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Abstract

Interactions between species in a community are very complex, and they are visualized and analyzed

through a food web in simple way. Food web is a network of species connected by trophic links showing energy
flow from prey to predator. Various models were developed to characterize the food web in ecosystems. In this
study, we classified food web models to static models such as Ecopath and dynamic models such as AQUATOX.
We presented characteristics of several different types of food web models in each category, and reviewed their
applications used in aquatic ecosystems. Finally, we presented issues to be considered to develop food web

models.
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(Fig. 1a) (Smith and Smith, 2021). 0] 2|3t Ho|A|&L =
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Z+3)]) B o] AF& (detrital food chain)@ FEEH T Z41H 0]
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718 2 B FUAZRE oY7L AJZE ] u|AY
£ 9 FES°] 7185 Edfste obF 2HAR o]olA]
L o] Al&o|th(Smith and Smith, 2021). 13U AA] AY
A A= T5 Atol9 AT gt ZAHA BAT
ofyzt o2 gEo| A= i Y= HAE FA5H o
2 719 Holakgo] A= HEAe BT HAE IS
o] Hol (food web, Bo] L&) FAIETH(Fig. 1b). HoJ
T2 A W AEE AolY IAE UYEd= AL
2 o o] o] AES HAlst=7} st WA AH
A WollA AqA7F AGA E2)7t=7} ot RS 9ulgt
o} (Fig. 1) (Dodson et al., 2000).
ol -9 F4A4Y T A
otz Hols FA4st= 845 AT
Asta o]sfste ©l F-83tH, G YA (trophic level) 2=
UeRd 4= Qlth(Smith and Smith, 2021). Ho]gol A 1]
Aoy TARE AZst= SHEEE= A2 (linkage, link)o|2h
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ofs

t, ol A9 35& Uetdch Ho|goA o AAd4
FEE 5 99 AFSH)olH, Holgol Bad
A #(1)F 75T A dd5e w2 ey
A AA] (connectance, C)&] Z7]7} E}.

L o o
__),4_,’

AZA Y (linkage density, LD)= 9
AZ 2, HolA&o A BEE F A2 S (DHE F
($E e gholth.

LD=L/S

Bt B o] AH&Z 0] (mean chain length)= oo Sl+=
RE AMeY theg ot Holaks dole TR, A
A 75, AHZAA LHEE 55 Fo 9FE vA7]
ol e 59 Fa3 S ol

upaka ol SRR oA 355 UEY
A O zoln I Z o2 (graph theory)I} T o]
(network theory) 2.2 A EH t}(Alcantara and Rey, 2012).
oo W3t A= O FF e, AR} AR}
Aol o] JHAIZE S, AEiA A, AEA W EF/Y
A BF 59 ol =L ETH(Chiu, 2013).

ol nd2 FeiA £-9Y T BA EFAES ol
Aoz @l T A AeANA T2 +H 13

3t AR E AF3) Stk (Belgrano et al., 2009). w2HA 9
o Rdl2 i} 9 EAYL FHE dFcte ==
AHE = ok Holt Bl tiero] ok A3k
I | 2ot AT Holo] ARz Uetth= Al ¥
32 7328} (Gotelli and Ellison, 2006), }3FA]) 7} AFaFA]
1}4 (Matson and Hunter, 1992), G4 A AMWE-S- (Brett
and Goldman, 1996), t+F FFDA 7+ BT A28
(Polis and Strong, 1996) &< Z33ict.

Holg e A 14 245 Atold #AA, &
gAzret AR HAE MAS7F ofd v A BE
= 7Ivte 2 disin, did iAol A4lsts FEY
T BAFS ALstERE FFAQ £AFE AAXE = ok
(NIER, 2018). o= AEA 545 st AHA 2
of a&4Ql 7|2A=7 € + ok 53] AHA we}
A 8L 7Hed BRASHA g FAFAA AR 7%
e Ao v stEg o] 23 AL BEXEtA| L
HE AFHoE ofsfst Aol 41 FH=E P&}
A AN & de Yol 2do] Fasirt. Ho|go] o
ojZ|gt WAl ool et M AR Bolf &
37t A&AH o2 Frbstal Qo
ol B2 9] AL EY MAE FHHEEC] A
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Fig. 1. Schematic diagram of food chain and food web. Adapted
from Smith and Smith (2021).
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e 2dE 7|&o wet bfstA F2&E & Utk 2
5 AHdso] At 350 wE W3} o fof wet Y2
29 (static model)¥} 52 & (dynamic mode)ZE -
T Utk AA 2d2 mdo) e gho] A7tol weh
kR grethe AL 7St tebA A mdo &9

< i A" (o, AEAY BREEHE vEhdie, o
A 71 RN BEE Fdges EAHE AA, o
&2 A7 A= 7123 es i AHAY 48 &9
| e 4 HYolth(Kong ef al., 2016). ¥, 4 1

Azkel Wtk gaF AAde] MEE Yehn ols)y]
) AHgshu A A A2ES 4 SO sk
of Uehd ot Holw mdl 3 A wdle] &3 7
2 Ecopath (Christensen and Pauly, 1992), EcoNet (Kazanci,
2007) 50] 9oy, FARY T2 W2 AQUATOX,
Ecopath with Ecosim (EwE), ATLANTIS 5-¢| tj3&Z o]t}
(Table 1).
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Table 1. Types of food web models.

Static Dynamic
Ecopath AQUATOX
EcoNet Ecopath with Ecosim
FoodWeb ATLANTIS
RAMAS® Ecosystem StrathE2E?2: r package
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Fig. 2. Cumulated number of articles with “ecopath” in Web of
Science from January 2001 to November 2022.

1. 35 By

1) Ecopath 22!
Ecopath =22 Polovina (1984)°] &a|A *-& 7Hit=
%131 o], Christensen and Pauly (1992)¢] ]3] Ecopath II
2 WA Ecopath= 3 FellA ojd=F He|E 93]
A MEE o] FYA AN Holg AFE Sl HF
£ AR E e oA e o AREEH I A ARt
A E = A27F DBE AlFEE 7H 24 Q] Boj &
dojtt. 2000 ©]F Ecopath 249} o]-g-o] @o| F7}s}
31 o™ (Fig. 2), 20054 version 5.1 0|3 Ecosim¥} -5
3}o] Ecopath with Ecosim (EwE)2.2 F35 o] 8511
Qi 20229¢ 11¥ & @A Ecopath with Ecosim 6.6.89]
ZE A = Itk (https://ecopath.org/downloads). ©] =2 132
ZH o] A |4 Wtol AMRE = Jlom, YR IHT|F
9 7leAdE A 2239 7|59 fEES FEE
o] 8% o= S} gHH, | Lucey er al. (2020)2 Ro|A]
& &+= Ecopath model2 Rpath R packageE R 13} 4it}.

(1) Ecopath 4
Ecopath =22 AMeH
TAAEH, olE&

—ri o]_’_O—]X] E‘FT‘J :l-a'—oi
71%% 1§ (functional groups)©]|&t 3+

gt ool mE 261

ok Z}2be] 7153 5 shuel ARig Aol of-s-gttt
Ecopath 292 A&k 73 (mass-balance)o]] 27 o] WA
9o} A FEmdolatn: 3tct. shLte] AE]A Yo =

Aee G 2(ZLe = I8 gigt & AEel =8 ¥
3RS FAEA, Fo1R 713tol| s A FEHE A

al

X

B o
ot I
o |o

2 Attt 7t A5 2R H Y fAd%T 590l
o|£th= 7Hg sl AF-ot P A4 (mass-balance
equation)@t Z+ T1Fo gt o] FFE D4 (energy
balance equation)< 7] &4} 2 2 3tk (Kim et al., 2018).

Hdlo] @7E= dPAEE olF 7Hsd AR HNE
of Wzt o FAY 4 Utk dF ez PA|F (biomass)
I oA EF(flow) gko] AHEE 4= Stk &5 @2 |
o] A3, 2F, iHE T WAL "7l (metabolic para-
meters)?} o] FojFof ek A A] & A=
iR #F@ Ao o AAsoz AAHh 7= AL w7y
W40 a3t Y= ohaat Zrh

- XA A % H] (P/B)

- A=A ZF B (Q/B)

- A& A8E, GE=A4HF/ A% =(P/B) = (QNB)

- Ho|9] F3E A e BE (W53

B oix FRRLAN AL BE 4B oA

Uz} 20l FHS olFolof Wk 2t 18 7t ouix 7
Yo g Hoz ekt

Q=P+R+NA
ojf Q& 4% (Consumption, Q), P= AAHEF (Produc-

tion, P), R & & (Respiration, R), 18]I NA= 1|53}t
2F (Non-assimilated food, NA)o|t}. o] AHAS LA
e AE IFE2 A4S 7o) g}t A2 Ao u}
2t YA 352 AZE7| fZo HAAto o7t &
vHFS 9} Zo] Yyeld 4 lth(Christensen and Pauly,
1992).

Ecopath 2 &o] A&d uf 0|7} o]&9] #F& o|F7]
s A, EE (B 9das) 2 299 HFE FA5H7]
o1& 03t 1 Atolof| Y=2 AT} (Kim ef al., 2018).
714 002t Fh2 A& ollA 01‘3 e ’\E%—TLE z‘sH
F AETLS HASHA gete AS UEdH, 1 52

of 7I7he & BEdto] At 2AYY 52 01321%@‘3
TS gttt 3] o] g BRAAHAA 15 20T
2 ¢t} (Zhang and Yoon, 2003). Ecopath+= Ecosim 23}
A= o] T2 HdofA ot ZA] &=

(2) Ecopath &&

Ecopath &2 thefet 5202 gofdt S84 9+
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o AHEEeH, o] AFEL tha VMR L2 = 3
o} AA, Ecopath 2 9] &3t A 3R Y Holg
Z, Y A432E, oA 38, BT A= 5
22 A A 5 SHolA AEAY 712 EA-AS 8
3l © AH&E Ut 53] Ecopath 229 F8 =2 F9
Sttt AN o9 FFS Bk, ok A&
7Hed H O o8 S AAst= Aolth(Coll et al.,
2006; Thapanand et al., 2007). Guo et al. (2013)& ©]g o]
T2 TpoA A B E Al o #EY A8
A A8 2.1, Paves and Gonzalez (2008)-2 3ol A 2
g 7)1 2olv HAES wRth S, AEA L2 75
S A7 AF6le BHOE AREHRIL 2 ESE
= 245t 52 AEA Y FoHdS B71Skal (Yang and
Chen, 2013), B EY Fdo] A vA= FTF
£ Y713t d3L(Stewart and Sprules, 2011; Dowing et al.,
2012) 5ol Utk A, 7 &4 F EFo] Wi tE &
o]/Fol AT HHAE vlwstr] Y AHEEUT o=
A, AT T SaoA] A A4EY] Aol YA &
59 F8 220 A2 FAE 719 27 719 BA2)Y
z}olof 7)¢lgttt= AL 9 th(Villanueva et al., 2006).
Chea et al. (2016)2 @A F Tole SapZ oA &7 &4
AejA 2t olol w2z g3l 3 BrFskct.

U A= Jang e al. 2008)0] Ecopath BE-< o] g3}
of F4T AEHAY 9% +2 oA 255 EA5IA
t}. 123 Jang and Lee (2011)= Ecopath Z2-& ©]-&3}
o dorEeh HEZ ob% A GUPE U ol
3% B2t Zhang er al. (2017)S 2utet dal
9] oAt AAFEF FH | g A+E sHTh B
Lee and Zhang (2018)-2 &9 Hit}of| A vt =R G
B71stg .o H, Kim et al. (2018)2 vichE2ko] e A 7]ut
A iets =557 st vt Selete &
SRR A Ae] F1Ea 72, 1 7150 BE dUT
o 4R} 55 solst ATE s

c

BN

2) EcoNet 22!

EcoNet2 20079 A2 7l (Kazanci, 2007)E o|%F &
A= version 2.27} /M= o] STk (EcoNet: http://eco.engr.
uga.edu/). EcoNetZ 9 o|go] mjA|z}e} ZAIZ} F3} o]
Qo] THRAEIY 15 Aole] 5B TAsH: A
N2Rg Bolan WENDL 42 s T2 1w,
559 el ofuix), AAF, B C N, Po 2 B4
247} @ 4 Utk FARLE 2HY f712RE AE
F I57HA 7ol 2 & Ut Stock-flow 1THO =2 1h
Bl 4 9t BE T4 EeoNeto] R 4 glom), %

N
BN
)
lo
Hl
4z
o
i

HEH Bx EEY FH ZYE +

H3 5 ot 2P A2"o] FAEH ] = T A

E < @ 5 Sk BEoA FHR_AS Aol

SHERE o]gsto] e, T 4749 2]
T .

- adaptive time-step (Runge-Kutta-Fehlberg) (default)
- fixed time-step (4-th order Runge-Kutta)
- Discrete stochastic (exact, Gillespie’s algorithm)

- First order stochastic (Langevin equation)

Hdo] A¥yH & A= JHZ, & Fo= AAEH
(Fig. 3).

Fig. 3:& EcoNet ZH|o|A|of| A A|A|E}= ol F& of
A, 27tY 2 AR, nlx =Xt 54 29, =
F-EHE mlo|ARIZoA Aaed s o3 i
o] #83-SAeE % 5 thdstA &= Ut (hip:/
eco.engr.uga.edu/Examples/). Buzhdygan et al. (2012)+=
EcoNet& o|83le] QA2 e, HAALE, A28 54
EX& 3199 ™, Buzhdygan et al. (2016)2 HEY A A
oA JIYWEQ] OFFFAIUEFE (Robinia pseudoacacia L.)7}
ae@o) 0E 9T AFsH

Created by
EcoNet 2.2

Deposited
Detritus

‘

Deposit
Feeders

Fig. 3. Example diagram of Econet model with oyster reef (http://
eco.engr.uga.edu/).
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3) FoodWeb 2%

FoodWeb-2 Canadian Environmental Modelling Centre
(CEMC)o| A 7)gHst A2 2 Campfens and Mackay (1997)
o] AF Ao ZAE T2 9t} Fugacity 7|8 mE@=2
A Holgol A &2 et ¥d (PCB) 5= B7F &
ost= e AA Y 2 20| A AE=R
ATHH 22 9F7HA AT + e Aoz ddd
zdojt}. Ecopath®} Zo] Ay Rdo] &atm, k33t

Ze 54 gtk

- 3709) dolgulol2 AF: Bty HA, B4 42,
sl 44 (BE 4 27

- 7t adoh T80 HAL BYsy] 9As) AHE 27
W 7] 7Hs

-7t YolEuol Aol aio 159 HAL 27,

- AT % 20 1Y

mdof aEE= gHARE FEEA ol 44, B
4%, A A, S92 BujAs 5otk 349 E4
o2: RREE 55, 1P E HHE RouE, FREE
7 HHE gAY f7ied &, 1P E dE 5o] Zast
o 2892 BE FFEY 9), FolE, Fu, AR H|
£ 4 T AEES Y], 43 AR, S, A4 E,
THE AEST B &R, Yoz 59 Yol 54 A
247F d a5t}

A Z2 W2 CEMC 29 0] | oA AlF-Eth(https:/

www.trentu.ca/cemc/resources-and-models/foodweb-

)

model).

4) RAMAS® Ecosystem

RAMASALO A 7EgE = B7HE 9% Bolaks,
Ho| mdo|n g AIZEFojo|tt RAMAS® Eco-
systeme AAY B=HAY 20 A=E AL L3
SHE A5t S4EZ HEt Holg sFolA Bt
S gt Ho|f BELS Ho|Y/AE A, EHAER
st =g 4, AEFFAA 44, Fol-vkg Ad, 9
A2 gt A, SH AlEEold 2 dE B 55
433} (https://www.ramas.com/ecosystem). RAMAS®
Ecosystem £3]-2 Table 29} Zt}.

offt

2. 35 =4

1) StrathE2E2
StrathE2E2+= A E= 3 Ho|doA 293,

gt ool mE 263

Table 2. Characteristics of RAMAS® Ecosystem model (https://
www.ramas.com/ecosystem).

* Specify parameters as scalar numbers, intervals (e.g., [10,15] mg
per liter) or distributions (e.g., (10,1) mg per liter)

* Automatic unit conversions and checking for dimensional
consistency

* Dose-response model: Weibul, probit, logit

* Predator-prey interactions: Lotka-Volterra, Holling type II,
ratio-dependent

* Density dependence: ceiling, logistic, Ricker, Beverton-Holt

* Monte Carlo treatment of measurement error and environmental
variation

* Summarize results as biomass/abundance projections and risk
statistics

* Display graphs and tables, save or paste into other applications

* Comprehensive online help

25, ¥, o2 T IS HUksly] 9 2=, of
A2 4 (fishing fleet model)T} AJe|d F HEOo=Z o
A= o] ch(Heath er al., 2021). A= d2 2, H7],
7101 HY WollAl sjA wekgo] AAE o] glow 1 A}
£ Aerd=z dgitth(Fig. 4). e2d e f7129 2
2% WIS & Usde AuEWRAY dyew A
A= o] Tt StrathE2E22 R packageZ 7= o] gle
o, getu|g A3} 2l St it v =R AE
T3t B7F 59 7leE ERSk itk AdE mde &
SR Fof| &L=tk (Heath ef al., 2021). A2+ htips://
github.com/cran/StrathE2E20] A ¥ 4= 1t}

2) PCLake+

19909t = YET=oA JFAAo] WA Y=
Fe 549 44 Q7S 98 ZUE PCLaker} 2
Rem, 201999 o]2gt =AM wAgle] A& 7Tt
PCLake +2 WHEINT. 540 HAYsE A7 9
3 N 3 FREEA, AT <& A 7}
% Fo@ AE 181 159 43482 wdIn
(Janssen et al., 2019). 8 Y& HSE 1APAHS f
= AEETIEL e Bl 29 FEEYIE
ANBAZEE, olf Aoj2} Hoig Egtalel ek o
ojY& WHETH(Fig. 5). +8& FAER A= FHE, 2,
Az, 4 FoITh

PCLakeE 83t A= HEHES F4HCE Yol 5
= o1, Janse ez al. (2008)> HETE, HW7]of|, ofdH
£, W, 299, BHEC] Soo] Hgale] 34 54
2 v 23}t E3F F=9] Taihu® (Janssen et al., 2017),
Dianchi® (Li et al., 2019), Chaohu® (Kong et al., 2017) 5
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Fig. 4. Structure of StrathE2E2. (a) Schematic of the food web compartments of the StrathE2E2 mode, (b) schematic showing the horizon-

tal and vertical spatial structure of the model (Heath et al., 2021).

o A& AUt

3) PCDitch

PCDitchi= PCLake®} Zo]
F, 2ol RIgs IFS B7HsH] g8 wEeizl
52 XA 2do|t}(Janse 1998). PCDitch= &, 3
o

N Aol BERA =

AR JFER ATT FHNE TIEF Aol 3
A =8 gugsicl 2d AYzre E 8k 2k ook

AFsE A7), w2, HEE 54, 4 S0l AR EH,
AAE xR E the 67HA] 7|5ES EFS) (https://
handwiki.org/wiki/PCDitch).

floating-leaved plants,

emerged plants,

non-rooted floating plants,

non-rooted submerged&#160;flowering plants,
rooted submerged flowering plants,

Charophytes, and one phytoplankton group

AEAAR T2 ERLe 2efsi] ooz dolg
mdgL AYstx] ok, JFAFE ANES B A

Toll= &3 ol 2 & 3

PCLake + 2} PCDitchE 2o} PCModelZ HjEZ3tL )
t}(https://github.com/pcmodel/PCModel).

4) AQUATOX
(1) AQUATOX EA

AQUATOX Rl B2 AgAd] 24, 9 5 248
A ATE AESA ofF T SPAE WAL 9T

B71st7] sl EE Beis4 B7F AlEdold 2ol
ot 19749 vl= &7 (US EPA)OIA T EH LT, of
3 20034 version 2, 20134 version 3.1, 2018 949
version 3.27F A E o] AlA ZtA| oA theFEt Zoket
gof 2¢53 Yt AQUATOX:E US EPAYIA A|83tH
(https://www.epa.gov/ceam/aquatox), T H+= oFFgt Z;
g 2ol Aot Ut
AQUATOX+ W= 7F QI #AE AT
YR A FHRL D -2
< Hol 7|dt mdojt} 53] -4
5‘]'04 A 2o = qleuz T3 A
8 o on, 7|1EY dF =7 E BHiA oA A
ste Bd QR eSS TER 5 Uoke Aol
st} olE g B4 47 Aol 28 A o

4
i %0
o 1

Lo {1

)
N
fu b ob BN

fr £
2

=
=2
mg

e 2

o|:1m

o
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Fig. 5. Schematic of PCLake + 2 (Janssen et al., 2019).

o Ao HAG o ATt AL 5 Qi)

Q) Hdetd Y AATE
AQUATOX+ Borland Delphi S &S ARE-35te] 7t
S9ich. Delphit= ARG T A2 g5, 2
ARG T2age T2aee SRS AR s 7|
BE WD o AHSe 4EHgon Agel o
Nolth weby AR xzadyu BEapt Bels
B2 QYRUs o) e asse 45 x3E 17
ok sh= =R Aol f2jsttt. e, AQUATOX=
Delphi 7|9t 22 FET 7 A&7 g&o] &AAFE
4%, 89 0 A 2e BE 277} 15eih

(8) TY=E & YEEHS

AQUATOX+:= 8] -8 Sl Ae -S54 ZE2 7450
ATh (Fig. 6). A& Z& At AHHe 8, o2 1
£ AQUATOX Yl s8] -4 &< ol&3te] AAtstAY
o7 do] 7hsdit.

(4) U= &

AQUATOX 2E2 7|EH o2 GUIE S8 Bd F39

(2 2= o 265

Za3t ARE Yt 259F 7 mdAS, 6959 4
£, 569 FAHFFE, 80FY olF, 695 54EH DB
£ AFsh, GUIGIA o]& A9d 4= 313 7]&9 DBE
A3 4= QITH(NIER, 2018). L @H3} AAZRA, 7|14+
27, Y24 52 AL &8t AAE ?JE—VH%
T T AR ﬂﬂvow Eﬂiiﬂ o}@l R

T =
— °
o 4 oleh Eak A AAG BT 2 23,
a4 BY A% 5 oo wdY 23S O 9L

(5) AQUATOX X2

AT ATE =EEQ HoFs E¥ AQUATOX+ AH]
S4%7E 9 wol AgEon, 1 o A v,
QO]U} EE“E‘ H]—‘ﬂ‘_’ 43_1] ol J—}'a -—_,] .‘124 o=z 1:]-01=
SHAl AMEE QUTh. Fig. 72 Web of Science®|A] 20015
Bl S%E AQUATOX =&& HAE 25 74 =2& B
oj&tt.

AQUATOXE 0|83 AT+ T45 FHLE tYsHA
T A}, Zeng ef al. (2022)2 5= Baiyangdian Lake
A AQUATOX Z @& o]83}o] polycyclic aromatic
hydrocarbons (PAHs)2] F&2 H7}3l %t Meng et al.
(2022)-2 Poyang Lakeol|A Q1912 mgho] T4 &9
L G3FS FIF oz Hre A o7t 853 T
At AEEFIE BAZFLE S8, AABED
ofFE Hastglon, Ho|tE o5 AHA A
#4agE B Y} Rashleigh et al. (2009)= U]= Lake
Hartwell A}l 21+ Sangamo-Weston planto]| 4] | & E]
£ PCBs7} 2= A9} ol nA]= FFE B8t
T ol B AFE 8 AQUXTOX 2ES &-8319)
t}. Akkoyunlu and Karaaslan (2015)2 E]7] Mogan Lake©]|
Al 4 A AU LS AQUATOX Edof 2-g3to] o
FH HAE T Ld=E2Y FARESS EFSI A
%ﬂ]ol*“ﬁ‘}@] s A AR =&

2 435 AQUATOX model® 3} HEALZ,
Salvadori et al. (2022)2 o|&&] o} Cixerri oA 74wzt
o] LAEA Y A= FFE AS8HH 2, Gredelj et al.
(2018)> o= g|o} Po ZolA AF2AEZY predicted
no-effect concentrations (PNECs)E AAtsl AEH =
A H7lo] &-8319th Lombardo et al. (2015)2 =9
A Fol& ARLAHA ¥ LLA A ZV0]E (anionic
surfactant linear alkylbenzene sulfonate)@} &4 ET|EZ
Al (antimicrobial triclosan)©] Thames 7 AJe Ao w] A=

rlo
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Organic matter € o
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Fig. 6. Conceptual model of ecosystem represented by AQUATOX (Park and Clough, 2014).

FFS Frstnh 24 Agdold A F sEEEe
w27 F3 3 (steady state)o] =FStH o HAF ¥
st foldt d3Fo] S E AT} Lei ef al. (2008)2
%= Songhua 7oA YW nitrobenzene = ArL W
A|Zke] WE nitrobenzene®] 329} AYE| A P KOst
4 t}. Rashleigh (2003)2 ©]=+ North Carolina X gof =
Contentnea Creek®l| 4] &2 33 X242 H3lo] tfgh
o] 79| ¥ H7bsk

SHH FHANE I thefst A A F83 A
7} B3 =3 Qlth. Hoang ef al. (20212 AQUATOX 24
= AR YE sl gt AEiA HsS 5T
2 Qll A BES TEET, Lee ef al. (2021)0] B
< o]&sto] YT T EFS APt 1 2
I G357} st e R4 ol T "= el
AEEFIEY FAR YA 09 &
71849 ez 2l

T e FLUARAY
THF2 =S Ho]"%“l‘o Foll A FFs
FAng
T4 3t

E

grtstech 1 7%—]- o]--,—01] 3,000 kg9 toluene
49 ATAFORRY cd0m7HA Az
o n:] 23 ka]'X]E A3et w37 oAF

(2012)9} oon et al. (2017) OEOM T*J&EH H?fﬂ*é
dF 9 7] Ae FF F7HE 93 92 F BASINS/

80

wl

@

=]

5 60

w“

o

but
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a

£ 40
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Fig. 7. Cumulated number of articles with “AQUATOX model” in
Web of Science published from January 2001 to November 2022.

]
£9 =42l BASINS/WinHSPF& Zd%o}oq TEL
HOE AIPstR L, o] Axtel A St HHTE HFe
2 AQUATOX g o]-&3ste] 374 a gl Hale] o2 4
FAEA ol w3te] st oS3ttt

3t 23473 (NIER, 2018)2 Y57 279
AR, FAFYE, A FEeE 7k AQUATOX 2
Agstglon, ndo Y& ERIEURE AEETIAERL 5
EEYAE 7%, AXAAL dIFEAFFTE 105, oF 11F
Z3stgth. 2183 L5E AQUATOX HEo| A+t of
P2 S wsto] o2 YA 54 W3 Bt 840l
A=A 27] HES] st BB Ay e E 2
stal =3ste] 1 Ayl e ARIAE BIFsHAT Alv

mlo me

o>“ IUIO
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Data Model Basic research Application
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— - . — e »
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/ management
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l

Spatial cost
of fishing

4

7
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|
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i g prod. Seagrass, ...

(SeaWIFS)

MPA zoning
(Ecoseed)

»
Hydrographic ‘:
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l
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—

EOEREDEIE
AT PES FYT F BAAYS 23RS A
SHiTh AP o]F SO Autele g AUstel HF

(NIER, 2018).

5) Ecopath with Ecosim (EwE)

(1) EwE EH

EwEZ 20119 7yttt W #ofl A /48 Ecopath
Research and Development Consortium (https://ecopath.
orgoll Al 7i vjzsta Ql= AejA/AdE Rl 8 =
ZaHo|t} 20223 11¥ A EwE 6.6.8°0] 32 bit Y 64
bit AR vjx =1 gt EwEL Ecopath &} ZHo]
ol o8 w9 W2 A7t eHHUH, PIAR
= AR A N A ol A-&= e

EwEE Al 7ie] F8 222 T4 glon], 4 u
L BT & RUE oA ol oy BASeF

=
=
o

=

ZA5= W o 2 JJehE] Qo) (Christensen and Walters,
2004).

- Ecopath: 94 AW A3} Zo] HHoly
gL 7Nte 2 she 2y

- Ecosim: A|7to] whE LA @ A5 9| ¥sto| wha} A
CEECELER ELEEEEEER LR

- Ecospace: A| 37+2 W3l ndl

AFd PR

Fig. 82 EwEo|4] o] Edo] B9 & st A7 1
I o]g Hol & AA St BojF1 ¢l o™ (Christen-
sen, 2009), 51 &2 EHEE AME & Se 2o
Zt}(Christensen et al., 2005).

- At os FER AR BT - ool A A
w1 A 9% 37t

- gYA S 93 A
A Ao hE GF £

- ogEAY 0|5 24 % - YU} G B
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- $97F 29 (end-to-end model) 7=

(2) EwE =2

EwEE QoA Aejnd= 7H wol ARSI gl
o8, A&HOR EwES AT A7t E715kn oo
Web of Science®] 4] Ecopath with Ecosim= ZHM4o]Z 7
At Aat 2T 202083 2021@ 0= vl 508 o]AFo]
SoE I ok (Fig. 9).

EwES 43 93 F 2022¢0] &3d 47 AF
o+33} Zt}. Rehren ef al. (2022)2 AT of| A ] 4]-3
A7 AERes A AdA FTS BASGCw,
Ortega-Cisneros et al. (2022)2 FoFZ 2|7} Algoa Bayol| A]
a7t T AYe-EE AYshr] A AHEES A
L5EATE. Szalaj et al. (2022) ool ¢, Foig] A=}
oF ZARLO| AT, S5 RH2E T W3t HEH S
2 E3 EF oz eA o v|X= L oY A&
7HsAS H71STh Testa et al. (2022)2 731 39 of
o] 7|33}t gFor WIste EFUHFY Holgo
A= FFE STt 2, Bhele et al. (2022)2 ]l
AEYo} Vortsjarv 25204 EwE 2d& o] &5t} ¢
BA, 715 BEAE, AUA AF, AN & FF=
nX= 4 2F 52 B7IsHh ol & &9 o7 &
2 AEEFIEY BAF Aol 4y AHHATE A&
< 2

oA REY Ats AR AF"ol el

(]
Lls

H~| rr

A o8 Bt PSR BEAH S F Zhang et al.
(2017)& EwEE ©]-&3sto] 1) A4 4 P
A 719 &4 We Bl Z45kaL, 2) v ¢
3 Aol thsto] FRABAE EAHLR oY i &
BEEEE FASA B3 3) HHE FHAE v
EA5H] 7P A g g e e8FS AAsH
A 4) 24 BT AR AR E=E FAATI7] KR et
= AABFAT ERE Lee (2014)7} EWEE ©]-&3t -

vt A YA S FABAEEE FATR LM, Lee and
Zhang (2018) &% Hith AejA A vithE73e] F3FS
7SI Zhang et al. 2019 EZ3], 31, Eol
A o|f B BArET B AAFE B

6) ATLANTIS

(1) ATLANTIS E4

ATLANTISE 20049 &5 CSIROOA]
£ RosT ojguelE AU 9130 Astgon o
T A&HOoZ dAStI Qlk (https://research.csiro.au/

atlantis/). ATLANTIS= sf|F e A o] =& REAE

) F A e Al

FAot
500
9
=
=
m
i
S 400
o
Q
o
[
=
C
T 200
2
m
S
£
p= |
=)
0 b=
2001 2006 2011 2016 2021 2026
Year

Fig. 9. Cumulated number of articles with “Ecopath with Ecosim”
in Web of Science published from January 2001 to November 2022.

MSE DESIGN AND
ANALYSIS

BIOPHYSICAL
- environment (currents,
bathymetry & climate)

- resources (flora & fauna) \
- impacts ‘

SIMULATION CYCLE

INDUSTRY
DEFINE - development\
OBJECTIVES =P - exploitation MONITORING
- multiple fleets - observers
(behaviour & gears) - surveys
IMPLEMENTATION = reporting
- economic pressures
(costs, markets, trading)
- effort allocation
& gear choice
-investment
PERFORMANCE -social pressures ASSESSMENT
MEASURES « - public perception - estimation
- ports - classification
‘ MANAGEMENT / Ly
- decision rules
JUDGING (harvest strategy)
OUTCOMES -all levers

(input & output)
- management
costs

Fig. 10. Atlantis model structure based on the management strate-
gy evaluation cycle (https://research.csiro.au/atlantis/).

A AA A, A3 A)S Z3Fsta 912, Visual Studio C++
2 AAE L22F 9} Zro] T/ ETH ATLANTISE ]

A W7} &3 Ut 67)e] wER T4 (Fig. 10).

(2) ATLANTIS A&

Kaplan et al. (2010)2 A Z|+3 tﬂi}Oﬂ/ﬂ ol8e g
BAE Al F&ston, v= BE5F AN sFA
B2 oA YA el A HE T (Link et al., 2010),
S A NA FEFAF ol vlx= FFF (Fulton et al.,
2003), e Al 719k o] Ae] F3- 2 (Fulton et al., 2014)
S oo B9 dE0] Aok §HE, Ortega-Cisneros er al.
(2017)& 4Zate] Y& Benguelaol| A-&3}o] thoFst g
74 22d27} ol 8% S 0L 9T Bl =
Yol A A A7t gtk
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7) WET

WET (Water Ecosystem Tool)2 Z| ©lu}=32] Aarhus
Universityo] Al 71&dt L Z4A SAEHA 22 A
(Schnedler-Meyer et al., 2022), FABM-PCLake (Hu ef al.,
2016);—" 7]11]_-_(_)_§ 5—].(31 HH]—E]OJq. WETQ_ oflok‘jxl
A5 (resuspended), ¥ (burial), 53¢ 5t 522
oA BBEA A, AEH EFIE, FRAE. F
A EFIE AAETE, AFE ZFSHY T 12719 B=E
2 FAEY Ath(Woo et al., 2021; Schnedler-Meyer et
al., 2022). WETES 2Z4A T2 W07 Aul ¥t
ofel 223= 9 g 2771 WET &3 0] A (https:/
projects.au.dk/wet/) S B3l 571 = At

WET+= 22 WY 3= o] &3 A7+ BA &
t}. Schnedler-Meyer et al. (2022)2 glnt=3¢) &= Lake
Bryrupe] WET 295 2-&35l0] FAston, Szt
o A= Woo et al. (2021)°] SWAT-WET-Z ©]&3}lo] ¢Hs
59 53 W+ YUY AT FHIAt

oj0|2} B EH2T} WM wE

ol a2 YA £ U =S Abeld Bt &
AE AHZE YEiL, el AT 59 AL
SH Zdo] A2 dAE FHEA YA FAHA =
g W 4 AT b AeAL) ©7 4ol el
XL G wpobst S~ Qi) oA "ol mae EX
o e} A mdi 54 ndg LRI ZF md ©
o qEHQ ol Ko EAS AWEgt. A
oM 2 7§ % FFE Yzt AMESte A2
o) 53, FA - met 2 ofof 3. Az HgkE
3HA F2 R84S A9 FAE Hele Aol 8 5
29l A= A4 mdo] HAsirh JA nd2 zd
Z7F deste] vlnd 47 BdE 158 5 = Aol
Atk 1y ggwste] WE Y F5 Akele BA
oF golg st E—Oﬂ daiA= werd = gle 2ol 3
O Rhd SR AR o SRSt o2 7]
WSS uhgs) FE2 Az g gguste] 9P w
oot 1 e Wrlellol Aaket =Y fYoloh
AAZI AAT Aole] 4BRGRE ohzt 87 <1
sk AAE Aole] A5 % BAT & 9A sz 2
Ay B 724 ekt ARE0] ZaE] B By
#go0] olA| 3 B FEof AZH} wEo] go] 2R},

Yol walg ERH o2 Fg] ML AeA
FHRaE) Aol AR, 714 4 A, e B

il

=}

fl

M

0
Ko o2 o
W4

IF

N

7 A= 5 P TFA FY A=7H D2 SITH(NIER,
2018). Holw malo| A 7H 283 QA 29 U 1)
ARk} ZAIRFO] A AA T A AT Y A AF
olth. o]& {8 AR 2AME Tl i BEY ¢ HWEE
S A TE B35 W, AU E2 9] metabarcoding,
““\W"Wiﬁﬂ A Sol AHEE QU s
Ha 4 4= mixing B9 0]-&5to] ol S
Aggtt}. ol 2jgt Ho] A3 At tdEY AR 2
A2 A7l wheh g2 Hol7t Slo] theFet 24 =
A A7t Zastch A Jieral 202002 BARAE B
3 SW Gl 4559 HoldS BAsHATh o 22
o= oFEAL AREALY] BESE Eol7] Yste] BHF
A2} (eDNA) 7|¥o] HYUEIL glon o|F F3f A+ o
A O BE S ot A gebste A 2
3] AP ok (Kwak et al., 2021; Oh et al., 2021). L&
U @A oA ol =59 Yol gt A+
7h &3] =] AR got oo thFt 7|2 A7 A
gt Aol
ol el {52 A= BEL BE Ao o]
AT gt OMEP Z+ AE Fo AEAE AT FH, &
}% ol digt 8 29 A7t 71 7]
H2 gt Eojof ghrh E3 ¢ A&7
:‘—Efé.f?}h HAE 2ost7] flsiAe |
& 25t 2d9] F3E 2499
%E} A wgt D A Fof gk g
ZARHBE AU o E At o] & F4 Edo H-8351o
e A H3E A St FAg tf-g AFS +Hsk= A

rSL'

l?l
2 F
2 f
Oll
o

x4 Q

Holge 249 FTAT F7 BAS Yehhz By
ohet Holgg THSH: 84S RATe] 725 £
M3 olsist © f-4dtch Holgo] B AT 2

el G e, Aot EAZ Aold] AAT FH, A
B A, ARA W BAAUA 55 59 olsle] =
22 Zth gl mde oA 21 0 BA B3
Hg olgHoR HA Fol Ad AEANIA B §
B0l et Ang AgFez, oy 2Ue i 71
43 SYE A7t =72 A48Y ¢ Uk B 4
SoHE FUANA AHFHE Fa ooy 2RE B
293 54 Bl 508 THe] Fa Bdol 54
3 &g AdE A5k 38 BDE Ecopath B0l

oz

12
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o] AFEEHI 3 o] 74 EHQl Ecosim¥ AAE
o] Ecopath with Ecosim®.2 F3t& o] AMEEH Qith E
%54 vuz 54981 54 59 9L 2AslaA o
% AQUATOX Zdo] go] AMSE T itk B8l
o HEE &3] YAlAE td AHAY HE 2
AF Atold HAASA TATE FES| TretEojof 3
E3 F0 AAHAAE0] o]F AES vA= FIF g
7\zAR 40| Baslt B2 A4 BelS A
AL AHSTe uEsts o) ofd AT Agg E
A B, 283 Ho|gS Zro] 1= AEH A ==
A7 854t

AMAVEE w4 (Asidstn we, FACH@RVA AT
S el ROl

MIZ|IHE HEAdy 9 HE: vrd A, Lo} A=
A 9 el whea, fn
B: e 4, 7o}

5o

=

ga LA

-

il

OlsiEtA o] =&olle olsieA FE2 A7} flssyth

S| o] =22 2022&5 SoFLArE Po s Fjopse
A7) E759e AYS ot #3E “IYg 71Tt
of gt 53l A YA t&—a A (20220533)°%} B
SR AFHAA 3 T “RETHSE EAS 3 AH
A B2E45Y g weH(GP022-16)" AT, AR Y
do 2 IR AAA7I e A A28 FH 71
ALY (ZHAH E: 2020003050003), FHEALATO] 2] Y
(NRF-2019R1A2C1087099)% ol 43 &9l
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