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Achtergrond ViSZiON-project

In het kader van het ViZSiON project voor RWS is er onderzoek gedaan naar de aanwezigheid en
temporele en spatiele gedragsveranderingen van pelagische vis en zodplankton, m.b.v. een “Acoustic
Zooplankton Fish Profiler (AZFP)” (https://aslenv.com/azfp.html). De AZFP’s zijn zognaamde bottom-

mounted echo sounders die door het gebruik van verschillende hoge (voor vis onhoorbare)
frequenties zowel grotere vissen en scholen in beeld kunnen brengen als hele kleine pelagische
larven in planktonlagen. Twee AZFP’s hebben in drie opéénvolgende periodes op twee plekken
tegelijkertijd de aanwezigheid van vissen geregistreerd, net binnen en net buiten drie offshore
windparken. De AZFP-opnames betreffen telkens enkele weken om de periode voor, tijdens en na
een lawaaiige activiteit te omvatten. Zo zijn er in Belgié data verzameld tijdens een experimentele
seismische survey (Belwind windpark) en heiactiviteiten (C-power windpark) en is er in Nederland
een controle dataset verzameld, zonder een specifieke lawaaiige gebeurtenis (GEMINI windpark).

Dit betreft het eindrapport met de belangrijkste resultaten van het onderzoek. Deze introductie is in
het Nederlands, maar de kern van de rapportage is in het Engels en bestaat uit een executive
summary en de main text die ook als hoofdstuk in het proefschrift van Annebelle Kok is opgenomen
en reeds grotendeels is vorm gegeven als publicatie in een internationaal tijdschrift. De in het
voorstel gestelde vragen zijn vooraf in het Nederlandse deel beantwoord, terwijl daarna een
volledige rapportage in het Engels volgt. Zoals voor alle opdrachten van Wozep geldt zullen de data
openbaar beschikbaar worden gesteld in het Wozep repository. Dit zal vooralsnog gebeuren onder
embargo tot dat de publicatie op basis van de data is verschenen. De publicatie en eventuele andere
producten die mogelijk in een later stadium uit de verzamelde data zouden worden gegenereerd,
zullen worden nagestuurd naar RWS en eveneens publiek ter beschikking worden gesteld.

Consortium voor de uitvoering van werkzaamheden

Het ViSZiON-project is een internationale samenwerking van mensen met verschillende expertise die
werken bij verschillende instituten. Hans Slabbekoorn is de coordinator en eindverantwoordelijke
aan de Leidse Universiteit (IBL, Instute of Biology Leiden). Benoit Berges en Serdar Sakinan zijn
experts op het gebied van echo sounders aan de Universiteit van Wageningen (WMR, Wageningen
Marine Research, IJmuiden). Zij zijn verantwoordelijk voor de voorbereiding van plannen, advisering
over verzamelen en verwerken van gegevens, alsmede de visualisering en interpretatie hiervan,
Elisabeth Debusschere en Jan Reubens van het Vlaamse Instituut voor de Zee en Dick de Haan van de
Universiteit van Wageningen (WMR, Wageningen Marine Research, IJmuiden) zijn verantwoordelijk
voor advies, coordinatie, en uitvoering van het verschepen, plaatsen, en ophalen van de apparatuur
op zee. Alain Norro, verbonden aan het Koninklijk Belgische Instituut voor Natuurwetenschappen
heeft bijgedragen aan de wetenschappelijke discussie en de levering van geluidsdata geassocieerd
met C-power. Lisa Bruil heeft als BSc-studente veel van de data verwerkt en geanalyseerd en tot BSc-
verslag verwerkt. Annebelle Kok heeft als promovendus de verantwoordelijkheid voor de begeleiding
van Lisa gehad, de codrdinatie tussen de instituten op zich genomen, de verantwoordelijkheid voor
grafische en statistische verwerking en de gegevens tot een eerste draft voor submissie naar een
wetenschappelijk tijdschrift voorbereid.



Onderzoeksvragen en antwoorden in het kort:

1. Geeft de opzet met twee AZFP bottom-mounted echo sounders inzicht in fluctuaties in tijd
en ruimte van de in en rondom een windpark aanwezige vis en
zooplanktongemeenschappen (in natuurlijke geluidscondities)?

De AZFP-echo sounders geven een gedetailleerd beeld van de hoeveelheid vis en van de
aanwezigheid, diepte en coherentie van scholen. Variatie in tijd en ruimte zijn op diverse
schalen goed te verwerken en analyseren. Zooplankton kon niet zichtbaar worden gemaakt,
waarschijnlijk door de hoeveel zwevend materiaal in dit relatief ondiepe, turbulente gedeelte
van de Noordzee. Ook is het mogelijk dat er geen discrete lagen zodplankton, zoals bekend
voor diepere lokaties, op de bemonsterde plekken aanwezig waren.

2. Hoe reageren vis- en planktongemeenschappen op het impulsief geluid van een seismisch
onderzoek?
Er is een vermindering in de hoeveelheid vis te zien, van voor naar tijdens de experimentele
seismische survey, wat suggereert dat ze wegzwemmen uit het gebied en de biomassa ging
omlaag in de waterkolom tijdens de blootstelling bij de positie buiten het windpark. Na de
blootstelling gingen scholen hoger in de water kolom zwemmen. Bij de controle locatie
zonder blootstelling zijn echter ook significante veranderingen waargenomen met precies
dezelfde voor-tijdens-na analyse. Replicatie is dus vereist om een oorzakelijk verband te
kunnen bevestigen.

3. Is er een verschil tussen de reactie van deze gemeenschappen net binnen en net buiten het
windpark?
In het algemeen waren de patronen erg hetzelfde binnen en buiten het windpark (afstanden
van 2-3 km). Soms waren er opvallende patronen met meer vis buiten dan binnen het
windpark (C-power) of wel een gedragsverandering buiten en niet binnen het windpark
(Belwind). Replicatie is noodzakelijk om deze patronen te bevestigen of ontkrachten.

4. Is er een verschil tussen de reactie van deze gemeenschappen op een andere bron van
impulsief geluid te weten heien van een funderingspaal voor een windmolen?
Tijdens de heiactiviteiten gingen visscholen hoger in de waterkolom zwemmen in minder
coherente scholen, terwijl er na de blootstelling een afname in aanwezigheid van scholen
was te zien. Ook hier is echter replicatie een noodzaak voor de bevestiging van oorzakelijke
verbanden.

5. Reageren de vissen en plankton primair op het geluid zelf of op het gedrag van andere
vissen of plankton, is er dus sprake van een kettingreactie?
Hier is in dit stadium nog geen antwoord op te geven. Zodplankton kon niet worden
waargenomen en van de vissen is geen onderverdeling gemaakt in vistypes of vissoorten.
Hier is wellicht met extra analyses in de toekomst nog meer inzicht te verkrijgen.

Inlichtingen

Contactpersoon van RWS is Aylin Erkman, te bereiken onder het nummer 06 — 52 71 39 36, of per e-
mail op het mailadres WVL-aanbestedingsdocumenten@rws.nl. Vragen over de inhoud van het

Rapport en de uitvoering van het project kunnen worden gesteld aan Hans Slabbekoorn, te bereiken
op het nummer 06 — 25 22 89 47 22, of per e-mail: H.W.Slabbekoorn@Biology.LeidenUniv.NL.
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1. EXECUTIVE SUMMARY

Wind farms in the Dutch North Sea are rapidly increasing in number, because of the high need for
renewable energy. These wind farms change the underwater environment from a sandy bottom
with relatively low biodiversity, to richly populated rocky sanctuaries that are free from fishing. At
the same time, before and during the construction of a wind farm the area is exposed to a lot of
anthropogenic noise from seismic surveys scanning the bottom and pile driving of the wind mill
piles. Over the past decades, an increasing number of studies has shown detrimental impact of
anthropogenic sound on marine life. These combined positive and negative effects of wind farms
are bound to alter the community structure of North Sea life.

Most of the effects of anthropogenic sound have been found in demersal and mesopelagic fish.
However, a lot of the fauna residing in wind farms is pelagic, a group of species that has received
relatively little attention by science because of the difficulty of studying it. Pelagic fish are
generally more difficult to keep in captivity and the turbid waters of the North Sea prevent the use
of cameras in field studies. North Sea pelagic fauna includes economically important species, such
as commercially-caught fish species like herring (Clupea harengus) and Atlantic mackerel (Scomber
scombrus) and might harbour ecologically important zooplankton layers. Therefore, it is important
to understand how pelagic fauna will respond to sound from anthropogenic activities.

Bottom-moored, multi-frequency echo sounders might be a solution to this problem. They are
placed on the sea floor for longer periods of time and transmit high-frequency sound to record the
presence of marine organisms in the water column. Because sound is the medium of detection, low
visibility of the water is less likely to influence the recordings. The advantage of bottom-mooring is
that the same area can be surveyed over a longer period of time without exposing the study
organisms to increased noise levels from shipping activity. Furthermore, by the use of multiple
frequencies fish as well as zooplankton can be recorded at the same time.

The purpose of this study was to find out 1) if bottom-moored echo sounders are a suitable tool for
studying the fluctuations in time and space of pelagic fauna; 2) how pelagic fauna respond to the
sound of a seismic survey; 3) if there is a difference in the response of pelagic fauna inside and
outside a wind farm; 4) if pelagic fauna respond differently to sound of pile-driving, and 5) if the
pelagic fauna respond to the sound directly, or if a chain-reaction causes the response of some
species to influence the behaviour of other species. To answer these questions, two bottom-
moored echo sounders were placed for a month sequentially in three different wind farms along
the Belgian and Dutch coast. One was exposed to a full-scale seismic survey, the second to pile
driving activity, while the third served as a control. The resulting echograms were analysed visually
for the presence of zooplankton layers, combined with a more in-depth analysis of fish school
presence and behaviour in a period around the sound exposure.

The bottom-moored echo sounders were successful in detecting variation in the behaviour of
pelagic fish in a wind farm. However, due to floating particles and turbulent water, it was not
possible to detect zooplankton with this method. It is also possible that there were no distinct
layers of zooplankton at the sampled locations. Having two echo sounders at the same wind farm
showed us that patterns of fish school presence and behaviour were generally similar within the
wind farm, while they differed strongly over time and between wind farms. Patterns of behaviour
and detection of fish schools were significantly different during sound exposure compared to
before, but also varied significantly in the control site. This shows the need for thorough
replication when investigating responses of pelagic fish to sound exposure.






2. INTRODUCTION

Many aquatic animals change their behaviour in response to increased ambient noise levels in the
ocean. Effects of sound on behaviour range from local changes in water column use (Hawkins et al.
2014; Neo et al. 2014), to horizontal avoidance of acoustically polluted areas (e.g. Carstensen et al.
2006; Kok et al. 2018), and may include changes in mate choice, foraging behaviour, and anti-
predator responses (Shafiei Sabet et al. 2015; Simpson et al. 2015; de Jong et al. 2018). Increased
noise levels have been found to affect all trophic levels, from invertebrates (Hubert et al. 2018) to
top predators, such as marine mammals (Southall et al. 2016). Of all types of behavioural effects of
increased noise levels, changes in predator-prey interactions are most likely to have effect on the
ecosystem as a whole (Kunc et al. 2016).

Predator-prey interactions characterize themselves by specific behaviour of the predator — hunting —
and responding behaviour of the prey — defence and escape. Prey defence tactics in the ocean,
where hiding in vegetation or under rocks is no option, often involve aggregation into groups. For
example, prey species in deep-scattering layers have been shown to organize themselves by
clustering to improve protection of individual animals by being in a group (Benoit-Bird et al. 2017).
Furthermore, pelagic animals change their location in the water column in response to predators,
often by moving down (Hawkins et al. 2014; Neo et al. 2014; Rieucau et al. 2014). At the same time,
predators probably try to maximize their success by targeting high-density prey areas and adapting
hunting strategies to prey behaviour (Charnov 1978; Au et al. 2013). For example, marine mammal
predators that forage on deep scattering layers, often target their prey at night, when animals of the
deep scattering layer migrate and go closer to the surface (Au et al. 2013; Giorli et al. 2016).
Therefore, changes in prey defence behaviour are likely to also alter hunting strategies of their
predators.

Acoustic disturbance related changes in prey behaviour could have important consequences for
predators. It could be beneficial, if prey become less vigilant, and are consequently more easily
caught (Simpson et al. 2015). Or it could be detrimental, if prey change their behaviour, for instance
by becoming more cohesive and moving deeper down the water column, and therefore become
more difficult to catch (Voellmy et al. 2014). In fact, how prey respond to increased noise levels could
even determine the response of predators to sound. Cuvier’s beaked whales, for instance, stayed in
an area that was frequently disturbed by military sonar exercises, but also contained high prey
densities, while leaving an area that was less disturbed by sonar but also contained less prey
(Southall et al. 2019). So, understanding how prey will respond to sound, might also provide
information on the potential effect of sound on their predators.

Many animals from the bottom and middle trophic levels are pelagic, such as zooplankton and
schooling fish. However, the effects of sound on pelagic animals have hardly been studied. One
benchmark study by Hawkins et al. (2014) indicated changes in cohesion and vertical displacement of
pelagic fish and zooplankton when exposed to an artificial, intermittent sound. Additionally, a case
study in which zooplankton was experimentally exposed to a seismic survey showed increased
mortality compared to the period before the survey (McCauley et al. 2017). A more recent study also
revealed increased mortality, but only at very small distances of less than 10m from the source
(Fields et al. 2019). Apart from these studies that require follow-up and replication, only very few
studies reported changes in fisheries catch rates during and after a noisy human activity, such as a
seismic survey (e.g. Skalski et al. 1992; Parry and Gason 2006; Lgkkeborg et al. 2012). Consequently,
we still lack sufficient insight into changes in spatial behaviour of pelagic species.

Offshore wind farms provide an interesting opportunity to study the pelagic community as well as
the potential effects of anthropogenic noise. Offshore wind farms have become increasingly popular
and are spreading rapidly to exploit the renewable source of wind energy, with supposedly little or
even positive environmental impact (Lindeboom et al. 2011; Ashley et al. 2014; Raoux et al. 2017). In



the pre-construction and construction phase, seismic surveys and pile driving activities typically
cause considerable acoustic disturbance in the area. Subsequently, in the exploitation phase, a
moderate, low-frequency noise from the wind-driven rotor blades remains, while scour beds and the
set of piles and control stations typically introduce a rocky reef at places that were dominated by
sandy bottom. Consequently, over time, a more diverse benthic community develops, which may
also affect the local pelagic community. Recent studies have indicated increased vertical mixing and
elevated zooplankton densities associated with wind farms in the North Sea, but there are no reports
on distinct patterns for the pelagic fish community that stand out against already highly variable base
line data (Floeter et al. 2017).

The North Sea harbours a variety of fish species, although benthic communities are typically more
diverse. In a baseline study on the presence of pelagic fish in 2003 (Grift et al. 2004), nine species
were reported from coastal and offshore zones in the Dutch North Sea. From summer to autumn, the
dominant species shifted from sandeel (Ammodytes marinus) and mackerel (Scomber scombrus) to
herring (Clupea harengus) and sprat (Sprattus sprattus). This baseline study (Grift et al. 2004) was
conducted with a towed echo sounder, to detect schools and assess biomass, in combination with a
trawling net to confirm species presence and identify schooling species. It was labelled a baseline
study in the context of potential construction activities such as an artificial island and offshore wind
farms. However, the variability with season and across years, with changing average weather
conditions, warrants more studies before we can actually speak of sufficient base line insights and to
interpret short-term changes correlated to human activities.

Echo sounder applications have a long history and have been used successfully to observe fish school
behaviour. They have been used since the late 1960s by the navy, in fisheries, and for mapping
distributions of marine fauna and the ocean floor (Lurton 2002; Chu 2011; Colbo et al. 2014). An
echo sounder system operates by transmitting ultrasonic pulses, which are backscattered by objects
and detected by a receiver (Lurton 2002). This produces an echogram, which shows the variation in
intensity of the echoes (i.e. the echo strength) over time (Colbo et al. 2014). In the case of fish, the
echo intensity depends on morphological characteristics such as body size, fat percentage, swim
bladder shape and orientation to the sound transmitter (Frouzova et al. 2005). Because of their non-
invasiveness and spatial resolution, echo sounders are widely used to identify individual species and
to observe fish school behaviour (Lawson et al. 2001; Colbo et al. 2014; Benoit-Bird et al. 2017).
Various studies have used echo sounders to monitor changes in school cohesion and swimming
depth (Gerlotto et al. 2004; Weber et al. 2009; Guillard et al. 2010; Hawkins et al. 2014; Fraser et al.
2018), which are among the expected responses to seismic surveys and pile-driving. Echo sounders
therefore seem to be a highly suitable method for examining the impact of seismic survey and pile-
driving sounds on fish school behaviour.

In the current investigation, we studied the effects of two types of anthropogenic sound events — a
seismic survey and pile driving — on the spatial behaviour of pelagic prey of the North Sea. Our
research questions were: 1) Does the set-up with two bottom-moored echo sounders give insight
into fluctuations in time and space of the fish and zooplankton communities that are present in and
around a wind farm? 2) How do fish and plankton communities respond to the impulsive sound of a
seismic survey? 3) Is there a difference between the response of these communities inside and
outside the wind farm? 4) Is there a difference in response of these communities to another source
of impulsive sound, pile-driving? 5) Do fish and plankton primarily respond to the sound itself, or do
they respond to the behavioural changes in other species of fish or plankton (chain-reaction)? To be
able to observe spatial behaviour of the pelagic layer, we deployed a pair of two bottom-moored
echo sounders that recorded the entire water column over the course of a month, replicated at three
locations in three subsequent periods.
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3. MATERIALS AND METHODS
3.1 Echo sounders

Two Acoustic Zooplankton Fish Profilers (AZFPs™) were rented from ASL Environmental Sciences,
Canada (Fig. 1a). Both AZFP-echo sounders were able to use multiple frequencies. Each of the two
sets emitted four frequencies, of which three were shared (determined by the availability of this
equipment at ASL). The first AZFP emitted 38, 125, 200, and 455 kHz. This AZFP was always placed
inside the wind farm. The second AZFP emitted 125, 200, 455, and 769 kHz and was always placed
outside the wind farm. The AZFPS were calibrated by ASL Environmental Sciences before and after

Fig. 1: a) AZFP mooring device, including two acoustic transducers (38 kHz and 125-200-455 kHz, which was
125-200- 455 and 769 kHz for the second one), battery pack and pop-up acoustic release assembly. This
mooring was lowered to the seabed using a large A-frame for handling. Image taken from manual AL-
77E01F00-R03-PR936, ASL Environmental Sciences Inc. b) The two AZFP-echo sounders on deck of the RV
Simon Stevin of the Flemish Government before deployment c) deployment of equipment with the A-frame.

11



Table 1: Description of deployment locations, exposure type, and period, placement, and depth of deployment.

Location  Exposure Period (2018) Location AZFP Depth of deployment (m)
Belwind Seismic survey 15/7-11/8 Inside 37.5

Outside 38
C-Power  Pile driving 22/8-22/9 Inside 24

Outside 25
Gemini Control 18/11-18/12 Inside 32.7

Outside 33.1
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W‘C)’ E = Belwind (seismic survey) ‘
! |
51°40" W+ '

C-Power (pile-driving)

| Gemini (control) I

o Echosounder -
m C-Power /
mm Belwind \
== Seismic survey ‘ @I

Pile-driving area

Fig. 2: Schematic overview of the placement of the AZFP echo sounders (yellow dots in inset) at the two wind
farms in the Belgian North Sea. Each time, one AZFP was placed inside the wind farm, while the other was
placed outside it. Note the roughly equal distance of the AZFPs to the track of the seismic survey (Belwind) and
to the pile driving area (C-Power). More detailed maps of AZFP-placement in the exposed wind farms, relative
to wind turbine placement, can be found in the supplementary material (Fig. S1 and S2). At Gemini, no specific
anthropogenic activity took place and there were no periods of impulsive anthropogenic noise during these
measurements in the Dutch North Sea.

deployment and the calibration of one AZFP was verified in a tank at one of the author’s research
facilities. Both AZFPs were placed on a frame at the seafloor, at an average depth of 32 m, and had a
vertical upward beam (Table 1). They were attached to a concrete weight (500 kg) by a ground rope
of 75 m. The AZFPs recorded 25 consecutive days per location with a ping rate of 1 Hz. Data were
extracted after retrieval of the AZFPs.

3.2 Study locations

The AZFPs were placed at two wind farms in the Belgian and one wind farm in the Dutch North Sea
(Fig. 2). The two Belgian wind farms were Belwind — an offshore wind farm situated on Bligh bank, 40
km from the Belgian coast — and C-Power — an offshore wind farm situated at Thornton bank, 27 km
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off the coast of Belgium. The Dutch wind farm at which AZFPs were deployed was Gemini, located 85
km from the Dutch coast, north of Schiermonnikoog. At every wind farm, one AZFP was placed inside
the farm, 150 m from the centre of the wind farm, while the second AZFP was placed 700 m from the
edge of the wind farm, to be able to compare communities inside and outside the wind farm. The
AZFPs were placed consecutively in the three wind farms: first at Belwind (deployment July 10 —
August 20, 2018; recordings July 15 — August 11, 2018), next at C-Power (deployment August 20 —
September 21, 2018; recordings August 22 — September 22, 2018) and finally at Gemini (deployment
November 13 — December 12; recordings November 13 — December 11, 2018). Water temperature,
wave height and tide records were taken from the Dutch Ministry of Infrastructure and the
Environment (waternet.nl, Rijkswaterstaat) from measuring stations close to the wind farms (see
Table S1 in the Supplements for locations).

At Belwind, both AZFP frames were deployed at 3.03 km distance from each other on July 10, 2018
with the A-frame of the RV Simon Stevin on dynamic positioning (DP) and were retrieved on August
20, 2018 (Fig. 1b and c). The frames were cleaned, data were downloaded and AZFP and acoustic
release was prepared for the next deployment. On the same day as retrieving the AZFP frames, they
were deployed at C-Power with the RV Simon Stevin on DP, at 2.35 km distance from each other.
Retrieval occurred on September 21, 2018 with the RV Belgica. Finally, at Gemini, the AZFP frames
were deployed at 2.44 km distance from each other by the RV Terschelling on November 13, 2018
and were retrieved on December 12, 2018 by the same vessel. The echo sounder inside Belwind and
the echo sounder inside C-Power were 15.52 km apart, while the echo sounder inside Gemini was
333 km (as the bird flies) from the echo sounder inside Belwind and 332.6 km from the echo sounder
inside C-Power (Table S2).

3.3 Soundscape

The wind farms differed in the soundscape at the time of measurement: Belwind was exposed to an
experimental seismic survey over a period of four days (PCAD4Cod project, Slabbekoorn et al. 2019).
C-Power was exposed to pile driving from a nearby wind farm for 12 days of the AZFP deployment
period (for the construction of the offshore wind farm Norther). Gemini was not exposed to any
particular anthropogenic activity, other than shipping noise, from local maintenance traffic and a
nearby shipping lane, and was taken as a control. Sound measurements at Belwind were taken with a
moored hydrophone (AMAR, M36, rented from JASCO) at 22 m depth inside the wind farm, anchored
with a 60 kg rock. Ambient sound levels fluctuated with time but were on average 124 dB re 1 pPa at
Belwind and 127 dB re 1 pPa at C-Power. Ambient sound levels at Gemini were not measured during
the study but have previously been reported to range from 80-100 dB re 1 pPa?/Hz at 10-500 Hz on
average (Lucke 2015).

3.4 Sound exposure
3.4.1 Seismic survey

A full seismic survey was conducted at Belwind from 21-24 July 2018. Sound levels ranged from 123
to 195 dB re 1 pPa SPL,. The survey was carried out by the Norwegian company CGG with the MV
Geo Caribbean, using 36 G-Gun Il Sercel airguns (50% operating at a time) with a total volume of
5900 m3. The airgun arrays were towed 204 m behind the vessel, at a depth of 6 m below the
surface. The survey involved 19 shooting lines with an average length of 22 km, except for the first
line (30 km). Closest approach was 2.1 km from the wind farm. The air guns generated a sound pulse
every 10 s, while the vessel maintained an average speed of 2.2 m/s. For the first line a soft-start
procedure of 20-40 minutes was used in accordance with mitigation requirements. This procedure
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might influence the behavioural response of the fish schools, although similar response levels have
been found to a soft-started sound as to a sound without soft start in sea bass (Dicentrarchus labrax)
(Neo et al. 2016).

3.4.2 Pile-driving

Pile-driving was carried out next to C-Power at a new wind farm site called Norther (51° 32’ N, 3° 2’ E)
during the construction of additional wind turbines. Sound levels were available for one pile driving
period and were on average 17212 dB re 1 puPa SPL, at both AZFPs. A total of 20 turbines were built
during the period from 6 August to 25 September 2018, with pile-driving being conducted on twenty
days within this period. Some turbines were piled during day time and others during night time. Of
the twenty pile-driving days, the first four days were used for the behavioural analysis. On those four
days, all the pile-driving was carried out during daylight hours. The average pile-driving duration on
these days was 148 minutes, with the shortest and longest durations being 100 minutes and 180
minutes, respectively.

3.5 Analysis procedure

3.5.1 Data periods

Analysis of the collected AZFP data was conducted in two ways: 1) total biomass was calculated per 1
m depth in 10 min bins for the entire survey period. In this case, exposure was taken as the entire
duration of sound exposure per site, with a control period of sham exposure for Gemini (Table 2). All
data points that did not fall in the exposure period were considered to be baseline. 2) For selected
periods around and during the sound exposure, individual fish schools were detected and measured.
This period consisted of a period before the exposure (BEFORE), a period during the exposure
(DURING), and a period after the exposure (AFTER). The duration of each period was four days, based
on the duration of the seismic survey exposure (Table 2).

Table 2: Exposure periods for analysing biomass data and fish school data.

Wind farm  Actual exposure

Exposure period used for
biomass data

Exposure period used for
fish school data

Belwind

21-07 04:22:42 —
24-07 16:16:08

21-07 04:22:42 -
24-07 16:16:08

21-07 00:00:00 —
24-07 23:59:59

C-Power

26-8 06:00 — 26-08 08:25

28-08 13:40 — 28-08 16:40
30-08 10:30 — 30-08 13:15
03-09 12:10 03-09 13:50

05-09 03:45 - 05-09 05:45
06-09 18:10 — 06-09 20:15
09-09 15:10 - 09-09 16:45
12-09 01:50 — 12-09 04:25
13-09 04:55 - 13-09 07:00
15-09 23:30 - 16:09 02:55
17-09 06:55 —17-09 09:35
18-09 22:40 — 19-09 02:00

26-8 06:00 — 26-08 08:25

28-08 13:40 —28-08 16:40
30-08 10:30 — 30-08 13:15
03-09 12:10 03-09 13:50

05-09 03:45 - 05-09 05:45
06-09 18:10 — 06-09 20:15
09-09 15:10 - 09-09 16:45
12-09 01:50 — 12-09 04:25
13-09 04:55 - 13-09 07:00
15-09 23:30 - 16:09 02:55
17-09 06:55 —17-09 09:35
18-09 22:40 — 19-09 02:00

26-08 00:00 —26-08 23:59
28-08 00:00 —28-08 23:59
30-08 00:00 —30-08 23:59
03-09 00:00 — 03-09 23:59

Gemini

None

20-11 06:30-23-11 17:00

20-11 00:00 — 23-11 23:59
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For Belwind, the BEFORE, DURING, and AFTER period consisted of four consecutive days before,
during, and after the seismic survey. Since the days of pile driving sound exposure at C-Power were
not always consecutive, the DURING days were the first four days that contained pile driving after
the start of deployment (August 26, 28, 30 and September 3). The BEFORE period of C-Power started
at the first day of deployment, but it has to be noted that pile driving had taken place in the area 8
days before the start of deployment. The AFTER period started at the first day after an exposure
period and we aimed for four consecutive days of no exposure. However, piling activity stopped one
day before retrieval of the AZFPs, so the AFTER period for C-Power lasted only one day. There was no
period of four days without piling earlier in the deployment. For Gemini, the first twelve days of
deployment were taken as a control BEFORE, DURING, and AFTER period.

a) Raw data b) -63 dB threshold

-46

Echo strength (dB)
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Fig. 3: The raw echo sounder data (a) were pre-processed to reduce noise and enhance the detectability of
schools (example data from inside Gemini, November 18). Data of all echo sounder frequencies were filtered
with a -63-dB threshold (b) and combined to create a maximum strength echogram. Next, the combined data
were eroded and dilated so only clusters of pixels were retained, of which a mask was created (c). The mask
was then put over the raw data of 125 kHz, to create the filtered result that could be used for data analyses (d).
Noise from the surface and the bottom was excluded from automatic school detection (green lines). Distinct
schools that fell (partly) outside of the green lines were manually added to the detected schools.
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Table 3: Settings for automatic school detection with Echoview, as used to process data from the two echo
sounders for each of the three locations.

Setting Length (m) Corresponding number of pings
Min. Total length 1 8.3
Min. Total height 1 n/a
Min. Candidate length 0.5 4.2
Min. Candidate height 0.5 n/a
Max. Vertical linking distance 1.2 n/a
Max. Horizontal linking distance 0.8 10

3.5.2 Data analysis

3.5.2.1 Pre-processing

All data analyses were performed using Echoview 9 (Echoview Inc.). The raw data were pre-
processed to filter out noise and facilitate fish school detection (Fig. 3). First, a maximum-strength
echogram was calculated from all the measured frequencies, by taking the maximum echo strength
from all frequencies per pixel. The optimal frequency for detection differs among species. By taking
the maximum echo strength for all frequencies, we made sure that species type did not affect
detection probability. Low-signal detections were removed from the maximum-strength echogram
by implementing a -63-dB echo strength threshold. This procedure avoids the false detection of
pelagic fauna due to reflections that are too minimal to be fish.

To further remove noise in the data from non-biotic particles, we applied an erosion-dilation
procedure (Haralick et al. 1987; Reid and Simmonds 1993). This procedure detects clusters of pixels
with high echo strength, thereby favouring larger detected objects such as fish, or fish schools. The
mask —i.e. a ‘pattern’ of detected and undetected pixels — was created by applying these procedures
on the maximum-strength echogram, which was then superimposed onto the raw data of 125 kHz.
Data for this frequency were present at both AZFPs, making it possible to compare measurements.
Data with the mask were filtered with a threshold of -70 dB. Finally, surface and bottom noise (i.e.
waves, sediment particles) were excluded from the data.

3.5.2.2 Fish school detection

Fish schools were detected automatically using a built-in school detection function of Echoview
(detection settings, Table 3). Detection settings were based on a comparison of automatically
detected schools with manually detected schools in a subsample of the data. After automatic
detection, all detected schools were checked manually to correct for false positives and negatives by
the algorithm. Schools were defined in two ways: 1) at least three separate traces of fish, present in
the same ping, with a maximum vertical distance of 1 m; 2) an area with increased echo strength of
at least 1 m high during at least one ping (Fig. 4). Both school types had to be visible for at least 3
pings before being considered a school.
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Fig. 4: Different forms of a fish school in an echogram. (a) Separate traces with increased echo strength. (b) An
area of increased echo strength without any evident separate traces. Colours indicate echo strength intensity,
with warmer colours being a higher echo strength.

3.5.2.3 Day-night patterns

Behaviour of fish schools often differs between day and night. School formation generally takes place
between dawn and dusk, while fish scatter more individually at night (Norris and Schilt 1988; Ryer
and Olla 1998; Iglesias et al. 2003; Tsagarakis et al. 2012). At Belwind, no such pattern was visible, as
schools were apparent throughout the 24 hours of the day during the long-daylight days of summer.
We therefore measured schools during all hours of the day for Belwind. However, at C-Power and
Gemini, sampled later in the season, there was a distinct diurnal pattern of fish schooling during
daylight and a layer of fish in the water column at night (Fig. 5). Because it was not possible to
reliably detect schools at night-time, we decided to exclude the data between dusk and dawn from
the analyses for these wind farm locations (roughly 19:00 — 04:00h for C-Power and 16:30 — 06:20h
for Gemini).

3.5.2.4 Behavioural measurements
3.5.2.4.1 Biomass data

Biomass was calculated as the Nautical Area Scattering Coefficient (the integrated scattering strength
of a bin, NASC) for bins of 1 m depth by 10 minutes. NASC is defined as:

NASC = 4mrNm21010T (1)

Where NASC = Nautical Area Scattering Coefficient in m?/nm?, 4m converts backscattering cross-
section to scattering cross-section, Nm = a nautical mile in m (1852 m/nm), Sv = mean volume
backscattering strength of the bin being integrated in dB re 1 m?/m3® and T = mean thickness of the
bin being integrated.

For the biomass data of the entire survey period, the centre of gravity (i.e. mean depth of the
biomass in the water column, henceforth described as biomass depth) was calculated per 10 min bin.
The centre of gravity was taken as:

Cont oy = ), momentum (2)
entre of gravity = SNASC
With
momentum = NASC = D (3)
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Where momentum is in m3/nm? and D = distance from the AZFP in m. Since the biomass depth at a
certain time point depended on the depth of the previous time point (temporal autocorrelation), the
data was resampled to one 10-min bin every 3 hours.

Day
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Fig. 5: Fish showed schooling behaviour during both day and night at Belwind. At C-Power and Gemini,
however, fish schooled during the day but spread out over the water column at night. Sample echograms were
taken from the same day (Belwind: July 18, C-Power: August 26, Gemini: November 24). Note that surface
height and surface noise differ between day and night due to tidal influences and variation in wave height.
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3.5.2.4.2 School data

We took behavioural measurements from the detected schools based on reported responses of fish
to sounds of seismic surveys and pile driving (Fewtrell and McCauley 2012; Hawkins et al. 2014).
Reported responses included changes in swimming depth and school cohesion. Swimming depth was
measured as the mean distance of the school from the AZFP (which was always at the sea floor) in m.
School cohesion was measured by the mean volume backscattering strength of the school (Sv) in dB
re 1 m3/m3. An increase in the backscattering strength of the school equals an increase in the school
density and thus indicates a smaller distance between individuals, i.e. a higher school cohesion.

Besides taking behavioural measurements per school, we measured fish presence by counting the
number of schools present per hour, as well as the total school biomass per hour in NASC calculated
per school-region per cell-bin (PRC_NASC, Eqg. (1)). The school was divided up in bins of 1 m by 10
min, and only the area of the bin covered by the school was taken. In this way, we prevented that
larger schools would get a disproportional impact on the data.

3.6 Statistical analysis

We investigated whether sound exposure influenced biomass depth, and fish school presence,
schooling fish abundance, fish school swimming depth, and fish school cohesion. All statistical
analyses were performed using R (version 3.5.1). Models were constructed using the biomass depth,
school presence, schooling fish abundance, school depth and school cohesion as response variables
and location (inside or outside the wind farm), wave height and tide (except in the model for school
presence) as common explanatory variables. The model for biomass depth further included
treatment (exposure or baseline), total biomass in the water column and temperature as explanatory
variables, as well as an interaction between treatment and location. As temperature correlated
strongly with period, we left temperature out of the school data models.

The models concerning school variables also included period (before, during, or after sound
exposure) and an interaction between period and location. The models for school depth and school
cohesion further included the vertical spread of the school as explanatory variable, since that could
influence these response variables. Final models were selected using dredging (MuMIn package).
After dredging, variable estimates were calculated by bootstrapping (10,000x). If estimates of the
explanatory variables did not cross zero in the 95% confidence interval (Cl), explanatory variables
were considered to be of significant influence on the response variable.

Separate models were created per wind farm to account for the high variability between wind farms
in time of year and location. All models used were either linear or generalised linear models. We
found the optimal distribution by checking model diagnostics (e.g. the QQ-plot of the model) and by
testing for models with higher log-likelihood scores using Irtest (Imtest package). School presence
was evaluated in two ways: first, by applying a rotation test (tagtools package; DeRuiter and Solow
2008) that examined whether the pattern of school detection was similar during exposure and
before and after periods. This rotation test was applied on the entire 12 days of Belwind and Gemini
but was applied on the exposure days of C-Power separately, to account for the discontinuity of the
exposure periods. Second, we investigated if the number of schools per hour changed during
exposure, using a Hurdle model that consisted of two parts. The first part separately modelled the
chance that a school is present by treating all data points larger than zero as 1 (binomial
distribution). The second part of the model ignored all data points that are zero and only modelled
the number of schools that are present (negative binomial distribution). This part could then tell if
the number of schools present was explained by the explanatory variables.
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3.6.2 School data
3.6.2.1 School presence

School presence was evaluated in two ways: first, by applying a rotation test on the data of Belwind
and C-Power (tagtools package; DeRuiter and Solow 2008) that examined whether the pattern of
school detection was similar during exposure and baseline periods. This rotation test was applied on
the entire 12 days of Belwind but was applied on the exposure days of C-Power separately, to
account for the discontinuity of the exposure periods.

Second, the number of schools per hour was used to investigate if the number of schools detected
changed during exposure. The data followed a zero-inflated negative binomial distribution.
Therefore, we used a Hurdle model that consisted of two parts. The first part separately modeled the
chance that a school is present by treating all data points larger than zero as 1 (binomial
distribution). The second part of the model ignored all data points that are zero and only modeled
the number of schools that are present (negative binomial distribution). This part can then tell if the
number of schools present is explained by the explanatory variables. The explanatory variables
included in the full models were: Period (BEFORE, DURING, AFTER exposure), Location (Inside or
Outside the wind farm), and Wave Height. As Temperature correlated strongly with Period, we left
Temperature out of the school data models.

3.6.2.2 School biomass

The total school biomass per hour was calculated only for the hours in which schools were present.
The data followed a normal distribution after logio transformation, so a linear model was applied for
all three wind farms. As explanatory variables, we included Period, Location, mean Water Depth per
hour (calculated by adding tidal levels at the time point of school measurements to the average
water depth per location), and mean Wave Height per hour.

3.6.2.3 School depth

The depth of each school was taken as the mean distance of the school from the transducer. Data
followed a normal distribution for Belwind, had to be square-transformed for C-Power, and had to be
10-log-transformed for Gemini. After transformation, a linear model could be applied for data of all
three wind farms. Explanatory variables of the full models included: Period, Location, Water Depth,
Wave Height, and mean Height of the school (in m). Height of the school was included because it
might influence how high a school can be in the water column.

3.6.2.4 School cohesion

Mean Sv (volume backscattering strength) generally followed a Gamma distribution, so we used a
GLM with Gamma distribution for all three wind farms. Because a Gamma distribution requires
positive data, we used the absolute Sv_mean values, instead of the measured negative values. As
explanatory variables, we included Period, Location, Water Depth, Wave Height, and mean Height of
the school.

4. RESULTS
4.1 General patterns

There was a distinct diurnal pattern of fish schooling during daylight and a layer of scattered
individual fish in the water column at night with a clear transition between the two states at dawn
and dusk in both C-Power and Gemini but not in Belwind (dusk; Fig. 6). Because the fish did not
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school at night-time, we decided to exclude the data between dusk and dawn from the analyses for
both C-Power and Gemini (roughly 19:00 — 04:00h for C-Power and 16:30 — 06:20h for Gemini). At
Belwind, no such pattern was visible, so schools were measured during day and night. Distinct
zooplankton layers could not be distinguished and resuspended sediment particles are a likely cause
for intereference, which we inferred from fluctuating conditions related to the tide (Fig. 7). Weather
conditions varied considerably over the deployment periods, and calm to rough sea surface
conditions were found for all wind farms, with decreased detection possibility of fish schools during
rough sea states (Fig. 8). Wave height could reach up to ~2.5 m at all wind farms.

Fish schools were found both inside and outside the wind farm at all three wind farms. There were a
median of 2 schools per hour at Belwind (N = 573, range = 0-53 schools per hour), 10 schools per
hour at C-Power (N = 246, range = 0-106 schools per hour) and 7 schools per hour at Gemini (N = 251,
range = 0-37 schools per hour). The median number of schools inside and outside the wind farm was
roughly equal for Belwind (2 school per hour inside and outside) and Gemini (6 inside, 7 outside). For
C-Power, there were considerably more schools outside the wind farm (17 schools) than inside (7
schools).

Abiotic characteristics influenced almost all biotic variables that were measured. Temperature
negatively influenced the biomass depth, with the mean biomass being closer to the bottom when
temperatures were higher (Table S3 in Supplements). Wave height led to deeper swimming schools,
as well as influencing biomass depth, the number of schools per hour and school cohesion, although
patterns for these other variables were not always consistent between wind farms (Tables S4-7). The
third abiotic characteristic, tide, influenced all variables. Tidal influences were consistent for the
abundance of schooling fish, which was higher at low tide than at high tide for all wind farms and for
school cohesion, which was lower at low tide for two out of three wind farms.

4.2 Belwind

During the seismic exposure, the biomass depth outside the wind farm was significantly shallower
than during the baseline (Fig. 9a & b; Table S4). Fish school presence also changed during the
exposure by the seismic survey (Fig 9c & d; Table S5): fewer fish schools were present than before or
after the exposure, although the abundance of schooling fish did not change. This indicates that fish
were present in fewer, but larger schools during the seismic survey. The probability that a school was
present did not change between periods, i.e. there was no change in the number of hours with
schools present. This was matched by the non-significant result of the rotation test (p>0.1). The fish
schools that were present during exposure tended to swim shallower (non-significant trend; Fig. 9e;
Table S6) and schools inside the wind farm were more cohesive (Fig. 9f; Table S7). After the seismic
exposure, schools inside the wind farm were also more cohesive than before the exposure and
schools both inside and outside the wind farm swam higher in the water column.
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Fig. 6: At C-Power and Gemini, fish schools dispersed at dusk, with individual fish using the entire water column
at C-Power and forming a layer in the middle of the water column at Gemini. At Belwind, such a pattern was
not evident.
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Fig. 7: Daily average fluctuations of the sea level (red) and the backscatter at 769 kHz (blue) from the echo
sounder outside Belwind. The congruency between the patterns indicates that the backscatter is dominated by
resuspended sediment particles, rather than zooplankton.

4.3 C-Power

The biomass depth was not significantly different from baseline, inside or outside, during the
exposure to pile driving (Fig. 10a & b; Table S4). On each day of exposure, the probability of school
detection in the actual hours of exposure also did not differ from the probability in the other hours of
that day (rotation tests >0.1). However, the number of fish schools per hour as well as the probability
that a school was present decreased in the AFTER period, without a change in abundance of
schooling fish (Fig. 10 c & d; Table S5). In the DURING period, schools were present higher in the
water column, but recovered after the exposure (Fig. 10e; Table S6). Inside the wind farm, school
cohesion was significantly higher in the DURING period compared to BEFORE, while it decreased
again AFTER exposure and was lower than BEFORE the exposure period (Fig. 10f; Table S7). Outside
C-Power, however, there were no significant differences in cohesion between the periods.

4.4 Gemini

At the control wind farm Gemini, the biomass depth was not significantly different from baseline,
inside or outside the wind farm (Fig. 11a & b; Table S4). However, the number of fish schools
significantly increased in the DURING period (Fig. 11c & d; Table S5). No other significant factors
were detected by the model for fish school numbers. The rotation test did not indicate a significant
change in school presence pattern (p>0.1). The abundance of schooling fish tended to be lower in the
DURING, but not the AFTER period . Combined with the results on the number of fish schools per
hour, this means that there were more, similar-sized schools in the DURING period. Also, DURING
schools swam higher in the water column compared to BEFORE as well as AFTER, and tended to be
less cohesive (Fig. 11e & f; Table S6 & S7). In the AFTER period, school cohesion was the same as in
the BEFORE period.
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5. DISCUSSION

The two bottom-moored echo sounders provided detailed insight into the presence, schooling
behaviour, and swimming depth of pelagic fish. Floating particles in the turbulent, shallow water of
the North Sea prevented detection of zooplankton. However, we were able to assess distinct
patterns of variation for the pelagic fish community: among the three wind farms, within and outside
the wind farm, and among the before, during, and after periods of four days, for the seismic survey
and pile driving sound exposure site, and the control site. Exposure to the seismic survey was related
to a deeper biomass centre of gravity (outside windfarm) and lower school numbers (both inside and
outside windfarm). Pile driving was related to higher swimming and less cohesive schools. However,
also the sham-exposure period at the control site revealed changes in the measured variables: more
schools were present, which swam higher in the water column, and which were less cohesive.

Generally, we found very similar patterns inside and outside the windfarm, but abiotic conditions
affected almost all of the parameters observed, indicating that these have to be considered when
studying the responsiveness of fish schools to noisy human activities. The tidal conditions, for
example, fluctuate in time, may also vary spatially, but will affect data from bottom-mounted echo-
sounders anywhere (not only at wind farms). The current data set concerns a proof of concept with
unreplicated treatments. This means that it shows that bottom-mounted AZFP-echo sounders are
suitable to assess patterns of variation in sufficient detail to detect sound event related changes in
presence, group cohesion, and swimming depth in the pelagic fish community, as shown for the data
from Belwind and C-power. However, causal explanations for the correlations between exposure
conditions and associated changes in fish schooling behaviour requires replication, as was shown by
the significant variation in the control data from Gemini.

5.1 Changes in fish school presence and behaviour related to sound exposure

The number of fish schools per hour decreased during exposure to the seismic survey at Belwind.
Earlier studies on reduction in catch rates and changes in fish abundance found varying results.
Effects of seismic surveys on catch rates was difficult to disentangle from the inherent variability in
catch rates due to natural fluctuations (Parry and Gason 2006; Thomson et al. 2014; Bruce et al.
2018). In another study, direct observations of reef fish abundance before and during a seismic
survey nearby showed a marked decrease in the number of fish present, but mostly in the evenings
(Paxton et al. 2017). The results of our study are in line with these earlier findings: the sound event-
related decrease in fish schools is suggestive for fish leaving the area, or altering their behaviour such
that they become invisible for the echo sounder, but large variability in fish school abundance calls
for caution in this interpretation. Proper replication is required before drawing conclusions about
sound event related deterrence.

Sound events were related to changes in schooling behaviour with fish schools going up in the water
column in response to both the seismic survey and the pile driving, although they also went up at the
control site. School cohesion became less during both sound exposures, while it increased at the
control site. Interestingly, our results do not follow the general pattern found in literature of fish
diving to deeper water upon acoustic disturbance (Slotte et al. 2004; Doksaeter et al. 2012; Fewtrell
and McCauley 2012; Hawkins et al. 2014; Neo et al. 2014). However, there are also some studies that
report fish swimming higher in the water column, either during or immediately after exposure
(Chapman and Hawkins 1969; Sara et al. 2007; Neo et al. 2015). The variation in response tendency
and nature reported may depend on species type (bento-pelagic going down; pelagic going up or
down), but also on exposure type (nearby vessels or seismic surveys coming from the surface; pile
driving, dredging, or mining having a more diffuse directionality from whole water column), and
other environmental (see below 5.2) or previous exposure conditions. We find the discrepancy
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between the patterns found for fish schools and the total pelagic biomass in our data is difficult to
explain. It could be caused by behavioural differences in schooling fish compared to other species
that make up the pelagic biomass, but this would have to be verified in future research.

School cohesion became higher during both sound exposures, while it decreased at the control site.
Typically, fish schools initially decrease cohesion with a sudden exposure, followed by increased
school cohesion (Dokszeter et al. 2012; Fewtrell and McCauley 2012; Hawkins et al. 2014; Neo et al.
2014; Neo et al. 2015). Since the reports in the literature are typically observations over brief time
periods (minutes to hours), while we report a response pattern analysed at a resolution of days, the
increased school cohesion found matches with what would be expected for long-term responses of
fish schools to sound. The consistency of this pattern between both exposure sites suggests that
school cohesion is a variable that should be measured in any future investigations into effects of
sound exposure that lasts for longer periods of time.

5.2 Effect of abiotic conditions

Fish behaviour was affected by wave height and water temperature, as well as tide in some cases.
We found that fluctuations in wave height affected swimming depth and school cohesion, with fish
shifting down and (at Belwind) becoming more coherent schools in rough weather. Such weather
dependent patterns have been reported before (e.g. Kaartvedt et al. 2017) and have been attributed
to be a response to a decreased visibility (Tsuda et al. 2006) and a destratification of the water
column (Secor et al. 2019). These patterns have further been correlated to increased wind speed
(Lagardere et al. 1994) and a drop in barometric pressure (Heupel et al. 2003). Sensitivity to weather
conditions may be species-specific and future integration with species (group) identification may
yield more insights in this respect (e.g. distinguishing between species with swim bladder, such as
herring and sprat, and without swim bladder, such as sandeel and mackerel).

Another interesting pattern was distinct variation in schooling behaviour between day and night.
Typical nocturnal behaviour with a release of clustering in schools to spread out individually across
the water column was found for C-Power and Gemini, but not for Belwind. There could be several
explanations for this. The dominant fish species may have been different for the different wind farms
in the sampling periods and species may vary in their tendency to break up schools nocturnally.
Sandeel, for example, is known to school during day time and hide for predators during night time,
burrowed in the sand (Freeman et al. 2000). However, maybe an even more logical explanation is
that Belwind was sampled first in the summer with long daylight periods, while C-Power and Gemini
were sampled later in the autumn to winter, with already much shorter days and more distinct
nocturnal parts of the day.

5.3 Using echo sounders for monitoring long-term changes in fish behaviour

This study has shown the potential of echo sounders for studying long-term changes in the behaviour
of pelagic fish. The advantage of using bottom-moored echo sounders over a longer period of time, is
that the behaviour can be studied at various time scales. In this study, we focussed on long-term
changes in the order of days, but shorter-term changes, such as the transition from schooling to
individual swimming at dusk, can be studied as well (c.f. Freeman et al. 2004). Depending on the
duration a school is in view of the echo sounder, it might even be possible to study behaviour at the
scale of seconds to minutes, as has been done previously with echo sounders that were not bottom-
moored but towed from a little boat (Hawkins et al. 2014). Additional analyses planned for the
current data set concerns a finer time scale to test for changes in water column use and schooling
behaviour of pelagic fishes in response to pile driving at C-power (not days, but hours).
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Fish behaviour, especially schooling behaviour, can vary considerably with daylight, tide, wave height
and temperature. This was evident from all the behavioural variables measured. Inherent variability
in the data may lead to false positive results, for example if a natural peak in the data coincides with
the exposure event. Therefore, it is important to use considerable replication for exposure and
control sites, as well as allowing for enough baseline data per site. At the same time, data from the
two echo sounders placed in each wind farm were strikingly similar. This suggests that data from one
echo sounder may be representative of an area that is far larger than the beam width of the echo
sounder itself. Our results concur with a previous study that combined data from moored echo
sounders with those of ship-based surveys and found a homogeneity of fish density distribution of 50
nmi? (De Robertis et al. 2018).

A better understanding of fish behaviour may be achieved when echo sounder deployment is
combined with bio-sampling to verify the species composition on site. One goal of this project was to
investigate the effect of sound on zooplankton behaviour. However, no zooplankton layers were
visible in the echograms. Bio-sampling could reveal if zooplankton was indeed absent during the
deployment, or whether the zooplankton was simply not picked up by the echo sounder. Another
consideration is the use of multi-beam echo sounders or even an autonomous vehicle with a
mounted echo sounder (Chu 2011; Benoit-Bird et al. 2017). Multi-beam echo sounders make it
possible to study horizontal movement, while an autonomous vehicle can get close to fish schools
and follow them over a longer period of time, thereby getting detailed information of the behaviour
of a particular school. Regardless, bottom-moored single-beam echo sounders, as used here, are very
well capable of monitoring short-term vertical movements of fish (an often observed change in
response to sound) and long-term changes in fish school presence and dynamics.

5.4 Conclusions

We have shown that bottom mounted AZFP-echo sounders are a very suitable method to monitor
fluctuations in time and space for pelagic fish — but not for zooplankton —in a relatively shallow part
of the Belgian and Dutch North Sea in the vicinity of offshore wind farms. We found considerable
variation among wind farms, which could be related to site, period of sampling, and weather
conditions. We also found some variation, but largely similar fluctuations in time, for the within and
outside wind farm sampling locations, which were just a few kilometres apart and sampled
synchronously. The data were also suitable to detect density and behavioural changes related to the
sound exposure events of an experimental seismic survey and pile driving activity for another nearby
wind farm. Fish at Belwind and C-power were less abundant and swam shallower in less coherent
schools in the days during the exposure than in the days before the exposure. However, we refrain
from drawing strong conclusions about a causal relationship here as we stress that these data
concern case studies and just serve as a proof of concept. The sound event related changes in fish
density and schools are unreplicated samples of patterns that fluctuate in time naturally. This was
shown clearly by significant changes in fish school presence and fish behaviour at our control site in
the Gemini wind farm. We therefore recommend continuing the use of bottom-mounted echo
sounders for the future, like performed in the current study, and then replicated at the same and
more wind farms in the North Sea region (Belgium, Netherlands, UK, Denmark, Germany). We also
believe that placement within, just outside, or maybe further away if possible, from wind farms in a
well-replicated design (at least 6x2, but aiming for 10x2) should yield a better understanding of the
pelagic fish community and potential effects of wind farm ecology and associated anthropogenic
noise on biomass presence, species diversity, and schooling behaviour.
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SUPPLEMENTS

Table S1: overview of the measuring locations for the environmental variables: tide height, water
temperature and wave height. All measurements were taken from waternet.nl (Rijkswaterstaat), an
online governmental repository for (a)biotic measurements of Dutch water bodies. Data from
measuring locations were chosen based on the proximity of the location to the wind farm, as well as
similar conditions (e.g. a measuring location that was also in open water was taken for temperature
measurements). For some variables, choice of the measuring location was restricted to a subsample
of locations that had available data of the desired period.

Wind farm Variable Measuring location
Belwind & C-Power  Tide Euro platform

Temperature Euro platform

Wave height Schouwenbank Anchor South (wrakkenboei)
Gemini Tide Platform F16-A

Temperature Borkum Noord

Wave height Schiermonnikoog Noord
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Table S2: GPS coordinates of deployment locations of AZFP echo sounder frames at the three wind

farms.

Echo sounder Latitude Longitude
Belwind Outside frame 51.68821 2.84921
Belwind Inside frame 51.66522 2.82558
C-Power Outside frame 51.58611 3.01083
C-Power Inside frame 51.56972 2.98944
Gemini Outside frame 54.0102 5.94827
Gemini Inside frame 54.01033 5.91089
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Table S3: the centre of gravity of the biomass was influenced by several factors, as shown by general
linear models of Belwind, C-Power and Gemini data. Significant factors were found by bootstrapping
estimate values. If the 95% Cl did not cross zero, factors were considered of significant influence
(indicated with an asterisk). Note that since the models used a Gamma distribution, estimate values
have to be converted before comparing to the data.

Wind farm Variable 2.5% limit estimate 97.5% limit estimate
Belwind Intercept* 0.086 0.21
R?=0.15 Treatment

Exposure* 0.0076 0.036

Location

Inside* 0.0095 0.021

Wave height* -0.016 -0.0076

Temperature* -0.0078 -0.0010

Treatment:Location™ -0.036 -0.0053
C-Power Intercept* 0.13 0.28
R?=0.18 Treatment

Exposure -0.013 0.0059

Location

Inside* 0.0046 0.013

Wave height* 0.012 0.021

Temperature* -0.012 -0.0039

Tide* -0.012 -0.0054
Gemini Intercept* 0.11 0.20
R?=0.03 Treatment

Exposure -0.0074 0.019

Temperature* -0.011 -0.0018

Tide* 0.00057 0.022
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Table S4: Covariate estimates influencing school biomass per hour at Belwind, C-Power and Gemini.
Note that covariate estimates were calculated using a 10-log-distributed GLM and have to be
converted before comparing to the data.

Wind farm  Variable 2.5% limit 97.5% limit 5% limit 95% limit
estimate estimate estimate estimate
Belwind Intercept* 5.15 14.78 5.91 13.99
R?=0.05 Period
During -0.25 0.14 -0.21 0.11
After -0.50 0.18 -0.17 0.14
Tide* -0.39 -0.13 -0.37 -0.15
Wave Height -0.41 0.066 -0.37 0.030
C-Power Intercept* 2.62 11.09 3.30 10.35
R?=0.05 Period
During -0.19 0.32 -0.15 0.28
After -0.57 0.19 -0.51 0.12
Wave Height -0.15 0.36 -0.11 0.32
Tide* -0.46 -0.10 -0.42 -0.13
Gemini Intercept* 0.91 20.74 2.55 19.10
R?=0.03 Period
During* -0.56 0.034 -0.51 -0.0091
After -0.51 0.12 -0.45 0.067
Tide* -0.62 -0.016 -0.57 -0.067
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Table S5: model results of number of schools per hour. Note that covariate estimates were produced
using a negative binomial (Count) and binomial (zero) Hurdle model, so the estimate values have to
be converted before comparing to the data.

Wind Model Variable 2.5% limit 97.5% limit 5% limit 95% limit
farm part estimate estimate estimate estimate
Belwind  Count Intercept* 0.74 1.76 0.85 1.69
Period
During* -0.74 -0.018 -0.68 -0.075
After -0.35 0.39 -0.28 0.33
Location
Outside” -0.60 0.0048 -0.56 -0.044
Wave height -0.64 0.24 -0.57 0.17
Tide -0.19 0.35 -0.15 0.31
Zero Intercept* 0.36 1.38 0.44 1.28
Period
During -0.72 0.27 -0.63 0.20
After -0.086 0.11 -0.78 0.033
Location
Outside -0.088 0.68 -0.024 0.63
Wave height* 0.072 1.36 0.15 1.22
Tide* -0.64 0.011 -0.58 -0.043
C-Power Count Intercept* 2.80 3.90 2.89 3.81
Period
During -0.57 0.12 -0.51 0.069
After* -4.68 -2.55 -4.35 -2.69
Location
Outside* 0.16 0.72 0.20 0.68
Wave height* -0.95 -0.16 -0.88 -0.22
Tide* 0.095 0.61 0.14 0.56
Zero Intercept* 2.24 20.34 2.52 10.75
Period
During* -17.99 -0.058 -4.93 -0.34
After* -20.95 -2.85 -8.96 -3.08
Location
Outside* 0.12 2.95 0.32 2.58
Wave height -2.55 1.30 -2.16 0.97
Gemini Count Intercept* 1.36 1.90 1.40 1.86
Period
During* 0.32 0.93 0.37 0.88
After* 0.19 0.79 0.24 0.74
Location
Outside -0.086 0.34 -0.048 0.31
Tide -0.39 0.11 -0.35 0.066
Zero Intercept* 1.82 4.69 1.95 4.34
Period
During* -0.10 2.40 0.090 2.08
After* 0.22 4.34 0.42 3.73
Location
Outside* -3.21 -0.38 -2.89 -0.54
Tide -4.71 -0.99 -4.20 -1.20
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Table S6: Covariate estimates influencing school depth at Belwind, C-Power and Gemini. Covariate
estimates were converted back, so can be used without modification.

Wind farm Variable 2.5% limit 97.5% limit 5% limit 95% limit
estimate estimate estimate estimate
Belwind Intercept* -148.87 -101.46 -145.01 -105.49
R?=0.14 Period
During* -0.015 1.64 0.11 1.50
After* 4.36 5.93 4.48 5.81
Location
Outside* -1.51 -1.29 -1.23 -1.25
School Height*  0.25 0.86 0.29 0.82
Wave height* -4.68 -2.54 -4.50 -2.72
Tide* 3.26 4.52 3.37 4.42
C-Power Intercept*® 17.69 25.63 18.44 25.07
R?2=0.20 Period
During* 6.90 7.83 6.97 7.76
After -2.47 7.06 -1.12 6.73
Location
Outside* 6.64 7.54 6.68 7.36
School Height -1.17 2.62 -0.89 2.49
Wave height* -9.23 -8.07 -9.14 -8.18
Tide* -3.72 0.65 -3.56 0.85
Gemini Intercept* 5.25 6.92 6.03 6.76
R?=0.19 Period
During* 1.48 1.86 1.51 1.82
After* 1.15 1.45 1.17 1.41
Location
Outside* 1.12 1.06 -1.05 -1.05
School Height*  1.16 1.21 1.16 1.21
Wave height -1.01 1.072 -1.0042 1.07
Interaction
During:Outside* -1.40 -1.04 -1.37 -1.07
After:Outside -1.40 1.09 -1.38 1.06
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Table S7: Covariate estimates influencing school cohesion at Belwind, C-Power and Gemini. Note that
covariate estimates were calculated using a Gamma-distributed GLM and have to be converted
before comparing to the data.

Wind farm  Variable 2.5% limit 97.5% limit 5% limit 95% limit
estimate estimate estimate estimate

Belwind Intercept*® 0.033 0.042 0.034 0.041
R?=0.122  Period

During* 0.00021 0.00059 0.00023 0.00057

After* 0.00082 0.00012 0.00086 0.0012

Location

Outside* 0.00048 0.00052 0.00062 0.00056

School Height* 0.00023 0.00036 0.00024 0.00035

Wave height* -0.00048 8.2 *10” -0.00044 -2.4 *10°

Tide* -0.00060 -0.00039 -0.00059 -0.00040

Interaction

During:Outside -0.00087 -0.00028 -0.00082 -0.00032

After:Outside -0.0012 -0.00066 -0.0012 -0.00070
C-Power Intercept* 0.0010 0.0060 0.0014 0.0056
R?=0.06 Period

During* 0.00051 0.00052 0.00024 0.00049

After* -0.0031 -0.0013 -0.0029 -0.0014

Location

Outside* -0.00043 -0.00060 -0.00046 -0.00051

School Height* 0.00036 0.00051 0.00037 0.00050

Tide* 0.00054 0.00075 0.00056 0.00073

Interaction

During:Outside* -0.00062 -.000023 -0.00059 -0.00026

After:Outside* 0.0016 0.0030 0.0020 0.0011
Gemini Intercept* 0.0026 0.019 0.0041 0.018
R?=0.04 Period

During* -0.00055 431 -0.0050 -2.86 *10°®

After -0.00015 0.00043 -0.00010 0.00039

Location

Outside* -0.00069 -0.00049 -0.00059 -0.00056

School Height* 5.43 *10° 0.00020 6.54 *10° 0.00019

Tide* 3.35 *10° 0.00054 7.42 *10° 0.00050
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Figure S1: Location of AZFPs (yellow dots) in Belwind.

51°38'0"N 51°39'0"N 51°40'0"N 51°41'0"N 51°42'0"N

51°37°'0"N

44



554

Figure S2: Location of AZFPs (yellow and red dots) in C-Power.
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