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Abstract — Industrialization and coastal development have altered the major biogeochemical cycles in coastal sys-
tems causing serious outcomes from eutrophication coastal pollution, leading to red tide blooms. In coastal envi-
ronments tidal flat and saltmarshes have been known to be purifiers for excessive effluents. Here we show, a
review to assess the past and present trend of nutrient removal of excessive nutrients in wastewaters. The main
contributing halophytes (Phagmites sp., Spartina sp., Typha sp., etc.) were reviewed to current status. Results
showed that Phragmites sp. showed the highest nutrient removal rate of total phosphorus (99%) and chemical oxy-
gen demand (98%). Total nitrogen removal rates were highest in Spartina sp. habitats (99%) and bare tidal flats
(97%). Overall, the study addresses the nutrient removal capacity of halophytes and tidal flats, and suggests as nat-
ural alternatives for wastewater treatments.
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W] 5 theket AEjA AU~ A g3 Chapman[1960]). 5
3 e Al A AFEA7F A sk vl oA o2 AA]
(<10%, ©F 435,000 km?), 3l AJefAlolA] T LxPBAFES] °F 20%
(I T L2 150-700 g C m? y')E XA $CH(Pedersen et
al.[2004]).
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AF g5 FFsth(Mcleod e al.[2011]; Shepard et al.[2011]).

SEAIRE A SRR Qe o] fido] STkeaA A
A g}ek] 8k A2l ke Wl §lth(Deegan et al.[2012];
Suddick et al.[2013]). A2 71 &2 (Lee ef al[2019])2} &4
(Brin et al.[2010]; Galloway et al.[2008])5 A3l 715 24
AS AAsH=, olwl| H4E 2347 A4 f5el wet 7t 249
HAAHEL A 2o)7F VeIt (Lee ef al.[2021]). £3] A=
7] & i 2 AadSs F5shean e f71E gl
TEE T Ao® 4 A 2 thBouchard and Lefeuvre[2000];
Chmura ef al.[2003]; Middelburg et al.[2004]).

S4719 23542 F3ks Fdislsl] flst At AANE
gks] W3x]o] P} (You and Kim[1999]). RHAA = AF-H-d5
A (free water surface wetlands)ys &-&st W2 0] 555 ]
Lot Ao r 299 ATE THoR #X]E E3 )71} 5
HA 2 o354 (subsurface-flow wetlands)S E-8-3F W2 w45
FA o7 ofasle] Aksks Wolth old% 1F5A A xﬂ
A= 3x}A 2] (tertiary treatment) G=2] F3}1E HHEZ lo] 2 AH
FYTFE Aslel= 2SS0 2 FrH(Green ef al[1996]; Reed et
al[1995]). 20050 ©]F MA=S TA 07 AFHAE &g3 vl
2] A7F Ke8E 3 gk, e AEAIeE L] f71E g stel
gk g4 A= o8] nujehe olE &85k AkAst 7 A
To] Aol thFH 1L It You and Kim[1999]; Kim et al.
[2019]).
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2 ATl A& 2000-2020 5 7HPE F HlS5 # 2] 4 =(OECD
[2021])Z Eelate] st=a) T E 27H5-S vl wslglth(Fig. 1). &
gk, 201812020 =l A9ke] Abgdsls Y Bl Ae] A& =7t
AR A T2 https://kosis.kr/yS FAFSFS I (Fig. 2; Table 1),
=] slioF Az vy Ak EraA e hitpy/wwwanifs.go kr/yS
gjolslo] Hojokslg <13k Az vhgnl w9l AXE Glsh= A&
Eal 8P?\i‘:‘r(l:lg 2).
3l 1990 F-E] 20201 74A] 7 AR
= oﬂ/xg)qﬂ/] % é]/\ & o §]_61—Z4 /\]_/\ o-_TLF/}: X‘]]HE*Q‘ x—]]/\]
= 4682 £31S AT AM 7Y = “Nutrient removal”,
“Phragmites”, “Spartma”, “Microalgae”, “Typha”, “Cyperus”=
olgatgit. g HolEls GANE Fol whE 7 24 58 1)
wah=t] &85} 1 (Fig. 4, Table 2), =i ti3EAQ) FAYA =
o, A2 9 AN EN T, AATAET)e Hstas o
A 143} shetl 8618tk (Fig. 5).
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Fig. 1. The amount percentage of treated wastewater from total generated amounts as total wastewater treatment (%) for 18 counties (OECD

[2021]).

AP (4,728 Nl 7K B2
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710 2 UERITHTable 1). AAZ
=7 RO (Lee er al.[2021)),

A% ) vlAel e s15e] frje] 919 S0 ek, vt
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FS5 BITK(Kim et al.[2019]; Lee et al.[2019]).
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(Fig. 2). Az A $8FL Ceratium furca(Z 483)), Akashiwo
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Table 1. Spatial variation of industrial and municipal wastewater generated amount across South Korea, between 2018-2020 (KOSIS[2019])

Waste water treatment Agricultural land Effluent generated Effluent discharged Organic nutrient

Organic nutrient

Province facility (count) (ha) (m* day™) (m*day")  generated (kg day") discharged (kg day™)
Gyeongi 14,132 160,181 977,054 825,519 402,069 4,122
Gyeongnam 4,728 142,946 204,906 125,803 189,914 648
Gyeongbuk 4,260 260,237 502,128 424,578 146,406 1896
Chungnam 3,705 210,428 545,770 465,242 189,364 1,673
Chungbuk 3,560 101,900 360,448 258,221 167,459 1,691
Jeonbuk 2,534 195,191 279,560 191,798 207,566 985
Jeonnam 2,523 288,249 238,859 197,085 97,965 1,825
Gangwon 1,852 100,756 132,293 100,721 42,384 1,020

Jeju 435 59,039 5,593 4,749 6,570 51
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Fig. 2. Spatiotemporal variation of organic loading rates and red tide occurrence across the entire coastline of South Korea. Total organic
loading rates across the Korean Peninsula are presented on the map. Size and color correspond to the amount of organic loading rates. The
number of frequencies of a) species occurred (dots) and b) red tide events (bars) are shown.
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Fig. 3. Keyword network-based analysis between 1990 and 2020. The size of the nodes corresponds to the frequency of occurrence. The
curves represent the strength of networks between keywords. Each color represents a distinctive group, top keywords for each group are

presented in the order of high occurrence.
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Fig. 4. Temporal variation in the number of articles published between 1990 and 2020.
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Table 2. Removal percentages of halophyte species and bare tidal flat for nitrogen species (TN, NH, N, NO;-N), TP and COD in bare tidal

flats and wetlands/saltmarshes, globally

. Type of Removal efficiency (%)
Country Halophyte species was}t/cls) water TN NH.N NO,N TP _COD Reference
Bangladesh Phragmites australis Tannery 86 50 87 98 Saeed et al.[2012]
China Phragmites typhia Livestock 49 62 67 He et al.[2006]
Phragmites communis
Egypt Phragmites australis Grey water 36 32 66 Abdel-Shaty et al.[2009]
Black water 69 56 84
Industrial 36 16
36 16
EI, Salvador Phragmites australis Municipal 39 56.  Katsenovich et al.[2009]
Greece Phragmites australis 53 53 96. Tsihrintzis et al.[2010]
77 62 89
Arundo donax 523 53 96
India Phragmites australis Municipal sludge 67 75 72 Ahmed et al.[2008]
South Korea Phragmites australis Fertilizer 0 1 Kim et al.[2020]
27 36
Spain Phragmites australis Municipal 86 95 35 91 Avila et al [2013]
Spitsbergen Phragmites australis Industrial 48 24 Abdelhakeem ef al.[2016]
Taiwon Phragmites australis Municipal 57 64 65 Hsu et al.[2011]
Vietnam Phragmites allatoria 84 91 99 84 Trang et al.[2010]
61 69 98 68
62 65 85 57
16 72 63
Total minimum (Yo,) 16 36 50 0 1
Total average (%o,,,) 56 68 67 54 70
Total maximum (%o, 86 95 85 99 98
USA Spartina alterniflora Unknown 99 Bilkovic et al.[2017]
65
Fertilizer 31 Patrick and Delaune[1976]
28
Total minimum (Yo,;,) 28
Total average (%,,,) 58
Total maximum (%o,,y) 929
New Zealand  Bare tidal flat Livestock 17 10 2 54 Tanner et al.[1999]
55 92 10 74
South Korea Bare tidal flat Fertilizer 0 0 Kim et al.[2020]
23 29
USA Bare tidal flat Unknown 97 Bilkovic et al.[2017]
Total minimum (%o,;,) 17 10 -2 0
Total average (%o,,,) 56 51 8 39
Total maximum (Yo,,,y) 97 92 23 74
Sri Lanka Typha angustifolia Municipal 74 50 19 Jinadasa et al.[2006]
EI, Salvador Typha angustifolia Municipal 59 96 67 65 Katsenovich ef al.[2009]
Taiwon TBypha angustifolia Municipal 57 64 65 Hsu et al.[2011]
Taiwon Typha angustifolia Municipal 75 45 Klomjek and Nitisoravut[2005]
USA DBypha angustifolia Unknown 59 96 67 65 Katsenovich et al.[2009]
81 91 47 19
Argentina TBypha domingensis Industrial 28 72 43 68 28 Maine et al.[2007]
Spain Cattail sp. Unknown 52 78 58 65
Total minimum (%o,,) 52 28 50 19 19
Total average (%o,,,) 61 77 60 52 56
Total maximum (%o,qy) 81 96 72 67 68
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Table 2. (Continued)
R 1 effici %
Country Halophyte species Type of emoval efficiency (%) Reference
waste-water TN NH,-N  NO;-N TP COD
New Zealand ~ Schoenoplectus Livestock 50 54 34 71 Tanner et al.[1999]
tabernaemontani
60 929 25 77
Total minimum (%o;,) 50 54 34 71
Total average (%o,,) 55 77 30 74
Total maximum (%o.may) 60 99 34 77
Argentina Eichhornia crassipes Industrial 28 72 43 68 Maine et al.[2007]
Australia unknown Municipal 75 33 12.5 Greenway[2005]
76 92 88 75
Kenya Cyperus papyrus Industrial 36 29 Bojcevska and Tonderski[2007]
Municipal 26 43 43 Mburu et al.[2013]
Sri Lanka Scirpus grossus Municipal 74 50 19 Jinadasa et al.[2006]
USA Thalia geniculata unknown 60 95 63 49 Katsenovich et al.[2009]
74 89 47 28
Cyperus alternifolius unknown 58 96 48 49
Total minimum (Yo,;,) 58 26 50 13 26
Total average (Yo,,) 68 66 70 43 44
Total maximum (%,,,y) 76 96 88 75 68
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Fig. 5. Representation of nutrient processes for (a) reed, (b) cordgrass, (c) microphytobenthos, (d) sea grass. Arrows (black) represent the direction of
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