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Abstract: Breeding marine birds engage in central-place foraging, making repeated round trips
between their breeding colonies and foraging grounds. Their reproductive performance depends not
only on prey availability at foraging sites, but also critically on the maintenance of functional
connectivity along the commuting corridor linking breeding and foraging areas. As offshore and
coastal anthropogenic structures—including wind farms, port facilities, bridges, and breakwaters—
proliferate, the risk of movement impediment along these corridors increases. This study extends the
time-energy constraint foraging model of Ydenberg and Hurd (1998) to the colony—foraging-ground
commuting system of breeding marine birds, and theoretically evaluates how increasing anthropogenic
movement impediment affects individual time budgets and foraging performance. We defined a
baseline scenario (no impediment) and three impediment levels (low: 8=0.1; moderate: §=0.5; high:
3=1.0), and calculated round-trip commuting time, net foraging time, optimal net energetic gain per
trip, and daily cumulative energy balance under each condition. Results showed that increasing
impediment consistently reduced optimal net energetic gain per trip by up to 11.72% under baseline
parameters, and reduced potential daily surplus energy available for chick provisioning by up to 98.96
kJ/ day. These results were robust across a sensitivity analysis of 1,296 parameter combinations, 5,000
Monte Carlo simulations, and an extended model incorporating behavioral plasticity. The magnitude
of energetic loss was amplified for individuals with greater baseline commuting distances. Our
findings suggest that anthropogenic structures may impose substantial ecological costs by degrading
the functional connectivity of commuting corridors even without altering the foraging site itself. We
therefore recommend that impact assessments for offshore renewable energy developments treat
breeding colony vicinities and colony-to-foraging-ground corridors as priority avoidance zones.

Keywords: breeding marine birds, central-place foraging, movement impediment, time budget, energy
balance, offshore wind farm
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£ oFF & &5 A 12h, 19 HH) A8 S10E 2
32 7Pgst3l o H, A& A7 1A H-E-F 120 kJ/day
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SEAIZE A Al G AR E5ES Bol2Te 4
5% 95 (rate-maximizing) ¥} Y| 3tc}. B AL A

L 9=0,1,2,39] U] 744 7R E S H mtech

R A

I, A=}
1. 71Z ALIZIQUIA 2] A|ZH0fALTE 20)H4X| 0|5

7] Thehu| ) (Dy=8 km, v=43.2 km/h, T,;,=6 h, m=
55 kJ/h) 2} Al, o] 57t = 24 (0=0)01 4 2] F

B o] ZA|7HL 0370 ho| 91, A A A7} 5 A 7He
5.630 ho| A}, o] 54 sl| A7t S7Hetol whet
O[S AIZE 242} 0.407 h(E-2 01578 3H), 0.556 h(F3t
o] 53H), 0.741 h(2 ol 58 = S7HE Hh, *E
A HA 7R A7 242F 5593 h, 5,444 h, 5259 hZ 74
A5} thHFigure 1).

13] A H A o 7] o] 52 o] 55) 7}
A= 2704 422.08 KJ/tripo] Aok, e, F7h =S
o543l 2 AN A= 22} 417.13,397.34, 372.60 K] /trip
O 2 7+A 5} th(Figure 2). o] = 7|& 27 ojv] Z4+Z¢
1.17%, 5.86%, 11.72%2] ZH40] sjggtch A& A
52 o] 543 = (0=0) — FZ o] 5 (9=0.1) T
ZVol| Al 4.95 K] /trip, W-2(6=0.1) = %7H5=0.5) o] 57
&) L7kl A 19.79 KJ/trip, F7H(0=0.5) — =2 (5=1.0)
o] 543l 7o A 24.74 K/trip 2.2, 59 37}% 0.1,
0.4, 0.5)°] 7 9] vl&sh= P& HYh =, ol et
S S7HS ol v Al EA(9F 49.48 KJ/trip per unit §)->
22y F2A AY QA FAHH (L EE
4] A3}, ol £ 2ol T;> 01 FFof A 5o thaf A
FH 0= 25T MRt ok 71 24(0=0) o
H A 4482 FAH 08 71510 g, o] 543
FEO| F2 L HAY] ov AR of A=

iz = =
w4 2ol AR Fe vl gk

=

400 A

300 4

200 4

100 -

Net energetic gain per trip (kJ)

—100 4

—— No impediment

Low impediment
—— Moderate impediment
—— High impediment

20 40

8‘0 160 12‘0

Work intensity (c)

Figure 1. Net energetic gain curves under different movement impediment scenarios
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Figure 2. Optimal net energetic gain under different movement impediment scenarios

}ll

SR HERF 2o, G2 1A 23 b(c)=10] 9°] JE3}
A et mY 729 441 Aol ey 2
A= o537t Bs AAE HMIA7IA] =Tt
L R ola woleb| ek, B B Y| 7AH B4
O 2 3fjAf = ofof gttt o] 3t A S Hesto 7Y

7} 4~%J (behavioral plasticity)7}A] B 7}517] a4+
bOF=7H Ty Bs Al Aol 9 Esh= FH= 2
" F&E Yol BRIt £ Ao A= ol & 3.689
HEEE ARst 244 B 9 Fo, 5
% 312 14 SO A o B A AR
23 o] 5oluA) 1|8 2718 S 18] H4u|9)

rl

|
=)
ofr

l

=

OlAX| Z2t

23 $EAT 120,19 ) 23)9) UL
TS AS, 4Y F ollvA o] 52 o567t ol
= 271914 844.15 kJ/dayo] 1t o] of] H] 3} -2, 5
el 01%75, 6]1 Z A A= ZHZF 834.26, 794.67,
74520 kJ/day 2 7HA~5} 3 TH(Figure 3).

Az 27 Wz] H]-8(120 kJ/day)& 2HeE 5 A 7] o]
A AL 7Fs g Yofolv A= o] 5407t §lis 249
A 72415 KJ/dayo] 1 o™, I, 7k &L o] 543
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Figure 3. Daily cumulative energetic consequences of movement impediment
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A0 M= 72+ 714.26, 674.67, 625.20 k] /day= 74
3olth 53] w2 OlEﬂ F70MAE 712 divl oF
98.96 kJ/day(J o1 -1 2] 2] °F 13.7%)°]| 35k %
7F e o] = 18] B9 20 A 9] o v A] &4
(71 HHH] 49.48 W/trip)o] LA REE2] Q1 AW P2
AN M 7242 0= grjgg P3| HojErt

o] ¥t 47| T HHEE = o U A] &40 &
&3] 429 A &R0l TAA oL, A7 A S5
7Fstollv A AHd e A oz gasgoes W
A/d3 Astz o] ol Aol Ase AR o
BHE 22 12 i 23]9] H4W]8) 7 A7)
A ¥]-§- 120 k)/day 2] 211G FEZ AFHESI OB, o] T
714o] A3} 81412) WA 2T Aol -2lsfor

Boa

HEAE Dy, MRS v, B[ FH]E m, H Holg
SE buwo W37l a5 WISHAIZ] 51,2967 T2t
23] Tt Wik B4 Ak, o) 543 st S
F52 Bt 2 2oU7] 0|52 RE FulE £
FolA AeEA dastleh A0, B H4
0] 52 0=00]1A4] 400.35 kJ/trip, 9=0.11 4] 394.03 kJ/

Baseline one-way distance DO (km)

trip, 6=0.501 4] 368.73 kJ/trip, 6=1.09]| 4] 337.11 kJ/trip
O & 4okt ol= 71 24 i8] ZHzE oF 1.6%,
7.9%, 15.8%2] Z+4-0]| s gqtct.

A E BAAE Bt 24 AAGE()= AU
2] Q 7+ folu|gt Afo] & HolA| giorom, o] =314
oA ARt By x4 E4J 1 A gtrt. whEhA
= 20 WA A= ol sl St whE HAT
T ¥5}7} oby2h, Ak Ae] 24} o] B H] B0 F
7P71 Bk 0 & A-g-5to] 2 E= ol v A] o] 5 A
Stoll A= AU F

4. EXE 24

o] 5 Al HL(0)<} 71 HEA (D)) 2ol ot
£ 235 F 7HA] SH A A5 Figure 4=
Adf 24 ol v A] o] 59 B E, Figure 5= 7|5 X
Z1(6=0) thB] A £AE(%)9] FEE 27 HolE
o} & Tt B STFE A £o 4] o] 5]
B % 7H 24| ZHAshs sigo] HekelA Yersith

A& 50, H=A 2km9] -2 B 24 =
=2 0|54 (0=1.0) RN = 0] & FHAZEo] A
Sh o]t} §HH HE=A 2] 20km ;474011/‘1h ol5%
7} e 7429 347.86 K/tripo] A =& o5& 5 &

Optimal net energetic gain (kJ/trip)

0.0 0.2 0.4
Movement impediment level ( § )

0.6 0.8 1.0

Figure 4. Heatmap of optimal net energetic gain across movement impediment levels and commuting distances
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Figure 5. Heatmap of relative energetic loss from the no-impediment baseline

719 224.16 kJ/trip 2. = 7451 O
9f o g #] Ao Siggtet.

o] k= RlF4] o] 543 2 FFol e AT
TASHA] ehom, A A R]-F A2 7HH]P AR 7} 2]
WA Ee JHE5F ol 5o FH 4 FFol B
A S7HE 4 = QvfRitt. ¥1A1%] A7) 0f] uhet
B 34 A2 37RRIThs 7] 47 Ak(Patterson
etal, 2022)2 TP T, vl Ae Al Q%
2 o]=&8)9] -4 Htto| ¢ 2 4 9t} o] Al 7}
] LA, AR 9k 20 HAIA7} B
Wojxl A2 thel 58 A AT o5 WAt 2
A3 AARRHH.

5. Monte Carlo A|Z2|0|M

A2 (D), WFEEW), 1G] §(m), H Tl 25
B (buw), AT (@) E 212 2] 2 21 AYESHA W 9]
oA 292 T%?_ ,0003] 2] Monte Carlo A] &

glo]d Axto| M Iz, o] 575 o] F7g 4] FFS L]
Al rEfst.
B3 H A Lo R] 0] =L §=0 Z | A] 423.26 k]/

on, @2, 3 g2 oledE 2=

gastAt 71

trip®] 31
Z} 416.79, 390.89, 358.51 kJ/tripC. 2 7

tu] B S B2 o] 5| o A -1.53%, F
7t o] ZA 5 0| A -7.63%, =2 o] =& ol A -15.27%
ot} E35] 7 Alhe] 2.9 95% A= H 9](2.5-97.5 &
)7 B 59 o2 Yo, 5,0002] ¥ 2
= AFolA o587 s 2719 o H A o] 50]
712 275} 2ol o]= /i mtetulE o] £
4 1Este e, Q154 o] 57l 7t ¥4l 7] s/

L AZo] uj o 7%

|

259 AAHTS AT
= 9u)gtth
6. WS 7tad 2E

Y5 7k 4 2 (2] 5)00 i8] =0, 1, 2,32 U]
7}A] 744 7 E v 1.8t A I (Figure 6, Table 1), 7}
S EAT BE AU 2(p>0)0014 o] 578 =

71 271k w38 4 o7 g o R 27
S qbatol ks Upehdey. B4 =2 2404, =
0=02] 56.4091 A] §=1.09] 59.300. & THA| 2 0 & Z7}
6}031:]- o] A|7F Aleko] ZFal A uf A 7S B =

Eol &+ |t S}(rate-maximizing) A& F5
(Ydenberg & Hurd, 1998)1} Y XSttt

T} olefet b A ol B7ekL, 15] 4
MG H A Lo o] 5L 7t 24 F U S 2 EO
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(a) Behavioral plasticity in ¢*

y = 0 (basic, no plasticity)
y=10
y=20
y=3.0
basic ¢* = 56.4

Iy

Optimal work intensity ¢* (kJ/h)

v
<

0 $=0=0 $=0=0 $=0=0 =5 0=0=0 O=0=0 0= 0=0 0 O=P=0 O=P=0 0= $=0 0 $=0=0 $=0=0 $=0
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(b) Net energetic gain under plasticity
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Figure 6. Response of (a) optimal work intensity ¢* and (b) optimal net energetic gain to movement impediment level (J)

under varying degrees of behavioral plasticity (y).

Table 1. Scenario-wise comparison between the basic static optimization model (y=0) and the behavioral plasticity-extended

model (y=2).
Scenario . Plasticity Plasticity B
(impediment) J ) e ¢ @ @ G Ac
No 0 5.630 0.0400 56.40 422.08 56.40 422.08 0
Low 0.1 5.593 0.0395 56.40 417.13 56.70 413.69 +0.30
Moderate 0.5 5.444 0.0374 56.40 397.34 57.85 380.18 +1.45
High 1.0 5.259 0.0349 56.40 372.60 59.30 338.35 +2.90
& 74>k SiTh(Figure 6b). y=2 27104 0=1.0Y T 2] A7 A 27 Azl At ofj | K] 4=2] of] 1] &
SolUA 0] 5L 33835 WripO.2, A BH(=0) 4 Y FFS ol 2H o2 AMNA MY 2T
372.60 kJ/tripH T EoITh o] = B 7t BN ay B, Ol AN SRS G ol FAITOl F
7harobgel ute b HH AL SRS AA TRA A4k AA) AXZFSAII] Fsted, ol et 18]
% Seo] Wol 77| fRo|ch 5 FF /AL A ANUAY AL A SF BEAA LofuiA] o] 5
ZE A F St A o] FE A A3 o = AE5ARL o] A{E|A FAqtrh= Aot o] et A= &l

o5 Aae] o1 4 ] 8- LS| A R,
VBT AAEL, B AT Y 2, 5 o5
a7k A7) U A5 daksi ofsAl ek
2} 5 THA RS PAH O S 8o B uY
oA = 775k A Hths Holch. whetA] 44
ol ¢ 7h WA QHthe ATk B 479 A
ohet 2 720 Aao|n], 7kad 4 Bt ol
2 ReoR YT,

v, &

£ AT WA A4 Aol 9] A3 o533

1 shebol e ot 10967) o] W 24,
,0008] Monte Carlo A|&d|0] A, 18] = 7144
< PAIH R 5183 & BP0 e A
A =] At
2 Q170 A3 7|20 el A9 2 7S
I} A4S 7}FAI T Masden et al. (2010)2 SfAF=E
THA| L-3]o]| wE 7} 8§ ofj 1 #] B]-8-o] HA]7] 5f
g 2R RN U HHo 2 2884

(%2}

O

)

99 %5 Eolq o2 BRIt 159 AT ML
£35] v 1) go] 3 WAA) FH] A W

of| Al 3|4l 5}= Bt 2 (Uria aalge)ol| Al 1 ¥ 3ol 2
A Z7Vot= A 02 A E ot ESE Peschko et al.
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0

(2020)2 =Y FETHE (Helgoland) 4ol §14]5}= vt
t}Q 2] Jehg thAF 0 2 3 GPS 4] o] A ¥ 4]7]
329 FHHA 35 P5o| F5tA Ve Bl 7t
5 Al B A3 6k, o] = Iz 9-3]H| Y
ol oY A FtE F7HIE & A= AASHAT &
ofAJo} ool A iz B E-2]7] A ol A (Platalea minor)7}
S FE AR E 3T o}7| Aof o] TAHE AAE WA
SEAU G5 A oA Pt AAE 7] 6k= AH (Lai
etal, 2024)7} B 11 %0}, 0] 573 9] JFo] f-HE oF
Yt gt 21 FopA|of- S 3 o] 5 Z(EAAF)O]|
A= 244 B 91 o8 Z-ggho] gl Qleh v
O}7} Langton et al. (2014)2 541 A 723 FH A LG
718kt Al E g o] A& Bof, AR 9] 3+ #ish
7} ol Aol AbE ZHAA]7] 3L o] A o] ¥ Al Ttof|
HHoR PP A S FHH o= Kt
2 A9 B o] AN 7 FH 4 AP L] #ist
Hop= 7HE HA AR @52 Bof 13] 4 H g9
YA o] 5& AAAZIT o] = & g 129 F

OS] 49 4 ()9 B2 A B B
SFAL(3.67), y=2271 901 A 24 2 YT = 71 56.40
ol 59.300.2 49402 F7FsHs GFgo] Bl
QAt}. o]+= Shaffer et al. (2003)°] Wandering albatross
(Diomedea exulans)©| 4], Sotillo et al. (2019)0] ZF- 1
LA 7] (Larus fuscus)ol| A B.a1gE A|7HA 2 A 2F
Hojo] 2 4] =g 28 ST JF oz IX
Eissg

Tei ke Mol BT oSSl 28
A oJA] A= FAEoH, 259 ¢ Hes] &
S AL BRHG6Y). 2 B AT ARSI
443} Ao B gol 44 AEe 237} ope,
NEE ouA5A] 23S 4P AGATY G
SR E2}F 5 (Navarro & Gonzalez-Solis, 2007; Langton
etal, 2014)5F A ATl FET 22 AL HATH
. 2o} 44 HQ WA o2 g Aol B 2 HE
AYEl| 9] &% 95418l 0] 2 (State-dependent behavioral
decision; Houston & McNamara, 1999)0]1} 5-2] A}Ef

3= Y (Clark & Mangel, 2000)°| 7155 7} A 762
& (IBM; Warwick-Evans et al., 2018; Croll et al., 2022) T
= Population Viability Analysis (PVA)Q} 283t 5
A7} 2 @ 5}t}. TS Railsback (2022)0] A QFSH A)
Ef-of|Z 7]4} o] 2 (state- and prediction-based theory)
= B-85HH th 7| O] A2 A8 7HA] A et
4= QIt}. Navarro and Gonzalez-Solis (2007)- Cory’s
shearwater (Calonectris borealis)©|| 4] H] S H]-8-S A15]
402 F7I7E W 427 A7) el ofek
A719] 3] B8 A7FehE Holed, ol 2 1
ol o] 2H 0 & AJAol= ‘JofolH A] Fha — Af7
3% Aot o QI 25 AH A o2 SErgit.
A= BAA FRlE AR SF A, 5 WA
A-FAA] AR 7F 245 o] 5SS dFel o 2A
Uehhe A2 A &8 387 A FollA Sagt
A A& 7HA T}, Warwick-Evans et al. (2018)2 7§ A
7|9 (IBM)2 ]85} 3454 5 7idol
2 AEFEE0] W14 2|9} F| 42| Afo] 9] & o] 5
A& ol AT AL 1L FaFol v A S B
o, ol= /NTAG o] A AE dA M F Eo]
A WA R]-F] A1 A] 0] 55 4] 0] A ojof H 9
u] gttt £, Patterson et al. (2022)0] X 115F 4] %]

S
T2 WA A 53] 421D 5 UL T,
ESF Dierschke et al. (2016)2] AEof =1 34
25 0] e FeuA) 313991 150l Aolajw
E5] & 2 F(pursuit-diving species; o], HFt Q2]
Uria aalge))2} 54 27 (surface-feeding species; °f]:
Yol 2l 7] (Larus crassirostris)= HA] ] Q12| A st
S0 HATH S o150l 18 3o
Th(Lee & Lee, 2024). & A1) YA &= A= o] 2|3t
% 5012 A4S A2 Bz BN 0T el
o|24 7|2 & A7t

2 Qo4 A 18] 40 172%) 2]
U 7] o] 5 4ot A ool A] 98.96 kJ/day 2] 74
} AR A7) o 250) AET}A0] ol o
0l8 LA BN Ao, 1 AR AT 2
o} gdFH o2 v watt o B g2 HAH T ES
AR AbEotA] ko, o v x| pA] A A AT

—
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o & UK BE AR} AAT FEA AAUYS T P&} ol 2] X &2 HA A FAA], AL EAE A

AlREeE A, 18] 34818 & 11.72% 49 ou] =, 7] 87, 712 A0 240 whE A 7HA|oFS] ¥5)
Navarro and Gonzélez-Solis (2007)= Cory’s shearwater =2 Edlol 54917 I Q 5o} ok E B of A
(Calonectris borealis)2] H]3JH]-8-& A3 &% 0 & °F 10- L (i) B8 S A 7FG of| | 1] X & Bo] YAk 7}
15% S7HAX A3 A7) A5 S 7o) 2 7-10% A4 goto] 555, 48] H|F, Yol Rt Folof w2 o
511 ol & (fedging) A EEO| ROTSA HOFIS B 91A12b ¥} 57h= w14 g9k ol (Pennycuick,
T5HITh 2 A0 11.72% (-2 o548 24) oy 2008; Elliott et al., 2014), (i) 19 Z o] 3] 2]1] 3§ 3150}
A o] ok o] AY AAL AR AANZA, A AZIEA ML DAL R AL, i) B

B A g ASE QAT ARG AT, Aot EPOALE o B HE BYPES et
S, U 9896 iday T2} Ault F2F Uik 74 g Au} Y TR HAE ek
5420 Aol Lol SR UL BA0]  EFE EYL BU FAUA 44 JPAL O

w2} 9F 250-500 k]/day= H 31 %] ™ (Gabrielsen et al., A9k AR 2 o] S F7NEARYG o] TAlO] A5
1992; Konarzewski, 1995), = H7-2] 98.96 kj/day 4~ ] 12124 %93F(Goodale & Milman, 2016)0] H] 41§ 2
£ 0] 879 2 20-40%0] S Feret. Tt FE7HA] 08 FEF 5 Uk 2 P2 o] 5452 AA o

7oAl FFote %S 99 87T Aut 7 Al A| Y-S H42(conservative) Q1 7|50 A 4 o}?ﬂ;j]
°F 125-250 kJ/day) 0. = 2HitotH 40-80%0f sfdshH, mol, o A O A A ¥ B HAE S5
B NE SUS oSS A A £AL ] ol AL B 2y HOlS Yol d 54 Al B
(200 kJ/day) &= 2 E]o] 12 AL 2 7-7F2] 40-80%°  Strh= FAZF ek FF WA G2 F Al (body
A HAQA AeS 2T 4= Q). Langton et al. (2014) condition of breeding adults)2} A} 7] o 2] Q1S
o] A 716t A g o] A Tt AL A7) TF 715 O =2 0 2 utoshe Alg 9|22 1E o 7 sHgsALY,
Y 2|7} 9F 100 k] /day 5 ZHAoHd A7) A5 s =+ WA 7182 (1IBM) T} 2 3H(Croll et al., 2022; Warwick-
Ao] YAIH | mEoto] o] A FFEC] 5-15% AT Evansetal, 2018)5HH Bt @4 H Q1 0] 7R A
= SE&e vt QI 2 A2 Aik= o] A F Gl A olct.

A -3k A, A =23 A 52 o] I 6L, & A 4 HAIA] = B
Aol vtk e 279 f-2 4% 717K 40-60Y 5t sttt ¥14]7] s 2F0lA 58 FRES B4
70 A Mo YE Aoz AH A ka0 OHHEoh 7 H BUHA Ae7t ok Akl
6,000 kj9] & &A1 o] Y5t o] = o] 4 Al H|F2] Ak @'—4—9}01]‘47\]—1—7‘]4 oFglE Fof HHEAlo] 1l
oF 80% =2 THA of| A 9] H|S of L1 %] (2F 5,000-8,000 2291 ¥14] -8 Fyfol= AE 4 91g 8200 2
kJ; Gabrielsen et al., 1992)°fl 215 G2 v|A|& 72 4= Ut wEhA 1:}_1,} 22 WA g7t =EH

o]t}. Erikstad et al. (1998)3} Daunt et al. (2002)2] &}7] AA, AA 2] FH o2 5t S5 o] ofy

EYE Y Ao 2, J= AU eA7F10-15%  SHAERVFRERA 02 S5t gt 754 51t
ofokd w ohZ 8 A 2 AJEE0] 2F 2-5% A5, o L 2 Q1A= ofo} 5, o] FZtof et LAY o]
=BT AT 2R AL S FHHer S F2IEAIH B AT &L SHME 3

23 7A7E 7HATE Croll et al. (2022)0] AASFPVA  7hE]ojof 3tk B4, HAI X9t 28 HAXE A5
HE A ol FTES-15% L AR BEE2-5% F4 = 01FFHE G S27t ot HAGTHE A9
7H A0 AR - AT JFE 71095097 Sk AH A 92 FEo & - ojoF sk, TS
oz fag7ks/dol Atk g @54 BV AL F AR AT HEA

2 AT IBEY I AEA BAoledt  Jor P 2R FDA YA AL HE E A
AE 7 AA 282 A= GPs FARkR, B H(HiF) AR AZ2A 0l o] A A|-F 4]
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ol5& Hrl 7t YA H o R 12E Qe T} LSS Al
Sk AU, AL 5 AL AA
A ¥4 33k A2 4 Apo]e] %2 o
$ARE 7R3 ¢ 51 a}E 2 ok A2 Crol etal,
2022)0] Hg5Jolof e}, o} FEATY HA5HE W
0 o150l T2 -1 o1 ] &S o]
A B olth B3] 315 A de] A FopAlo}-
TF Ol 5 E(EAAR) ] HA 7] 2HA] (Lee et al,,
2023)0| 2k QA AL FA e 2 SAH eh=to] A
(Getbol, Korean Tidal Flats) 2] A4 tjAtO 24 &= Q-
EHA, A oA 5 T F9] WA YE- S0l |
% 37+ H (Moores et al., 2022), 0] &3t 53] -A]
7 o A (mitigation hierarchy) 2] '$] T (avoidance) T
A8 AE A g, Ag SAHE-IH S Y
o SA-Gol 7] WA Feh 5 jh= 19ke] 9§
P 257 XS SR AR dA A olA =
ARARA AL 7S 7M. ol = AP 27
A} sjF37HA g 9] 2315 TR oh=H Qo] 2%t
o|4 ZA7LE 4 .
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olN

A7} 13] FAE AU 74 o RO A 2o
YA o] 50] YHEA HAash= A0 E FHEHUH
olelat 374 A3k TR el E 23] g &
A3} Monte Carlo A| &0 4, 18|11 P& 7t4AAS
BAH o & T Qleh S oAk A sHA A F

9o, o5 544 oS MAIK-FHAA 1]
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22 Code of the modeling

R R R R R R R R R
# R Source Code &#8212; Movement Impediment Model for Breeding Marine Birds

#

# Manuscript: Energetic Costs of Offshore Wind Farm-Induced Movement Impediment for Breeding Marine Birds: A
Theoretical Energy Budget Modelling Approach

# Author:  Who-Seung Lee (Korea Environment Institute)

#

# This script reproduces all numerical analyses reported in the main text:

# Part 1. Baseline scenarios (Results 3.1)

Part 2. Daily cumulative energetics (Results 3.2)

Part 3. Sensitivity analysis (1,296 combinations, Results 3.3)

Part 4. Heatmap analysis (Results 3.4)

Part 5. Monte Carlo simulation  (Results 3.5)

Part 6. Behavioral plasticity model (Results 3.6, Fig.6 / Table 1)

Part 7. Self-maintenance sensitivity

FH oFH H o H H

#
# Verified under R version 4.5.2.
A A T

#— 0. Environment and baseline parameters
rm(list = 1s())
set.seed(20260101) # for Monte Carlo reproducibility

# Baseline parameters (assuming a generalized hypothetical mid-sized marine bird)
DO <-8.0 #One-way commuting distance (km)

v fly <-432 #Flight speed (km/h)

T trip <-6.0 # Total time available for one foraging trip (h)
T day <-12.0 # Daily activity time (h)

m_flight <-55.0  # Energy expenditure rate during flight (kJ/h)
r rest <-10.0 # Resting metabolic rate (kJ/h)

b max <-160.0 # Maximum food intake rate (kJ/h)

a shape <-0.04 # Response coefficient for work intensity
adult M <-120.0 # Adult self-maintenance cost (kJ/day)
trips_pd <-T_day %/% T _trip # Maximum trips per day =2

# Grid of work intensity values to search over
c seq <-seq(r_rest, 120, by =0.05)

#—1. Model functions

# Diminishing-returns food intake function: b(c) =b_max * [1 - exp(-a(c-1))]
b_fun <- function(c, a=a_shape, bmax =b_max, r=r rest) {

bmax * (1 - exp(-a * (¢ - 1))
}

# Round-trip commuting time as a function of impediment level (delta)

travel time <- function(delta, D =D0, v=v_fly) {
2*D/v)*(1+delta)

H

# Actual foraging time: T f=T trip - tau
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forage time <- function(delta, T=T trip, D=D0,v=v_fly) {
pmax(T - travel_time(delta, D, v), 0)

}

# Net energetic gain per trip: G_i(c) = [b(c) -¢] * T f-m * tau
net_gain <- function(c, delta,
D=D0,v=v fly, T=T trip,
m=m_flight,a=a shape, bmax =b_max, r=r rest) {
tau<- (2 *D/v)* (1 + delta)
tf <- pmax(T - tau, 0)
(b_fun(c, a, bmax, r) - ¢) * tf- m * tau

}

# Find the optimal c¢* and G* for each scenario
find_optimum <- function(delta,
D=D0,v=v fly, T=T trip,
m=m_flight,a=a_shape, bmax =b_max, r=r _rest,
¢ grid=c seq) {
gains <- sapply(c_grid, net_gain,
delta=delta, D=D,v=v,T=T,
m=m, a=a, bmax =bmax, r =r1)
idx <- which.max(gains)
list(c_opt=c_grid[idx], G_opt = gains[idx],
tau =2 *D/v)*(1+delta),
Tf =max(T-(2*D/v)* (1l +delta), 0))
H

# Four impediment scenarios
scenarios <- data.frame(
scen = c(“No impediment”, “Low impediment”,
“Moderate impediment”, “High impediment”),
scen_lab = c(*“No (delta=0)", “Low (delta=0.1)",
“Moderate (delta=0.5)”, “High (delta=1.0)"),
delta =c¢(0.0,0.1, 0.5, 1.0),
stringsAsFactors = FALSE
)

R A
# Part 1. Baseline scenarios (Results 3.1)

A s S e S s T e S T e e L e L
cat(“\n”, strrep(“=", 78), “\n”, sep = “”)

cat(“Part 1. Baseline scenarios\n”)

cat(strrep(“=", 78), “\n”, sep = “”)

base results <- do.call(rbind, lapply(seq_len(nrow(scenarios)), function(i) {
0 <- find_optimum(scenarios$delta[i])
data.frame(scenariosi, ],
tau_h = round(o$tau, 3),
Tf h =round(o$Tf, 3),
c¢_opt =round(o$c_opt, 2),
G_opt =round(0$G_opt, 2))
1)

print(base_results, row.names = FALSE)




# Relative reduction compared with the baseline (delta = 0)

GO <- base_results$G_opt[1]

base results$rel loss pct <- round(100 * (GO - base_results$G_opt) / GO, 2)
cat(“\nRelative reduction vs. baseline:\n")

LIS

print(base_results[, ¢(“scen_lab”, “G_opt”, “rel loss_pct”)], row.names = FALSE)

i
# Part 2. Daily cumulative energetics (Results 3.2)

s R s T s I s L s S
cat(“\n”, strrep(“=", 78), “\n”, sep = *)

cat(“Part 2. Daily cumulative energetics\n”)

cat(strrep(“=", 78), “\n”, sep = *)

base_results$daily total <- trips_pd * base_results$G_opt

base results$chick kJ d <- pmax(base results$daily_total - adult M, 0)

print(base_results[, c(“scen_lab”, “G_opt”, “daily_total”, “chick kJ d”)],
row.names = FALSE)

cat(sprintf(“\nDaily loss (No vs High): %.2f kJ/day (%.2{%% of baseline chick energy)\n”,
base_results$chick kJ d[1] - base results$chick kJ d[4],
100 * (base_results$chick kJ d[1] - base resultsSchick kJ d[4])/
base results$chick kJ d[1]))

T T e e R e R e e
# Part 3. Sensitivity analysis (1,296 combinations) &#8212; Results 3.3

#

# Combinations: D0 (4) x v (3) xm (3) x b_max (3) x a (3) x delta (4) = 1,296

G g g R g
cat(“\n”, strrep(“=", 78), “\n”, sep = )

cat(“Part 3. Sensitivity analysis (1,296 combinations)\n’")

cat(strrep(“=", 78), “\n”, sep = “”)

sens_grid <- expand.grid(
DO =c(4,8,12,16),
v =¢(35,43.2,50),
m  =c(40, 55, 70),
b_max = c(140, 160, 180),
a  =¢(0.03,0.04,0.05),
delta=¢(0.0, 0.1, 0.5, 1.0)
)

cat(“Total combinations:”, nrow(sens_grid), “(=4x 3 x 3 x 3 x 3 x4)\n\n”)

sens_grid$G_opt <- mapply(function(D, v, m, bm, a, d) {
find optimum(delta=d,D=D,v=v,T=T trip,
m=m, a=a, bmax =bm)$G_opt
}, sens_grid$DO, sens_grid$v, sens_grid$m, sens_grid$b_max,
sens_grid$a, sens_grid$delta)

sens_summary <- aggregate(G_opt ~ delta, data = sens_grid, FUN = mean)
sens_summary$G_opt <- round(sens_summary$G_opt, 2)

G_ref _sens <- sens_summary$G_opt[sens_summary$delta == 0]
sens_summarySrel_loss_pct <- round(100 * (G_ref sens - sens_summary$G_opt) /
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G_ref sens, 2)
cat(“Mean optimal net gain by scenario (averaged over 1,296 combinations):\n”)
print(sens_summary, row.names = FALSE)

FH I g g g R e
# Part 4. Heatmap analysis (Results 3.4)

#

# Fig. 4: Absolute optimal net energetic gain

# Fig. 5: Relative loss (%) from the no-impediment baseline

A s SO S s g s T e S L e L
cat(“\n”, strrep(“=", 78), “\n”, sep = “”)

cat(“Part 4. Heatmap analysis (delta x D0)\n”)

cat(strrep(“=", 78), “\n”, sep = “”)

heatmap_grid <- expand.grid(
delta = seq(0, 1.0, by = 0.05),
DO =seq(2,20, by =2)

)

heatmap_grid$G_opt <- mapply(function(d, D) {
find_optimum(delta=d, D =D)$G_opt

}, heatmap_grid$delta, heatmap grid$DO0)

# Reference G at delta = 0 for each DO, then compute relative loss (%)
ref by D <- aggregate(G_opt ~ D0, data = subset(heatmap_grid, delta == 0),
FUN = mean)
colnames(ref by D) <- ¢(“D0”, “G_ref”)
heatmap_grid <- merge(heatmap_grid, ref by D, by =“D0”)
heatmap_grid$rel loss pct <- 100 * (heatmap grid$G_ref - heatmap grid$G opt) /
heatmap _grid$G_ref

cat(‘“‘Heatmap grid generated. Example reported in the main text (DO = 20 km):\n")
cat(sprintf(* delta=0: G =%.2fkJ/trip\n”,
heatmap_grid$G_opt[heatmap_grid$delta == 0 & heatmap_grid$D0 == 20]))
cat(sprintf(* delta=1.0: G = %.2f kl/trip (relative loss %.1f%%)\n”,
heatmap_grid$G_opt[heatmap_grid$delta == 1 & heatmap_grid$D0 == 20],
heatmap_gridSrel loss pct[heatmap grid$delta==1 &
heatmap_grid$D0 == 20]))

PR e i R e e
# Part 5. Monte Carlo simulation (Results 3.5)

#

# Five parameters x four scenarios x 5,000 iterations.

# Uniform priors: DO in [4, 16], v in [35, 50], m in [40, 70],

# b_max in [140, 190], a in [0.025, 0.055].

R e e R R e
cat(*“\n”, strrep(“=", 78), “\n”, sep =)

cat(‘“Part 5. Monte Carlo simulation (5,000 iter x 4 scenarios)\n”")

cat(strrep(“=", 78), “\n”, sep = “”)

n_mc <- 5000

mc_param <- data.frame(
DO =runif(n mc, 4, 16),
v =runif(n_mc, 35, 50),
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m =runif(n_mc, 40, 70),

b_max = runif(n_mc, 140, 190),

a =runif(n_mc, 0.025, 0.055)
)

mc_results <- do.call(rbind, lapply(scenarios$delta, function(d) {
G_vec <- mapply(function(D, v, m, bm, a) {
find optimum(delta=d,D=D,v=v,T=T trip,
m=m, a=a, bmax =bm)$G_opt
}, me_param$D0, mc_param$v, mc_param$m, mc_param$b_max, mc_param$a)
data.frame(delta = d,
mean_G =mean(G_vec),
1095 = quantile(G_vec, 0.025),
hi95 = quantile(G_vec, 0.975))
)

# Relative change (%) from the mean at delta =0

G_ref me <-mc_results$mean_G[mc_results$delta == 0]

mc_results$rel _pct <- round(100 * (mc_results$mean G - G_ref mc)/G_ref mc, 2)
mc_results$mean_G <- round(mc_results$mean_G, 2)

mc_results$lo95  <- round(mc_results$l095, 2)

mc_results$hi95  <- round(mc_results$hi95, 2)

print(me_results, row.names = FALSE)

i
# Part 6. Behavioral plasticity model (Results 3.6 / Fig.6, Table 1)

#

#a eff(T f)=a 0* (T f/T baseline)"gamma

# Compare gamma = 0, 1, 2, 3 (gamma = 0 reproduces the basic static model)

R R R R R R R
cat(“\n”, strrep(*=", 78), “\n”, sep = )

cat(“Part 6. Behavioral plasticity extension\n”)

cat(strrep(“=", 78), “\n”, sep = ")

tau 0 <-2*D0/v fly
Tf baseline <- T trip - tau 0

# Plastic response coefficient

a_plastic <- function(Tf, gamma, a0 = a_shape, Tf base = Tf baseline) {
a0 * (Tf/Tf base) gamma

}

# Net energetic gain under the plasticity-extended model
net_gain_plastic <- function(c, delta, gamma,
D=D0,v=v fly, T=T trip,
m=m_flight, bmax =b max, r=r rest) {
tau<- (2 * D/v) * (1 + delta)
tf <- max(T - tau, 0)
if (tf <= 0) return(-m * tau)
a_eff <- a_plastic(tf, gamma)
(bmax * (1 - exp(-a_eff * (c -1))) - ¢) * tf - m * tau
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find_optimum_plastic <- function(delta, gamma, ¢_grid =c_seq) {
gains <- sapply(c_grid, net gain plastic, delta = delta, gamma = gamma)
idx <- which.max(gains)
list(c_opt=c_grid[idx], G_opt = gains[idx],
tau =(2*DO0/v_fly) * (1 + delta),
Tf =max(T trip-(2*DO0/v_fly) * (1 + delta), 0),
a_eff=a plastic(max(T trip - (2 * D0/ v_{fly) * (1 + delta), 0),
gamma))

}

# Compare four scenarios under gamma =0, 1,2, 3
plast_results <- do.call(rbind, lapply(c(0, 1, 2, 3), function(g) {
do.call(rbind, lapply(seq_len(nrow(scenarios)), function(i) {

if(g==0) {
0 <-find optimum(scenarios$delta[i])
a_e<-a_shape
} else {
o <-find optimum_plastic(scenarios$delta[i], gamma = g)
a e<-ofa eff
§
data.frame(gamma =g,
scen_lab = scenarios$scen_lab[i],
delta = scenarios$deltal[i],
Tf  =round(o$Tf, 3),
a eff =round(a e, 4),
c_opt =round(o$c_opt, 2),
G_opt =round(0$G_opt, 2))
),

)
print(plast_results, row.names = FALSE)

# Table 1 (Appendix): direct comparison between gamma = () and gamma = 2
cat(‘“\n[Appendix Table 1] Direct comparison: gamma = 0 vs gamma = 2\n")
tabl <- merge(
subset(plast_results, gamma == 0,
select = c(“scen_lab”, “delta”, “Tf”, “a_eff”, “c_opt”, “G_opt”)),
subset(plast_results, gamma == 2,
select = c(“‘scen_lab”, “c_opt”, “G_opt”)),
by = “scen_lab”, suffixes = c(*“_basic”, “ plast™))
tabl$delta_c_opt <- round(tabl$c_opt_plast - tab1Sc_opt_basic, 2)
tabl <- tabl[order(tabl$delta), ]
print(tabl, row.names = FALSE)

i N A
# Part 7. Self-maintenance cost sensitivity

#

# Adult self-maintenance cost varied from 60 to 300 kJ/day in 30 kJ steps,

# crossed with the four impediment scenarios.

R R R R R R
cat(*“\n”, strrep(“=", 78), “\n”, sep = ")

cat(“Part 7. Self-maintenance cost sensitivity (supplementary)\n”)

cat(strrep(“=", 78), “\n”, sep = *”)




maint_levels <- seq(60, 300, by = 30)

# Daily total G is independent of self-maintenance cost
daily_total <- sapply(scenarios$delta, function(d)

trips_pd * find_optimum(d)$G_opt)
names(daily total) <- scenarios$scen lab

maint_table <- do.call(rbind, lapply(maint_levels, function(M) {
chick <-pmax(daily_total - M, 0)
abs_loss <- chick[1] - chick[4]
rel_loss <- ifelse(chick[1] >0, 100 * abs_loss / chick[1], NA)
data.frame(self_maint =M,
No  =round(chick[1], 2),
Low  =round(chick[2], 2),
Moderate = round(chick[3], 2),
High  =round(chick[4], 2),
abs_loss = round(abs_loss, 2),
rel pct =round(rel loss, 2))
D)

print(maint_table, row.names = FALSE)

cat(“\nKey observations:\n”)

cat(“ (1) Absolute reduction (No - High) is invariant to self-maintenance cost\n”,
“  and equals 98.96 kJ/day across all maintenance levels.\n”, sep = ")

cat(** (2) Relative loss (%) accelerates from 12.62% (60 kJ/day)\n”,
“ 10 18.19% (300 kJ/day) as maintenance cost increases.\n”, sep = “”)

e s e s T s s I s L e s S
# Part 8. Visualization

#

# Main-text figures are produced with ggplot2 as publication-quality PDF/PNG.

# Uncomment the block below to enable plotting.

H R S
# library(ggplot2)

# library(viridis)

#

# # Fig. 1. Net energetic gain curves over work intensity ¢

# ¢ _curve <- seq(r_rest, 120, by =0.5)

# figl _df <- do.call(rbind, lapply(seq_len(nrow(scenarios)), function(i) {

# data.frame(scen = scenarios$scen_lab[i],

# ¢ =c curve,
# G =sapply(c_curve, net gain, delta = scenarios$delta[i]))
#1))

# ggplot(figl_df, aes(c, G, color = scen)) +
# geom line(linewidth=1) +

# labs(x = “Work intensity ¢ (kJ/h)”,

#  y="“Netenergetic gain (kl/trip)”,

# color = “Scenario”) +

# theme bw()

#

## Figs. 4 and 5. Heatmaps

# ggplot(heatmap_grid, aes(delta, DO, fill = G_opt)) +
# geom_tile() + scale fill viridis() +
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# labs(x = expression(Movement~impediment~delta),

#  y=-expression(One-way~distance~D[0]~(km)),

#  Afill="G (kJ/trip)”) + theme_bw()

#

# # Fig. 6 (Appendix). Behavioral plasticity model

# ggplot(plast_results, aes(delta, ¢_opt, color = factor(gamma))) +
# geom_line(linewidth = 1) + geom_point(size = 2) +

# labs(x = expression(delta), y = expression(c"”*”~(kl/h)),

# color = expression(gamma)) + theme bw()

Cat(“\n”, Strrep(“:’,’ 78), “\Il”, Sep = 657’)
cat(“All analyses completed.\n”)
cat(strrep(“=", 78), “\n”, sep = *)

# Automatic verification against the values reported in the main text
cat(“\n[ Verification against main-text values]\n”)
checks <- list(
“G(delta=0) =422.08” = round(base_results$G_opt[1], 2) == 422.08,
“G(delta=1.0) = 372.60” = round(base_results$G_opt[4], 2) == 372.60,
“chick(delta=0) =724.15” =round(base_results$chick kJ d[1], 2) == 724.15,
“chick(delta=1.0) = 625.20” = round(base_results$chick kJ d[4], 2) == 625.20,
“Daily loss (No - High) = 98.96 kJ/day” =
round(base_results$chick kJ d[1] - base_resultsSchick kJ d[4],2) ==98.95 ||
round(base_results$chick kJ d[1] - base_results$chick kI d[4], 2) == 98.96
)
for (k in names(checks)) {
cat(sprintf(* %-45s %s\n”, k, ifelse(checks[[k]], “OK”, “FAIL”)))
H




