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A B S T R A C T

Anthropogenic noise is a pervasive environmental pollutant that continues to expand and increase globally, 
especially in marine environments, affecting many marine animals, especially fish. Although interest and concern 
regarding the effects of noise on fish has increased, most studies still focus on the effects noise has on individual 
species, often overlooking wider system-level consequences. This is particularly true of trophically important 
species such as forage fish. We investigated how different types of anthropogenic noise affect the quality of an 
important forage fish species, Pacific sand lance, Ammodytes personatus, which could impact the many species 
that rely on them. We found that, compared to controls, fish in noisy environments had lower energy density and 
lower weight at a given length. These results suggest that even over shorter periods of time the anthropogenic 
noise could reduce sand lance quality, which in-turn could cascade up the food chain causing drastic ecosystem- 
level consequences.

1. Introduction

Anthropogenic noise has been steadily increasing for the last few 
decades as human populations continue to grow, expand into new areas, 
and transport more goods across the globe (Shannon et al., 2015). This 
noise has shown to have a range of negative effects on a variety of 
different animals, and there continues to be concern regarding the ef
fects of noise on marine animals in particular (Carlos M Duarte et al., 
2021; Hildebrand, 2009; Kunc et al., 2016; Popper and Hastings, 2009; 
Slabbekoorn et al., 2010). Although much of the literature focusing on 
noise in marine environments has historically focused on marine 
mammals, concern about its effects on other taxonomic groups found in 
marine habitats, including fish species has begun to increase (Cox et al., 
2018); especially in light of the many other issues facing marine fish 
including overharvest and the rise in ocean temperatures (Butchart 
et al., 2010; Pauly et al., 1998; Schijns and Pauly, 2022).

Marine fish are negatively affected by anthropogenic noise in a 

variety of different ways (Irons et al., 2000; Kunc et al., 2016; Radford 
et al., 2014; Slabbekoorn et al., 2010; Williams et al., 2015).

There is apparently a long history of research attempting to link 
disturbance and noise from fishery activity and vessels with avoidance 
in commercial fish species dating back to the late 1950s, but most of this 
research is inaccessible (see Buerkle, 1973 for references). More 
recently, it has been shown that noise can impact foraging success 
(Voellmy et al., 2014), and affect anti-predator behaviour (Doksæter 
et al., 2012; Simpson et al., 2019), movement patterns (Brehmer et al., 
2003; Herbert-Read et al., 2017; Jørgensen et al., 2004; Kastelein et al., 
2007; Ona et al., 2007; Schwarz and Greer, 1984), breeding success 
(Banner and Hyatt, 1973; Herbert-Read et al., 2017; Nedelec et al., 
2017; Sierra-Flores et al., 2015) and increase stress (Cox et al., 2018; 
Goetz et al., 2015). While the fact that anthropogenic noise has a variety 
of negative effects on marine fish are well established (Juanes et al., 
2017; Peng et al., 2015), studies to date have mostly focused on the 
direct effects of noise on the physiology or behaviour of the specific 
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organisms. Rarely do these studies consider the potential consequences 
of noise on interspecific interactions such as predator-prey relationships 
or other pathways of effects that can lead to larger system-level effects. 
Furthermore, the potential for noise to create large system-level effects, 
even when impacting only one species, is high especially when exam
ining impacts on trophic interactions in particular (Kok et al., 2023).

There are surprisingly few studies that have investigated how noise 
affects forage fish even though these fish play a crucial role in the energy 
transfer from lower to higher trophic levels in the marine food web (von 
Biela et al., 2019). From these studies we know that forage fish such as 
wild Pacific herring (Clupea pallasii) exhibit increased anti-predator re
sponses to passing boats, suggesting that this increased vigilance could 
reduce foraging activities and heighten energy expenditure (van der 
Knaap et al., 2022a). Atlantic herring (C. harengus) have been shown to 
elicit startle responses to human-generated sounds at various fre
quencies and sound pressure levels (Blaxter and Hoss, 1981; Kastelein 
et al., 2008) and (Slotte et al., 2004) suggested that migrating in
dividuals might actively use different routes to evade seismic survey 
noise. In eulachon (Thaleichthys pacificus), spawning behaviour is 
impacted by noise pollution in spawning rivers or estuaries connected to 
the spawning rivers according to at least some First Nations commu
nities in the Pacific Region of Canada (Schweigert et al., 2012). 
Although never investigated, it has been suggested that noise from pile 
driving, jet boats, and heli-logging are major threats to eulachon 
spawning runs (Schweigert et al., 2012). Given the dramatic increase in 
anthropogenic noise in the ocean, it is important to consider how noise 
affects forage fish behaviour as it can ultimately influence predator-prey 
relationships, inflict energy deficits in higher trophic levels (Baker et al., 
2019; Carlos M. Duarte et al., 2021; von Biela et al., 2019), and cause 
disruptions in energy transfer via bottom-up effects in marine ecosys
tems. If anthropogenic noise impacts the behaviour of a fish species 
critical to an ecosystem (e.g. forage fish) that causes changes in its 
availability and/or quality as prey, then the cascade up the food chain 
could have important and potentially negative ecosystem-level conse
quences (Kunc et al., 2016; Ronconi and Burger, 2008).

In order to take a more system-level perspective on the issue of 
anthropogenic noise we asked how noise may affect the quality of prey 
critical to the Northeast Pacific ecosystem. We chose Pacific sand lance 
(PSL, Ammodytes personatus) as it is a key forage fish, a critical source of 
food for many different marine species (Gunther et al., 2024; Piatt et al., 
2018; Robards et al., 1999, 2002), especially Alcids, whose local 
reproductive success increases with sand lance abundance in the diet 
(Bertram and Kaiser, 1993; Borstad et al., 2011; Hedd et al., 2006). 
Using playback recordings, we investigated how different types of 
anthropogenic noise may affect PSL energy density, a key measure of 
food quality for their predators.

2. Methods

2.1. Species

We used Pacific sand lance (PSL), a small forage fish in the North
eastern Pacific that range from Alaska to California (Robards et al., 
1999) and serve as a high energy resource to marine predators (Van Pelt 
et al., 1997). Unlike most other forage fish, PSL bury in the sand to avoid 
predation and reduce energy costs, which makes them inaccessible to 
their avian predators (e.g., Alcids) and possibly harder to access for 
other marine predators including salmon species and humpback whales 
(Robards et al., 1999).

2.2. Field collections

We caught 345 PSL between 27 April and 10 May 2023 when they 
are active in the water column using seine nets with knotless nylon 
mesh, floaters on top, and weights on the bottom at two locations: 
Jackson Beach (48◦31′11.6”N 123◦00′40.3”W) and Eagle Cove 

(48◦27′41.9”N 123◦01′56.9”W) on San Juan Island, WA, USA. At Jack
son Beach we used a large net (36.6 m wide x 3.7 m deep net with 2.5–4 
mm mesh) which we deployed by boat, parallel to the beach at 
approximately 25 m from shore and then pulled in by hand. At Eagle 
Cove we used a smaller net (8.6 m wide x 2.1 m deep, 2.5–4 mm mesh) 
that two people, one on each end, pulled through the shallows (~ 1.5 m 
deep) while a third person walked in front scouting for, and if possible, 
herding schools of sand lance into the path of the net. Nets were pulled 
entirely onto the shore and we removed fish from the nets by hand and 
into coolers with fresh sea water. We then transported fish to Friday 
Harbor Labs (FHL) by vehicle and placed them into smaller enclosures 
inside of larger tanks in schools of between 40 and 50 fish (1 school/ 
enclosure and 2 schools/tank; total of 345 fish in 8 schools across 4 
tanks). Fish were placed into enclosures at random (i.e. were caught 
from transport coolers and counted into each enclosure until a minimum 
of 40 fish was reached) so enclosures and tanks were likely a mix of fish 
age 1 (60–80 mm) and age 2+ (> 80 mm; Baker et al., 2019) that 
emerged from their overwinter dormancy into the water column to 
forage over the summer months. Due to the logistics of catching and 
transporting fish in the field, and concern to get them from the nets into 
the coolers as fast and with as little handling as possible, we did not 
record initial length measurements and did not take pictures. We did not 
sex fish, as they are indistinguishable without visible gonads or genetics.

2.3. Experimental setup

For the duration of the experiment, PSL lived in water-permeable 
circular enclosures (0.9 m high x 0.8 m diameter) within a larger con
crete circular holding tank that, due to logistical reasons and tank 
availability, were located inside (0.9 m high x 2 m diameter, ~2827 L) 
or outside (0.9 m high x 4 m diameter, ~11,3010 L; Fig. 1). As the inside 
tanks were in a room with full windows on one side, they experienced 
the same photoperiod as the outside tanks which were under a gazebo- 
like structure. The bottom of each circular enclosure had ~10–15 cm of 
sand collected from Jackson Beach (a location where PSL are known to 
bury throughout the year; (Baker et al., 2019, 2023) to allow the PSL to 
bury as they do in the wild.

All large tanks held 3 experimental enclosures, though only 2 ever 
housed fish, due to the fact that we were only able to catch enough fish 
to fill 8 enclosures, rather than the planned 12 (Fig. 1). All tanks had a 
flow-through water system where water was continuously pumped 
directly from the mouth of Friday Harbor from approximately 5 m deep 
into each tank and exited via a flowthrough drain back into the harbor. 
As water came directly from in front of FHL, tank temperature mirrored 
natural conditions (~10C) during the experiments. Although raw 
seawater contains the food PSL eat including various species of 
zooplankton, we supplemented their diet with plankton caught in 
plankton tows every other day using a 1 m diameter plankton net with 
200 μm mesh size. All large tanks had one underwater speaker (Lubell 
UW30, Lubell Labs Inc., Ohio, USA) which played a noise treatment 
(different playback for each tank). Each tank had its own computer (Dell 
OptiPlex 7050 Core i5, running Windows 10 Pro OS), which started and 
stopped all playbacks on Media Player (part of the Windows 10 OS) 
using Task Scheduler. (Bailey and OBS Project Contributors, 2017).

2.4. Experimental timeline

PSL were placed into one of 4 tanks: small indoor (x2) or large out
door (x2) and provided a minimum of 7 days of acclimation, where they 
were not exposed to any playbacks or disruption. After this 7-day 
acclimation period, we began playbacks simultaneously in each tank 
which continued for 10 days; different playback for each large tank; 
control and piledriving in outdoor tanks and wind farm and boat noise in 
indoor tanks. Although tanks were in close proximity (outdoor) and 
touching (indoor) we tested for playback bleed-over into neighboring 
tanks via hydrophones and detected none. After the 10 days of playbacks 
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(17 days total) we ended the experiments and caught and euthanized 
(30 %; MS-222) or released fish back to the site where they were initially 
caught (70 %). We had a total of 7 mortalities after fish were brought 
into the lab, only 2 of which occurred during the experiment, the rest 
occurred one to two days after they were caught.

2.5. Playbacks

In order to simulate different types of anthropogenic noise which fish 
may be exposed to in the environments where they live, each tank 
received one of 4 possible playback treatments starting on day 7, for the 
duration of the 10 days of the experiment (4 tanks = 4 treatment 
groups): silence (control), wind farm noise, pile driving noise, and boat 
traffic noise. All playbacks were projected with a maximum sound 
pressure level (SPL dB re 1 μPa) that did not exceed 140 dB re 1μPa 
(enough to be detectible above the background at levels similar in the 
wild, but not cause physical damage; (Popper and Hawkins, 2012; van 
der Knaap et al., 2022a); min (ambient no-noise control conditions, 
ranging between ~90–110 dB re 1 μPa in some more sheltered habitats 
(Murchy et al., 2022) and averages of 100–130 dB re 1 μPa in busy areas 
such as around the Port of Vancouver; SMRU, 2019): 99 dB re 1 μPa, 
max: wind farm 134 dB re 1 μPa, pile driving 138 dB re 1 μPa, boat noise 
138 dB re 1 μPa – received levels verified by calibrated SoundTrap 
STD300 hydrophones (Ocean Instruments NZ, Auckland, New Zealand) 
and calculated using PAMGuide (Merchant et al., 2015a,b). The re
cordings were constructed as follows (with all no-noise times in the 
noise treatments filled with control audio) using Audacity open-source 
sound editing software (v3.2.2; Muse Group & Contributors). If over
lapping recordings were necessary, all overlapping areas were faded in 
(new file) and out (previous file) the same amount and for the same time 
period. These overlapping areas were lined up in Audacity with each 
sound file in a different track, then merged into one track to create 
overlapping areas that seamlessly interconnected with no abrupt 
changes and maintained the recordings' average dB re 1 μPa. As play
back occurred in concrete tanks, there was alteration of the playback (as 
re-recorded via the hydrophone) due to the acoustics in the tank, in that 
most playbacks had peak amplitudes higher than source sounds, just 

above 100 Hz, and often narrower peaks (Supplementary Figs. S1-S4). 
There was also a peak of energy at 2 kHz due to speaker noise in all tanks 
(Supplementary Fig. S1). We chose to vary both sound type and tem
poral variation as this study is intended as a first look to determine what, 
if any, effects different sound types have on fish within the context of the 
temporal variation fish would experience in the wild. While we could 
have kept the temporal variation consistent across all sound types, this 
does not mimic the pattern in sounds as they actually occur in the wild, 
and so we decided against this approach for this initial study.

2.5.1. Control
Silence was generated in Audacity (supplementary fig. S1; Sound 

Exposure Level (SEL) was 98.18 dB re 1 μPa2 s).

2.5.2. Wind farms
Chronic and lower-level pervasive noise; consistent across days and 

weeks – an average of 12 h a day, and 6 days a week. It is characterized 
by consistent noise below 1 kHz with the dominant frequency ranging 
between 25 and 400 Hz (Tougaard et al., 2020); Supplementary Fig. S2). 
Recordings were recorded from Utgrunden wind farm in the Baltic Sea 
(Sigray and Andersson, 2011) and we created playback files from the 
one 13 s sound file we had, repeated to create the full two-hour playback 
file. The SEL was 129.01 dB re 1 μPa2 s.

2.5.3. Pile driving
Impulsive and intense, episodic but sporadic noise; variable across 

days and weeks with an average of 60 min per pile driving bout (~ 1 
strike/s), 4 bouts a day, 2 days a week, and 2 weeks a month. It is 
characterized by sudden onset, short duration, and a frequency range of 
about 10 Hz – 10 kHz with the dominant frequency ranging between 200 
and 1000 Hz (Bailey et al., 2010); Supplementary Fig. S3). Sound files 
were created from recordings of monopiles during construction in the 
Dutch North Sea (provided from the APELAFICO project). We created 
one-hour long playback files from 15 min of full strength consistent pile 
driving from one file repeated four times, but as pile driving often ramps 
up in strength over an hour, we faded in the pile driving from 0 to 100 % 
over 45 min, with 15 min at the end at full power. The SEL was 

Fig. 1. Schematic for tank setup for playback experiments for schools of Pacific sand lance. The overhead view shows the tanks (outer circles) in which the enclosures 
(inner circles with texture indicating sand) with their placement in the tanks, and the speakers with the support beams holding them. Fish were only held in two of 
the three enclosures as indicated by the fish schools. The scalebar illustrates the size of the small indoor tanks (left) and large outdoor tanks (right).
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131.07.85 dB re 1 μPa2 s.

2.5.4. Boat traffic
Variable noise; variable within days, but consistent across weeks 

with an average of 6 h a day, and 4 days a week. It is characterized by 
slow ramping up and down, variable duration, and a frequency range 
from below 10 Hz to 60 kHz with the majority of the power below 5 kHz 
(Pine et al., 2018). We created sound files containing 2 h of background 
noise recorded by SMRU Consulting North America as part of the ECHO 
program established by the Vancouver Fraser Port Authority (SMRU, 
2019) from hydrophones located in and around Vancouver harbor. We 
copy and pasted individual boat passes (10 different boat passes; ~ 1 
pass every 10 min) into the two-hour background shipping noise file to 
create the boat nose playback that included both background shipping 
noise and individual boat passes. Individual passing boats ranged from 
smaller boats producing higher frequency sounds (e.g., speedboats) to 
larger boats producing lower frequency sounds (e.g., large ferries; sup
plementary fig. S4). The SEL was 133.50 dB re 1 μPa2 s when boats were 
passing and 119.29 dB re 1 μPa2 s with only background shipping noise.

2.6. Energy density calculation

To determine energy density of fish we euthanized ~30 % of each 
school (10–15 fish depending on school size). We first measured their 
wet weight by patting them dry before weighing them to the nearest 
0.001 g, and took standard length to the nearest mm. To measure dry 
weight, we dried all fish in an oven at 60 ◦C for 4 days, weighing them 
periodically to ensure end weight was stable. To measure ash weight, we 
put dried fish in a muffle furnace at 500 ◦C for 5 h to reduce them to ash 
and weighed the ash. To calculate energy density, we used the equation 
from (Weil et al., 2019): 

Percent ashfree dry weight =
(

dry weight − ash weight
wet weight

)

*100 

Energy density = 10(1.07*log(percent ashfree dry weight) )− 0.71 

Note: due to logistical reasons and local humidity, ash weight was 
uniformly higher in out samples than average resulting in a lower ED 
compared to other studies. However, data show similar distributions 
across all samples and so we are confident that the relationship between 
the treatments are accurate (see Supplementary Tables S5–6, and 
Fig. S7).

2.7. Statistical analysis

To determine if energy density differed between acoustic treatments 
we ran a linear mixed model with energy density as the response vari
able, playback and length as fixed effects to account for differences in 
size, and enclosure as a random effect to account for multiple samples 
from one school; due to convergence issues we could not include loca
tion as a random effect. Additionally, as tank is confounded with 
treatment we did not include tank as a random effect, though the 
enclosure term should account for much of the non-independence of the 
schools in the same tank. To determine if there was a difference in the 
weight/length relationship of fish between the different groups, we ran a 
linear mixed model with weight as the response variable, playback and 
standard length and their interaction as the fixed effects, and enclosure 
nested in location inside or outside as a random effect. We tested the 
significant effect of all factors in linear mixed models using type II Wald 
chi-square tests. All model runs and statistical analyses were conducted 
in R statistical software (v4.4.0) (Team, 2014) with package lme4 
(Bates, 2010).

2.8. Ethics

All fish were caught and transported under the University of Wash
ington's Friday Harbor Collections Licence, and experiments were 
reviewed and approved under the University of Washington's Institu
tional Animal Care and Use Committee (IACUC) protocol 4238–19 and 
the University of Victoria's Animal Care Committee's Animal Use Pro
tocol (AUP) 2022–022. This was supported through an Inter- 
Institutional Memorandum of Understanding for Animal Care and Use 
Oversight.

3. Results

Playback had a significant effect on energy density with all playback 
conditions having lower energy density than control fish (χ2 = 10.48, P 
= 0.02; Fig. 2). Energy density was highest for control fish (mean ± SD; 
0.81 ± 0.06 kJ/g) followed by fish in pile driving (0.73 ± 0.03 kJ/g), 
boat noise (0.69 ± 0.05 kJ/g), and wind farm (0.66 ± 0.03 kJ/g) en
vironments. There was no effect of length (χ2 = 1.5, P = 0.22). Model 
summaries showed significant differences between control and wind 
farm and a trend for boat noise (Supplementary Table 1). There was also 
a significant interaction between playback and the weight/length rela
tionship (χ2 = 23.11, P < 0.01; Fig. 3) with model summaries showing 
significant differences between the weight/length relationships (slopes) 
of the control compared to the wind farm and pile driving treatments 
(Supplementary Table 2). This trend held even when larger outlier fish 
(i.e. > 110 mm) were excluded from the data set (Supplementary tables 
3 & 4).

4. Discussion

Fish in acoustic environments with anthropogenic noise playbacks 
had lower energy density (exposure to wind farm and boat noise) and 
reduced weight-at-length (exposure to wind farm and pile driving) 
compared to controls. These results suggest that PSL exposed to noise are 
of lower quality to their marine predators. As PSL are such an important 
food source for so many marine predators (Cook et al., 2014; Greentree 
et al., 2023; Robards et al., 1999, 2002; Schweigert et al., 2010; 

Fig. 2. Mean (± SD) energy density (kJ/g) of fish exposed to each play
back treatment.
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Staudinger et al., 2020), especially breeding Alcids (Bertram and Kaiser, 
1993; Borstad et al., 2011; Gjerdrum et al., 2003; Hedd et al., 2006), 
decreases in PSL quality could have long-term and far-reaching effects 
on the marine predators that rely on them (Rovellini et al., 2024). While 
this experiment does have a clear result, it was intended to be a pilot 
experiment and therefore primarily serves to open further specific lines 
of inquiry regarding the effects of noise on PSL as an important source or 
prey, specifically in terms of habituation, behaviour, and noise sources 
with trophic cascade implications.

4.1. Habituation

While we demonstrate the acute responses of PSL to anthropogenic 
noise, if and how their response changes over longer periods of time 
remains to be determined. Further analysis of conditions more consis
tent with living in nearshore aquatic habitats during busy summer 
months and consideration of both cumulative effects and potential 
acclimation should be explored. The trend we see in our data could be an 
acute response and PSL could slowly habituate or acclimate over time, 
lessening the effects of noise. Such habituation has been seen in other 
fish species exposed to noise including European seabass, Dicentrarchus 
labrax, (Neo et al., 2018; Radford et al., 2016) and domino damselfish, 
Dascyllus trimaculatus, (Nedelec et al., 2016b). Conversely, the negative 
effects of noise could remain constant (as seen in spiny chromis, Acan
thochromis polyacanths, (Nedelec et al., 2017) and Atlantic cod, Gadus 
morhua (Sierra-Flores et al., 2015) or compound, increasing the impacts 
of this noise as it continues to persist in the environment – potentially 
also increasing any differences between noise types.

4.2. Behaviour

The decreases in quality of the PSL exposed to noise, thought 
possibly a result of physiological responses such as stress, are likely due 
to changes in behaviour as commonly seen in responses to noise (Cox 

et al., 2018). For example, changes in behaviour in response to noise 
could impact PSL condition either through increased energy expenditure 
(by increasing energetically costly behaviours like startling (Purser and 
Radford, 2011), decreased foraging success (Payne et al., 2015; Purser 
and Radford, 2011; Voellmy et al., 2014) directly by increasing mistakes 
(Voellmy et al., 2014), or indirectly by altering time budgets (e.g., 
increased vigilance (Voellmy et al., 2014), or special use (e.g., spending 
more time in areas with poorer quality food such as lower in the water 
column or in different areas (Neo et al., 2018; Vabø et al., 2002)) which 
could lower their food intake. These behavioural changes could also 
affect PSL predators, not just impacting the amount they would need to 
forage to make up for less energy dense prey, but also if prey availability 
was reduced (e.g., prey spending more time buried). A reduction in 
energy content of forage fish has resulted in significant impacts on Alcids 
in the past. For example, for Rhinoceros Auklet breeding on Protection 
Island, WA, the number of fish/bill load increased over two years as fish 
size decreased due to a multiple year marine heat wave (Wagner et al., 
2024) . This resulted in Auklets increasing foraging effort, but still 
returning with lower energy density/bill load than before the marine 
heat wave (Wagner et al., 2024). These differences in energy density/bill 
load resulted in the lowest fledging success recorded over a decade 
(2010–2019, Wagner et al., 2024). We show an ~14 % decrease in en
ergy density from average control to average noise condition fish. This 
value is lower than the estimated 25–35 % lower bill load energy content 
for marbled merlettes during the marine heat wave (Wagner et al., 
2024), though still likely a large enough difference in energy requiring 
an increase in foraging effort to maintain adequate energy for chicks.

4.3. Noise sources

While studies on the effects of noise on fish have examined a range of 
noise sources, the majority of studies tend to focus only on one at a time 
though there are exceptions (see Nedelec et al., 2015; Neo et al., 2014; 
Sabet et al., 2015). However, due to the different temporal and fre
quency profiles of most anthropogenic noise, different noise sources 
likely have different types of effects on fish behaviour and physiology 
(Wysocki et al., 2006). One of the initial intentions of this pilot experi
ment was to determine if PSL respond differently to different sources of 
noise. While this was not explicitly tested in this paper, there appears to 
be some slight differences in fish response to the different acoustic 
conditions that they encountered, which agrees with other studies 
(Bergström et al., 2013; Kok et al., 2021; Neo et al., 2018; van der Knaap 
et al., 2022a, 2022b). However, the relationship between noise source 
and effects on individuals remains poorly understood as different studies 
address slightly different types of questions when investigating different 
sound sources making comparison across studies difficult.

Additionally, we did not address particle motion in this experiment 
in either the water or sediment as we did not have access nor funds to 
acquire the specialized equipment necessary to measure particle motion 
accurately, which limits the conclusions of this study. As PSL have a 
lateral line like most fish and spend a large portion of their time in the 
sand, particle motion likely plays a significant role in their perception of 
and response to sound (Hazelwood et al., 2018; Rogers et al., 2021; 
Strobel and Mooney, 2012) . More recently research focused on the use 
of particle motion, both in water (Nedelec et al., 2016a) and sediment 
(Aimon et al., 2021; Hawkins et al., 2021; Hazelwood et al., 2018; 
Hazelwood and Macey, 2016; Roberts et al., 2015), for sound detection 
and response in many species show it to be particularly important and 
prominent mechanism, especially in fish species lacking a swim bladder 
like PSL. Based on our current understanding about both the relationship 
between sound pressure and particle motion in both water and sediment 
(Campbell et al., 2019; Popper and Hawkins, 2018; Sigray and Ander
sson, 2011), and how it is likely to affect marine organisms (Aimon et al., 
2021; Campbell et al., 2019), it is likely that the particle motion may 
impact PSL slightly differently than sound pressure. In open water, 
particle motion and SPL are quite similar in most respects and one can be 

Fig. 3. Weight (g) and length (mm) relationship (shaded line shows model 
slopes and standard errors) for all fish exposed to each playback treatment, 
shown without outlier (length > 110 mm) to better visualize the fitted lines. 
Lines only extend to maximum and minimum length of fish – truncated lines 
show that no fish longer than the terminating data point are included in this 
data set for that treatment.
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relatively reliably determined from the other. However, in tanks and fish 
held in captivity, SPL and particle motion can act differently (Campbell 
et al., 2019; Hubert et al., 2016). Additionally, when examining SPL and 
particle motion in different substrates, there can be differences as well. 
While they are often comparable in water, when traveling through 
substrate, particle motion/vibrations may be stronger than predicted 
based on SPL, and therefore be more intense than SPL (Hawkins et al., 
2021). While understanding particle motion is important to determine 
the effects of sound on marine organisms, especially ones like PSL who 
lack swim bladder and likely primarily or exclusively use particle mo
tion (Popper and Hawkins, 2018), there remain few studies that inves
tigate if there are differences in perception or use of particle motion vs. 
SPL (though see Campbell et al., 2019; Horodysky et al., 2008; Radford 
et al., 2012; Zielinski and Sorensen, 2017). However, from the studies 
that exist, we expect that in water, the particle motion may be ‘quieter’ 
overall for many species as there tends to be a negative excess of Sound 
Velocity Levels (SVL; one way to measure particle motion; Hubert et al., 
2016), though this often depends on the tank and overall setup 
(Campbell et al., 2019; Hubert et al., 2016). This coupled with expec
tations that particle motion will be stronger than expected in sediment 
compared to water, we could expect that in the wild the conditions 
which PSL encounter are ‘louder’ than what we created, but more 
consistent and predictable.

4.4. Impacts and mitigation

Anthropogenic noise reflects one among many potential threats to 
PSL (Greene et al., 2021; Huard et al., 2024). PSL spend considerable 
times in benthic sediments throughout this region concentrated in 
discrete habitats (Baker et al., 2024), often at extremely high densities 
(Baker et al., 2021; Greene et al., 2020). Important life history events 
occur during residence in benthic sediments, including gonadal matu
ration and important reproductive processes (Zhukova and Baker, 
2022). Reduced condition and energetics related to noise disturbance 
may not only influence quality of this prey but also reduce overwinter 
survival (Baker et al., 2019) and reproductive output. The relative 
impact of noise sources explored might depend on the location. Boat 
noise and pile driving likely have the greatest impact in nearshore 
habitats or areas used for foraging. These sources of noise are unlikely to 
impact PSL at depth in benthic sediments, sometimes >80 m deep and 
offshore. Wind farms and pile driving may have important impacts in 
habitats such as shallow glacial banks, extensive areas known to be 
important to PSL (Baker et al., 2024). Mitigation of potential adverse 
impacts would require additional data to strengthen evidence for these 
effects. As applied in a precautionary manner, however, our results 
suggest the need to consider noise impacts in assessments of locations for 
wind farms, oil exploration, resource extraction, or the development of 
structures requiring physical alteration to habitat (i.e., pile driving, 
construction, dredging, drilling, resource mining). These are recognized 
threats to sand lance and sand eel (Ammodytes spp.) populations in the 
western North Atlantic (Staudinger et al., 2020) and the North Sea 
(Cresci et al., 2022; Hassel et al., 2004; van Deurs et al., 2012). While 
many of these studies have examined potential impacts to distribution 
and behaviour, few have examined impacts to condition and quality. As 
demonstrated here, this is an area warranting further research.

4.5. Final thoughts

Our results demonstrate that even mid-term exposure (days to 
weeks) to low-levels of anthropogenic noise can affect the energy den
sity and weight/length relationships of an important forage fish, and 
suggests that the effects of noise on any one organism are not limited, 
but have the potential to cause significant ecosystem-level effects 
cascading up trophic levels. This finding highlights the critical impor
tance of understanding, not only how noise affects individual species, 
but how it can alter ecosystems much like the effects of climate change 

and pollution. The more we learn about the effects of noise, the more we 
can begin to quantify the negative and potentially wide-reaching con
sequences of the increasing disturbance we are creating in our oceans.
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Jordan Votava, Esmé Cummins, Hannah Tucker, Jack Gates, Ava S 
Agopsowicz, Wren, Xin Cen, Genevieve Kent, Ryan Luvera, April 
Morrow, Kaylee Mackey, Brian Lam, Kai, Leela Madhava, Allie & Jeff 
Azersky, Katherine Dietzman, and Richard Bell.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2025.117664.

Data availability

Data will be made available on request.

References

Aimon, C., Simpson, S.D., Hazelwood, R.A., Bruintjes, R., Urbina, M.A., 2021. 
Anthropogenic underwater vibrations are sensed and stressful for the shore crab 
Carcinus maenas. Environ. Pollut. 285, 117148. https://doi.org/10.1016/j. 
envpol.2021.117148.

Bailey, H., Senior, B., Simmons, D., Rusin, J., Picken, G., Thompson, P.M., 2010. 
Assessing underwater noise levels during pile-driving at an offshore windfarm and its 
potential effects on marine mammals. Mar. Pollut. Bull. 60, 888–897. https://doi. 
org/10.1016/j.marpolbul.2010.01.003.

Bailey, L., OBS Project Contributors, 2017. Open Broadcasting Software.
Baker, M., Matta, M., Beaulieu, M., Paris, N., Huber, S., Graham, O., Pham, T., Sisson, N., 

Heller, C., Witt, A., O’Neill, M., 2019. Intra-seasonal and inter-annual patterns in the 
demographics of sand lance and response to environmental drivers in the North 
Pacific. Mar. Ecol. Prog. Ser. 617–618, 221–244. https://doi.org/10.3354/ 
meps12897.

Baker, M.R., Williams, K., Greene, H.G., Greufe, C., Lopes, H., Aschoff, J., Towler, R., 
2021. Use of manned submersible and autonomous stereo-camera array to assess 
forage fish and associated subtidal habitat. Fish. Res. 243, 106067. https://doi.org/ 
10.1016/j.fishres.2021.106067.

N.V. Carlson et al.                                                                                                                                                                                                                              Marine Pollution Bulletin 213 (2025) 117664 

6 

https://doi.org/10.1016/j.marpolbul.2025.117664
https://doi.org/10.1016/j.marpolbul.2025.117664
https://doi.org/10.1016/j.envpol.2021.117148
https://doi.org/10.1016/j.envpol.2021.117148
https://doi.org/10.1016/j.marpolbul.2010.01.003
https://doi.org/10.1016/j.marpolbul.2010.01.003
http://refhub.elsevier.com/S0025-326X(25)00139-0/rf0015
https://doi.org/10.3354/meps12897
https://doi.org/10.3354/meps12897
https://doi.org/10.1016/j.fishres.2021.106067
https://doi.org/10.1016/j.fishres.2021.106067


Baker, M.R., Smeltz, T.S., Williams, K., Greufe, C., Ewing, M., Chapman, J., Glassy, J., 
Hasegawa, E., Cieri, K.P., Matson, S., Towler, R., 2023. Diel vertical migration in 
Pacific sand lance (Ammodytes personatus)—a pelagic forage fish associated with 
benthic substrates. ICES J. Mar. Sci. 80, 1758–1772. https://doi.org/10.1093/ 
icesjms/fsad106.

Baker, M.R., Greene, H.G., Aschoff, J., Aitoro, E., Bates, E., Hesselroth, D., Johnson, K., 
Mather, B., Sealover, N., 2024. Atlas of Pacific sand lance (Ammodytes personatus) 
benthic habitat – application of multibeam acoustics and directed sampling to 
identify viable subtidal substrates. Mar. Environ. Res. 202, 106778. https://doi.org/ 
10.1016/j.marenvres.2024.106778.

Banner, A., Hyatt, M., 1973. Effects of noise on eggs and larvae of two estuarine fishes. 
Trans of the Am Fish. Soc. 102, 134–136.

Bates, D.M., 2010. A simple, linear, mixed-effects model, in: Lme4: mixed-effects 
modeling with R. Springer, pp. 1–26.

Bergström, L., Sundqvist, F., Bergström, U., 2013. Effects of an offshore wind farm on 
temporal and spatial patterns in the demersal fish community. Mar. Ecol. Prog. Ser. 
485, 199–210. https://doi.org/10.3354/meps10344.

Bertram, D.F., Kaiser, G.W., 1993. Rhinoceros auklet (Cerorhinca monocerata) nestling 
diet may gauge Pacific sand lance (Ammodytes hexapterus) recruitment. Can. J. Fish. 
Aquat. Sci. 50, 1908–1915.

von Biela, V.R., Arimitsu, M.L., Piatt, J.F., Heflin, B., Schoen, S.K., Trowbridge, J.L., 
Clawson, C., 2019. Extreme reduction in nutritional value of a key forage fish during 
the Pacific marine heatwave of 2014-2016. Mar. Ecol. Prog. Ser. 613, 171–182. 
https://doi.org/10.3354/meps12891.

Blaxter, J.H.S., Hoss, D.E., 1981. Startle response in herring: the effect of sound stimulus 
frequency, size of fish and selective interference with the Acoustico-Lateralis system. 
J. Mar. Biol. Assoc. UK 61, 871–879. https://doi.org/10.1017/s0025315400023018.

Borstad, G., Crawford, W., Hipfner, J.M., Thomson, R., Hyatt, K., 2011. Environmental 
control of the breeding success of rhinoceros auklets at Triangle Island, British 
Columbia. Mar. Ecol. Prog. Ser. 424, 285–302. https://doi.org/10.3354/meps08950.

Brehmer, P., Guennegan, Y., Arzelles, P., Guillard, J., Cheret, Y., Duformentelle, P., 
Colon, M., 2003. Effect of in situ radiated noise of the platform used on shallow 
water area on echo sounder data in fisheries-acoustics. Hydroacoustics 6, 31–40.

Buerkle, U., 1973. Detection of Trawling Noise by Atlantic Cod (Gadus morhua L.). McGill 
University.

Butchart, S.H.M., Walpole, M., Collen, B., Strien, A. van, Scharlemann, J.P.W., Almond, 
R.E.A., Baillie, J.E.M., Bomhard, B., Brown, C., Bruno, J., Carpenter, K.E., Carr, G.M., 
Chanson, J., Chenery, A.M., Csirke, J., Davidson, N.C., Dentener, F., Foster, M., Galli, 
A., Galloway, J.N., Genovesi, P., Gregory, R.D., Hockings, M., Kapos, V., Lamarque, 
J.-F., Leverington, F., Loh, J., McGeoch, M.A., McRae, L., Minasyan, A., Morcillo, M. 
H., Oldfield, T.E.E., Pauly, D., Quader, S., Revenga, C., Sauer, J.R., Skolnik, B., Spear, 
D., Stanwell-Smith, D., Stuart, S.N., Symes, A., Tierney, M., Tyrrell, T.D., Vié, J.-C., 
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Radford, A.N., Lèbre, L., Lecaillon, G., Nedelec, S.L., Simpson, S.D., 2016. Repeated 
exposure reduces the response to impulsive noise in European seabass. Glob. Chang. 
Biol. 22, 3349–3360. https://doi.org/10.1111/gcb.13352.

Radford, C.A., Montgomery, J.C., Caiger, P., Higgs, D.M., 2012. Pressure and particle 
motion detection thresholds in fish: a re-examination of salient auditory cues in 
teleosts. J. Exp. Biol. 215, 3429–3435. https://doi.org/10.1242/jeb.073320.

Robards, M.D., Willson, M.F., Armstrong, R.H., Piatt, J.F., 1999. Sand lance: a review of 
biology and predator relations and annotated bibliography, Res. Pap. PNW-RP-521. 
Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific Northwest 
Research Station.

Robards, M.D., Rose, G.A., Piatt, J.F., 2002. Growth and abundance of Pacific sand 
Lance, Ammodytes hexapterus, under differing oceanographic regimes. Environ. Biol. 
Fishes 64, 429–441. https://doi.org/10.1023/a:1016151224357.

Roberts, L., Cheesman, S., Breithaupt, T., Elliott, M., 2015. Sensitivity of the mussel 
Mytilus edulis to substrate-borne vibration in relation to anthropogenically 
generated noise. Mar. Ecol. Prog. Ser. 538, 185–195. https://doi.org/10.3354/ 
meps11468.

Rogers, P., Debusschere, E., Haan, D. de, Martin, B., Slabbekoorn, H., 2021. North Sea 
soundscapes from a fish perspective: directional patterns in particle motion and 
masking potential from anthropogenic noise. J. Acoust. Soc. Am. 150, 2174–2188. 
doi:https://doi.org/10.1121/10.0006412.

Ronconi, R.A., Burger, A.E., 2008. Limited foraging flexibility: increased foraging effort 
by a marine predator does not buffer against scarce prey. Mar. Ecol. Prog. Ser. 366, 
245–258. https://doi.org/10.3354/meps07529.

Rovellini, A., Punt, A.E., Bryan, M.D., Kaplan, I.C., Dorn, M.W., Aydin, K., Fulton, E.A., 
Alglave, B., Baker, M.R., Carroll, G., Ferriss, B.E., Haltuch, M.A., Hayes, A.L., 
Hermann, A.J., Hernvann, P.-Y., Holsman, K.K., Liu, O.R., McHuron, E., Morzaria- 
Luna, H.N., Moss, J., Surma, S., Weise, M.T., 2024. Linking climate stressors to 
ecological processes in ecosystem models, with a case study from the Gulf of Alaska. 
ICES J. Mar. Sci. fsae002. https://doi.org/10.1093/icesjms/fsae002.

Sabet, S.S., Neo, Y.Y., Slabbekoorn, H., 2015. The effect of temporal variation in sound 
exposure on swimming and foraging behaviour of captive zebrafish. Anim. Behav. 
107, 49–60. https://doi.org/10.1016/j.anbehav.2015.05.022.

Schijns, R., Pauly, D., 2022. Management implications of shifting baselines in fish stock 
assessments. Fish. Manag. Ecol. 29, 183–195. https://doi.org/10.1111/fme.12511.

Schwarz, A.L., Greer, G.L., 1984. Responses of Pacific herring, Clupea harengus pallasi, to 
some underwater sounds. Can. J. Fish. Aquat. Sci. 41, 1183–1192. https://doi.org/ 
10.1139/f84-140.

Schweigert, J., Wood, C., Hay, D., McAllister, M., Boldt, J., McCarter, B., Therriault, T. 
W., Brekke, H., 2012. Recovery Potential Assessment of Eulachon (Thaleichthys 
pacificus) in Canada. DFO Canadian Science Advisory Secretariat Research 
Document, 2012/098.

Schweigert, J.F., Boldt, J.L., Flostrand, L., Cleary, J.S., 2010. A review of factors limiting 
recovery of Pacific herring stocks in Canada. ICES J. Mari. Sci. 67, 1903–1913.

Shannon, G., McKenna, M.F., Angeloni, L.M., Crooks, K.R., Fristrup, K.M., Brown, E., 
Warner, K.A., Nelson, M.D., White, C., Briggs, J., McFarland, S., Wittemyer, G., 
2015. A synthesis of two decades of research documenting the effects of noise on 
wildlife. Biol. Rev. 91, 982–1005. https://doi.org/10.1111/brv.12207.

Sierra-Flores, R., Atack, T., Migaud, H., Davie, A., 2015. Stress response to anthropogenic 
noise in Atlantic cod Gadus morhua L. Aquac. Eng. 67, 67–76. https://doi.org/ 
10.1016/j.aquaeng.2015.06.003.

Sigray, P., Andersson, M.H., 2011. Particle motion measured at an operational wind 
turbine in relation to hearing sensitivity in fish. J. Acoust. Soc. Am. 130, 200–207. 
https://doi.org/10.1121/1.3596464.

Simpson, S.D., Radford, A.N., Nedelec, S.L., Ferrari, M.C.O., Chivers, D.P., 
McCormick, M.I., Meekan, M.G., 2019. Anthropogenic noise increases fish mortality 
by predation. Nat. Commun. 1–7. https://doi.org/10.1038/ncomms10544.

Slabbekoorn, H., Bouton, N., Opzeeland, I. van, Coers, A., Cate, C. ten, Popper, A.N., 
2010. A noisy spring: the impact of globally rising underwater sound levels on fish. 
Trends Ecol. Evol. 25, 419–427. doi:https://doi.org/10.1016/j.tree.2010.04.005.

Slotte, A., Hansen, K., Dalen, J., Ona, E., 2004. Acoustic mapping of pelagic fish 
distribution and abundance in relation to a seismic shooting area off the Norwegian 
west coast. Fish. Res. 67, 143–150. https://doi.org/10.1016/j.fishres.2003.09.046.

SMRU, 2019. Burrard Inlet Underwater Noise Characterization: 2019 Final Report.
Staudinger, Michelle D., Goyert, H., Suca, J.J., Coleman, K., Welch, L., Llopiz, J.K., 

Wiley, D., Altman, I., Applegate, A., Auster, P., Baumann, H., Beaty, J., Boelke, D., 
Kaufman, L., Loring, P., Moxley, J., Paton, S., Powers, K., Richardson, D., Robbins, J., 
Runge, J., Smith, B., Spiegel, C., Steinmetz, H., 2020. The role of sand lances 
(Ammodytes sp.) in the Northwest Atlantic ecosystem: a synthesis of current 
knowledge with implications for conservation and management. Fish Fish. 21, 
522–556. https://doi.org/10.1111/faf.12445.

Strobel, S.M., Mooney, T.A., 2012. Detection of low-frequency tones and whale predator 
sounds by the American sand lance Ammodytes americanus. J. Fish Biol. 81, 
1646–1664. https://doi.org/10.1111/j.1095-8649.2012.03423.x.

Team, R.C., 2014. R: A Language and Environment for Statistical Computing.
Tougaard, J., Hermannsen, L., Madsen, P.T., 2020. How loud is the underwater noise 

from operating offshore wind turbines? J. Acoust. Soc. Am. 148, 2885–2893. https:// 
doi.org/10.1121/10.0002453.

Vabø, R., Olsen, K., Huse, I., 2002. The effect of vessel avoidance of wintering Norwegian 
spring spawning herring. Fish. Res. 58, 59–77. https://doi.org/10.1016/s0165-7836 
(01)00360-5.

Van Pelt, T.I., Piatt, J.F., Lance, B.K., Roby, D.D., 1997. Proximate composition and 
energy density of some North Pacific forage fishes. Comp. Biochem. Physiol. Part A: 
Physiol. 118, 1393–1398. https://doi.org/10.1016/s0300-9629(97)00240-5.

Voellmy, I.K., Purser, J., Flynn, D., Kennedy, P., Simpson, S.D., Radford, A.N., 2014. 
Acoustic noise reduces foraging success in two sympatric fish species via different 
mechanisms. Anim. Behav. 89, 191–198. https://doi.org/10.1016/j. 
anbehav.2013.12.029.

Wagner, E., Pearson, S., Good, T., Hodum, P., Buhle, E., Schrimpf, M., 2024. Resilience to 
a severe marine heatwave at two Pacific seabird colonies. Mar. Ecol. Prog. Ser. 737, 
101–120. https://doi.org/10.3354/meps14222.

Weil, J., Trudel, M., Tucker, S., Brodeur, R.D., Juanes, F., 2019. Percent ash-free dry 
weight as a robust method to estimate energy density across taxa. Ecol. Evol. 9, 
13244–13254. https://doi.org/10.1002/ece3.5775.

Williams, R., Wright, A.J., Ashe, E., Blight, L.K., Bruintjes, R., Canessa, R., Clark, C.W., 
Cullis-Suzuki, S., Dakin, D.T., Erbe, C., Hammond, P.S., Merchant, N.D., O’Hara, P. 
D., Purser, J., Radford, A.N., Simpson, S.D., Thomas, L., Wale, M.A., 2015. Impacts of 
anthropogenic noise on marine life: publication patterns, new discoveries, and future 
directions in research and management. Ocean Coast Mana. 115, 17–24. https://doi. 
org/10.1016/j.ocecoaman.2015.05.021.

Wysocki, L.E., Dittami, J.P., Ladich, F., 2006. Ship noise and cortisol secretion in 
European freshwater fishes. Biol. Conserv. 128, 501–508. https://doi.org/10.1016/j. 
biocon.2005.10.020.

Zhukova, K.A., Baker, M.R., 2022. Gonadal maturation and maturity staging of the 
Pacific sand lanсe Ammodytes personatus (Ammodytidae). J. Ichthyology 62, 
921–931. https://doi.org/10.1134/s0032945222050241.

Zielinski, D.P., Sorensen, P.W., 2017. Silver, bighead, and common carp orient to 
acoustic particle motion when avoiding a complex sound. PloS One 12, e0180110. 
https://doi.org/10.1371/journal.pone.0180110.

N.V. Carlson et al.                                                                                                                                                                                                                              Marine Pollution Bulletin 213 (2025) 117664 

8 

https://doi.org/10.1111/2041-210x.12330
https://doi.org/10.1016/j.marpolbul.2022.113921
https://doi.org/10.1098/rspb.2015.1943
https://doi.org/10.1098/rspb.2015.1943
https://doi.org/10.1111/2041-210x.12544
https://doi.org/10.1016/j.envpol.2016.05.058
https://doi.org/10.1098/rspb.2017.0143
https://doi.org/10.1098/rspb.2017.0143
https://doi.org/10.1016/j.biocon.2014.07.012
https://doi.org/10.1016/j.biocon.2014.07.012
https://doi.org/10.1016/j.envpol.2018.04.018
https://doi.org/10.1016/j.envpol.2018.04.018
https://doi.org/10.1121/1.2710741
https://doi.org/10.1121/1.2710741
https://doi.org/10.1007/s00227-014-2603-7
https://doi.org/10.1007/s00227-014-2603-7
https://doi.org/10.3390/ijerph121012304
https://doi.org/10.3390/ijerph121012304
https://doi.org/10.1111/fog.12258
https://doi.org/10.1111/fog.12258
https://doi.org/10.1016/j.marpolbul.2018.07.031
https://doi.org/10.1016/j.marpolbul.2018.07.031
https://doi.org/10.1111/j.1095-8649.2009.02319.x
https://doi.org/10.1111/j.1095-8649.2009.02319.x
https://doi.org/10.1007/978-1-4419-7311-5
https://doi.org/10.1121/1.5021594
https://doi.org/10.1121/1.5021594
https://doi.org/10.1371/journal.pone.0017478
https://doi.org/10.1093/beheco/aru029
https://doi.org/10.1111/gcb.13352
https://doi.org/10.1242/jeb.073320
https://doi.org/10.1023/a:1016151224357
https://doi.org/10.3354/meps11468
https://doi.org/10.3354/meps11468
https://doi.org/10.1121/10.0006412
https://doi.org/10.3354/meps07529
https://doi.org/10.1093/icesjms/fsae002
https://doi.org/10.1016/j.anbehav.2015.05.022
https://doi.org/10.1111/fme.12511
https://doi.org/10.1139/f84-140
https://doi.org/10.1139/f84-140
http://refhub.elsevier.com/S0025-326X(25)00139-0/rf0325
http://refhub.elsevier.com/S0025-326X(25)00139-0/rf0325
https://doi.org/10.1111/brv.12207
https://doi.org/10.1016/j.aquaeng.2015.06.003
https://doi.org/10.1016/j.aquaeng.2015.06.003
https://doi.org/10.1121/1.3596464
https://doi.org/10.1038/ncomms10544
https://doi.org/10.1016/j.tree.2010.04.005
https://doi.org/10.1016/j.fishres.2003.09.046
http://refhub.elsevier.com/S0025-326X(25)00139-0/rf0355
https://doi.org/10.1111/faf.12445
https://doi.org/10.1111/j.1095-8649.2012.03423.x
http://refhub.elsevier.com/S0025-326X(25)00139-0/rf0370
https://doi.org/10.1121/10.0002453
https://doi.org/10.1121/10.0002453
https://doi.org/10.1016/s0165-7836(01)00360-5
https://doi.org/10.1016/s0165-7836(01)00360-5
https://doi.org/10.1016/s0300-9629(97)00240-5
https://doi.org/10.1016/j.anbehav.2013.12.029
https://doi.org/10.1016/j.anbehav.2013.12.029
https://doi.org/10.3354/meps14222
https://doi.org/10.1002/ece3.5775
https://doi.org/10.1016/j.ocecoaman.2015.05.021
https://doi.org/10.1016/j.ocecoaman.2015.05.021
https://doi.org/10.1016/j.biocon.2005.10.020
https://doi.org/10.1016/j.biocon.2005.10.020
https://doi.org/10.1134/s0032945222050241
https://doi.org/10.1371/journal.pone.0180110

	Noise results in lower quality of an important forage fish, the Pacific sand lance, Ammodytes personatus
	1 Introduction
	2 Methods
	2.1 Species
	2.2 Field collections
	2.3 Experimental setup
	2.4 Experimental timeline
	2.5 Playbacks
	2.5.1 Control
	2.5.2 Wind farms
	2.5.3 Pile driving
	2.5.4 Boat traffic

	2.6 Energy density calculation
	2.7 Statistical analysis
	2.8 Ethics

	3 Results
	4 Discussion
	4.1 Habituation
	4.2 Behaviour
	4.3 Noise sources
	4.4 Impacts and mitigation
	4.5 Final thoughts

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


