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Overview of anthropogenic underwater sound effects and

sound exposure criteria on fishes

Jihyun Park and Jong-Rak Yoon'

Department of Information and Communications Engineering, Pukyong National University, Busan 48513, Korea

A scientific and objective sound exposure criterion for underwater sound damage on fish has been required since there
has been many disputes between an underwater sound maker and a fish damage receiver. The existing criteria are still
incomplete scientifically owing to a degree of variability of underwater sounds, diversity of fish hearing sensitivity and
damage types, etc. This study reviews existing studies on a hearing mechanism of fish species, manmade underwater sound
characteristics and sound exposure assessment parameters, and recent sound exposure criteria. A governing equation for
damage coverage estimation and damage coverage dependency on sound source level, ambient noise and transmission loss
are also reviewed and interpreted based on sound exposure environments. The foreign and Korean (National Environmental
Dispute Medication Commission) criteria are reviewed and compared based on scientific aspects. In addition, the deficit
and limit of Korean criteria are presented. The objective of this study is to give a direction for related researches and

legislation of sound exposure criteria on fish.
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Fig. 1. Fish ear, (a) Schematic view; (b) Connection structure of ear apparatus: inner ear-Webrian osscicles-swimbladder; (c) vestibule

(inner ear); (d) hair cell (Popper et al., 1976; 2003).
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Fig. 2. Lateral line structure and particle motion sensing
mechanism, (A) lateral line distribution; (B) schematic diagram
of lateral line apparatus; (C) neuromast (Denton et al., 1989,

1993; Coombs et al., 1999).
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Fig. 3. Hearing threshold of 8 different fish species and human
(Hasting et al., 2004).
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Fig. 4. Hearing thresholds of 42 different fish species, (a)
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limit and average of hearing thresholds of 42 species (Nedwell

et al., 2004).
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ekt ol ofe] o] ThEgo] 4o WAl
Ao AL A2 (SEL cumulative)® H 7}

SELeym = 10logyo Xy [ pi(H)2dt/
1pPa%s = SEL + 10log;,(N) (1

71tz 7 7N e e] ol|A7F 00] E wfj7hA]
o] Alztolm, 4] (11)2] & WA 4] zbzke] 3hE 0]
SEL®| ‘53t 7-5-olc}

WSS fa2 Sgoz Frish] s deg &
ANA] 90%E Hfrohz ALAIE TE Aolshal tf
SAO R PpS FHEITE (Fig. 82 LP).

\/fOT p(t)2dt = \/0-9 J,” (o2t (12)

P = /%fOTp(t)zdt (13)

Fig. 9= 7} 3Jek39] 5¢F 415 pt)2} SELS] A
= Holt} (Bae et al., 2009).
HAEHOR AHESE ofFY A4S g3l

B~(NE B7F= AL FAG2 A (8)~(13) 0.5 H7}e

O 1>
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Fig. 9. Impulsive waveform and SEL of piling noise (Bae et
al,, 2009).
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Institute)= 5548 3]5)7]%9] Lare ellstol
ulskoapetalel BEoR Ws)y]E Aol Het slo|
=ejolS AAIBHITH (ASA S3/SC1.4 TR-2014. 2014).

o ZPel=RkRlolA Tleste ol ol it Ea
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(1) AR} 24 © ALY Ak o} 2 gof 1]
Atk 2480l olgh ol 214 (barotrauma)e] 7))
Fek. obel oAk G Qe wislo] ojgk 2] 4
ofck. o] 9 WY Lo] Fpuray, e B2 7)ol
FAT 4% Ao gk 79) 24 4 9 K
o] &folt}. el eARe grelo] ARk wiskgo] & =
A4 gl 27 A o ele wow
w5 S AL B B gl A% At
choet e Lehdet

R o4 7k oix) WSl (TTS: Temporary

o4 Xfol 7} Gliz A9 TTS7} = A0 Holdiet.
(3) vk : 8ol o) ojfze] 48] 7H4] el
At Ao agol offe] H7 ojxnct 27

s

(@) W% Wiz} 8o] ozt W% W ule] NRC

(National Research Council)+= AY&9] AAIA Q] &5

(8 A4, Ak S)0] WS Fe Ao Fojsln

QUL A ofF9] thrE A

sl W Akt 5ol @RS = Ao Foja olf
O

of gt A& (Popper et al.,, 2007; Sara et al., 2007)<

=
1o
o2
off



Afg At BARel 904
< wol= @l WSl GI9I} (Smith et al, 2004). A&
8F 450 0.1~10 kHzo] o] £-8-9] SPLy. 7} 170
dB/1yPao|?lt}. %1 E2ke AL L-Zof 93] cortisol
o] ol WBlE Helrhs S AT AT Ak (Lee,
2009).

L e
Fig. 102 5% Zgo|u} Geloa} 22 % 2to|

gk SELY} o72] 50% x| AREIe] #AS Helck
(Yelverton et al., 1975; Hastings et al., 2005). Fig. 109]|
T A3 Ax 27

—L/\] (== g4
(Gambusia aﬁims), goldfish (Carassius auratus), carp

U= AZolHF 5% (minnow
(Cyprinus carpio), rainbow trout (Salmo gairdneri), and
channel catfish (Ictalurus punctatus))?}; 57} ¢l=

% (guppy (Lebistes reticulates), bluegill (Lepomis
macrochirus), and largemouth bass (Micropterus
salmoides))©|™, 0.02~744 go] WM& zF=t} A4 o

2 A% &%= ZZAUE Friedlander 2 W oJ5tH

Aufoley. et Ze: 7S 2= o] B =2
el sl 7o) xlEsto] J%Oﬂil‘ﬂ S Auke]

B oot A7) o 2 =t} (Yelverton et al.,
1975; Abbot et. Al, 2002). o}2-2] S 2] 7]Z3hy
ojLf mAE dpde] ozt &, 71 Fol WAt
(Crum et al., 1996; Hasting, 1990, 1995). o]@]of| &= Al
g, 1k, feoluh AASARE elojel. ol Has 7]
& A Als A, o] A ek Atz Sofl whet
e goz eeiA gk

Fig. 10 7122 elELol o] Fekeol 7

=} O
FFe 7
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210 e
Z 200 . o
E /—‘mf'—_
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190 = 50% Mortality
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Fig. 10. Sound exposure level (SEL) that results in no mortality
and 50 % mortality (Carlson et al., 2007).

7)29FS- Table 137} o] A|QI51AL (Carlson et al., 2007),
olof LAske] m]=te] 77) 7]3 (NOAA’s Fisheries

Northwest and Southwest regions, US Fish and Wildlife
service Regions 1 & 8, California/Washington/Oregon
Departments of Transportation, California Department of
Fish and Game, US Federal Highway Administration)->-
TTS oFe] ulsf #A4] 712> ol FAI7F 2g o3

A H4A9l 7182092 SPLjeak = 206 dB, SELgym =
187 dB= &)1, 0.5 g ©|3= SELum = 183 dB & AA
3T} (Carlson et al., 2007). o5& F-4] 0.5 g} 200 g
Ajole] 18 £k91e] o A9k SELay TH0] THAIALE
U Aer FojRinh

SELam = 186.47 + 11.53log;o(mass) (14)
Table 1f|4] Hearing specialist= g Z}0] &2 0]F0]
1, Hearing generalist= T2 0.2 7}o] £ ok
ol gz A Y Rk v AR olduo
Q= olgolch. 1A} oF 20 dB H7fo] F& Ao

o2& It (Popper et. Al, 2003; Ladich et al., 2004).
S A gl gekgo] AbA] i LSt

°F 37 dB =2 4% Folo] Bt §IEHET BAA]
St of 14vf w=7] g aoub A3} Q)aL (Shin,
2000), Z=uk}, e QAMb} 4 whe] W 2 4]
el Ot 4548 T 24 A=ol 4 (02 48
sto] ol WA & Ma|ALS AN Anrt ek
(Bae et al., 2009).

Table 2= % ERSof tigh w]8)7) stol kel

o|th (ASA S3/SC1.4 TR-2014. 2014). Zifo]| o]al 2
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Table 1. Underwater noise criteria recommendation for pile driving (Carlson et al., 2007; Caltrans, 2009)

Fish species Immedi.ate Ph}fsical Non-Auditory tissue Auditory tissue TTS Behavioral
mortality injury damage damage effects

Mass < 0.5 g SPLyeak > SPLpeax >

Hearing . . SEL.m > 183 dB 206 dB 207 dB

ceneralist upper line lower line SEL.,, > SPLyw > NA
Mass > 200 g 189 dB 185 dB
SELom > 213 dB

S SPLpuk >

Hearing . . 0.5 g < Mass <200 g 205 dB 205 dB

specialist upper line lower line SEL.y, = 18647 + SELu,, > SPLy > NA
11.53log)o(mass) 185 dB 183 dB

Table 2. Underwater noise criteria guideline for underwater explosions (ASA S3/SC1.4 TR-2014, 2014)

Mortality and Recoverable
Fish species potential Iniu TTS Masking Behavior
mortal injury Jury

no swim

(N) High (N) High (N) High
bladder . SPLpeak (D) Low (I) Moderate NA (I) Moderate
(particle motion 229~234 dB (F) Low (F) Low (F) Low
detection)
swim bladder
is not involved SPL (N) High (N) High (N) High
in hearing 229 peza]:;4 dB (I) High (I) Moderate NA (I) High
(particle motion - (F) Low (F) Low (F) Low
detection)
swim bladder
ano.lved n SPL (N) High (N) High (N) High
carng peak (I) High (I) High NA (I) High
(primarily 229~234 dB (F) Low (F) Low (F) Low
pressure
detection)
(N) High (N) High (N) High
Eggs and larvae Vieak > 13 mm/s (D) Low (I Low NA (D Low
(F) Low (F) Low (F) Low
Zupis Z4), 24, AQ Boll o) 2EM 9% W9l B Ik (Baton et al, 1981), S AR S5
£ A8 (O nowr, BUORRR 24 CIE), BAS  BLES UG AR Aol o 250 B Aol
(I. Intermediate, S-HU O 2 HE Sul njg) 2 A7 A Lol WIS o1l AAA Fu] %S Ho|oh
(F: Far, 5 OR5E =4 vlE)2 R 55l 2= 7F ez wolvh= A7t qlet (Shin, 1995).
FAvte) g5, UAel: Hol ofs) wAaE s Table 32 sl ebeo] Ma7|% slo]=zlel (ASA
o] atelo] Ahgali= ofololr). mlsf Hael g S3/SC1.4 TR-2014. 2014) 0.2, o] 7|52 Ha 5o
713ke] Qoo oft AAF 52 EA4Folvh Rt 27F A2 T2 o, ois, v, HAdel ArAYE
Q= ol ol offel wlal WA 1000k ZjEo AARE XA AR U TTS7bo|Eeelolct.
AL AT} (Goertner, 1978)7} It} ZHlo] olg) P51 Table 13} 8-A}3}L} Table 32] TTS 7|22 Table 1T}
sl glon} olAlHel Helgo] A Ao FAE o 13 dB & 3o Bl 7|Eele oF 4= 9)



Table 3. Underwater noise criteria guideline of pile driving (ASA S3/SC1.4 TR-2014, 2014)

Mortality and

Fish species potential Eﬁcoverable TTS Masking Behavior
mortal injury Y

E;’a ;(:erm SELen > 219 dB SELam > 216 dB (N) Moderate (N) High

(particle motion or or SELym > 186 dB (I) Low (I) Moderate

> >

detection) SPLpea > 213 dB SPLycac > 213 dB (F) Low (F) Low

swim bladder

is not involved SELcum > 210 dB SELcum > 203 dB (N) Moderate (N) High

in hearing or or SELym > 186 dB (1) Low (I) Moderate

(particle motion SPLyeak > 207 dB SPLycak > 207 dB (F) Low (F) Low

detection)

swim bladder

ol .

Lr;:l‘r’i:ed n SELem > 207 dB SELqy > 203 dB (N) High (N) High

( rima%il or or SEL.m > 186 dB  (I) High () High

P Y SPLyci > 207 dB SPLyey > 207 dB (F) Moderate (F) Moderate

pressure

detection)

Eggs and larvae

SELem > 210 dB
or
SPLye > 207 dB

(N) Moderate
(D) Low
(F) Low

(N) Moderate
(I) Low
(F) Low

(N) Moderate
(I) Low
(F) Low

(N) Moderate
(D Low
(F) Low

Table 4= =] 9]
= e dute] o

=]
=
&

1

Fabasl 2] 4] (Kang, 1998)] <)
jo]

.
e}, o], o],
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Table 4. Underwater noise criteria guideline for underwater explosions (Kang, 1998)
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3% E5ol7k etk
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3L Table 3of|4] F&[7} 9li= H7to] 2

ol 2F 10%2]
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Mortality and

Mortality and

Mortality and

Fishes potential mortal injury 10%  potential mortal injury 30%  Potential mortal injury 50%
E (J/m?) E (J/m%) E (J/m?%)
Marbled rock fish 50 100 200
Dark-banded
200 300 400
G A rockfisk Mean: 116 Mean:188 Mean: 258
1o —_— —_—
up Sea bass 200 SEL=203 dB 200 SEL=205 dB 200 SEL=206 dB
Common carp 100 300 400
Red seabream 30 40 90
2 k 20k
Flat fish 00 > 0
SEL=205 dB SEL=219 dB SEL=225 dB
G B >200 k
roup Eel >200 k >200 k
SEL=235 dB
Greenling >200 k >200 k >200 k

A 3
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Table 5. Underwater noise criteria of low frequency sonar (ASA S3/SC1.4 TR-2014, 2014)

Mortality and

. . i Recoverable . .
Fish species potential . TTS Masking Behavior
.. injury
mortal injury

no swim bladder (N) Low (N) Low (N) Low (N) Low
(particle motion (D Low (D) Low SPLims > 193 dB () Low () Low
detection) (F) Low (F) Low (F) Low (F) Low
swim bladder is not
. . . (N) Low (N) Low
involved in hearing

. . SPLims > 193 dB SPLuns > 193 dB SPLiys > 193 dB (I) Low (I Low
(particle motion

(F) Low (F) Low

detection)

swim bladder

. . . (N) Moderate
involved in hearing

. SPLims > 193 dB SPLyys > 193 dB SPLiy > 193 dB (I) Low SPLns > 197 dB
(primarily pressure
. (FLow
detection)
(N) Low (N) Low (N) Low (N) Low (N) Low
Eggs and larvae (D Low () Low (I) Low (I Low (D Low
(F) Low (F) Low (F) Low (F) Low (F) Low
7)% 7to]=etelolet (ASA S3/SC1.4 TR-2014, 2014), MR HEo s Axjolo] gt Aol 7]%o
T8 A Hal AR 57k o] ke AA|E|e] 9lX] ghou} upazol gk Hzto] 4k
oL} ge}-23t the] SPLy,E H7FECH (Popper et al., oo} WashH Agofo] Z|EA He WEA] 2] o

2007; Kane et al., 2010). Table 50 Ho]i= u}e} Zo]

AaFz o] 4~2] 7158 AHzlo| 71AF =

ofr
s
o

],

-
&l ©o}o
7]O'C_‘ = e

oh;]_'

5

el 7

OO_IE

= e
= ol 7y} o]—Eoﬂ A|A=lo] I}, Table 5014 A|A]
|28 qokshd TTS o]Ake] T38| E oF

SPL,.mJ} 193 dB/14Pa o|A}o|e} &

i TTS o=

Eo]_}f vle} 7ro| Aakz o]
& ofell et Zofef. AAlsh= ARl 7Iss

op|5He e

SPLm7} 158 dB/l;LPa

Table 6. Underwater noise criteria guideline for shipping and continuous sounds (ASA S3/SC1.4 TR-2014, 2014)

Mortality and

: . . Recoverable . .
Fish species potential L TTS Masking Behavior
.. injury
mortal injury
no swim bladder (N) Low (N) Low (N) Moderate (N) High (N) Moderate
(particle motion (D) Low () Low () Low (D) High () Moderate
detection) (F) Low (F) Low (F) Low (F) Moderate (F) Low
swim bladder is not .
. . . (N) Low (N) Low (N) Moderate (N) High (N) Moderate
involved in hearing .
. . (D) Low () Low (I) Low (D) High (I) Moderate
(particle motion
. (F) Low (F) Low (F) Low (F) Moderate (F) Low
detection)
im bladd N) High
mvolved in hear ™) Low >170 dB >158 dB (1 )H'li (N) High
involved in hearin,
(primaril € (D Low for 48 h for 12 h (F) ngh (I) Moderate
rimarily pressure or or
primarty p (F) Low (F) Hig (F) Low
detection)
(N) Low (N) Low (N) Low (N) High (N) Moderate
Eggs and larvae (I) Low (I) Low (I) Low (I) Moderate (I) Moderate
(F) Low (F) Low (F) Low (F) Low (F) Low

459 Tsfj7) 7to]
2lo]t} (ASA S3/SC1.4 TR-2014, 2014). Table 6]
j]b x471—o] 7]-XL —j-f—g
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Table 7(a). Underwater noise criteria for in-land fish farm species (Fisheries Science Research Center, 2009)

Assessment
Damage effects on in-land  farm fish

sound pressure

Damage criteria

mortality, feeding, growth, reproduction

L
and etc. Amax

1) Lamax = 140 dB/1yPa
2) AL=Lamax- NL > 20 dB/1yPa
*NL: Ambient noise level

Table 7(b). Underwater noise damage and remuneration amount criteria for in-land fish farm species (Fisheries Science Research Center,

2009)

Damage ratio 10%

Damage ratio 30%

Damage ratio 50% Remarks

Direct damage on
. Lamax > 145~150 dB
mortality

Lamax >150~160 dB

Lamax >160 dB Absolute level of sound

In-direct damage on
feeding, growth, AL=20~30 dB

reproduction and etc.

AL=30~40 dB

AL =40~60 dB AL =Lamax - AN

44‘;? | SJRF XJAF 52 o] Stk A4
£ AASHs ATATH: ok glor, TTS ¥l %
a7k olet 2|4 ot
M@Hom kel qlek FAR A
2 5QF SPLyys 150 dB/1yPac] =535t
U A4 Aol mRls 9 g e
(Wysocki et al., 2007), 914
sl (), Stk 244)
= ( Mitson 1995, Engés et al., 1995; Sara e

; Mitson et al., 2003; Ona et al., 2007)°] 0111 =13 j—}i
Zoll gk vk-& Agheles A A=A w7bs
gk Aom oA Stk

Table 7> AlZolA 713t S S84 9199
o e Aol Agskal = S A ool tigt
delj7lw= 9 el 7= A8t (Fisheries
Science Research Center, 2009).

Table 7(a)oll Al AA 7|52 99 5252 Lama
7} 140 dB/1yPaXth 52 749 Tlsf|7} dojdrial o]

0]

i

J}o

ST = WA 7=l AL o2 Ao
29] Lama} RS H L} 20 dB o4} =0 3147}
Jojtrial Zuo}ou 712 f:jxé 4A=

Tl vl

Aol 45 2% umﬁ el el ol A 5

2E #udt Aog ke
Table T(b)i= 4-54:80] gho] w2 wa)g 7|zow
SHRL 7120 ATRA} WA AW Qs
Table 8 Table 7(a)2] 7]&o] ZHlo|L} lel2y
FA4 agoli RARSITHE ol g1 Aot %

A4 oo i3t 1a]7]20]c}h (Choi et al., 2015).

F 3 71 SlhAe
&2 A7), e, w g, olel Ak kg

Table 8. Underwater impulse noise criteria recommendation for in-land fish farm species (Choi et al., 2015)

Assessment sound pressure of

Damage effects on in-land farm fish

blasting and pile driving

Damage criteria

mortality, feeding, growth,

. LAmax
reproduction and etc.

1) Lamax = 160 dB/14Pa
2) AL=Lamax- NL > 40 dB/1yPa
*NL: Ambient noise level
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Table 9. Underwater ambient noise measured at several shallow sea
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Fig. 11. Typical underwater ambient noise at shallow sea
surrounding the Korean peninsula (Choi et al., 2003).

CheFeh aglofl ofsf A7 sie]
785 S AlEro|u =919] Ak ghsel ofalf A4k
Fig. 112 3k ¢12ke] tfae2]Ql ujd 250 SA4Joltt
(Choi et al.,, 2003). Table 8-> 7|3z o} W& vl 7%t
S A} (Caltrans, 2009)0|t}, ThEELo] U] w7 A4S
A AHEY Ww F2o]x] QLo Table 9= &3
gz F=o1A Qlek ohd hefet 2 FAuRe] ZhA]
B7Yoll AHE-SE7] fIet A o® vhehETh vl g
Brtele RS e AdEY Werl @t

e Ae] shEel 4] Fagh 249 M S Thrd
Sf WAL 1, = Y 50t TlEo] AoflEol ot

i

sites (Caltrans, 2009)

Location Bay A Bay B Canal Coast Bay C Bay D Beach
Ambient noise  120~155 147~156 115~135 74~100 113 dBpeak 116 dBpeak 138 dBpeak
levels dBpeak dBpeak dBrms dBpeak

133 dBrms 132~143 dBrms




o4, 4t W ubatol] ofaf WSl FadAle
Fgrh AR 2ok A ojE
oAl FEAdol glekd A (15)9] TLr = 20logjer &
JJEH ASEA, AAZE sy vt siA = = of%l=
% TLr = 10logier & #|A42] Z5=41S Holr) Iy
Sl mAte] Tl geh 428 A&HoR AT
ahiz el m o} Mg AT o) ek HhsA
2 Slogier ~ 30logiore] W& Zk=r}al i} (Caltrans.
2009).

Al TLeS sjoye] SaF BAI0| St 5o
ofs) AL, Tl Fajgo] el AR Ao
<ol slolf oie] Aol st} B, 224
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o] Fupt Ui dow 4
saju] olefel Fulse] shet e AukRuleR ol
gich. wheba] SolAl S Fubar) 2k Eukae

olstolu A Astela] £ ek e
4= 2] (18)& F=o] At} (Urick, 1983).
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