B and C over 30-day experiments   
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Figure 4 Pollutants per unit biomass in batch experiments in Zone A, B and C (a, b, and c for 
Zone A; d, e, and f for Zone B; g, h, and I for Zone C) 
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Figure 5 Half-life (t1/2) of pollutants treated by 21 plant species 
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Figure 6 Correlations between half-life of pollutants and increased biomass 
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Figure 7 GHGs distributions in 4 planting scenarios   
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Table 1. Properties of Zone A, B and C 

Items  Zone A Zone B Zone C 

NH4
+ (mg/L) 16.4 16.4 16.4 

Glucose (mg/L) 44 44 44 
Peptone (mg/L) 164 164 164 
Salinity (ppt) 0 5 15 

Flowrate (L/S) Batch 0 0 0 
Continuous 3~8 3~8 3~8 

Plant species 

Colocasia tonoimo (CT) Typha orientalis (TO)  Kandelia obovate (KO) 
Panicum maximum (PM) Juncus effuses (JE) Aegiceras corniculatum (ACc) 
Saururus chinensis (SC) Crinum asiaticum (CrA) Bruguiera gymnorrhiza (BG) 
Acorus calamus (ACa) Scaevola sericea (SS) Acanthus ilicifolius (AI) 
Alocasia macrorrhizos (AM) Commelina diffusa (CD) Clerodendrum inerme (A) 
Thalia dealbata (TD) Cyperus alternifolius (CyA) Acrostichum aureum (F) 
Alisma plantago-aquatica (APA) Equisetum hyemale (EH)   
 Phragmites australis (PA)   
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Table 2. Carbon and nitrogen sequestration parameters  

Loca-
tion 

Spe-
cies Type 

Dry biomass per stand 
over 30 days in bat. (g) 

Dry biomass per stand 
at day 30 in con. (g) 

Carbon content 
(%) 

Density ρ 
(m2/stand) 

C sequestration 
density in 30 
days (g/m2) 

N sequestration 
density in 30 
days (g/m2)  

Root  Stem  Leaves Root  Stem  Leaves Root 
fr 

Stem 
fs 

Leaves 
fl  Bat. Con. Bat. Con.  

Zone 
A 

CT herb 114.00  4.25  2.25  120.08  6.25  3.83  42.45  42.41  44.73  20.00 231.12  313.90  16.69  22.64   
PM herb 9.48  / 12.97  15.11  / 19.39  42.45  42.41  44.73  20.00 -21.63  83.53  -1.40  5.97   
SC herb 143.33  17.72  / 192.67  19.17  2.25  42.45  42.41  44.73  15.00 -432.84  -109.48  -31.35  -7.86   
ACa herb 14.00  / 8.00  14.63  / 8.83  42.45  42.41  44.73  20.00 -20.07  -7.31  -1.32  -0.43   
AM herb 17.03  2.63  1.07  17.94  2.67  1.82  42.45  42.41  44.73  20.00 64.57  79.41  4.66  5.71   
TD herb 147.50  55.75  17.67  153.54  42.00  15.92  42.45  42.41  44.73  15.00 157.80  97.05  11.40  7.03   
APA herb 21.42  2.07  1.48  17.17  1.66  1.19  42.45  42.41  44.73  20.00 44.51  2.29  3.18  0.15   

Zone 
B 

TO herb 22.14  / 4.65  20.14  / 5.15  42.45  42.41  44.73  20.00 -48.11  -60.62  -3.54  -4.46   
JE herb 8.44  7.00  4.46  8.94  7.50  4.96  42.45  42.41  44.73  20.00 0.16  13.12  0.06  0.98   
CrA herb 14.22  1.39  14.95  15.72  1.39  18.95  42.45  42.41  44.73  20.00 187.55  236.07  13.16  16.55   
SS shrub 4.39  1.96  12.60  5.89  1.96  11.10  47.43  31.36  19.00  15.00 31.84  38.24  1.27  1.22   
CD herb 8.02  0.86  3.28  7.52  0.86  2.78  42.45  42.41  44.73  20.00 8.49  -0.22  0.52  -0.09   
CyA herb 26.27  4.40  11.51  27.77  4.40  9.01  42.45  42.41  44.73  20.00 -74.97  -84.60  -5.62  -6.24   
EH herb 37.03  / 15.85  34.03  / 13.85  42.45  42.41  44.73  15.00 -95.68  -128.20  -6.84  -9.15   
PA herb 7.21  / 11.87  7.21  / 13.87  42.45  42.41  44.73  20.00 123.30  141.19  8.54  9.77   

Zone 
C 

KO tree 6.88  12.62  2.68  6.70  12.29  2.61  47.43  32.42  20.91  15.00 15.24  12.10  0.26  0.21   
ACc shrub 7.78  11.67  10.11  8.00  12.00  10.40  47.43  31.36  19.00  20.00 26.49  31.77  0.69  0.83   
BG tree 4.49  14.87  4.49  4.39  14.52  4.39  47.43  32.42  20.91  20.00 5.67  1.95  0.11  0.04   
AI shrub 9.68  24.32  7.79  10.66  26.78  8.58  47.43  31.36  19.00  15.00 -84.58  -63.85  -2.13  -1.61   
A shrub 8.00  16.70  7.57  7.51  15.68  7.11  47.43  31.36  19.00  20.00 34.14  21.45  0.86  0.54   
F shrub 0.96  / 3.21  0.95  / 3.18  47.43  31.36  19.00  20.00 -0.83  -1.03  -0.03  -0.03   
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Table 3. Properties of four planting scenarios 

Scenarios Embankment 
design  

Planting area  
(m2) Species Density  

(stand/m2) 
1 A 0 / / 
2 B 2743 CT 20 
3 C 4575 CT 24 
4 C 4575 EH 18 
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