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Oxygen consumption rate, osmolality and
catecholamine responses of the yellow croaker
Larimichthys crocea and olive flounder Paralichthys

olivaceus to windfarm construction and operation noise
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Table 1. 39
Pearson’s correlation relationships between oxygen consumption rate, osmolality,
and catecholamine of the yellow croaker Larimichthys crocea exposed to noise.

Table 2. 40
Pearson’s correlation relationships between oxygen consumption rate, osmolality,
and catecholamine of the olive flounder Paralichthys olivaceus exposed to noise.
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Figure 1. 7
Schematic diagram of the noise exposure system. The overall system consists of
three layers of closed chambers and each layer has a different function; (a) upper:
measure dissolved oxygen (DO) before fish respiration and water temperature; (b)
middle: fish chamber and noise exposure speaker; and (c) lower: measure DO after
fish respiration and water temperature. The measured DO and temperature data are
transferred minutely from the optic sensor to the monitoring module.

Figure 2. 9
Quality assurance and control of the experimental systems. A three-step process
was carried out. (a) Turn on the return motors; (b) Turn on the current motors,
return motors, and cooler; (c) Turn on the current motors, the return motors, and
the cooler, and increased the flow rate. As a result, 0% mortality and stabilization
of the DO concentration.

Figure 3. 11
Schematic overview of materials and methods. (a) 2 types of noise as stressors
were exposed for 1 or 24 hours. (b) Oxygen consumption rate, osmolality, and
catecholamine were measured.

Figure 4. 22
Oxygen consumption rate (ug O> g h'!) of the yellow croaker L. crocea under
pile driving noise and turbine operation noise. A total of 2 hours of pile driving
noise was carried out at 1 hour per day. Turbine operation noise was exposed for
24 hours continuously.

Figure 5. 23
Oxygen consumption rate (ug O> g h'!) of the olive flounder P. olivaceus under
pile driving noise and turbine operation noise is a total of 2 hours of noise
exposure carried out at 1 hour for 1 day. Turbine operation noise exposure for 24
hours continuously.

Figure 6. 27
Oxygen consumption rate (ug O g™ h'') on different species of the yellow
croaker L. crocea and olive flounder P. olivaceus to pile driving noise. 1 hour of
noise exposure was carried twice.

Figure 7. 28
Oxygen consumption rate (ug O, g™ h'!) of the yellow croaker L. crocea and
olive flounder P. olivaceus under operation noise. 1 hour of noise exposure was
carried out twice.
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Figure 8. 30
Comparison of measured osmolality (mOsmol kg™) to the yellow croaker L.
crocea and olive flounder P. olivaceus for background noise, pile driving noise,
and turbine operation noise exposure.

Figure 9. 33
Comparison of measured osmolality (mOsmol kg™!) of the yellow croaker L.
crocea and olive flounder P, olivaceus for background noise and both pile driving
noise and turbine operation noise exposure.

Figure 10. 35
Comparison of measured catecholamine (ng mL™) of the yellow croaker L.
crocea and olive flounder P. olivaceus exposed to background noise and both
piledriving noise and turbine operation noise exposure.

Figure 11. 37
Comparison of measured catecholamine (ng mL™) for background noise and both
pile driving noise and turbine operation noise exposure on juvenile yellow
croaker L. crocea and olive flounder P. olivaceus.

Figure 12. 43
Summary of the overall results of this study. (a) Comparison of physiological
effects by noise source; (b) Comparison of physiological effects by species.
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Appendix 1. 48
Flow rate per minute in each closed chamber.

Appendix 2. 49
Cultivation conditions for the experimental organism.

Appendix 3. 50
Instrumental condition of osmometer for determining plasma osmolality.

Appendix 4. 51
Experimental condition for measuring plasma catecholamine (CA) concentration.

Appendix 5. 52
Mini-review for prior studies on the effect of noise on marine fishes.
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Figure 1.

Schematic diagram of the noise exposure system. The overall system consists of
three layers of closed chambers and each layer has a different function; (a) upper:
measure dissolved oxygen (DO) before fish respiration and water temperature; (b)
middle: fish chamber and noise exposure speaker; and (¢) lower: measure DO after
fish respiration and water temperature. The measured DO and temperature data are
transferred minutely from the optic sensor to the monitoring module.
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| Destabilization, 30% mortality ~—n=10—n=15—n=20

- Current motor off o B s e s s e =
- Return motor on 1
- Cooler off 0 T T T T T T

] Overconsumption, 0% mortality ~—n=10—n=15—n=20
o
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- Current motor on 8 1 :

- Return motor on 0
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Time (h)

Figure 2.

Quality assurance and control of the experimental systems. A three-step process
was carried out. (a) Turn on the return motors; (b) Turn on the current motors,
return motors, and cooler; (¢) Turn on the current motors, the return motors, and
the cooler, and increased the flow rate. As a result, 0% mortality and stabilization
of the DO concentration.



Audacity ZZ2IHS F8 1A dojz st ARGty Al

Hr
0
S
n
o
w
a

AFEE 289 EAS o] =R E(TC4013, Reson; W7t
1V/uPa), ZYZ(EC6081), HlolHFH FX(RTS-DAQ), =ERS

Agtsto] =H3oh AT F A E ER2TIAE LS, Hit 1274

dB re 1 pPa), A7 (FLFEFAS, Hat 154.1 dB re | pPa, 1A17HH 2™
A, AT 2EWed A4S, Hi 1417 dB re 1 pPa, 2447 1

b

A A)ye] th(Fig. 3).

10 "-:l:" I "Nl-.|- 1_-li [£ 5



(a) Stressors
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Figure 3.

Schematic overview of materials and methods. (a) 2 types of noise as stressors
were exposed for 1 or 24 hours. (b) Oxygen consumption rate, osmolality, and

catecholamine were measured.
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Figure 4.
Oxygen consumption rate (ug O2 g h'!) of the yellow croaker L. crocea under pile driving noise and turbine operation noise. A total of 2 hours
of pile driving noise was carried out at 1 hour per day. Turbine operation noise was exposed for 24 hours continuously.

: B

o8



Noise exposure —— Pile driving noise —— Operating noise -+~ Mean value

G P. olivaceus

Day 1—— Day2 — Day 1 —— Day2 ———
8 0 5 12 __B 0 6 12 * p<0.05
80 . . : : : : :
Q i i | i 1 i i
© ! : | ! | %
c | l : i H
S _ 60 | + : : 1§
o i i i i 8
E < | :
3 o ! ! i
s o 407 i 1 ! ]
© | :
S __% [ . TSP (I | 7 . 211 ! -
o | |
T, TR 0. 22 | I !
< :
e I L B e Sy [ T f
0 5 10 15 20 25 0 6 12 18 24  Pile drivingOperating
Time (h) Time (h) Noise

Figure 5.
Oxygen consumption rate (ug O> g h'!) of the olive flounder P. olivaceus under pile driving noise and turbine operation noise is a total of 2
hours of noise exposure carried out at 1 hour for 1 day. Turbine operation noise exposure for 24 hours continuously.
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Figure 6.

Oxygen consumption rate (ug O, g™ h™!) on different species of the yellow croaker L. crocea and olive flounder P. olivaceus to pile driving

noise. 1 hour of noise exposure was carried twice.
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Oxygen consumption rate (ug O> g h'!) of the yellow croaker L. crocea and olive flounder P. olivaceus under operation noise. 1 hour of noise

exposure was carried out twice.
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Figure 8.
Comparison of measured osmolality (mOsmol kg™!) to the yellow croaker L. crocea and olive flounder P. olivaceus for background noise, pile
driving noise, and turbine operation noise exposure.
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Figure 9.
Comparison of measured osmolality (mOsmol kg™!) of the yellow croaker L. crocea and olive flounder P. olivaceus for background noise and
both pile driving noise and turbine operation noise exposure.
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Figure 10.

Comparison of measured catecholamine (ng mL!) of the yellow croaker L. crocea and olive flounder P. olivaceus exposed to background noise
and both piledriving noise and turbine operation noise exposure.
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Figure 11.
Comparison of measured catecholamine (ng mL™) for background noise and both pile driving noise and turbine operation noise exposure on
juvenile yellow croaker L. crocea and olive flounder P, olivaceus.
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Table 1. Pearson’s correlation relationships between oxygen consumption rate, osmolality, and catecholamine of the yellow croaker
Larimichthys crocea exposed to noise.

Oxygen consumption rate Osmolality Catecholamine
Oxygen consumption rate Pearson’s r 1 .588 726
p-value .600 483
n 3 3 3
Osmolality Pearson’s r .588 1 -.130
p-value .600 917
n 3 3 3
Catecholamine Pearson’s r 726 -.130 1
p-value 483 917

n 3 3 3

¥ 1 1
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Table 2. Pearson’s correlation relationships between oxygen consumption rate, osmolality, and catecholamine of olive flounder Paralichthys

olivaceus exposed to noise.

Oxygen consumption rate Catecholamine
Oxygen consumption rate Pearson’s r 1 .677 465
p-value 527 .692
n 3 3 3
Osmolality Pearson’s r .677 1 -.336
p-value 527 782
n 3 3 3
Catecholamine Pearson’s r 465 -.336 1
p-value .692 182

n 3 3 3
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(a) Comparison by noise sources

@ Significant difference X No significant difference

(b) Comparison by species

Species Noise sources [OCR|{Osm| CA | [Noise sources Species OCR|Osm| CA
| crocea | Pile driving Jm ® <X O Pile driving | L Cocease=s | @ | X | @
e Operating —f X | @| X J‘ P.olivaceus@e| X | @ | X
P olivaceus Pile driving J. X|@| X Operating | L. crocease=s | X @ X
> Operating -‘f\ X | X | X ‘f‘ P. olivaceus>s| X | X | X
Figure 12.

More than 2 of @
More than 1 of @
Lessthan1of @

Summary of the overall results of this study. (a) Comparison of physiological effects by noise source; (b) Comparison of physiological effects

by species.
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Appendix 1. Flow rate per minute in each closed chamber.

Chamber no. 1 2 3 4 5 6
Flow rate 1.18 1.18 1.23 1.18 0.98 0.98
(L min) 1.03 1.13 0.98 1.23 0.98 1.03

1.08 1.18 0.98 1.13 0.98 1.03
Average 65.74 69.67 63.78 70.65 58.88 60.84
(L hour™)
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Appendix 2. Cultivation conditions for the experimental organism.

Temperature (°C) 20+ 1.0
Salinity (PSU, practical salinity unit) 35
Dissolved oxygen concentration (mg L) 7.5
Photoperiod (h, light:dark) 12:12
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Appendix 3. Instrumental condition of osmometer for determining plasma osmolality.

Instrument Osmometer3000 (Gonotec)
Sample Volume 50 pL

Resolution 1 mOsmol kg™

Measuring Range 0-3000 mOsmol kg*

Test time (Seconds) 60
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Appendix 4. Experimental condition for measuring plasma catecholamine (CA) concentration.

Instrument
Absorbance range
Measurement rage
Plate formats
Software

ELISA kit
Plate formats
Sensitivity
Detection range

Infinite F nano plus (Tecan)

230-1000 nm

0-4 0D

6-384 well plates

Magellan advanced program, i-control (basic)

Fish Catecholamine (CA) ELISA kit?
96 well plate

2.0ng mL*?

15.6-500 ng mL*

®ELISA kit: Enzyme-linked immunosorbent assay kit
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Appendix 5. Mini-review for prior studies on the effect of noise on marine fishes.

. Life . . . Field/ .
Habitat Species Noise level Frequency Duration . Endpoint Reference
stage Aquaria
Pelagic Juvenile Dicentrarchus SELss 181—185dBre1*Pa2s 125—200 90 min Field Oxygen Debusschere et al., 2016
labrax consumption
rate
SELss181—185dBre1*Pa2s 125—200 90 min Field Whole body Debusschere et al., 2016
cortisol
SELss 181-185dBre 1*Pa?2s  125—200 90 min Field Growth rate Debusschere et al., 2016
SELss181—185dBre1*Pa2s 125—200 90 min Field Whole body Debusschere et al., 2016
lactate
SELss 181-185 dB re 125-200 1739 to Field Immediate Debusschere et al., 2014
1*Pals. strikes mortality
SPLcum 154 dB re 1 uPa%*s 1-2000 5 min Aquaria Shoaling Herbert-Read et al., 2017
SPLcum 154 dB re 1 uPa%*s 1-2000 5 min Aquaria Speed Herbert-Read et al., 2017
146 dB re 1 pPa n.d. 2 min Aquaria Opecular beat Radford etal., 2016
rate
146 dB re 1 pPa n.d. 12 weeks Aquaria Opecular beat Radford etal., 2016
rate
152 dB RMSre 1 pPa n.d. 60 min Aquaria Opecular beat Spigaetal., 2017
rate
152 dB RMSre 1 pPa n.d. 60 min Aquaria Startle Spiga et al., 2017
152 dB RMSre 1 pPa n.d. 60 min Aquaria Speed Spigaetal., 2017
152 dB RMSre 1 pPa n.d. 60 min Aquaria Turn angle Spiga et al., 2017
Oncorhynchus 208 dB re 1pPa peak-to-peak  n.d. 24 min Aquaria Mortality Halvorsen et al., 2012
tshawytscha
208 dB re 1pPa peak-to-peak  n.d. 24 min Aquaria Barotrauma Halvorsen et al., 2012
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Appendix 5. (Continued)

. Life . . ) Field/ .
Habitat Species Noise level Frequency Duration . Endpoint Reference
stage Aquaria
Pelagic Adult Spondyliosoma  SELcum 184 dBre 1 pPa’%  n.d. 30 min Aquaria Oxygen Bruintjes et al., 2016
cantharus consumption
rate
Sprattus 163,2 dB peak-to-peak 50—60 n.d. Field Shoaling Hawkins et al., 2014
sprattus
Scomber 163,2 dB peak-to-peak 50—60 n.d. Field Depth Hawkins et al., 2014
scombrus
Gadus morhua  140—-161dBRMSrel1puPa  n.d. 30 min Field Speed Mueller-Blenkle et al., 2010
140—161 dB RMSre 1 pPa n.d. 30 min Field Stop Mueller-Blenkle et al., 2010
140—161 dB RMS re 1 pPa n.d. 30 min Field Startle Mueller-Blenkle et al., 2010
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Appendix 5. (Continued)

. Life - . . Field/ .
Habitat Species Noise level Frequency Duration . Endpoint Reference
stage Aquaria
Benthic Juvenile  Solea solea SPLcum 206 dB re 1uPa2 50—1000 100 strikes Aquaria Mortality Bolle et al., 2012
Adult Pleuronectes SELcum 184 dB re 1pPas n.d. 30 min Aquaria Oxygen _ Bruintjes et al., 2016
platessa consumption
rate
Sebastes 165 dB RMS re 1 pPa 50—1500 120 min Field Direction Heo et al., 2019
schlegelii
165dB RMSre 1 uPa 50—1500 120 min Field Speed Heo et al., 2019
165 dB RMSre 1 puPa 50—1500 120 min Field Distance Heo et al., 2019
Solea solea 140-161dBRMSre 1 pPa  n.d. 30 min Field Speed Mueller-Blenkle et al., 2010
140161 dB RMS re 1 uPa n.d. 30 min Field Stop Mueller-Blenkle et al., 2010
140—161 dB RMS re 1 pPa n.d. 30 min Field Startle Mueller-Blenkle et al., 2010
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Abstract

Oxygen consumption rate, osmolality
and catecholamine responses of the
yellow croaker Larimichthys crocea
and olive flounder Paralichthys
olivaceus to windfarm construction
and operation noise

Gayoung Jin
School of earth and environmental sciences

The Graduate School

Seoul National University

Underwater noise generated by offshore wind farms can cause a detrimental
effect on various marine organisms. Until recently, research on underwater noise
mainly focused on the biological effects on marine mammals and birds, yet lacking
in fish. In this study, the effects of pile driving noise (154 dB re 1 pPa) and turbine
operation noise (141 dB re 1 pPa) on the pelagic fish Larimichthys crocea (yellow
croaker) and the benthic fish Paralichthys olivaceus (olive flounder) were evaluated
through oxygen consumption rate, osmolality, and catecholamine concentration. By
comparing the noise source, results showed that the oxygen consumption rate did not
recover for 24 hours and continued to be unstable, after both types of fish were
exposed to pile driving noise for an hour. On the other hand, when turbine operation
noise was exposed for 24 hours, the recovery in oxygen consumption rate of both
fish remained stable, with relatively low fluctuations. This implies not only the level
of noise but also the length of exposure and intervals could affect the physiological
stress of fish. Also, comparing the effects by species, the change in oxygen
consumption rate in the L. crocea was higher than that of P. olivaceus when exposed
to pile driving noise (p<0.05). In addition, a significant positive relationship in L.
crocea osmolality was observed with increasing turbine operation noise exposure
(p<0.05). The pelagic fish is considered to be more sensitive to noise due to the
development of auditory organs compared to the benthic fish. The results show

55 H = TH

—
|



different physiological responses for each fish species even when exposed to the
same noise source, which suggests that noise limits should be applied regarding the
variation of fish auditory sensitivity. Overall, this study provides scientific
information to establish stewardship policies for ocean soundscapes and to maintain
a healthy ocean.

Keywords: Offshore wind farm, Underwater noise, Fish, Oxygen consumption rate,
Osmolality, Catecholamine
Student Number : 2021-24224
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