SHz"sHL 7t Vol. 28, No. 1(2019), pp.49~62 J. Environ. Impact Assess. 28(1): 49~62(2019) ISSN 1225-7184
https://doi.org/10.14249/eia.2019.28.1.49

TANHIERDS ol gate] B A IFo]
ol52] 27] B vl L g 24

J
SRR

2 ol

J%‘: ol

e

A

Analysis of Effects of Multiple Environmental Factors
on Early Life-history for Growth and Stress Accumulation Using
a Dynamic-state-dependent Model
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Abstract: Environmental changes can affect life-history traits, such as growth rate and reproduction,
and organisms adapt on a given environmental condition to maximize ecological fitness. This study
shows the effects of water temperature and dissolved oxygen level on early growth and accumulated
damage in fish using a dynamic-state-dependent model. T have hypothesized that the level of foraging
activity is related to growth and stress and so the optimal level can maximize reproductive success -
ultimately, fitness. The critical temperature and dissolved oxygen (DO) is also defined as inducing the

First and Corresponding Author: Who-Seung Lee, Environmental Assessment Group, Korea Environment Institute, Sejong, South Korea,
Tel: +82-44-415-7323, E-mail: wslee@kei.re.kr, ORCID: 0000-0002-2203-6616
Received: 11 November, 2018. Revised: 11 December, 2018. Accepted: 16 December, 2018.



50 SZEIYIL M8 M1

maximum growth rate at the level. So, the model predicts the highest growth rate at oxygen saturation

and lower growth rate at lower or higher level of DO in water. Lower DO (i.e., hypoxia) causes slower

growth rate through higher amount of accumulated stress whereas higher DO (i.e., hyperoxia) induces

faster growth rate, but smaller body size. In addition, I show that there is lower impact when

considering simple or independent environmental factors on environmental assessment. My findings

suggest that multiple environmental factors as physiological ecology approach should be considered

to improve impact assessment in environmental changes and a further study is needed to develop

advanced assessment tools considering multiple environmental factors.

Keywords : dynamic-state-dependent model, environmental impact, water temperature, dissolved

oxygen, life-history

s e A M4 5 AEAkife-
history) Z4tof| 8-S &k (Sterns 1992; Roff
1992), BE2 Aol A A3 ol A e H A3t
= (ecological fitness)E St3Hmaximization) Al
7 5 Q=5 H-g(adaptation)=|o] 7] wizo] g
AHshe 22 HYn 74t 7S H]-8(adaptive
cost)e] Z71E Z 3t} (Paley 1802; Darwin
1859). 2= & 5 o] #4-e A A7
SR = ASEA] AL, A7} g7to] whet thestA
H3lsl7] wiitoll AElE] QHYsE SRk A2 2
H3to] s ol H ST A Y A
(strength of interaction) ¥3}o] Tt 2802} &
= Ath(Lee et al. 2016). 915 E°1 l
At ol F U 255 59 W5 E(ectotherm) A
Aol w2 %= #3}o] F3t Zojof wet 4] P
o] Wy Hlm=7 EepA Y, 2HFU 27 59 4
&% (endotherm) 22 2= A$- £29 2
o7} 905 uf 3F2 Zpo]7} WAYSITHRobin et al,
2009).

A (water system)& A14] &
fRE HesER S4 A H A (terrestrial
ecosystem) Ht} 422 #iste] tf WZEHHGrimm
et al, 1997). AAFLA 0 & 2F 233l ipE 2
o] Ao olF9 A& A% M A5 7|2
(evolutionary adaptive process) .2 2|4 42 %]
o0 29| o]F2 op|eith, e o] o5& Aj2 O]

49 T3 BEFF(Ee 1550 T L5
(interspecies conflict)e GHslo] A=t & clokA
5

S 28 4= 9tk (Perry et al.
2005). E3F F2 FHHARA L] Atolut s

-
28> (warm

4
water) 2. 13 580 HE o7 AT G
S 2 4 otk A2 Sol, golAl B ol
Follsmolt) sHo] §98 Lul clste] 4%
o] 7bs8t Hlid, ol g 229 okt et
of ol 4 Bk O] Qo] o] Fo] HFH2 IS

FL Aoz H1FE v 9lth(Donaldson et al,
2008).
sHA 9

5l 2] 2ol A o] ofuf 2] WA (], 3}
AAA 5] Fdholu; AP 3
NS eS| E2A AAF
© A% FAf sk =
eds e 4 Qlrt,
ol A ARgRE A2 A
o FNAltol HA3] 2
= 991). Ak 2 A

2 A5 s FYS Shof| wg Fakx
(periphyton)2] 7HA|: of7|ato] 3 &
Ab2=F(dissolved oxygen)2] A4k2(hypoxia) AFEl
z818 4 9ltk(Nelson et al, 2013), ©<0] £}
WA 57 4o d57] o] 4Rt
wehs 2 4 Qe AR F o] w2 R
o= §EAATO] T4k (hyperoxia)E ©F7]5}o]
HOo 7 QIR A o] A

re
iy
> i

1
t
o
W
2

o3
=2 Q@ @ o ot o

o olo =
P
s
>

JALER NP 11T
a

o o

o

5 .

STh o
>

o

i)

it 4
i
1=

=

R A | R (< I
do 4 &

rE

ey

BN

ox,

B

o

o

b

K jiAs

ﬂ'ﬂ,ﬂ
oz o

9%

X

Q

e}

>

o e

N

—_
Of

=

4
oZ
oZ
ikl
1o

of
oS

5
%

Y

R
P|> o
~|

-
B

1

=

d



0l 5/ SHNEIZRUS 0/85t0] 2B YUl 0172 7| BBl DKl FIF Y 5

fo
o,
o
ot
',
N
N
rir
ol
o
(i

o
T =
= e
T [o
= =2
W o
PO
E
o X

ot
B
=t
ko
lo
ol
o N
(B
o
rir
O>'
ikl
1o
k)
rl
oo jo
b 1% op 1P o

olo
~N
N
)
lo
off
ol
Z,
k)
2
oo
= HI
o 2
o
o~ X
u:
T b
= B~

[e

4
s
ful
[
)
i

>~
)
)
oo
)

N

(physiological critical value) ©]AF9] tjj+f
FFS AH wdoly Sbge A
(unstable life—history traits)S 2 4=
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27} 9)ek(Kingsolver & Huey 2008).
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o579 7] A%Hgrowth in early life)ol] =23}
SEA AT (dissolved oxygen)o] B]Al= FFE
aiat7] sl AYe &2 A E) &2 (ecological
dynamic—state—dependent model)Z ©]-&3}5cth.
52 mdll oF 2 (short—lived) 9] o7 AY&AL A
Fe g2 2 A o5ttt Mangel and Munch
(2005), Lee et al,(2011) 12]21 Lee(2013)2] A3+
A LS -S-85H% 1, 34 35 (foraging activity)
of w2 Ho] A4 (v &5) & A4 o] &
Hl = WAL Al (life—history state)?t $4 3%F
o] A{AgE 123t 53 o2 Y (dynamic
energy budget model)& H-&-5tith, & Aol A
F4] P52 583t 34] MK (foraging strategy)©l
L #4 o] (foraging dispersal) 5 &2 ¢Ju]7} o}
d HAle w2 2] A H]E-(physiological cost)2]
H3} @ A2} tiARA E g 2 (metabolic stress) H
3= 8wl =2 ou|E Aol tHLee et al.
2011), E3F o729 4o IS F= a%doR

T e T gRAATO| WA 4

[e] =

o

ot

1'011
on,
of ofo

(interaction) 0. & T2 F= AL EH3}
3Fo & A o]} tH(see Hong et al. 2015).
WA, o7 4 AlA| A% (somatic growth)
s, AA 271 X, FAE AW hARS
A (accumulated metabolic stress; 9], AFgkA
|2) D, #A 5 a L FAE AU AEF A 3]
£ 913} 2} EHli(resource allocation) US o]4

tol thet 2ol 718k e Eqn. (1).

A
husd}
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(m o

ko m
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Of

B 6o v ) (M)

4] A aoll Qs A oA, & AEH &
3} A& (anabolism) GX, a)= A5 Holo] Ztj
off g =] goF A Agt o 2] (Ho]) <]

= s

33} (half—saturation) A4 x 121 HEE5E
dve 3 4

7]

it

o2

(ectotherm) o]5F2] AJ2] 2 &5 =
2 T} 540 S22k 09 23 Eqn, (2)2
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%3 4= 9lth(Mangel & Munch 2005). 53} 28]
X&) A- A= AR 27] XE Kleiber ¥ (Kleiber
1947)0] whet 3/4 A|4245-0 2 Yrehyi e,

GX,0) =0T+ 0)—— X" 6)

)2 o8} 2}-(catabolism) CIX, a)= 34| 3

% qo] w2 Eo|t|AMH]E(specific metabolic cost)
(@S 52 % $ENLo] T2 Aoz 7]
&3 tHEqN, (3)). 01714 00Tz 20 WE o]
FO AR ALY 2] (E= BETE S5 ollvA)E
el ™ (Botzmann 1872; Arrhenius 1889; Brown
e g2

oo b 0] W2 o]

o] AA A IR S 2Ju|gth(Wang et al. 1978:
Mangel & Clark 1988).

et al, 2004),

0.021T
C(X, @) = an(a) [ dn 7+ 1+€O]X

Eo|tjAhu & asla)}s F4] HE o] T A4 2
7190 w2 o]hg agt 24 EHo] ofd i, F
A) 1-ad o aulE ARG mE 75T 5

SACHEqn. (4).

os(a)=ao + (1 —a)om, “)

e dRAos A4 2712 719 oA A
HH(mate choice)o|t Ho] AR (food competition)
oA e o] S(benefit) Hi= A2 Al =3t
2 gt AT o) Al Ao A 2B
2S S7HA7]1E= v E(cost) = X SHTH(Roff
1981; Barbault 1988). Aol +2/d thALAEH 2
(accumulated metabolic stress, damage) D=
2ol 9 2Ed2, 4 PFOE dAdte] ¥

gl
k!

2EHZ T2 HA BE 35 YE 4yd
Eal

%

4= AL, e AEH A AE Al pp, B T
EYA A Al pp 13 B EREAF VvE 7]
& 4= YrHEqn. 5)

dD

s = poD + pr [C(X, a) - vU(X, D)] ®)

%7

7oA FA R BE3 A= A &
resource allocation)of| e} A4 2 2] Ad%
Aoz HujEn oo} xFgo] walshE A
HAF AEG A0 Fas & A} 35S 9]
CH(Cichori 1997; Kirkwood 2005). 4]
o7 9 EH*P 35 £ AA 27]9F =2 H
AEY A0 o Ad & Sl Y SlEE g
I} FHE AEH AL B8-S 93t vt} 2] 2
(Eqn. 6) Zo] 71«38t Gaver et al, 1997).

Hi
of %44
| =2
i ol
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R

ol
[e]

o oo JZi r
¢ i

=

D2

XD =X s

(©)

Aol +2E AEFH (A, ARRALE A E
ABIAE 2)0) G2 3t Bl AEo] BA A<

4 3E Ao g A tk(Kirdwood
2005). ool 2 AtofAE= FHH AEH AL o]
Z7V8 +% AE g Wohirtn HYstect

(Mangel & Munch 2005; Lee et al, 2011; Lee
2012; Lee 2013), A& AEHY A F2 AEHAE
Sulsle AT} EA T o] 9o omg, ZA] Y=
ao] 2 AE FE p= A4 Feol nE A BE
u, A FA& o] opd (o, F41) 1-aol w& A

S5 p, T3 AEH A Ao i 2 ANy BHE 4,2
713t tHEqgn. 7).
BX, D, a) = ernitarmp 13 )
A& WAL HEre WAl A W HA Bg

(reproductive value) 522 A== 74| A5t
T (fitness)Z FThE 5}7] 5t 2 2 2 (Roff 1997),
2 Elof| A 0] 34 Y5 AP S = 517 9
ok 2 O] AR Ko 2EH A 74 £S5 AEs)
= A2 & 7H435k%th(Mangel & Munch 2005;
Lee et al, 2011), 12 7jA| Q] A3trl= 047 Q
ol 744 Q919 A (Gene x Environment
Interaction; see Via & Lande 1985)0f %382 &+
Ak, 2 Aol A= A FA S A de 1L
#H3I3iT}, A3He Fi= Roff(2002) 9] S o835t
AR 2719} 3 A= ool T WARA )

& §¢ O(x, d)9F A% (maturation)® A17F Sej Al



o] A2 3E o] To] HE A Al (integral
equation) 2.2 7]&3 ¥ tHEqn, 8),
F=[Td(x, dye " ds ®)
& Ae WS & 2 §EATY W
Sp7} o) 78] 27| A7l mlA= 9
I ARl Ao wE AE
2 23l= Ao] EAo|H =
ZF S wf WA A e] Aol AldtE = Ao s T}
A 39 (Munch & Mangel 2006; Lee 2013), u}
2hA] Ao AE WA Fe v ol 23

(decomposed) & 4= QItHEqn. 9).

F=®(X,, Dy)e Jo s effs,ﬂd\ ds )
N7F Sl AZESE AL QZE BE 1 = o]

o] 71 4= $th(Eqn. 10).

V=X, D) Is.e " ds (10)

rE
>,
B3
%o
i)
2
his
i

i 4
e
1o
T
")
e

1 1(Eqn 10)& AZF A7) &=

A 9ot 3 0
H Al

PN‘ ox
il
5
o:

~
ox
o
~
x
EY
ox
Zi
II
ﬂ-l
g3
>
ol
i
2

ool
o
N

= >
) E
2 =
NP >
o2

£ of
i
[
julut}

>
2
fu
N

NodoTopn Bk e
oot

1o

i)

_t:l

=

3
o Hr
[¢]
M (m
o
o
1~
rlo
=
o]
B
=S
i)
N
N
o
1,
_{
e
>

oy
4
50
o

VX, D)=X"(1 +Dy™ (11)
Egk AL Spoll A 9] At ohgat o] 7]&E
& lth(BEqn, 12).
F(x,d, Sp) = Vx, d)=X"(1 +d) ™ (12)

2 o F AL T4 mdof 23HH E—E— e
Ao HA 32 AAsk7] flske] A%

Ae] At A4 2719 4 —ﬁeﬂéoﬂ uhE

HA] 8]g-o] HjZk(maximum value) 22 % 2|5}

%t (Mange & Munch 2005; Lee et al, 2011).

Mangel and Clark(1988)0]4 A|Agt & 2A e &
o] =3+ (backward iteration) 7| & o4
o AP s AR T 5 Y= HHY HA BF @
2 ANE] 98 B4 A Bae 083} o] 7]
&3 THEqn, 13).
F(x, d, s)=max [DX(S), D(S)) | X(s) =x, Dis) =d]
(13)
oiso] 4A719] Azk sl W, 23] 34 BEL
Ax AYPes A= st7] 19k A9 (decision
making)o] HE2 A= ALRE 915 A JH 2
@ T8 3} 2ol vepd 4 olckEan., 14)
F(x,d, s)= max [B(x, d, s) F(x +dX, d+dD, s + ds)]
(14)

183l Eqn. (2—4)9F Eqn. (6—7)& o]-&3}o] A
e ALY Eqn, (14)= o5 2ol Al4kgt
= Ath(Eqn, 15).

Flx,d,s)= meulx[eﬂ‘”‘r“**/‘ﬁx“ (15)

x F(x + G(x, a) - Cx, a) — Ul(x, d),
pod + pr(Clx, a) = vU(x, d)), s + ds)]

AR B sl WA o =8 2
(backward iteration)S ©]-835}o] 22 Mgk A&,
& HA 4 5 AdE AAbstthMangel &
Clark 1988; Clark & Mangel 2000), iz &<
S BRSO ARt g WA A
AFSHIL A O A7kg ElEof 7HHA] 229 HekA]
AENZHS Al v o 2 | x—] A7E Spol A 9] A
Y= Flx, d, Sp)& AlAtskL o] A7 S—1049] &
% Fx, d, S—1)7} A7k Sol|Ae] Adtw F(x, d, S)
o Zotx)7] §I5t A A A5 a7t FAJAE
Bl 4e] F4(Taylor series)& |-t o= i+
S}, o] B of8sto] ARt 10414 S7HA] 2+ Azt
g Y APeE =E5h] AT 2A HA dE

a'(x, d, 5)9 ¥ (matrix)S A5k}

o] 9] A AEF A A o &2 Hdl 077}
BB A7 s=101419] A1) 7] 2(1)2h 1 2
2 o d()o] FoiS o, 24 A4 WE WLl
a'(x, d, 1) A5kl o] Eqn, (1)o] tidsto] s=2
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[0l

ool AA| 2719 74 AEYAE AR =H 7
2 AlE# o] A (forward Monte Carlo simulation,
Mangel & Clark 1988; Clark & Mangel 2000)&
o]-§stof AAkstGitt, d&H o7 4 FA
(growth trajectory)> A3 4% (linear growth),
A 4= /3% (logarithmic growth), A|LEO|E AJ%F
(sigmoid growth), 7]13F342 A& (exponential
growth)®] 47} glo g Be= 4 9tk (Figure
1a; see Panik 2014), R4S £ o=% o]F9
47}A) A} AL A5 /HXL(41%) 3 /\éﬂ(%%)’
AJTLELO|E A7 (21%) L2l Al 718k 33 (12%)
9 4\—*1§ HlE=7F ekt th(Figure 1b).,

Ao ASH A8 34 thekAdol digt
3+4=(linear discriminant
function)x} o] %} T 3+4>(quadratic discriminant
o 3hA welo] Yokt A

(a) (b)

05
Type | Type Il
04
g
2 03
9]
>
o 02 A
Type ll Type IV [
0.1
0
C
(©),

WA 2P ol & Autel 34 A5 AAsIT
(Munch and Mangel 2006), =49 A& [Leave—
One—Out Cross—Validation (LOOCV) 7S o]
£5}9 =9 (Munch and Mangel 2006), WA} A3
7] AEE2 oF 80%%Tt.

~

71ab M#(virtual experiment)
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Figure 1. (a) The four classes of growth trajectories produced by our modeling
framework. (b) Frequencies of each growth trajectory. (c) Linear discriminant
function analysis of the parameters and first-order parameter interactions
associated with each type of growth trajectory. Trajectory types are indicated
by the different marker types I-IV are indicated by the light grey circles, black
circles, white circles, and dark grey circles, respectively.
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a1

Fe 7P 2A 817 S1 EAVESA Y] Ab gk
o] &L 45 SHkE B 7I7h), BIC(Bayesian
Information Criterion; H 0] 7} A4 Ex %
(exponential family)o|eH= 7}g3}of| 0] g o] €]
oA 179 7}t (likelihood) & 543171 913t %

oA Fr=¥ AL ghol AL $F ZHE 2Y
7V7h) & theshAIRE, F201% AFR e} o S Ao
zo7h 71 A2 g Meste 7] A (basis)e &
A5} (Hilborn & Mangel 1997). FARE £ A}
=29 A719f A7 70 A
= = 7 Hl s7] dhizoll, AR, 24
= AR Fo AEAF Afo] Fof whet oS Akt
2|2 md Helo] Aol zpo)7} 4= qltk
we] AE o] A Hastely] ol & wH 7t
£ &(Monte Carlo) ¥ 58 7Hd A& (virtual
experiment) W ] o]-&o] 2715} 9tk (Munch &
Mangel 2006; Mangel 2008; Lee 2010; Lee 2013;
Schmitt et al, 2013),

Aefsha A= ARAAEA Y e e ARE

xq ‘:”E __o] gl

A AeH(universal set) o2 A 2]5}%

-4 B0 o2 Ate, & WU AY & fldl
A B8 A (subset)o]

‘5“94 J8k(selection effect)S F|A3}ste] Aeisict

(Hilborn & Mangel 1997), 7MHA3 i d] =
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Table 1. Summary of variables and parameters definitions and the range of values used in the simulation. Note that for
the state variables and control, the range indicates the set of achievable values within the optimization routine.
For the parameters, the range indicates the support over which values were drawn at random. Parentheses

represents number of categories

Variable or parameter Description Range or values
s Time 1-50
S Final time, at which reproduction is assessed 50
X Body size 0.1-1
d Damage 0.1-1
a Activity 0-1
K Half-saturation of food consumption 0.001-0.19 (30)
¢ Maximum rate of energy gain 0.2-0.6 (30)
my Reduction in metabolic cost due to resting 0.005-0.01 (30)
P Energy to damage conversion 0.01-0.04 (30)
n Maximum repair rate 0-1(30)
Pr Constant that converts energy to damage 0.02-0.04 (30)
y Half-saturation constant for repair 0.15-0.35 (30)
0 Value exponent for size 0.001-10 (30)
0, Value exponent for damage 0.001-10 (30)
u Mortality rate when foraging activity 0.005-0.015 (30)
1, Mortality rate when resting 0.001-0.004 (30)
Ua Mortality rate due to damage 0.001-0.005 (30)
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(Clarke & Johnston 2002; Metcalfe et al, 2016).
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