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EF7HE A A (Blue carbon ecosystems, BCEs)& B4~ T H= @4dsh7] $13+ uﬂli‘ﬂ %, 2] &) AEA S ¥
Sl HT AP AR Q13 715 sle)] F JES FE B2 ol (CO)E ok 8AaSYe) gge 1
25 31 Q). 7]E AFFES CO, ¥4 g tigl] B2 A77F A= o, A COVID-19 MeT o= Q13
kst ste] tig A mujst A7gol), 2 dtelA= COVID-19 HdY] Xd?i “EFTRDY TEE A7)
g njuste] EFTHE AT T2 ERls o A A 9 AR EE-S S9F COo, WiEFS v askith
COVID-19 Y o]F 2Jxlok(18%)elA CO, BjEHo] F71sk vhd 033(17%)01]/\% CO, HiEo] 7rag}, A
AR 0 2= 31 CO,MEF (Bros)® t7] 5 CO, EE(Gary)iz HEY o] 7HA4s1e] o, sl elAl co, 552
34 Co,MEZ(p < 0.001) 283 7] F CO, FE(p < 0.001)%} 23 k) AAAAZS BT}, EF BF71E
el A Q] 'has ﬂxﬂa A A, BRI A & MOEH £ WIEHE 1H(20.8 Gt CO,)9} ¥1%E(0.03 Gt
CO,°l 7HF & ¥k Yo% YERSTE AR Follx= 3lARIAREA](6.76 Gt COolA 7 =& 'k 7
AeFe AT AAAIZ 22 COVID-19 Adele]] mhE 57384, o) & Algk 181 A 852 1= 7% CO,
IS (%)S AR oM S|k o & T4 (1%)S Z713 2 02 BRIt COVID-19 #dY] o] & AAA & e
T2 (5.5%)E FHAsgich. i A9 A= COVID-19 Hu[P o & 71 ARS] 2] Aol ik CO, WiE BF7HEe] o
3 tlole1= gjialior & B oAS vy, AAAF o7 SILE A F A8 it

Abstract — Blue carbon ecosystems (BCEs), including mangrove forests, seagrass meadows, and salt marshes,
have been highlighted as efficient carbon sinks under global warming. Previous BCEs studies have focused on the
role of CO, sinks, yet the effects of the COVID-19 pandemic on these ecosystems lack. Here we show, the public
perceptions and research directions of blue carbon, and a review to compare the pre- and present effects of the
COVID-19 pandemic on changes of CO, emission and blue carbon, globally. Results showed that CO, emissions
increased in Russia (18%) during the COVID-19 pandemic whereas CO, emissions decreased in England (17%).
Globally, fossil emissions (E;qs) and atmospheric growth (G,y) decreased after the pandemic. Also, ocean sink
showed significant correlation to both fossil emission (p < 0.001) and atmospheric growth (p <0.001). Among the
BCEs, mangrove forests showed the largest carbon sink in both their biomass (20.8 Gt CO,) and sediment (0.03 Gt
CO,). Among ocean provinces, the largest carbon sink was the abyssal/basin (6.76 Gt CO,). Furthermore, due to
the COVID-19 pandemic, governments have implemented lockdown protocols in numerous counties around the
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world, resulting in the reduction of CO, emission (5%) in the atmosphere with growth in ocean sinks (1%). The
effects of enforced lockdowns of varying stringency in response to the pandemic have led to a gross reduction in
global carbon level (5.5%). Overall, the study addresses the need to establish data on CO, emission and blue car-
bon during the COVID-19 era and emphasizes the importance of blue carbon ecosystems, globally.

Keywords: Blue carbon(E5712), COVID-19(Z Z W-19), CO, emission(©]2F3}E+4 8| &), Marine environment
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A COVID-19 AH2 dMAZ o2 w2 Wsls 7pA gt
2019 12¢9 55 S-SR oA A B AlZ U ol F §EER
AAA HAUYZE ™, UN AFsle] AAI R 7] (WHO)E AL
o] A7dE 4eaAt 20201 3€ 1€ COVID-195 41431
Ade] oz Mdsle] AMAZ o7 Hredof F2o]8k 1S FR-FT)
olefgh 22)= MAIAIA 0= COVID-199] H3ks uh7] 918k AL3]
o] Alst U o]F AR olojxlom, 11 AR HA|, 3], AL,
7)€ 5 % FokellA] WEkrh yERstH(Chakraborty and Maity
[2020]; Singh and Singh[2020]). COVID-19 w|]o] 7}x-& <l
rEE0] Wzh= A} thibH o 7 FA A g A0l AnE o] T
TH(Verma and Prakash[2020]). <& 5], AlE|&52] Aeko 2 2l
gl ti7]e9do] FHAsta REthd 2RE0] v BAH= 5§
7ol 7421 W3} (Feng er al.[2022]; Verma and Prakash[2020])
7} B vk QIek, Wb, JIQI9IAYEE 2 U385 AR ST @
ol == 2287] ol S7ehs 84 Y= Bt
(Jiang ef al[2022]; Peng ef al.[2021]). ©] % COVID-19 #e9]->
olg] WA AL dEkxl 87 Hsle] glo] Hglew 37
3] Wiglsh= 77} COVID-19 A17]ol] 9= A= AAI7} nlgste] 21
/o] AP71=a1 ek(Barouki et al.[2021]; Espejo et al.[2020]).

EF7RE AEiAE t7125E BAE Feste] 7| FHsge] ¢
A F SRl 27T ST RN 715RIE S8 2oE T
3t AEAR Zgatar Qlot. Wk ope), Sl Ul FulENE &
QM BT Ul MR AlF-S Fot AE oMY TV 5 BFIRE
AEAZF 7HA1 = A tekst 2o ® 7P Qltk(Duarte et
al.[2013]; Walton ef al.[2006]). COVID-19 sd|=]o] 71 =4
AbE] O] AA] 22X 9 AR EE 2 TAE COo, HlESY Wit
(Friedlingstein et al.[2020])2} AF=] 73 A% WM Sl(Jiang et al [2022])5
7FAgkom, sk El Al 2 S (Andrijevic et al[2020])S 713
t}. 2o E-8kar, COVID-19 AME|H 07 018k BRI of -
= 153 Aot} o]x Y COVID-19 :duo] w2 g7 W3}
£ 283 EF7RE QA ol =eele] Aol A7 wHA 1
ol=uwj®r} COVID-19 Hd9le] w2 HAIAl Co, iiE% 4 &5
7 gl dish A7F 2= AL Qi

A= glHE £ (1) COVID-19 HujY] A% g «B2g)e
of tigk 7191 =9 RMIEFTE AL (2) COVID-197} 7442
SFTHE AT FEFe] Wk velslsioH; (3) COVID-19 H|
o] wh =7PE Co, WIEF WskE 4319111, (4) COVID-19
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2.1 AIE1E QIA] B3]

£ =52 Google trend$} Naver datalabs AF&-3Fo] 200435
Bl 2022d7H4] 9] “EFTREl thst 7191 = RS 2AFSIA AL
COVID-19 #Hel=]e] AJ=IRQ1 20199 1282 7|50% AjolE H]
w3t =9] 71952 RIEFE Googles 53l HABIAI =
o] 739 g=ellA 7Hg wol Akgsh= A X<l%IQ) Navers: 8-
SIQITE 719 = Rl 574 A3 AR Alo] 2 F-5-¢t Hlo]
HE A2R1 UIES F AN el v1gsiet. vide & 2
AT 2 71928 AAE HEE Akste] 10014 1007122 H]
2 UER 72t vloE= 71929 RIES vlo]Ert AleE &
AEHE 20229714 2] HlolE & A3t} Google™ Navere
Z¥7F 200433} 2016 HloEFE] AME-ZiTt,

of

2.2 HEIH|O[E =~
£ 5= Scopus AAFIHE: “COVID-1979} “Blue carbon”ys:
B3l 20183FE] 2020074 &3 FE 31 VOS (Van
Eck and Waltman, Leiden University, Leiden, The Netherlands;
195 version 1.6.10) ol thd AA| A =5 EAISkL 38 &3
E AY, AT 719E W o YEYIES P b -8
3} o] th(van Eck and Waltman[20107). =3+ 57 o] =
7191 =50] 3 FEE AAETS 72 719 = 11 HIES A
@AY FA HERY olF F38ll Atld AddS HEHoR &
AT Qe B oltt MIEYA 245 A3l Scopus S
Za 9 B350 v Ax J)9=, B4 9, 2= 9 sV
Fale SR} ol =AW 2,777,574709) =F W B uAE
A = 718} Hleapo)] i 719 = 31 IAEE
Q15133 (van Eck and Waltman[2010]). 72|32 COVID-19 ¥ %
719EE 23t =55 FAs] COVID-197F BEF7HE el
T ARG oW HA FE J|EE SoldeR
2121, COVID-19 e o] delli= F 3589] 7]91 =7} A A= 1AL
COVID-19 HY] o]Fof= & 43279 719 =7} o] 5 53t
(Fig. 2).
EFI7HE AN AI(BCEs) 371517190l &A1 COVID-19 s dd] o]
WE ZHAA COo, MiER 2 BF7HE F5s ERIsIITE COVID-
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COVID-19 #d]
19 8 AR AZZE AAA A AY Dol <)%k co, MiEZ U
alored ] ¥ FEF WiskE ERlstaat =4 Co, viE BUE
B Hlolg & ARESIGItE tad o ® S5, 2jajof, Ui, Q1% v
=, 1 WA 2 Al Wlisk= Co, iER HlolEE 1l
WAL 2019-20201 ARl €] HO|HE AFE-8te] COVID-19
dule] mE CO, BiES WMslE ERISIITHIC0S[2021]). COVID-
190 W& HAA COo, viEE WskE glsty] $13l, #A 7|3t
(1850-2020'3) E¢F A A A g4 o2t d] o] €] (Friedlingstein er
al.[2020])2 AFE-3IIL} o5 Zall COVID-19 Ay o]F «5F
FHE el thgk tiEe] I RIE)F AT s GRIskl,
COVID-19% Q&) 2}zl 7dmslel w2 AAA co, viEs Y
alkehd ] 'ha AR ETIRE AeiAle} sAAE ys 7kl

23 A 2M

COVID-19 $d¥] X@oﬂ ke éﬁook%’% glelsl7] 918l ttests
1 CO, vlE=} kA

o}e] IAIE st

SPSS 23.0(SPSS Inc.,

[‘lo l'ﬂ

A} 3T}, £-Test2} pearson 72
Chicago, ILyS &3l 241815t
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“COVID-1970]] tgh A4 RIS 20194 o]F 7P =2 W
7} e oL, o] F 7hAadte] 2020 Zof| “EFIHIH D} Ha
=2 o) 84 wekt) 3 «r)Twsbol] t)ek A A—t—
200733} 20103 01= 204 w]vko 2 vpEpg o, zjxﬂ 10
ANE A8k 202 Yepdtt. «<BF7k2 EH‘SP@*%‘ HEg =

2009 o] 2 A} F7Fshs FAE B30, 2015d7H4] AA
ArE 204 vuko 7 44 ¥tk COVID-19 A 24 o)A
]l 201658} 20199 AlelellE 57k A e® e vhd,
COVID-19 e 24 o]% 202 1WAHE] «B-FFHo]| tfsh 7

WEge= AR 23] S7kehe 2102 el th(Fig. la). =
o] A vrE H]Ls} Az}, «BZF1 R that =2¢] A vl

Tt o] A g 1k =2 UeERdThFig. 1b). 20209

FukE < Ea}i”oﬂ dhek A8 BlEsE Shje) B Sk
A sole, w30l Aol e ol $49] Sk

Zo = Yepgtt. Il ] «BF7REe] tist HA REsE
Aeli= 574 vkl oLy, 20211 oo #lo] FrlshuEA ZM

WIS 53 107 0% 7|Eol| v]a) oF 2l F7leh= 21 0% e}
WrHFig. 1b). ZME GA] 2021 0]F 20804 408 2= 2
w715 S7saA] ulol T3t e Bolth(Fig. 1b). COVID-
19 e A2 AAA L = 71915 AR WES+= el e 2
ol& B o (p<0.01), 2021'F o]F EFIHLo] that o] &
718t Ao 2 FRIESITH(Fig. lc). ©]&3 FES COVID-19 A}
B2 Q1gh tis2] FHAF §iglel b Z o2 Helth FEujnjo]
2]~ (SARS- CoV-2)= T2 355 S 2 ghito] &, A4
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Fig. 1. Temporal development of a cumulative number of recent trends estimated as search score for a) “COVID-19” and “blue carbon”
using Google trend, b) and comparison of “blue carbon” trends global and national (South Korea). ¢) Global and national comparison of

“Blue carbon” search scores before and during COVID-19 pandemic.
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7WA] ek 753 wink o] A9 1% 6 Wik o) APgt Zlog
AARZAZ)FH(WHOYIA ESIGITE. of2|st A¥t= 51 8737
A7kl oigk BHoF ool ZoF X lTh(Rubaltelli er
al[2020]). 53], T2 Q1) w25] Mk t71 24 5 84
(Adam et al[2021]; Barouki et al.[2021]; Mahato et al.[2020];
Tobias et al.[2020])2} E-F7REe] gt $ilo] F7lslwA] oo} 7
HE 7)Y Ee] A NS e F7ksHE Z1oR Bl Bt
COVID-19 AFE|Z 7|5 s}e] Az o)) st Q14]o] )= A
HAMAR O 2050 TFAFHS HEE 7] Aeki e
“203037H4] AHA|Z 02 LAVIAEE RS AlSTE 20214 10
Holle 53] 9)ellA «2050 ’ATH AU 272} “2030 =71 &
A7k A EE 0] A0S E Qi) o] 2RlE) o720 'hAg
9 Addo] 71EslE A, ] AAdE Het YERd Zle g
HIlT,

3.2 COVID-190f| [}E EFFRE AASE

COVID-19 #E|jo] AYZE 0]5- 447k “COVID-197¢} ¥l
A= 5-S v w3 TH(Fig. 2a). 7L A3}, “COVID-19” A= =
Al 4N 1R A 146,4927H) 0. % UHFO ST Group A 'E7
(male), 355 (breathing rate), ¥7] (ventilation) AtA3E 38} %=
(oxygen saturation), Group B& FZUH}o|#] X (sars-Cov-s), 25
5 (respiratory syndrome), 2=H(procedures), H]17}+(nonhuman),
Group Ci= ©):Fs k> (carbon dioxide), 4 ¥ll& (carbon emission),
th 714 (air quality), & (particulate matter). Group D= ©17/d (female),
T2 VAT (major clinical study), B4~ a3 (diffusing capacity
for carbon), ¥l 7|5 A3}(lung function/disease severity)@ L}ER:E
t}. Group BE T8 IEUE Qe AA5S vhFr, 53] 5 &
7 303 28 AF vtz gy vlolg A 7S] oisk A
TE HLIT}. Group A £} D -2 4% Aol i APd-Eel ol
Sk AFE BT AAE FZ el mEw £l wAdo] ool
HJ3] APgEo] =2 A0 F VeIt (Ma et al.[2022]). WA, Group
Cx COVID-19 #d|uef W& COo, &% W3lE =2 Egsic)
(Fig. 2a). AAZ COVID-19 Hug o2 3] A22} A o]
F2 CO, HWE=Fo] 7H wo] Zhast 2o w B aH v gk
(IEA[2021]).

COVID-19 7] 7(2018-2019 )2} $-(2020-20223)°] YIE
A A4S Tl EFTRE A7) sFE ER1E U hFig.
2b). EF7HE A7) TE2 diAE Ade] o]Hel| $53hk= COo,
HiEe] 58 Sleh weko 2 E27HE Al A|(BCEsy’| U+
gom, Marr ¢ d5A a8a 29 o] T AT
(Atwood ef al.[2017]). 2020l $HF So] EF7HE Al 2] 3
7Feb AlteAad s $lsh 0 2 Bl % (carbon storage)”
3} “AJefAl (ecosystem)’2] 719 = =917 242 7oA, sHA F7Ts)E
slom, A (tidal flat) 2k 22 H A7 719 = =3 S8
CHFig. 2b). “BiA7%(carbon storage)”2} “AYENA (ecosystem)”
T7} SN sl A el whE | YEl A2l BCEs &

. BEA O] .711;]]_?_ .

kAl -7 15
AFel thgt F7F 78 A7= A5STHChen and Lee[2022];
Lee et al.[2021]). 53], 2020129l B4~ A% 7]=(Verra: verified
carbon standard)ol A HxZ =A] 2271 75 tist £
HEHES Bty duE EFIHE HE HES §igt
5 9 HE F58 Q% Almsldo] o]foj7 FoF nrt, =
el S57HE A= 574 218l @7 dlole|eh dAgAL 7]
= B4 S H7H(Lee et al.[2021])3F
o Al Ao FeAS Axselt. FEH R BRI AT
R o] w2 0 g 9 BCEs 77 407 AT F
Q3 Z2uglo] B A0 2 BTk (Macreadie ef al.[2019]).
COVID-19°] ]t aljoFsha 2] 3794 4l §-d4] Jaks Elsh]
sl F 85719 =ws Rkl thFig 2¢). 1 A, 4
(environmental) Y& TARE =2 F 3570 % VERGOH A&
31 Gkl tigk A7t 127102 7P ket AR Al (socio-
economic)el] Tt ¢ & 337192 A7 (livelihoods)ell T Wi
fo] Fg A FARNCH117). 1A A2] 36%(n=31y} COVID-19
A e] 37241 ek} o] Yl WA AT 54%(n=46)=
BEAA )l 4& T glon, F Ag)S B KHal
A= 9%(n=8)Z YEFTE w3t sjdE 2= Tk n=32)clA
A 1zigke] BaE|Q),
COVID-19 #deo] sljofglrgol njx]= Jeke F7 o147} WA
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3.3 COVID-190]| 2 HM|IA CO, HiE H3]

2019197 2020 Afo] R A @H A, AR B4 F)9)
RS FE@ESE, 3 S B0l $t Co, MiEES vl
3 Ay}, AAIAF SR dhAe} ARIEE 0 Z <QlE] WS COo,
HlE RS- FHashs A 02 Rt A dAelA dgshs
CO, HIE% TAa2 Qlal oF 458.03 Mt CO,2] B4 H7HE Sl
], Addi] & wilEgo] 3.39%7F 743 thFig. 3a). kA o
o] yEtellA ddd] 24712 vijEse] 912w 20200
 UAIE Addie] o B2 <F2 Co, miEDe] g4ast AoR
ERgiet. e} A EEell o3t co, viEEe] 9 wslE &
A3 E wl, ol 71 =2 rass Bt 53], AR
o] 93t CO, HiEZ=2 3¢ FHujl 2 Mt CO, TAAFS B3 &
Ao o3 COo, MlEHE 3.4 Mt CO, AR Yelgon bz
12.67% 9} 4.70%2] A&S BITh G538 Eest {7 x|
A A Co, IE% AAasS Holn, A& s oM 48.74 Mt
CO,, A 2o M= 12625 Mt CO7F 7H43F3iTh. o= Zd s
ZVz2F 7.71%9)F 13.52%2] 8= g2 Yglsel vlsl =7 Jet
W}, vl ARellx] AdEEel 25t CO, viEES 7} 46.4 Mt
CO,(4.64%), 164.17 Mt CO,(4.59%) 43t a1, vhd o o8k
CO, M3 217} 169.56 Mt COL(10.56%)2} 8.33 Mt CO,(1.59%)
PaE1gom o] COVID-190.8 F7E4), ol5Ast 507
3k AEs] 9 AAE2] $15l Qg Ao F HAkFig. 3).
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Fig. 3. Spatiotemporal distribution of CO, emission variations in industry and power plants globally. a) 12 locations including a global esti-
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Fig. 4. a) Temporal variation of combined components of the global carbon budget, for fossil CO, emissions (Egqg). Fossil CO, emission
is the emission from fossil fuel combustion and industrial processes excluding carbonation (Friedlingstein et a/.[2021]), the atmospheric
growth rate is estimated directly from atmospheric CO, concentrations (Dlugokencky and Tans[2020]). b) The relative portioning values of
atmospheric growth (G,py), ocean sink (Spcpan), and land sink (S, 4np), Where the partitioning data is based on estimates from observations

and the process model ensembles constrained data, respectively.
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Fig. 5. A mini-review on the global emissions and sinks (ICOS[2021]; Friedlingstein et a/.[2021]; Dlugokencky and Tans[2020]). Revi-
sualization of the estimated carbon storage of each BCEs (mangrove, saltmarsh, seagrass) at a global scale and across oceanic provinces
within 200-mile Exclusive Economic Zones (EEZs) (Atwood et al.[2020]).
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Table 1. Carbon stock (Tg C) and area (ha) of blue carbon ecosystems globally (1 Tg=10° g)
. Blue carbon Area (ha)  Carbon stock (Tg C) Carbon stock range (Tg C)
Continent Bound — - References
ecosystem Total Total Minimum Maximum
Global Mangrove Biomass Upper 15,014,237 3,930.9 0.7 1,039.0 b,e, f
Lower 13,595,412 1,754.3 0.0 574.3
Soil Upper 13,383,179 7,191.1 0.0 1,781.0 a,c,e h
Lower 8,179,733 2,577.8 0.0 831.2
Seagrass Soil Upper 155,676,220 21,010.2 0.0 2,322.7 c,f,g
Lower 27,847,796 3,740.7 0.0 374.0
Tidal marshes Soil Upper 5,644,575 1,405.0 0.0 640.0 d, g
Lower - 860.5 0.0 353.6
Asia Mangrove Biomass Upper 5,998,428 1,809.9 0.7 1,039.0 b,e, f
Lower 5,375,166 916.0 0.0 574.3
Soil Upper 5,516,575 3,017.9 0.0 1,781.0 a,c,e h
Lower 3,838,213 1,268.4 0.0 831.2
Seagrass Soil® Upper 31,955,281 4,552.4 0.0 1,320.0 c,f,g
Lower 7,003,215 870.9 0.0 196.8
Tidal marshes Soil Upper 1,421,515 259.6 0.0 259.6 dg
Lower - 280.2 0.0 280.2
Europe Seagrass Soil Upper 31,356,684 5,822.6 0.1 994.9 c,f,g
Lower 2,766,155 4457 0.0 86.8
Tidal marshes Soil Upper 424,503 156.6 0.0 58.4 dg
Lower - 61.0 0.0 12.2
America Mangrove Biomass Upper 4,824,156 1,128.6 0.8 312.9 b, e, f
Lower 3,787,114 297.1 0.0 97.8
Mangrove Soil Upper 4,494,193 2,477.2 0.0 514.6 a,c,e,h
Lower 2,737,689 877.3 0.0 235.8
Seagrass Soil Upper 38,740,832 5,418.9 0.0 1,704.4 c,f,g
Lower 7,934,478 1,430.5 0.0 374.0
Tidal marshes Soile Upper 2,441,096 758.0 0.1 640.0 d, g
Lower - 401.6 0.0 353.6
Africa Mangrove  Biomass™®  Upper 3,003,540 686.5 1.5 211.8 b, e, f
Lower 2,819,694 293.2 0.0 66.8
Soil*een Upper 2,583,496 1,273.1 - 413.7 a,c,eh
Lower 1,079,903 342.5 0.0 79.6
Seagrass Soil“f¢ Upper 20,728,177 1,879.4 0.0 274.3 c,f,g
Lower 7,391,036 490.8 0.1 177.4
Tidal marshes Soil*e Upper 11957 3.1 1.5 3.1 d, g
Lower - 1.2 0.6 1.2
Oceania Mangrove  Biomass™"  Upper 1,188,113 305.9 2.0 140.3 b, e, f
Lower 1,613,438 247.9 0.0 113.9
Soil®eeh Upper 788,915 4229 0.8 252.0 a,c,e h
Lower 523,928 89.6 0.3 58.5
Seagrass Soil*fe Upper 32,895,246 3,336.9 0.0 2,322.7 c,f,g
Lower 2,752,912 502.8 0.9 225.7
Tidal marshes Soil%e Upper 1,345,504 227.7 5.0 227.7 d,g
Lower - 116.6 4.2 116.6

(a) Giri et al.[2011]. (b) Hutchison et al.[2014]. (c) Atwood et al.[2017]. (d) Mcowen et al.[2017]. (e) Hamilton & Freiess [2018]. (f)
Jayathilake er al.[2018]. (g) Macreadie et al.[2018]. (h) Sanderman et a/.[2018].
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