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1 Executive Summa

The goal of this project was to provide analyses and recommendations to support the optimal design of a baleen

whale passive acoustic monitoring (PAM) network in the Virginia Offshore Area (VOWA). We used computer
simulation to perform a statistical analysis, to determine the power to detect biologically realistic changes in
whale distribution and behavior associated with construction and operation of the wind farm using three
candidate designs. The three designs were: |) a regional PAM monitoring design provided by Van Parijs et al.
(2021, doi:10.3389/fmars.2021.760840) consisting of a 20 x 20 km grid of sensors (“small PAM grid”) located
around the wind energy area (VOWA) and a 40 x 40 km grid (“large PAM grid”); Il) a modified design with a 10 x
10 km grid replacing the small PAM grid; and 1lI) a second modified design with a linear array of PAM stations in
a T-configuration (i.e., with 3 “arms”) centered on VOWA and denser sensor placement towards the center of
the T, again replacing the small PAM grid. In all cases, each PAM station was assumed to consist of a bottom-
mounted archival recorder and subsequent acoustic processing used to derive counts of detected vocalizations
per unit time, which was assumed to be done independently at each station (so, for example, the possibility of

localizing calls was not considered).

Statistical power is the probability of obtaining a statistically significant result in a hypothesis test, given that
some specified change exists. We set a target power of 80% and a nominal false positive rate (i.e., probability of
detecting a change if none exists) of 5%. We chose four study species: fin, sei, minke and North American right
whale (NARW). We determined power using just the sensors within 20 km of VOWA (“small monitoring area”)

and within a larger circle around VOWA about as far as the continental shelf (“large monitoring area”).

We simulated acoustic detection rate data by sampling from spatially- and temporally referenced whale density
surfaces provided by Duke University at the spatial scale of 5 x 5 km and temporal scale of a month, applying the
hypothesized changes due to wind farm construction or operation, and converting the simulated whale numbers
to acoustic detection numbers using assumed average animal vocalization rates and effective detection ranges.
We applied a statistical test to the simulated data, looking to see whether the relationship between acoustic
detection rate and distance from wind farm changed between baseline data (collected over 1 year) and data
collected during construction (1 year, only construction months). We repeated the simulation 500 times for each
hypothesis, and species and calculated power as the proportion of simulations that yielded a statistically

significant result.

Very little is known on how construction and operation of wind farms may affect baleen whales. We specified
eight hypotheses on how simulated whales of the study species may respond. These could be broadly grouped

into four categories: I) Construction and operation of wind farms had no effect on whale distribution and
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acoustic behavior (H1* and H8). In H1 there was no systematic change in whale density or distribution over time;
in H8 there was a region-wide decline, but unrelated to wind farms. II) Construction of wind farms caused a
change in acoustic behavior (cue production rate) (H2). The change was modelled to be strongest close to the
construction location and declined with increasing range. lll) Construction of wind farms caused temporary
displacement of whales (H3-H5). Again, the effect was modelled to be strongest close to the construction
location; the hypotheses differ in whether the direction of displacement is dependent on habitat preference or
other construction-related activities (such as shipping). IV) Operation of wind farms caused long-term change in
whale distribution (H7). For hypotheses involving response to construction, we used two assumed dose-
response functions, taken from a separate expert elicitation on the response of NARW to pile driving combined
with a simple sound propagation model. In the less sensitive function (DR12), there was a sharp decline in
probability of response within the first 2 km from the source and reaching 1% at 18 km. In the more sensitive

function (DR2), the probability of response declined gradually, reching 1% at 30 km.

Hypothesis H1 specifies no effect of wind farms and hence any significant result in the power analysis under this
hypothesis is a false positive. We found that false positive rates were higher than the nominal level of 5%, ranging
from 5-14%, but that false positive rate was lower when larger monitoring areas were used, and was lower under

the T-design than the other designs.

Hypotheses H2-H5 involved effects of construction, using DR1 and DR2. We found that power under the Van
Parijs et al. design was low (i.e., below the target of 80%) for all species and hypotheses. This was largely because
the effect size, i.e., the proportion of animals monitored that responded, was small. Power was higher, but still
below 80% threshold, if only sensors within 20 km of each VOWA were used (the “small monitoring area”),
because this is focused on the area where the effect is strongest. Power was particularly low for fin whales
because they can be detected over large distances, and so even sensors close to the sound source detect a
mixture of responding and non-responding whales. Minke whales had the highest power, likely because they
were only detectable over short ranges and had a higher acoustic encounter rate than other species (except fin

whale). Sei whales and NARW typically had power values between fin and minke whales.
Power was also low under the Van Parijs et al. design to detect changes due to operation (H7).

The alternative monitoring designs both resulted in substantially higher power to detect effects of construction
and operation but only for minke whales, because sampling effort was concentrated closer to the wind farm

footprint where change was greatest.

! H indicated a hypothesis. These are numbered from 1 to 8.

2 DR indicates a dose-response.
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Power to detect the region-wide decline (H8) was high for minke whales, but not for the remaing species at
VOWA under all designs. We did not explicitly examine power to detect long-term trends, but this result shows
the potential for PAM as a population monitoring tool (although this would require additional information about

spatial and temporal patterns of vocalization rate and acoustic detectability).

Our results are strongly contingent on the assumptions made and we suggest future studies that could be
undertaken to improve the reliability and scope of the analysis. These include looking at finer temporal scales
(which would require example acoustic data on which to base simulations) and examining alternative analysis

methods.

Based on our results, we recommend replacing the 20 x 20 km small monitoring grid of sensors around VOWA
with an alternative array that concentrates sensors where a response is expected and distributes sensors
relatively evenly across the VOWA. Of the designs we tested, the T-design appears better than a 10 x 10 km grid

of sensors, but other linear designs with closer sensor spacing nearer the centre of each wind farm are possible.

There is in addition a need for sensors at distances from the VOWA where no response is expected, and this role

could be fulfilled by the 40 x 40 km grid. Monitoring over a larger area reduced the false positive rate.

To maximize the sample size of acoustic sensors we recommend pooling resources across stakeholders who are
deploying sensors. Power will also likely be higher if analyses of construction effect were combined across VOWA

and the neighbouring wind areas, and this is one of the additional investigations we recommend.

For species like fin whales with large acoustic detection distances, consideration should be given to localizing

calls and undertaking effects analysis using the localizations.

One method to improve power is to accept a higher false-positive detection rate. We used a nominal false-
positive rate of 5% and a target power of 80%, but these values are conventions and consideration could be

given to using other values.

2 Introduction

2.1 Aims of the project

The overall aim of the project is to provide the RWSC Marine Mammal Subcommittee with analyses and
recommendations to support the optimal design of a baleen whale Passive Acoustic Monitoring (PAM) Network
in the Virginia Offshore Area (VOWA). A recommended regional PAM monitoring design for the Northeast U.S.
offshore wind energy areas was provided by Van Parijs et al. (2021) (see Figure SI-2 in that paper, referred to
here as the “Van Parijs et al. grid”). The design is based on a network of PAM stations at two spatial resolutions:
a 20 x 20 km grid around the VOWA (referred to here as the “small PAM grid”), and a 40 x 40 km grid between
the VOWA and neighboring wind farms (referred to as “large PAM grid”). Each PAM station comprises a single

hydrophone bottom-mounted archival recorder. Here we present results, based on computer simulation, of the

8
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statistical power of this proposed design to detect biologically realistic changes in whale distribution and
behavior associated with construction and operation of wind farms within the VOWA. We additionally evaluate
two alternative designs: (1) a 10 x 10 km small PAM grid, and (2) a linear array of PAM stations in a T-
configuration (i.e., with 3 “arms”) centered on each development area (“T-design”). We follow convention in
setting a target power (i.e., probability of detecting a change if it exists) of 80% or greater and a false positive

rate (i.e., probability of detecting a change if none exists) of 5%.

The remainder of this document is laid out as follows. In the Introduction, we provide a brief overview of the
spatial ecology of baleen whale species along the U.S. East Coast and a summary of the observed effects of
disturbance related to offshore wind farm development. We use this information to develop hypotheses for
what changes might occur, including also possible changes not related to offshore wind farms. These hypotheses
of change provide the basis for our simulation study, focusing on the acoustic signal generated by the change.
We give an overview of issues to be considered in using PAM to detect such changes. In the Methods section,
we provide an overview of the power analysis and give details on each step of the analysis. We then present

Results and a Discussion of the results, the caveats accompanying them, and our recommendations.

This report is part of larger, regional analysis for optimization of PAM monitoring along the East Coast of U.S.

described in detail in Chudzinska and Thomas (2023).
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Figure 1. The Virginia Offshore Area sites, with monitoring areas shown around it and the PAM grids. The study site has
two sizes of monitoring areas: 20 km buffer and larger buffer spanning over the continental shelf. The two PAM grids
(Van Parijs et al. 2021) have a 40 km grid spacing (red dots) and a 20 km spacing (black dots).

2.2 Baleen whales along the East Coast of the U.S. and in VOWA area

Six baleen whale species are found in the western North Atlantic along the U.S. East Coast: minke (Balaenoptera
acutorostrata), North Atlantic right (NARW; Eubalaena glacialis), humpback (Megaptera novaeangliae), sei
(Balaenoptera borealis), fin (Balaenoptera physalus), and blue (Balaenoptera musculus) whales. These are

mainly migratory species moving annually between summer breeding grounds and winter foraging areas.

The coastal waters off Virginia, U.S., contain a migratory corridor for several baleen whale species, such as fin,
minke, humpback and North Atlantic right whales (NARW). For the latter species, the entire U.S. Atlantic coast
represents a Biologically Important Area, and Virginia waters are an important part of their migratory corridor
as they move between summer feeding grounds in the north and calving grounds in the south (LaBrecque et al.
2015). In terms of conservation status, fin whales are listed as vulnerable on the IUCN red list, sei and blue
whales as endangered, and NARW as critically endangered. VOWA is located at the north end of the Currituck
Sound Protraction block (see Salisbury et al. 2018 for detailed information on size, location, and physical

characteristics of the VOWA).

Previous monitoring of density and distribution of baleen whales off Virginia show pronounced inter- and intra-
annual variability in timing of presence of the whales at the study site (Salisbury et al. 2018, Burt and Thomas,
2021). For example, both acoustic and aerial monitoring show a peak in presence of NARW in winter months,
but depending on year, this peak may occur in January, February, or March (Salisbury et al. 2018,). Similar inter
annual variability in timing of presence has been reported along other parts of the Atlantic coast migratory route
of whales (Tetra Tech and LGL, 2020). Baseline data collection is, therefore, essential to build an understanding
of inter- and intra- year variability of species presence in an area. It will allow for inference to be drawn from
any of the observed changes and whether they are a result of oceanographic, ecological, or climatological

factors, or due to anthropogenic effects such as offshore wind farm construction.

There is a large variation in reported measured or modelled PAM detection ranges (see Section 2.5 for details)
and acoustic behavior (cue rate) of the six baleen whale species. Fin whales have the largest reported detection
range (> 120km (Salisbury et al. 2018, Estabrook et al. 2021)) and minke whales and NARW the smallest, although
there is large variation for these species reported between different areas of the study site (Salisbury et al. 2018).
The detection ranges for the remaining species have been reported to be ~4-25 km (Salisbury et al. 2018,
Estabrook et al. 2021, Palmer et al. 2022). As the detection range for each species may vary over space, we use
estimations of detection range closest to or within the study area; we also require more information than just
mean or maximum detection range, and use only reports that provide at least three percentiles for detection
(e.g., ranges at which 5, 50 and 95% of calls are estimated to be detected, see details in Methods section)

(Salisbury et al. 2018, Estabrook et al. 2021). Studies estimating detection ranges from other areas or not

10
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providing percentiles (e.g. Gervaise et al. 2019, Kowarski et al. 2020, Palmer et al. 2022) were therefore not used
here. There is also a large variation in cue production rate between species, rates at which individuals produce
acoustic signals (Fregosi et al. 2022). For cue production rate, fin whales have been estimated to produce on
average 45 cues/h (Stimpert et al. 2015) and minke whales and NARW only ~ 6 cues/h (Parks et al. 2011, Martin
et al. 2013) however information for fin, sei and minke whales come from the Pacific region. Apart from NARW,
no information on call rate from East Coast of the U.S. is available for minke, sei, fin and blue whales. No

information on rates from the study site is available for any of the modelled species

After consulting with BOEM and RWSC, four baleen species were chosen for analysis: NARW, fin, minke and sei
whales. Fin and minke whales are the most abundant species and are at the two extremes in terms of detection
ranges and cue production rates. NARW and sei whales are less abundant species, but NARW are of highest

conservation concern.

2.3 Potential effects of offshore wind development on behavior of cetaceans

The majority of studies describing the effects of construction and operation of wind farms on cetaceans come
from Europe, where small odontocetes (dolphins and porpoise mainly) have been the main focus. Displacement
effects, at ranges up to 10-26 km from the footprint of offshore wind farms during construction have been
reported (Ddhne et al. 2013, Brandt et al. 2016, Dahne et al. 2017, Brandt et al. 2018, Graham et al. 2019,
Benhemma-Le Gall et al. 2021, Graham et al. 2023). Together, these studies indicate that the distance and
duration of avoidance may be related to habitat quality, received noise level (which in turn is a function of source
level and sound propagation conditions), hearing characteristics of the studied species, distance to the noise
source, duration of exposure, level and type of mitigation and presence of other noise sources like construction
vessels. There is variation among studies in the reported duration of effect, from hours (Dahne et al. 2017) and
days (Brandt et al. 2018) to years (Teimann and Carstensen 2012), which also suggest that operation of offshore
wind farms may affect cetacean behavior, including distribution. These large differences are hypothesized to be

mainly driven by the habitat quality and the noise characteristics at the area during construction and operation.

The acoustic frequency range used by baleen whales to communicate, and presumed hearing sensitivity,
overlaps more with frequencies produced by pile driving (Py¢ et al. (2018), see Fig. 3 in Van Parijs et al. (2021))
than in the case of odontocetes. Little is known about the effect of pile-driving noise on baleen whales, and we
are not aware of any empirical data on behavioral response to pile driving in this group. While the effects of
pile driving on odontocetes may not be directly transferable to baleen whales some informed estimates can be
made based on understanding of their hearing, response to other low-frequency noise sources (e.g., seismic or

vessel) and models or auditory masking (Hatch et al. 2012, Erbe et al. 2016).

11
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We suggest seven hypotheses, listed in Table 2, on how whales of the study species may respond to construction
and operation of wind farms, and how this may affect acoustic detections We also outline what additional data
(in addition to PAM) or analyses maybe required to distinguish between the hypotheses, although this is not the
focus of the current report. For consistency with regional analysis (Chudzinska and Thomas, 2023), the
numbering of hypotheses is kept the same between these two reports. H6 did not apply to VOWA in the regional
study, hence it is omitted from this report, but the numbering of the remaining hypotheses remains the same.
Broadly, the hypotheses can be grouped into four categories, as follows. I) Construction and operation of wind
farms has no effect on whale distribution and acoustic behavior (H1 and H8). In H1 there is no systematic change
in whale density or distribution over time; in H8 there is a region-wide decline, but unrelated to wind farms. I1)
Construction of wind farms causes a change in acoustic behavior (cue production rate) (H2). The change will be
strongest close to the construction location and decline with increasing range. Ill) Construction of wind farms
causes temporary displacement of whales (H3-H5). Again, the effect will be strongest close to the construction
location; the hypotheses differ in whether the direction of displacement is dependent on habitat preference or
other construction-related activities (such as shipping). IV) Operation of wind farms causes long-term change in

whale distribution (H7).

In cases where we hypothesize that construction of wind farms results in behavioral response (either
displacement or change in cue rate), to calculate the number of animals responding, we multiply the number of
animals at each distance from the source (here derived from animal density maps such as Roberts et al. (2022))
by the probability that each animals will respond, obtained from an assumed dose-response function (Tyack and
Thomas 2019). If the dose-response function uses received noise level rather than distance as the dose metric
then the range-specific received level must be estimated (e.g., using a sound propagation model). To our
knowledge, no empirical dose-response function has been derived for a baleen whale species’ response to
construction of offshore wind farms. However, an interim function for NARW was obtained using expert
elicitation in December 2022 by a team from the University of St Andrews as part of a BOEM-funded project
“Assessing population effects of offshore wind development on North Atlantic right whales”. A distribution of
functions was elicited, representing scientific uncertainty in the dose-response function; we use the first and
third quartiles from this distribution (less and more sensitive, respectively, see Methods for details) and assume

these apply to all species.

We note that baleen whale dose-response functions have been developed for other noise sources (e.g. Sivle et
al. 2015, Dunlop et al. 2017, Dunlop et al. 2018, Dunlop et al. 2020) and this information was included in the
input to the expert elicitation. However, in many cases the data have been summarized in the form of a received
level at which probability of response is a given value, typically 50%. For example, 50% probability of inducing
behavioral responses may be expected at a received sound pressure level (SPL) of 140-160 dB re 1 uPa based on
the responses of migrating grey whales to airguns (Malme et al. 1984, Wood et al. 2012, see also summary in

Py¢ et al. 2018). The use of 50% thresholds to estimate zones of impact has been criticized by Tyack and Thomas

12
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(2019), who showed that it can lead to a large underestimation of the number of animals responding. They
advocate the use of a dose-response function or, if a single threshold value is preferred, then it should be based
on the concept of an effective response range (see paper for details). Nevertheless, 50% thresholds may provide
a helpful frame of reference. Based on a literature review and sound propagation modeling, Py¢ et al. (2018)
predicted 50% probability of response for baleen whale species in the Vineyard Wind 1 Area VOWA to be at 2-7
km from turbine installation, depending on exposure scenario, foundation type and attenuation level, and
assuming a step function with certain response at a frequency-weighted sound pressure level of 140 dB (see
Tables 10 and 13 in Py¢ et al. 2018). Depending on the scenario (humber of pilings per day, attenuation level and
number of piles), no more than 1 to 40 individuals (depending on the baleen whale species) would be estimated
to experience sound levels above the threshold criteria, which is no more than 4% of the population of a given
species (Py¢ et al. 2018). The recommended distance for monitoring and mitigation during Vineyard Wind 1

construction for North Atlantic right whales (NARW) was 10 km (Py¢ et al. 2018).

For hypotheses where the response is displacement only, once the number of displaced animals is estimated,
we will also consider the location the displaced animals move to. Direct evidence of this is (to our knowledge)
lacking, so we considered a range of hypotheses. We set an upper limit on the displacement distance and within
that distributed responding animals uniformly (“symmetrical displacement”, H3), or according to the underlying

habitat model (H4) or according to the habitat model but also accounting for patterns of vessel traffic (H5).

Construction of wind farms is not limited only to foundation installation: a range of activities happen before and
after this installation, such as cable or turbine installation. In this project we focus only on periods when
foundations are installed (referred to as ‘construction’ throughout the text, Table 1) as we are not aware of any
data on the effect of other activities on baleen whales. We also consider hypotheses based around long-term
operation. Piles can be installed in a variety of ways: impact hammering, vibrating piling or drilling and a mix of
the methods can be used for a given wind farm. The presented study focuses on impact pile driving as this is the

loudest of the methods.

Table 1. Timing of foundation installation for the studied wind energy areas and assumptions on corresponding baseline
monitoring.

Wind energy area Foundation installation Baseline Size of the large
monitoring monitoring area (km)
VOWA May — October 2024 May - October 80

May — October 2025

May - September 2026
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2.4 Challenges of using PAMs to detect changes in behavior and distribution of baleen whales

and the effect of these challenges on quantifying power.

Responses to anthropogenic disturbance, including noise, have been quantified using Behavioral Response
Studies (BRSs). Such studies either involve controlled exposure experiments, where animals are exposed to a
controlled level of a potential stressor, or in opportunistic contexts where exposure and concurrent activities
are monitored in a strategic manner (see Harris et al. 2018 for a review on the context of disturbance from naval
sonar). A variety of animal observation techniques have been employed, some focused on measuring the
response of individual animals (e.g., animal-borne tags, ship-based or aerial focal follows, acoustic tracking
arrays) and others on changes in occurrence or density of animals at the population level (e.g., visual surveys,
PAM). Often, the approaches are complementary—for example, Tyack (2011) used results from both a
controlled exposure experiment on a small number of individuals and a large-scale opportunistic population-

level PAM study to infer an avoidance response by Blainville’s beaked whales to naval sonar exercises.

We here focus on the use of a fixed array of archival PAM sensors to perform population-level inference on
behavioral response. We note that other types of PAM system exist (e.g., glider-mounted, towed or buoyed;
real-time vs archival) and can be used for mitigation and monitoring in the context of wind energy
development—see, e.g., review by Van Parijs et al. (2021). Archival data is post-processed once the recordings
are recovered, and detections of vocalizations from the target species are identified. If each sensor is analyzed
independently then the resulting data are a count of detections per unit of monitoring time. If sensors are close
enough together that the same vocalizations can be detected on multiple sensors, it may in addition be possible
to localize animals making the sounds, allowing a finer level of inference about any possible behavioral change.
Further, under some circumstances it may be possible to track individual vocalizing animals, allowing for

individual level responses to be studied (see e.g. Durbach et al. 2021).

Returning to the independent sensor analysis, changes in detection rate associated with wind farm construction
or operation could be caused by several factors: changes in detectability of vocalizations (e.g., via masking of
the sounds), change in the frequency of false positive detections, change in animal vocalization behavior or
changes in local animal distribution. Additional studies may be required to exclude the first two factors, although
any masking should only occur while anthropogenic sounds are being made while biological changes may be
more long term. Distinguishing between changes in vocalization behavior and changes in animal distribution
also requires additional data collection—but both constitute a behavioral response that are of interest to detect.
However, detecting such a change on a single sensor concurrent with wind farm construction or operation is not
enough to infer the wind farm has caused the change because any change may be part of some larger-scale
process that is independent of the wind farm activities. This is why it is crucial to monitor at a range of distances
from the wind farm site: a change in detection rates close to wind farm activities that does not occur at further

distances is much stronger evidence that the change is caused by the activities. Detecting an interaction between
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change in detection rate and distance from wind farm, while accounting for other factors such as monthly

changes in detection rate in the baseline data, is the core of the statistical test used in the power analysis.

The density of the four baleen species chosen for this analysis is generally low. In particular, for NARW,
construction of some of the wind farms is scheduled to happen in the months when they are at seasonally low
density (Py¢ et al. 2018). As a result, the number of whales responding to construction (or operation) of wind
farms is also going to be low. For a given statistical test and chosen alevel, statistical power increases with
increasing effect size (i.e., true magnitude of change) and sample size, and decreases with increasing variability.
For the statistical test evaluated here, effect size is related to the proportion of whales responding within the
area monitored by the PAM devices, rather than the absolute number responding. Hence the low number
responding will not necessarily cause low power if the proportion responding is consistent. However, low
numbers may lead to high variability over time and space, which may result in low power. In addition, in some

cases there may be no whales at all in the area, giving an effect size of zero.

Variability in baseline density in space and time will tend to decrease power unless it is dealt with as part of the
analysis. The highest density of the studied species generally is along the continental shelf and there is therefore
a natural gradient in whale density from VOWA towards the continental shelf. This gradient is accounted for in
the analysis method used (which models acoustic encounter rate under baseline conditions as a function of
distance from each wind farm), and so should not cause either decreased power or elevated false positive rate.

Variability in time is partly accounted for by including month as a factor in the model.

Another issue that could potentially affect power is that some species (fin whale in particular) can be detected
at a considerable distance from the acoustic sensors. In this case, if response to wind farms only occurs relatively
close to the wind farm footprint, then sensors placed near the wind farm boundary will detect a mix of
responding and non-responding animals. This will dilute the measured effect size and reduce power. We return

to this in the Discussion.

As well as quantifying statistical power given a specified change, it is important to quantify the false- positive
rate—i.e., the probability of detecting a statistically significant effect when none exists. We followed convention
in using a threshold for statistical significance of p = 0.05, which should result in a 5% false positive rate.
However, for complex statistical tests like those used here, the false positive rate can be different from the
nominal value. In addition, it may be that random variation in animal density over time produces a change in
distribution with respect to distance from a wind farm and so triggers a positive significance test. To evaluate

false positive rate, we include a hypothesis of no change (H1) in our test suite.
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Table 2. Summary of potential drivers, acoustic effect of these drivers, additional to PAM data required to study the driver and additional reading supporting the driver related to the
construction and operation of offshore wind farms. For consistency with regional analysis (Chudzinska and Thomas, 2023), the numbering of hypotheses is kept the same between these
two reports. H6 did apply to VOWA in the regional study, hence it is omitted from this report, but the numbering of the remaining hypotheses remains the same.

Drivers and hypothesis

Effect observed in PAM data

Additional data or analysis
required to distinguish from
other hypotheses

Additional reading

Tested scenarios and methods

Construction and operation There are no changes in Visual surveys and tagging to Bailey et al. (2010) Simulation: no re-distribution
activities have no effect on acoustic encounter rates with confirm no changes in behavior of whales or changes in cue
baleen whale distribution or distance from wind farm such as foraging or group rate will be generated for all
behavior. between behavior. the wind farms.
construction/operation versus
the same area before Studies could additionally
construction (referred to undertake analysis of stress
hereafter as “over time”). hormones to understand : ;
) Analysis: examine the
whether there is a . . .
) ) . relationship between acoustic
physiological response even if .
i . encounter rate and distance to
no behavioral response is . .
the wind farm under baseline
observed.
and under
construction/operation. Under
this hypothesis, the
relationship should not differ.
The proportion of times a
significant difference is found
is an estimate of the false
positive rate, i.e., the
probability of detecting a
change if the change is not
present.
Construction activities have no | We would observe a change in | Additional data, e.g., a visual Benhemma-Le Gall et al. Simulation: the number of

effect on baleen whale
distribution but have an effect

acoustic encounter rate over
time with distance from wind
farm (compared with the

baseline pattern), where the

survey or tagging study, would
be needed to confirm that
there is no displacement.

(2021)

responding whales will be

calculated based on a dose-
response function. We then
simulate 1) 100% decrease in
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on their behavior related to
cue production.

change is driven by change in
cue production or cue
detection rate (see next
column) and not by changes in
distribution.

As pile driving mainly occurs
during the day (Heaney et al.
2020), an increase in cue rate
may be observed at night as a
function of time since last pile-
driving event (although diurnal
patterns in baseline would
need to be considered).

A decrease in encounter rate
of acoustic detections could
also result from decrease in
cue detection rate due to
masking (Erbe et al. 2016,
Cholewiak et al. 2018).
Comparing data collected
during actual piling with in-
between piling is needed to
distinguish between these two
options.

cue rate of the responding
whales (referred to as
“H2_100"); 1) 50% decrease in
the cue rate of the responding
whales simulating either
masking or changes in cue
production occurring only
during the day or a partial
response (referred to as
“H2_50").

No whale re-distribution is
assumed for this hypothesis.
Simulation to be done for all
wind farms.

Analysis: examine the
relationship between acoustic
encounter rate and distance to
the wind farm under baseline
and under construction. The
proportion of times a
significant difference is found
is an estimate of power.

Construction activities cause
displacement of whales away
from the construction
locations, with displacement
occurring equally in all
directions. There is no change
in cue production of individual
whales.

We would observe a decrease
in acoustic encounter rate over
time with distance from wind
farm, compared to the
baseline pattern.

Visual survey or tagging study
to confirm that this is animal
displacement and not a change
in cue detection/production
rate.

Animals may increase their
foraging effort when displaced
from the wind farm to

Kraus et al. (2019)

Py¢ et al. (2018)

Benhemma-Le Gall et al.

(2021)

Sivle et al. (2016)

Simulation: the number of
responding whales will be
calculated based on dose-
response functions. We then
simulate displacement of
responding whales from the
footprint of the wind farm with

17



SMRU Consulting

understand ¢ assess ¢ mitigate

compensate for the lost
foraging time when moving
away from the site
(Benhemma-Le Gall et al.
2021). In such a case we may
expect an increase in foraging
activity further away from the
construction which could be
confirmed by tagging.

Note that this hypothesis is not
considered very likely to be
correct, as whales can be
displaced to areas where they
were previously not known to
occur.

equal probability of
displacement in all directions.

Analysis: as for H2.

Construction activities cause
displacement of whales away
from activity locations
preferentially towards higher
density areas outside wind
farm.

We would observe a decrease
in acoustic encounter rate over
time with distance from wind
farm (compared to baseline
pattern) with a corresponding
increase being proportional to
the observed baseline
densities in the areas around
the wind farm.

Same as H3.

Davis et al. (2020)
Salisbury et al. (2018)
Roberts et al. (2016)
BOEM and NOAA (2022)
Rolland et al. (2016)

Ellison et al. (2012)

Simulation: the number of
responding whales calculated
as for H3. Displacement
locations will be proportional
to baseline density.

Analysis: as for H2.

Note this means we will test
for displacement as a function
of distance. In this report, we
do not additionally seek to
distinguish between H3 and H4
but this could be done by
fitting an acoustic encounter
density surface to the data and
looking for an increase in
detections proportional to
baseline density (or
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proportional to baseline
animal density as estimated
by, e.g., Roberts et al. 2016).

Construction activities cause
displacement of whales away
from activity locations
preferentially towards higher
density areas outside of the
wind farm, but this preference
is lessened by additional
anthropogenic activities such
as shipping that are associated
with construction but take
place away from the piling
locations.

We would observe a decrease
in acoustic encounter rate over
time with distance from wind
farm, compared to baseline
pattern.

The corresponding increase in
density at nearby sites would
be a function of baseline
density and additional
anthropogenic activity.

Same as H3, plus data on other
anthropogenic activity: vessel
traffic, etc.

www.northeastoceandata.org
https://globalfishingwatch.org

https://marinecadastre.gov/
accessais/

Simulation: the number of
responding whales calculated
as for H3. Displacement
locations will be proportional
to baseline density, modified
according to an anthropogenic
pressure map. This map will be
generated based on AlS data
scaled from 0 to 1 with 0
meaning high anthropogenic
pressure.

Analysis: as for H2.

Note, as for H4, this means we
do not seek to distinguish
between H3, H4 or this
hypothesis.

Displacement and alteration of
whale behavior during
construction leads to long-
term displacement of whales.
Such long-term displacement
may be related to the noise of
the operational turbines,
anthropogenic activity related
to maintenance or changes in

The displacement would not
only occur during construction
but also several months after
construction stops and
operation starts.

Aerial surveys to confirm
displacement and distinguish
from changes in cue
production rate.

Monitoring of prey
composition and distribution
within and outside wind farm

Though operational turbine
noise levels are generally
low/close to ambient, larger
turbines may lead to
behavioral response in low-
frequency specialists such as
baleen whales within ~1.4 km
of turbines (Teilmann and

Simulation: to calculate the
number of responding whales,
density within the wind farm
footprint was set to zero;
displaced whales were
redistributed according to
baseline density (as for H4).
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prey distribution/behavior at
the wind farm.

could determine if prey
changes are driving effect.

Carstensen 2012, Stéber and
Thomsen 2021).

Displacement took place in all
months.

Analysis: as for H4.

Displacement or decline of
whales is not linked to
activating related to
construction or operation of
wind farms but it is a large-
scale phenomenon related to

global changes in environment.

The decrease or displacement
of whales would occur over the
entire study region.

If PAM is to be used to detect a
long-term decline in
density/abundance within the
region, then additional data
collection is needed to
determine if detectability
and/or cue rate changes over
time. Alternative population
monitoring such as visual
surveys may be used.

Global shift or decline of
whales has been observed
along the U.S. East Coast
especially related to NARW
and changes in distribution of
their primary food (Ramp et al.
2015, Davis et al. 2017, Meyer-
Gutbrod et al. 2018).

Simulation: a region-wide
decrease in acoustic encounter
rate was simulated that was
equal in magnitude to the
average decline under H3
within 20 km of a wind farm
during construction.

Analysis: unlike previous
hypotheses, the focus here is
on whether the effect of year
is statistically significant (and
whether the interaction
between distance and phase is
not).
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3 Methods

3.1 Overview

For the selected study species (NARW, fin, minke and sei whales), the power analysis was conducted in two

steps.
1) Local, at the level of VOWA, based on the PAM design of Van Parijs et al. and examining all
hypotheses (H1-H8).
1) Local, as with step |, but using alternative PAM design(s) if step | showed low power to detect

change.

An overview of these steps is given below. All analyses were undertaken using the R statistical software (R Core

Team 2022).

For step |, to evaluate hypothesized changes within and around each wind farm, we did not use the entire
regional PAM network. Rather, we sought to understand how power to detect change is affected by the size of
the monitoring area and by the PAM density. We defined two sizes of monitoring area: I) the wind farm footprint
plus a 20 km buffer (the “small monitoring area”), and Il) the wind farm footprint plus a buffer large enough to
cover the continental shelf (“large monitoring area”) (Figure 1). To examine PAM density, we calculated power
using 1) both the large (40 x 40 km spacing) PAM grid and the small (20 x 20 km spacing) PAM grid suggested by
Van Parijs et al. and Il) just the small PAM grid. If power is high and false positive detection rate is low with just

the small PAM grid, the monitoring scheme will be considerably less expensive. The grids are shown in Figure 1.

We evaluated all seven hypotheses as shown in Table 2. For each species and hypothesis, the power analysis
proceeded through a series of sub-steps, shown in Figure 2. We first simulated a set of 500 random replicate
density surfaces on a 5 x 5 km grid for relevant months and years from habitat-based density models (sub-step
1). For hypotheses involving construction (H2-H5), we defined the sound source location for each month as a
subset of the VOWA (sub-step 2). We then calculated the number of responding whales during construction or
operation according to the hypothesis (sub-step 3) and, for hypotheses that involved displacement (H3-H8) we
generated the appropriate spatial change in whale density (sub-step 4). We next transformed the whale
densities per grid cell into a number of vocalizations (“cues”) per month (sub-step 5) and, for the given PAM
design, to the number of cues detected on each PAM sensor (sub-step 6). These detection numbers formed the
input data for a statistical analysis to determine whether the hypothesized effect was detected or not. Analysis
involves comparing one year of baseline data (just the months of construction for the construction-related
hypotheses) with the same months of data from a construction or operation period. This process was repeated
500 times, once for each replicate simulated dataset, and the proportion of statistically significant results was

used as the estimate of power (or false positive rate for H1 since this hypothesis is that there is no change related
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to construction or operation) (sub-step 7). Note that while sub-step 1 involves stochasticity, all other sub-steps

are deterministic.

. . 3. Calculat b
,‘E 1. Generate baseline 2. Define source alculate number
. . . of responding
< animal density location
o whales
0
=
|_
<
o
5 5. Transform whale 6. Calculate number
L 4. Generate change densities into of detected
o in whale distribution number of vocalizations on
vocalizations (cues) Sensors

7. Assess power

Figure 2. Flow chart of seven sub-steps of the analysis.

For construction-related hypotheses, we assumed 1 year of baseline monitoring and 1 year of construction, just
in the months where construction activities were planned (Table 1). For operation-related hypotheses (H7) , we

assumed 1 year of baseline monitoring and 1 full year of operation.

After completing step | (i.e., power analysis based on the Van Parijs et al. design) we found that power to detect
hypotheses relating to construction and operation was not above the target level of 80% for any scenario.
Therefore, in step Il, we created two alternative PAM designs to replace the 20 x 20 km small grid of Van Parijs
et al. in the vicinity of each wind farm: 1) a 10 x 10 km grid and 1l) a linear array of PAM stations in a T-

configuration. We repeated the same sub-steps to evaluate power.

3.2 Generating baseline animal density

Baseline animal density surfaces were generated using habitat-based marine mammal density models for the
U.S. Atlantic (https://seamap.env.duke.edu/models/Duke/EC/) produced by the Duke University in
collaboration with Marine Geospatial Ecology Laboratory (MGEL) of Duke University. These models were based
on analysis of aerial and shipboard visual line transect survey data from multiple sources—see Roberts et al.

(2016) and the above web site for details. For each species, we used the most recent version of the models (see

22



SMRU Consulting
understand ¢ assess ¢ mitigate

Table 3) available at the time we undertook our analysis; for minke whale there was a separate model for
summer (April-October) and winter (November-March). The models predict density of the studied species with
one-month temporal resolution and 5 x 5 km spatial resolution. Two types of models were produced by MGEL,
depending on the species (and, for minke whale, the season): for fin whale and minke whale (winter) the models
used climatological covariates whose value changed by month but were averaged across years, while for fin
whale, NARW and minke whale (summer) the models used contemporaneous dynamic covariates whose value
changed by month and year. In the latter case, we generated density surfaces using the most recent 5 years in

the model (see
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Table 3). The spatial coverage of the MGEL models varied between species (Figure 3A): models for sei whales

and minke whales in winter did not extend much further southwest than VOWA.

The density models include two sources of uncertainty: 1) uncertainty in the predicted average density surface
given covariate values, represented by variances and covariances on model parameter values, and Il) variability
in the number of animals present in a given grid cell on any day, represented by a statistical distribution on
predicted per-cell numbers (the MGEL models used a Tweedie distribution). To incorporate the first source of
uncertainty, we used parametric bootstrap resampling (sampling model parameters from a multivariate normal
distribution) to generate 500 realizations of the density surfaces for each species and month. For models that
use contemporaneous dynamic covariates, we sampled 100 realizations from each year, making 500 in total. To
incorporate the second source of uncertainty, for each realization and 5 x 5 grid cell, we generated a random
value from the Tweedie distribution with mean equal to the parametric bootstrap value and scale equal to the
value from the MGEL model divided by 30. The reason to divide by 30 was to account for the fact that we want

an average density per grid cell per month while the MGEL models use day as the sampling unit.

The above procedure occasionally generated unrealistically high-density values, and we hence implemented an
outlier removal procedure. We removed densities greater than an outlier threshold defined as Q3 + 1.5 * IQR
where Q3 is the third quartile and /QR the interquartile range of the densities. The removed predictions were
then replaced by new predictions generated by bootstrapping and generating values from Tweedie distribution,
so the number of realization maps was always equal to 500. For all four species, no more than 20 realizations

per species were above the defined threshold.

An example generated density map is shown in Figure 3B, and further examples for each species, wind farm and

month are given in Appendix B.
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Table 3. Version of the density surface distribution models used for each of the studied species, response variable

distribution of each model, prediction years used in the generation of model realizations (“-
contain year-referenced covariates) and references to the most recent model description.

”

indicates the model did not

Species Model Response variable | Prediction years Reference for the most
version | distribution and its recent model description

parameters

Fin whale | v12 Tweedie (p = 1.14, scale = | - Roberts et al. (2022)
7.20)

NARW v12 Tweedie (p = 1.23, scale = | 2016-2020 Roberts and Yack (2022b)
13.45)

Minke v10 Summer: Tweedie (p = 1.13, | 2015-2019 Roberts and Yack (2022a)

whale scale = 6.97)
Winter: Tweedie (p = 1.06, |
scale = 5.96)

Seiwhale | v10 Tweedie (p = 1.22, scale = | 2016-2020 Roberts and Yack (2022c)
14.36)
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1e+06 - 1e+06-

‘Whale density
[25km2]
1.50

1.25
1.00
075
0.50
025
0.00

0e+00- 0e+00-

-1e+06 - -1e+06 -

o 500000 1000000 1500000 o} 500000 1000000 1500000
X X

Figure 3. A: model extent for NARW, sei whale and minke whale. The black squares show location of the northernmost
wind farm (VYWA) and the southernmost wind farm (VOWA) for reference. B: Density of fin whales in January an
example of one out of 500 realization maps generated by parametric bootstrap (left) and then in addition accounting for
daily variability (right).
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3.3 Defining source location

This sub-step is relevant only for hypotheses involving wind farm construction (H2-H5, Table 2). As detailed
location and order of construction of each turbine was not available for each wind farm, we assumed that at
each month of the construction, piling took place within one section of the wind farm at a time. To define sound
source location, the wind farm was, therefore, divided into as many approximately similarly sized polygons as

months of piling (Table 1, see, e.g., Figure 4). The temporal ordering of the sections was chosen at random.

| 10 |

Figure 4. Division of the VOWA footprint based on location of piling. The piling takes place over 6 months and the
numbers in each polygon indicate the piling month (e.g., 5 is May, 6 is June, etc.).

3.4 Calculating number of simulated responding whales

The number of responding whales for the hypothesis related to construction (H2-H5, Table 2) was calculated
based on dose-response functions and uncertainty around them established for NARW during an expert
elicitation conducted in December 2022 (Booth et al. 2023). The functions elicited related to the received level
of sound from pile driving at which a foraging NARW would switch from a foraging to non-foraging state for at

least the rest of the pile driving on that day. We chose two functions, one below the elicited mean dose-response

function equal to 1t quartile (i.e., less sensitive) and one above the elicited mean equal to 3™ quartile (i.e., more
sensitive). We refer to these as DR1 and DR2 respectively. The same two functions were used for all calculations.
The dose response functions established in expert elicitation process were based on daily responses. Due to lack

of information on cumulative response, we assumed that dose-response by month was the same as that based
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on daily responses. This would be the case, for example, if whales return to the baseline distribution at the end

of each day after displacement.

We assumed impulsive source level of 200 dB re 1 uPa, including 10 dB broadband sound attenuation (following

Py¢ et al. (2018)), and transmission loss (TL) of:

TL = 15log;(R X 1000) + aR

where R is distance (km) from the source and a attenuation coefficient (dB km™). We chose a = 1.2, which was
the mean value for areas of ~40 m depth as presented in Heaney et al. (2020) (see Table 3-1). We also assumed

that at the distance where probability of response <= 1%, this probability was 0.

These dose-response functions resulted in a very sharp decline in probability of response within the first 2 km
from the source and reaching 1% at 18 km for DR1 (green line, Figure 5) and a more gradual decline with

probability of response 1% at 30 km for DR2 (orange line, Figure 5).

To calculate the number of responding whales for each 5 x 5 km density grid cell, the number of animals in that
grid cell was multiplied by the probability of response from the dose-response function. Distances were taken
from the center of each density grid cell to the closest edge of the sound source polygon. For grid cells with
centers inside the sound source polygon, all whales were assumed to respond (see Discussion for effect of this
assumption). An example showing probability of response under DR1 and DR2 for five months of piling at VYWA

is shown in Figure 6.

For hypothesis related to operation (H7), we assumed that all whales within the footprint of the wind farm
respond. In practice that meant altering the density of 5 x 5 km density grid cells whose center fell within the
wind farm footprint, and not altering density for cells with center outside the footprint. An example for is shown

in Figure 7.
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Figure 5. Probability of response with distance from the source for the two chosen dose-response functions assuming

200 dB source level. Green line is DR1, orange line is DR2.
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Figure 6. First six panels show the probability of response (p(resp)) for each of the piling months denoted by the title of

each panel for based on DR1 for VOWA. The lower six panels were based on DR2. The difference between months was

the location of the sound source.
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Figure 7. The probability of response (p(resp)) for one month of operation of VYWA. Probability of response was
assumed to be 1 inside the wind farm footprint and 0 outside.

3.5 Generating change in simulated whale distribution and density

Hypotheses H3-H5 relate to redistribution due to construction, while H7 to redistribution due to operation. The
locations of redistributed whales differed between hypotheses (Table 2). For each of the hypotheses, change
was generated separately for each construction/operation month. We therefore assumed that changes in
behavior of whales in one month was independent from changes in the previous or following months. Animals
were assumed to redistribute within 100 km of the wind farm (but only within habitat covered by the density

models — e.g., not onto land).

Under H3 (displacement due to construction, equally in all directions), responding animals were redistributed
uniformly within the 100 km radius, excluding the wind farm footprint. Under H4 (displacement due to
construction, with preference for higher density locations), animals were redistributed in proportion to the
underlying simulated density surface, so areas of high density received proportionally more responding animals

than those with low density, under the assumption that they will be more attractive to displaced animals.

Hypothesis H5 is that higher density locations receive more displaced animals, but that this is tempered by
increased anthropogenic activities that are associated with construction, but outside of the wind farm area. As
an approximation of this, we assumed that current shipping traffic is an indication of the locations of possible
future increased traffic. We calculated mean monthly AIS per 5 x 5 km grid cell for each monitoring month based
on mean of four days for each month (1, 10, 15 and 20™ day of each month) from 2019 (source

https://marinecadastre.gov/ais/). We then log transformed the number of vessels per grid cell and scaled to

values between 0 and 1. We redistributed animals in proportion to the underlying simulated density surface

multiplied by the scaled metric of vessel traffic.

Under H7 (operating wind farms displace whales) we allocated displaced whales according to the underlying

simulated density surface (as with H4).

Hypothesis H8 involves a global decline in whale density, not related to wind farm construction or operation. To
keep the size of the decline comparable to that in the vicinity of the wind farms under other hypotheses, we

divided density by the ratio of the number of whales remaining within 20 km of each wind farm under H3
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(symmetric displacement) DR2 divided by the number under H1 (no response). By including H8 in the analysis,
it may be possible to understand whether a 20 km monitoring size allows for a distinction between a larger-

scale, global decline and decline in detected cues due to activities at the WEA.

3.6 Transforming simulated whale densities into number of vocalizations (cues)

The above sub-steps generated animal density per grid cell and month under baseline conditions and under the
hypotheses of change. These were transformed into number of vocalizations (cues) produced per grid cell and
month by multiplying by an assumed cue production rate (Table 4), which was (for lack of better information)

assumed to be constant over space and time per species.

Hypothesis H2 involved a decrease in cue production rate for responding animals. Two alternatives were used:
1) 100% decrease in cue rate of responding whales (referred to as “H2_100") and Il) 50% decrease in cue rate of
responding whales (“H2_50"). The second alternative could be seen as a partial decrease in cue rate or a
lessened ability to detect cues during piling activities. (Detectability is considered in the next sub-step, but the
two explanations were not analyzed separately because their effect on the data at the temporal level of a month

would be similar.)

Table 4. Individual cue production rate, type of cues and effective detection range for the four whale species.

Species Cue rate | Type of cues Reference Effective detection
(cues/hour/individ range (km), v
ual), ¢
Minke whale 6.04 ‘boing’ calls Martin et al. (2013) | All wind farms: 8.63
Stimpert et al. | MAWA:99.9
Fin whale 45.08 20 Hz pulse
(2015) EOWA, VYWA: 93.8

Baumgartner and

30-87-Hz upsweeps Fratantoni (2008)*

Sei whale 10 and downsweeps All wind farms: 21.1*
Calderan et al.

combined
(2014)2
Upcalls, variable
tonal calls, gunshot MAWA: 24.9
NARW 6.2 sounds, and | Parks etal. (2011)
. EOWA, VYWA: 9.2
exhalations
combined
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1 No individual cue production rate is given in this study. We used the minimum, but no zero values, from Fig. 6
2 Back calculated based on call duration and inter-call intervals (Table 1 in the cited study).

3 Percentiles of detection range for minke whale were not estimated in Estabrook et al. (2021) and we used

values estimated by Salisbury et al. (2018) for all wind farms.

4 pPercentiles detection range for sei whale was not estimated in Salisbury et al. (2018) and we used values

estimated by Estabrook et al. (2021) for all wind farms.

3.7 Calculating number of detected vocalizations on sensors

In this sub-step the cue densities were used, in conjunction with an assumption about cue detectability, to
determine the number of detections per sensor. We first describe how sensor locations were determined—i.e.,

the PAM designs—and then how number of detections was determined given a sensor location.

4.7.1. PAM designs

We calculated the number of detected cues for three PAM designs: Van Parijs et al., and two alternative designs.
The two alternative PAM designs have sensors placed closer to the footprints of each wind farm, where the
effect of whale distribution and behavior was expected to be largest (Figure 5). The first design, referred to as
“10 x 10 km grid”, is an equally spaced grid of PAM sensors spaced 10 km from each other (Figure 9A). The
original design for small PAM grid by Van Parijs et al. used 20 km spacing. The second design, referred to as “T-
design”, consists of PAM sensors in three rows with each ‘arm’ of T situated across the expected gradient of
whale density (Figure 9B). Although such gradient differs between the four species both spatially and between
months, there is a general trend for these species to have higher densities along the continental shelf. One ‘arm’
for the T-design is therefore, always pointing towards the continental shelf. The distance between sensors in the
T-design is 2, 3, 4, 5, 6 and 8 km with sensors closer to each other in the center of the footprints of each wind
farm. For both alternative designs, the numbers and locations of large PAM grid remains the same (Figure 8).
The number of PAM sensors suggested by Van Parijs et al. in small PAM grid was 6 (Figure 1). The number of

sensors in two alternative designs is 19 for T-design and 21 for 10x10 km grid (Figure 8).
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Figure 8. Two alternative modification of small PAM grid suggested by Van Parijs et al. for the studied site: A) 10x10 km
grid (yellow dots), B) T-design (black dots). The large PAM grid is shown as red crosses.

4.7.2. Accounting for detectability

To determine the number of cues detected on each sensor given the sensor location one must account for the
detection range of the cues. In general, the probability of detecting vocalizations (cues) of a given species
decreases with increasing distance between animal and sensor (although many other factors are also involved).
We used a concept from the distance sampling literature (see, e.g., Buckland et al. (2001) (Section 3.1.3) and
Marques et al. 2009) of the effective detection area (EDA). The EDA is the circular area around a sensor within
which as many vocalizations are missed as are detected outside it; hence the EDA can be thought of as a measure
of the area monitored by a sensor. The radius of this circle is called the effective detection radius (EDR). EDA or
EDR values have not been published for any of the four species for the study site, but empirical measurements
of detectability have been collected at some sites and summary statistics published that allow them to be
estimated. We used the reported detection ranges at which 5, 50 and 95 percent of vocalizations were estimated
to have been detected by Salisbury et al. (2018) (see Table 5.2) We fitted a three parameter detection function
(a two-part mixture of half-normal functions, Miller and Thomas (2015), to these three summary statistics using
a least-squares algorithm, and given the fitted detection function we estimated EDA as

w
V= an rg(r)dr
T

=0
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where r is range [km], §(r) is the estimated detection probability and w is some suitably large truncation

distance so that §(r) =~ 0 at this range.

To calculate the number of detected vocalizations at a sensor given the EDA and the 5 x 5 km density grid, we
summed the number of vocalizations produced in all grid cells within the EDA. For grid cells partially within the

EDA, we pro-rated the number of vocalizations by the proportion of the grid cell within the EDA.

3.8 Assessing power to detect response.

We used analysis methods based on the concept a phase-gradient (PG, see Mackenzie et al. (2013), Methratta
(2021) for an overview of the methods) design to detect effect of wind farm construction/operation. This
involves estimating the relationship between the number of detected cues and distance from wind farm under
baseline conditions (which thereby takes account of any pre-existing gradients) and determining whether this
relationship is different during construction or operation. In statistical terms this means determining whether
there is a significant interaction in acoustic detection rate between distance from wind farm and phase (baseline

or construction/operation).

The specific analysis used was a generalized additive model (GAM), implemented using the gam function from
the mgcv package (Wood 2017) in R. We used number of detected cues per each PAM station as the response,
main effects for month, distance from wind farm, phase (baseline vs construction or operation) and (for the 5-
year operational monitoring) year and an interaction between distance and phase?. The terms involving distance
were specified as smooths (thin plate regression splines), allowing for flexibility in the relationship between
number of detected cues and distance. The response was modelled with an overdispersed Poisson error
structure with log-link function; estimation was via restricted maximum likelihood (REML). We recorded whether
the interaction between distance and phase was statistically significant at an a-level of 0.05, and also for H8
(global changes over time not related to wind farm construction) where the interaction was not significant, but

the main effect of phase was significant.

Power for each species, hypothesis, dose-response curve, and monitoring area and grid was estimated as the
proportion of the 500 simulations cases when interaction between phase and distance was significant. If this

percentage >= 80% we refer to it as ‘high power’. For the remaining cases we refer to as ‘low power’.

3 The interaction term was specified in gam as s(distance, by=phase), with phase being an ordered factor with
baseline the first level. This meant that the main effect of distance corresponded to the effect of distance under

baseline and the interaction term to the effect under construction/operation.
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All the results are presented in Appendices C, D and E.

4.1 Simulated whale density, acoustic encounter rates and number of responding animals.

Mean number of responding whales under two dose-response functions: DR1 and DR2 (Figure 5) for each
construction month (Table 1). Number of responding whales was proportional to baseline densities and was
highest for the minke whales, which are the most abundant species and lowest for sei and NARW, which are
least abundant species. In most months, number of responding whales was < 1 for all species and maximum of

3.23 for minke whales in May. Numbers of responding whales was lower under DR2 than DR1.

4.2 False positive rates

The simulations under H1 and H8 include no effect of wind farm construction or operation on acoustic
detections, and hence any case with a statistically significant interaction between distance from wind farm and
phase (before/during construction or operation) is a false positive. Given a threshold for significance of 0.05, we
expect a 5% false positive rate, but since underlying density surfaces were sampled at random for each year

(representing underlying variation in animal density over time), a higher false positive rate is possible.

The false positive rate under H1 ranged from 5.1-14.9% (Tables D1, E1 and E2 — see rows with H1 under
“Hypothesis”). The rate was generally lower during construction (4.8-13.8%) than operation (5.1-14.9%). It was
lower when all PAM sensors within the large monitoring area were used in the analysis, and highest when only
the small PAM grid was used in the small monitoring area. There was no clear difference between the Van Paris
et al. Design and the 10x10 grid, but false positive rate was generally lower for the T-design. There was no clear

pattern among species.

4.3 Statistical power to detect change for Van Parijs et al. PAM design.

The power to detect change in number of detected cues for all hypotheses (Table 2) and each species is given in

Table D-1 in Appendix D.

There was low statistical power (< 80%) for all hypotheses related to construction and operation (H2 — H7)
regardless of the studied species and the chosen dose-response function. There was high statistical power to
detect global decline (H8) for minke and fin whales but low for sei and NARW regardless of the monitoring size

and PAMs grid used.
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4.4 Statistical power to detect change with alternative PAM designs.

The statistical power to detect change in generated cue rates under the two alternative PAM designs is given in

Tables E1 and E2 in Appendix E.

Neither the T-design nor 10x10 km grid resulted in high power to detect change in generated cue rates for fin,
sei and NARW for all hypotheses related to construction and operation (H2-H7) of the wind farm, regardless of
the number of PAM sensors used. The 10x10 design resulted in high power to detect change for H4 for minke
whales and T-design also resulted in high power for the other two hypotheses assuming redistribution of whales
during construction (H3 and H5). The power to detect change remained low for all hypotheses related to
operation (H7) for minke whales under the two alternative designs. The power to detect change remained high

for detecting global decline (H8) for minke but low for the remaining species for the two alternative PAM designs.

For cases where power to detect change is high, this power was higher for DR2 than DR1 by 1-6%. The power to

detect change was also higher by 2.3-7% if only modified small PAM grid was used in comparison to use all grids.

5 Discussion

5.1 Discussion of results

The statistical power to detect biologically plausible changes in acoustic encounter rate due to construction and
operation was generally low (i.e., <80%) under the Van Parijs et al. design regardless of the studied species. The

main determinant of these results is the small effect size, which is a result of three factors.

First, the distance over which the response was assumed to occur is small. For hypotheses involving construction,
where a dose-response function for response was assumed, p(response) was almost 0 by 35 km for both DRs
and below 0.1 by 18 km for less sensitive DR. If a more sensitive dose-response function were assumed, where
probability of response remained higher at greater distances, power to detect change would also be greater. For
hypotheses related to operation of the wind farms, the effect size was even smaller than for hypotheses related
to construction as assumed p(response) = 0 outside the wind farm footprints. This explains why power was

higher for hypotheses related to construction than operation.

Second, under the Van Parijs et al. design, relatively few sensors are placed within or close to the wind farm
footprint, in the area where p(response) is high and only six PAM sensors from small PAM grid were designed
for VOWA. The design assumed a minimum 20 km spacing of the PAM sensors, which covers almost the entire
dose-response function. The alternative designs both had considerably more sensors within and close to the
wind farm footprints and the result was substantially increasing power. Of the two, the T-design gave higher
power because the smaller between-sensor spacing at the middle of the wind farms resulted in more sensors
where the response was greatest.
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Third, baseline density of all four species was low, in some months equal or very close to zero. This may have
produced a zero-effect size in some simulation replicates. For the T-design, sensors were placed along gradients
of highest baseline density, and this may have contributed somewhat to the higher power. Note that none of
the PAM designs resulted in high power to detect change for NARW and sei. This is not surprising as these two

species are rarely present at the VOWA area.

Comparing the species, two factors seemed to drive variation in power between species. The major factor was
variation in detection ranges, summarized in the EDR measure. Fin whales, in particular, had a large EDR and
low power. As described earlier, the large detection distances meant that PAM sensors detected a mix of
responding and non-responding whales, effectively “diluting” the effect size and resulting in low power. There
are two potential solutions to this. The first is to increase (or impose) the received level (or signal to noise ratio)
detection threshold for this species in the PAM detector, thereby decreasing the range over which detections
are made. This would result in a decrease in the sample size of detections, but since detections per month were
estimated to be over 100,000 in many months, this is unlikely to be problematic. A second solution is to use the
fact that multiple sensors can detect the same vocalization for this species (given the sensor spacing) and
attempt to localize vocalizations. This then would enable a more refined analysis of effect, which presumably

would have higher power.

Power was higher under the displacement hypotheses H3-H5 than the acoustic behavior changes hypothesis H2.
This is because the displacement hypotheses not only decreased acoustic detections in the vicinity of the VOWA,
but also increased it at further distances from the VOWA (up to 100 km), by redistributing the displaced animals.
Note that H3 (symmetrical displacement) is unlikely to be realistic, as it places animals in locations where they
are not recorded at all under baseline conditions. H5 was based on AIS data, which is likely not an accurate
representation of how disturbance could increase around VOWA during construction as we did not distinguish
between AIS of the vessels from regular shipping lanes and vessels related to the construction of the wind
farms—but in any case, the difference in power between H3, H4 and H5 was small, and no consistent pattern

was detected.

One seeming paradox in the results is that power was somewhat higher when just the small PAM grid within the
small monitoring area was considered and was lower when both the small and large PAM grids were considered
within the large monitoring area. This finding is explained by again considering effect size. The large monitoring
area contains mostly grid cells that are far from the VOWA and hence where no effect takes place. Hence the
average effect size over the large monitoring area is smaller than that over the small monitoring area. Similarly,
the large grid contains PAM sensors that are farther from the VOWA on average than the small grid, which is
clustered around the VOWA. Hence the average effect size when large and small sensors are combined is less

than for the small grid alone.
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A conclusion from the above might be that there is no need for the large monitoring grid. However, the results
from the false positive tests showed that false positive rate is lower with a larger monitoring area. This is a good
reason to monitor over a larger area. Another is that the design will then be more robust to a misspecification
of the dose-response function should animals be displaced over larger distances than were used here. False
positive rates were found to be lower for the T-design than other regularly spaced PAM designs. This way the
chance to falsely assign change in whale density with distance from the farms is lower. Power was good to detect
a global decline but only for minke whales. Although this was only tested at the VOWA level, power is likely to
be higher still when VOWA are combined in a regional analysis (see Chudzinska and Thomas 2023). We did not
examine the potential of the PAM designs to monitor long-term population changes, but based on our initial
study with H8 it seems that this might be a powerful approach compared with the current standard of visual line
transect surveys, where power is often low due to high estimated variance. However, visual line transects
surveys produce estimates of absolute density and abundance (notwithstanding issues associated with trackline
detection bias and availability bias), while the PAM network tested here is designed only to produce acoustic
cue detection rate. Separate studies of detection ranges and cue production rates would be required to enable

production of absolute density estimates from the PAM network (Marques et al. 2009, Marques et al. 2013)

5.2 Limitations of analysis and potential future studies

In undertaking the power analysis, we made a number of assumptions. Here we review these and their potential
effect on estimated power. We suggest future studies that might be undertaken to improve reliability of the

estimated power values.

e The presented analysis is based on simulated data where we estimated the number of potentially
detected cues using animal density models derived from visual data and literature-reported cue
production rates for each species. For all four studied species, these cue rates come from very
different habitats than the studied site. Additionally, the cue production rate was assumed constant
over time and space for each species. If cue production rates are higher than our assumed values,
then power will be higher; on the other hand, variation in cue production over time and space will
reduce power. Targeted studies of cue rates in the studied species and within the study area (for
example studies of factors affecting the calling behavior of NARW) would be required to produce
better-supported inputs.

e One method for checking the realism of the simulated acoustic data would be to compare baseline
simulated acoustic encounter rates with those measured on PAM sensors previously deployed within
the study area. At the time of this study, only data on acoustic presence-absence were available, so

further acoustic processing may be required to obtain measured acoustic encounter rates.

e The simulations assumed a consistent effect of each hypothesized change in each grid cell, month and

VOWA. For each simulation realization, after randomly sampling from the animal density surface, the

38



SMRU Consulting

understand ¢ assess ¢ mitigate

other steps were deterministic. For example, it is infeasible that cue production rate is constant over
space and time. This likely caused power to be over-estimated given that in the real world a consistent,
deterministic effect cannot be expected.

The assumption that all animals within the wind area footprint responded is almost certainly an
overestimate of response and therefore results in an overestimate of power. However, the assumption
for operation that no animals respond outside the wind area footprint likely results in an underestimate
of power. The dose-response functions used were assumed to apply to all species and may be too
sensitive or not sensitive enough. A simple propagation model was used in converting from a received
level-based dose-response function to a distance-based one, and a single assumption about sound
source level was used. The direction of any resulting bias in estimated power is unknown.

Assuming the monthly variation in density between grid cells in the density surface had a scale
parameter that was 1/30™ the daily visual survey-derived estimates may over or under-estimate the
variability (and hence power). Truncating outliers in the generated density surface likely had a minimal
effect on power.

The use of effective detection area in lieu of a full detection function when determining acoustic
detections is an approximation and had an unknown effect on power (although likely not large). We
assumed that effective detection area was constant in space and time. Variation in detection area, like
other sources of variability, will decrease power unless it can be accounted for by collecting additional
data alongside the acoustic encounter rates that will allow detectability to be estimated.

We assume no change in response (sensitization or desensitization) with repeated exposure. Either of
these would change the effect size and hence power.

In the analysis some models fitted to simulated data failed to fully converge. The effect of this is likely
minor but could be investigated further. For the small (20 km) monitoring size, number of PAM sensors
used in the simulations was low (six in case on Van Parijs et al. design), which was the frequent reasons
of models not converging. Increasing number of sensors, as suggested in the two alternative PAM

designs, greatly reduced this problem.

In evaluating the power of hypotheses relating to construction we undertook only local analyses, analyzing each

wind farm separately. Our experience from the regional analysis of operational scenarios was that combining

wind farms into a regional analysis increased power (Chudzinska and Thomas 2023). Therefore, we expect higher

power to detect construction effects could be gained by combining wind farms, and this would make a useful

future study.

We analyzed data at the temporal scale of one month because this was the resolution available to us from the

habitat-based density models. However, there is likely a strong signal of any construction effect in hourly or daily

acoustic records (see, e.g., the diurnal pattern suggested under H2 in Table 2). Hence power is likely greater at
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this temporal level to detect a construction effect. We suggest that further efforts be made to obtain acoustic

data that could be used as the basis for a simulation study at the daily level.

In creating and testing alternative designs, we tried two alternatives, the 10 x 10 km grid and the T-design, but
many others are possible. In particular, the T-design could be replaced by a cross (x or +), although the branch
running towards the shoreline would likely need to be truncated, and also would likely enter very low whale
density habitat. In the T-design different inter-sensor spacings could be investigated, and the robustness of the
results to mis-specification of the dose-response function checked (i.e., checking power if a very different dose-
response function is used than the one used to optimize the sensor spacing). If an updated dose-response
function were available, the T-design could be adjusted to account for the new function. Additionally, the T-
design allows for adjusting spacing between sensors without necessarily increasing the total number of sensors
used in the design. Such flexibility is lessened in a regularly spaced grid — firstly because of the regular spacing,
and secondly because the number of sensors required goes up with the square of the grid spacing (e.g., a5x5
km grid requires 4 times as many sensors as a 10 x 10 km grid to cover the same area). Overall, the optimal
spacing of the sensors should be directly related to expected probability of response with distance from the

wind farms.

The power analysis we undertook looked only at power to detect an effect. After an effect of wind farm
construction or operation is detected then natural follow-up questions are: |) what is the dose-response
function, and Il) how many animals are affected? It is not certain that the design best suited to detecting an
effect will also produce the most precise dose-response function or estimate of number of affected animals. For
example, the most important part of a dose-response function for estimating number of affected animals is the
part at larger ranges, because many more animals are exposed at these ranges than at smaller ranges (Tyack
and Thomas 2019). To obtain a precise dose-response function at larger ranges may require more sensors at
these ranges than in the T-design (although there are also the sensors of the large grid) or alternative data
collection such as through tagging individuals. Optimizing the sensor array to estimate these quantities could be

the subject of a future study.

° The statistical model we fitted was a one-dimensional model in the sense that the only spatial metric was
distance from sound source. It is possible, and potentially more powerful given sufficient sensors, to
estimate effects using a two-dimensional spatial model. This is the basis for the MRSea package (Scott-
Hayward et al. 2017), which is routinely used in Europe to undertake phase-gradient analyses. Even if not
used as part of the power analysis, such an MRSea-type analysis may be worth considering if the PAM

monitoring grid is commissioned.

. We have not considered the power of the proposed grid for detecting long-term global trends in cetacean
abundance. This would make a potentially useful future study. One factor that would need to be considered

is that the sensor placement to detect wind farm effects may be non-random and so the resulting data may
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not be suitable for analysis using typical “design-based” methods, but instead as part of a spatial modeling

exercise. Such models are already a standard part of the analysis of long-term wildlife monitoring schemes.

. The Van Parijs. et al. design covers the area from the coast to the continental shelf (Figure 1). It is worth
noting that all of the four chosen species frequently occur further off the shelf (e.g. Roberts et al. 2016a),
beyond the area covered by Van Parijs et al., as well as alternative designs suggested in this report.

Expanding the design further offshore was not tested in this study.

5.3 Recommendations

e Based on the results of this power analysis, we recommend replacing the proposed 20 x 20 km small
grid of sensors around VOWA with an alternative array that concentrates sensors where a response is

expected and distributes sensors relatively evenly across VOWA that are to be used as study sites.

e However, there is also a need for sensors at distances from the VOWA where no response is expected,
and hence there is a role for the 40 x 40 km grid, at least out to the distances we tested (out to the
continental shelf). Including both the local sensors and the 40 x 40 km grid appeared also to reduce the

false positive detection rate.

e  Of the designs we tested, the T-design appears better than a dense grid of sensors in terms of the

amount of statistical power generated for a fixed investment of sensors.

e To maximize the sample size of acoustic sensors we recommend pooling resources across stakeholders

who are deploying sensors.

e  For species like fin whales with large acoustic detection distances, consideration should be given to

localizing calls and undertaking effects analysis using the localizations.

e The power analysis we have undertaken could be improved, and we have made some suggestions for
future studies in the previous section. One particular suggestion is to undertake analysis of existing

PAM data to provide a cross-check that our simulated acoustic encounter rates are realistic.

e One method to improve power is to accept a higher false-positive detection rate. We used a nominal
false-positive rate of 5% and a target power of 80%, but these values are merely conventions and

consideration could be given to using other values.
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8 Appendix A Baseline density of the studied species at

all studied wind farm areas for each month of the year.
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North Atlantic right whale (NARW)
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Figure Al. Densities are shown as individuals/25 km?2, and are displayed on a 5x5 km grid. Numbers over each sub-panel
indicates month of the year (1 = January, etc.).
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9 Appendix B: PAM design suggested by van Parijs for

each monitoring area and effective detection ranges
for the studied species.

Ein Minke MNorth Atlantic Right Sei

VOWA

Figure B1. Area covered by all the PAM stations as suggested by Van Parijs et al. for the large monitoring site. Red circles
show effective detection area for all four species (Error! Reference source not found.. Pink dots and corresponding
buffers show the small PAM grid and red dots show the large PAM grid. Orange lines show the small monitoring area.

10 Appendix C. Number of responding whales.

Table C1. Mean number of responding whales over 500 realizations of the density surfaces for each month of
construction at each wind farms. Two dose-response functions (DR1, and DR2), defining the probability of response as a
function of distance from construction, were used. Effect size for each DR was calculated as proportion of all whales at
the small monitoring area which responded. Densities are in number of whales per 25 km2. The mean number of
detected cues is calculated for baseline density for all PAM grids at the large monitoring area and is calculated as mean
number of cues (cues per month) at the grids overlapping with EDR of each species.

Average | Average

Month Mean
Mean Mean Effect Effect density density
Wind of number of
Species respondi | respondi size size at large at small
farm construc detected
ng (DR2) | ng(DR1) (DR2) (DR1) monitori | monitori
tion cues

ng area ng area

Fin VOWA 5 0.52 0.21 0.057 0.139 0.07 0.02 6240000
Fin VOWA 6 0.42 0.17 0.043 0.103 0.09 0.03 8550000
Fin VOWA 7 0.09 0.04 0.045 0.11 0.03 0.01 2481000
Fin VOWA 8 0.03 0.01 0.023 0.072 0.02 0.005 1377000
Fin VOWA 9 0.09 0.04 0.044 0.113 0.04 0.005 3330000
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Fin VOWA 10 0.13 0.05 0.028 0.078 0.07 0.01 5880000
Minke VOWA 5 3.23 1.39 0.073 0.169 0.11 0.12 64200
Minke VOWA 6 0.28 0.11 0.024 0.061 0.03 0.03 19500
Minke VOWA 7 0.15 0.06 0.044 0.115 0.01 0.01 5580
Minke VOWA 8 0.02 0.01 0.028 0.072 0.005 0.005 2085
Minke VOWA 9 0.03 0.01 0.06 0.133 0.01 0.005 2745
Minke VOWA 10 0.06 0.02 0.033 0.088 0.01 0.005 5010
Sei VOWA 5 0.15 0.06 0.062 0.151 0.01 0.01 19800
Sei VOWA 6 0.02 0.01 0.027 0.063 0.005 0.005 8850
Sei VOWA 7 0 0 0.076 0.147 0.005 0.005 330
Sei VOWA 8 0 0 0.028 0.096 0.005 0.005 270
Sei VOWA 9 0.01 0.01 0.078 0.156 0.005 0.005 1080
Sei VOWA 10 0.03 0.01 0.036 0.095 0.005 0.005 5190
NARW VOWA 5 0.12 0.05 0.073 0.166 0.005 0.005 11760
NARW VOWA 6 0.03 0.01 0.05 0.133 0.005 0.005 9420
NARW VOWA 7 0.02 0.01 0.045 0.115 0.005 0.005 4650
NARW VOWA 8 0.02 0.01 0.043 0.111 0.005 0.005 4800
NARW VOWA 9 0.03 0.01 0.067 0.146 0.005 0.005 6360
NARW VOWA 10 0.03 0.01 0.054 0.123 0.005 0.005 10650

11 Appendix D. Power to detect change in distribution or

behavior of whales using van Parijs design.

Table D1. Statistical power (%) to detect change in cue rates under seven hypotheses (see Table 2Error! Reference source
not found.) for each studied species, and combination of monitoring size and PAM grid. H1 (no effect) was calculated
both for construction phase (H1_co) and operation (H1_op). For hypotheses related to construction of the windfarms
(H2-H5), power to detect change was calculated for two dose-response functions: DR1 and DR2. Scenarios with power
>= 80% are marked in bold.
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Large

Large L
monitoring

Wind monitoring
Design Hypothesis Species area &
farm area & all
small PAM
PAM grids
grid only

Van Parijsetal. | H1 co Minke VOWA 6.7 8.7
Van Parijsetal. | H1 op Minke VOWA 7.8 11.8
Van Parijs et al. H1_co Sei VOWA 9.8 13.8
Van Parijs et al. H1_op Sei VOWA 9.9 14.9
Van Parijsetal. | H1 co Fin VOWA 4.8 6
Van Parijs et al. H1 op Fin VOWA 5.1 8.1
Van Parijs et al. H1_co NARW VOWA 7.8 11.8
Van Parijs et al. H1_op NARW VOWA 8.4 12.4
Van Parijsetal. | H2_50 DR1 Minke VOWA 14.8 21.8
Van Parijsetal. | H2_50_DR2 Minke VOWA 15.8 21.8
Van Parijsetal. | H2_100_DR1 | Minke VOWA 18.2 25.2
Van Parijsetal. | H2_100_DR2 | Minke VOWA 21.6 25.6
Van Parijsetal. | H2_50_DR1 Sei VOWA 2.9 7.9
Van Parijsetal. | H2_50_DR2 Sei VOWA 3.2 5.2
Van Parijsetal. | H2_100_DR1 | Sei VOWA 9.2 14.2
Van Parijsetal. | H2_100_DR2 | Sei VOWA 7.6 13.6
Van Parijsetal. | H2_50_DR1 Fin VOWA 0.5 4.5
Van Parijsetal. | H2_50_DR2 Fin VOWA 1.3 4.3
Van Parijsetal. | H2_100_DR1 | Fin VOWA 3.2 5.2
Van Parijsetal. | H2_100_DR2 | Fin VOWA 4 10
Van Parijsetal. | H2_50_DR1 NARW VOWA 8.6 15.6
Van Parijsetal. | H2_50_DR2 NARW VOWA 7.6 9.6
Van Parijs et al. H2_100_DR1 | NARW VOWA 9.2 15.2
Van Parijs et al. H2_100_DR2 | NARW VOWA 9.6 13.6
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Van Parijsetal. | H3_DR1 Minke VOWA 14.2 19.2
Van Parijsetal. | H3_DR2 Minke VOWA 16.2 22.2
Van Parijs et al. H3_DR1 Sei VOWA 8.2 15.2
Van Parijsetal. | H3_DR2 Sei VOWA 9.6 13.6
Van Parijs et al. H3_DR1 Fin VOWA 0.4 5.4
Van Parijs et al. H3_DR2 Fin VOWA 2.3 9.3
Van Parijsetal. | H3_DR1 NARW VOWA 12.3 16.3
Van Parijsetal. | H3_DR2 NARW VOWA 15.6 19.6
Van Parijsetal. | H4_DR1 Minke VOWA 24.2 27.2
Van Parijsetal. | H4_DR2 Minke VOWA 27.3 30.3
Van Parijs et al. H4_DR1 Sei VOWA 9.5 135
Van Parijs et al. H4_DR2 Sei VOWA 9.3 14.3
Van Parijs et al. H4_DR1 Fin VOWA 4.5 7.5
Van Parijs et al. H4_DR2 Fin VOWA 3.8 6.8
Van Parijsetal. | H4_DR1 NARW VOWA 15.8 21.8
Van Parijsetal. | H4_DR2 NARW VOWA 16.4 22.4
Van Parijsetal. | H5_DR1 Minke VOWA 24.2 30.2
Van Parijsetal. | H5_DR2 Minke VOWA 26.3 333
Van Parijsetal. | H5_DR1 Sei VOWA 8.8 11.8
Van Parijsetal. | H5_DR2 Sei VOWA 8.5 10.5
Van Parijsetal. | H5_DR1 Fin VOWA 2 5
Van Parijsetal. | H5_DR2 Fin VOWA 4 7
Van Parijsetal. | H5_DR1 NARW VOWA 7.8 13.8
Van Parijsetal. | H5_DR2 NARW VOWA 7.9 11.9
Van Parijsetal. | H7 Minke VOWA 6 9
Van Parijsetal. | H7 Sei VOWA 2 7
Van Parijs et al. H7 Fin VOWA 2.3 7.3
Van Parijsetal. | H7 NARW VOWA 0.4 24
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Van Parijsetal. | H8 Minke VOWA 87 82
Van Parijs et al. H8 Sei VOWA 48.4 51.4
Van Parijs et al. H8 Fin VOWA 11.8 13.4
Van Parijsetal. | H8 NARW VOWA 62 63

12Appendix E. Power to detect change in distribution or

behavior of whales assuming two alternative PAM
designs.

12.1 10x 10 km grid

Table E1. Statistical power (%) to detect change in cue rates under seven hypotheses (see Error! Reference source not
found.) for each studied species, and combination of monitoring size and PAM grid assuming modified small PAM grid
using 10x10 km grid. For hypotheses related to construction of the windfarms (H2-H5), power to detect change was
calculated for two dose-response functions: DR1 and DR2. For alternative designs estimating power for small monitoring
area and modified small PAM only was not conducted.

Large
Large monitoring
) ) _ ) monitoring area &
Design Hypothesis Species Wind farm .
area & all modified
PAM grid small PAM
grid only
10x10 H1 co Minke VOWA 5.7 6.7
10x10 H1_op Minke VOWA 5.0 9.5
10x10 H1_co Sei VOWA 9.8 13.0
10x10 H1_op Sei VOWA 9.5 12.3
10x10 H1_co Fin VOWA 5.2 3.5
10x10 H1l op Fin VOWA 54 7.9
10x10 H1l co NARW VOWA 5.8 11.3
10x10 H1_op NARW VOWA 8.2 10.2
10x10 H2_50_DR1 Minke VOWA 56.8 64.5
10x10 H2_50_DR2 | Minke VOWA 60.0 66.0
10x10 H2_100_DR1 | Minke VOWA 60.0 63.2
10x10 H2_100_DR2 | Minke VOWA 56.8 60.8
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10x10 H2_ 50 DR1 | Sei VOWA 23.2 28.4
10x10 H2 50 DR2 | Sei VOWA 25.0 27.7
10x10 H2_100 _DR1 | Sei VOWA 18.7 22.6
10x10 H2_100_DR2 | Sei VOWA 18.2 225
10x10 H2 50 DR1 | Fin VOWA 75 13.3
10x10 H2 50 DR2 | Fin VOWA 8.8 11.3
10x10 H2_100_DR1 | Fin VOWA 7.4 11.8
10x10 H2_100_DR2 | Fin VOWA 9.2 11.9
10x10 H2_50 DR1 | NARW VOWA 50.0 57.2
10x10 H2 50 DR2 | NARW VOWA 46.0 52.1
10x10 H2_100_DR1 | NARW VOWA 35.2 316
10x10 H2_100_DR2 | NARW VOWA 35.0 37.4
10x10 H3_DR1 Minke VOWA 69.8 721
10x10 H3_DR2 Minke VOWA 69.8 72.2
10x10 H3_DR1 Sei VOWA 21.0 24.6
10x10 H3_DR2 Sei VOWA 21.8 26.6
10x10 H3_DR1 Fin VOWA 11.0 17.7
10x10 H3_DR2 Fin VOWA 115 15.5
10x10 H3_DR1 NARW VOWA 51.0 55.9
10x10 H3_DR2 NARW VOWA 55.3 57.5
10x10 H4_DR1 Minke VOWA 87.0 91.0
10x10 H4_DR2 Minke VOWA 89.8 96.8
10x10 H4 DR1 Sei VOWA 215 25.2
10x10 H4 DR2 Sei VOWA 25.1 32.2
10x10 H4_DR1 Fin VOWA 9.5 15.5
10x10 H4_DR2 Fin VOWA 9.7 12.6
10x10 H4 DR1 NARW VOWA 38.2 33.4
10x10 H4 DR2 NARW VOWA 35.8 30.2
10x10 H5_DR1 Minke VOWA 67.0 69.2

56



=

SMRU Consulting

understand ¢ assess ¢+ mitigate

10x10 H5_DR2 Minke VOWA 79.1 79.0
10x10 H5_DR1 Sei VOWA 22.0 26.4
10x10 H5_DR2 Sei VOWA 22.3 26.5
10x10 H5_DR1 Fin VOWA 12.0 17.3
10x10 H5_DR2 Fin VOWA 8.9 13.2
10x10 H5_DR1 NARW VOWA 38.2 30.2
10x10 H5_DR2 NARW VOWA 35.8 39.1
10x10 H7 Minke VOWA 73.8 76.8
10x10 H7 Sei VOWA 23.6 30.6
10x10 H7 Fin VOWA 5.6 8.7
10x10 H7 NARW VOWA 314 33.7
10x10 H8 Minke VOWA 94.3 95.8
10x10 H8 Sei VOWA 44.1 47.3
10x10 H8 Fin VOWA 14.6 17.9
10x10 H8 NARW VOWA 45.2 48.6
12.2 T-design

Table E2. Statistical power (%) to detect change in cue rates under seven hypotheses (see Error! Reference source not
found.for each studied species and combination of monitoring size and PAM grid assuming modified small PAM grid
using T-design grid. For hypotheses related to construction of the windfarms (H2-H5), power to detect change was

calculated for two dose-response functions: DR1 and DR2.

Large
Large monitoring
Design Hypothesis Species Wind farm n;(r)g;tg‘rghg macggﬁii‘d
PAM grids small PAM
grid only
T-design H1 co Minke VOWA 4.2 6.5
T-design H1 op Minke VOWA 5.6 11.2
T-design H1 co Sei VOWA 9.2 115
T-design H1_op Sei VOWA 11.7 18.5
T-design H1 co Fin VOWA 8 12.3
T-design H1_op Fin VOWA 12.5 16.5
T-design H1_co NARW VOWA 5.8 10.1
T-design H1_op NARW VOWA 8.2 155
T-design H2_50_DR1 | Minke VOWA 68.4 74.8
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T-design H2_50 DR2 Minke VOWA 78.8 82.3
T-design H2_100_DR1 | Minke VOWA 81 83.8
T-design H2_100_DR2 | Minke VOWA 83 89.8
T-design H2_50 DR1 | Sei VOWA 58.2 65.8
T-design H2_50 DR2 | Sei VOWA 58.2 61.0
T-design H2_100_DR1 | Sei VOWA 57.8 62.5
T-design H2_100_DR2 | Sei VOWA 57.8 61.5
T-design H2_50 DR1 | Fin VOWA 9 15.6
T-design H2_50 DR2 | Fin VOWA 11.8 17.4
T-design H2_100_DR1 | Fin VOWA 15 18.0
T-design H2_100_DR2 | Fin VOWA 15 19.8
T-design H2_50_DR1 | NARW VOWA 40.6 43.3
T-design H2_50_DR2 | NARW VOWA 47.4 53.9
T-design H2_100_DR1 | NARW VOWA 47.8 53.2
T-design H2_100_DR2 | NARW VOWA 46.6 53.9
T-design H3_DR1 Minke VOWA 85 88.7
T-design H3_DR2 Minke VOWA 89 94.9
T-design H3_DR1 Sei VOWA 58.4 64.6
T-design H3_DR2 Sei VOWA 58.4 60.5
T-design H3_DR1 Fin VOWA 10 12.2
T-design H3_DR2 Fin VOWA 12 18.2
T-design H3_DR1 NARW VOWA 41.2 47.8
T-design H3_DR2 NARW VOWA 47.4 42.9
T-design H4_DR1 Minke VOWA 85 89.7
T-design H4_DR2 Minke VOWA 91 93.3
T-design H4_DR1 Sei VOWA 58.2 64.6
T-design H4_DR2 Sei VOWA 58.2 61.1
T-design H4_DR1 Fin VOWA 11 15.1
T-design H4_DR2 Fin VOWA 13 16.7
T-design H4_DR1 NARW VOWA 39.4 46.9
T-design H4_DR2 NARW VOWA 37.6 43.6
T-design H5_DR1 Minke VOWA 89 91.6
T-design H5_DR2 Minke VOWA 90 93.1
T-design H5_DR1 Sei VOWA 58.2 60.7
T-design H5_DR2 Sei VOWA 58.2 63.3
T-design H5_DR1 Fin VOWA 10 13.1
T-design H5_DR2 Fin VOWA 12 16.4
T-design H5_ DR1 NARW VOWA 39.8 45.6
T-design H5_DR2 NARW VOWA 37.4 44.6
T-design H7 Minke VOWA 78.4 85.2
T-design H7 Sei VOWA 58 63.0
T-design H7 Fin VOWA 84 8.2
T-design H7 NARW VOWA 61.6 65.1
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T-design H8 Minke VOWA 82.4 89.0
T-design H8 Sei VOWA 44.6 45.6
T-design H8 Fin VOWA 12.6 134
T-design H8 NARW VOWA 41.8 47.0
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13 Addendum: Recommendations for Developing a

Baleen Whale Monitoring Plan for Virginia’s Wind
Energy Area

Submitted By Susan G. Barco

Barco Marine Consulting, contracted through the Regional Wildlife Science Collaborative for Offshore Wind and

Coastal States Stewardship Foundation

13.1 Executive Summary

The project, funded by the Virginia Coastal Zone Management Program (VA CZM), was conducted to begin the
process of developing an environmental monitoring plan to study the impact of offshore wind (OSW)
development and operation on baleen whales in Virginia. For this project, we determined the efficacy of using
passive acoustic monitoring (PAM) for monitoring the effect of OSW construction on baleen whales, particularly
the North Atlantic right whale (Eubalaena glacialis-NARW) which is a critically endangered species that migrates
offshore between summer feeding grounds to the north and winter breeding grounds to the south of Virginia.
At its inception, the core work for this project was planned to be conducted by researchers at the Centre for

Research into Ecological and Environmental Modelling (CREEM; https://www.creem.st-andrews.ac.uk/). The

experts at CREEM specialize in developing and applying innovative mathematical and statistical methods to solve
problems in biology, ecology and geography. Much of the CREEM scientists’ recent work has focused on studying
the effect of offshore wind in the UK and Europe on marine mammals and the environment. The funding for this
project was contracted to the Regional Wildlife Science Collaborative for Offshore Wind (RWSC) which also
sought funding for a similar coastwide analysis. As such, this project became part of a larger, more complex

regional analysis supported by BOEM and described in Chudzinska and Thomas (in review).

CREEM researchers were contracted to develop a statistical power analysis to determine the ability to detect
changes to baleen whale occurrence using PAM in the waters surrounding the Coastal Virginia Offshore Wind
(CVOW) development area. During the time between project proposal and funding, scientists at the National
Marine Fisheries Service and BOEM published minimum recommendations for use of passive acoustic listening
systems in offshore wind energy development monitoring and mitigation programs for the US Atlantic
continental shelf (Van Parijs et al. 2021). The CREEM scientists used the Van Parijs et al. (2021) recommendations
along with existing distance sampling survey data on baleen whale species in Virginia to develop data sets that
were used to test several hypotheses about how whales may respond to offshore wind construction, particularly
pile driving. Pile driving was chosen because studies in other areas suggested it is likely to evoke the greatest
response from cetaceans (whales, dolphins and porpoises). If this study shows that impacts of pile driving cannot
be detected, then other sound related impacts associated with wind turbine operation are unlikely to be

detected as well. The hypotheses ranged from no response to displacement from the region. Because critically

60


https://www.creem.st-andrews.ac.uk/

SMRU Consulting
understand ¢ assess ¢ mitigate

endangered North Atlantic right whales may not occur in Virginia in sufficient numbers to detect changes in their
occurrence, the project focused on four baleen whale species each with different vocal characteristics and
predicted density: North Atlantic right whales (Eubalaena glacialis-NARW), fin (Baleanoptera physalus), minke

(Baleanoptera acurostrata) and sei whales (Baleanoptera borealis).

Results of the analyses showed that the combination of 1) relatively low and variable baleen whale density off
Virginia, 2) expected limits on timing of construction to avoid times when NARW are in the region, and 3)
uncertainty associated with sole use of whale vocalization via PAM (rates of vocal cues, detection distance,
behavioral changes in vocalization, etc.) as a measurement of occurrence combined to make the probability of
detecting changes in whale occurrence extremely low even when a significant number of PAM units are
deployed. These results suggest that use of PAM as the sole method of monitoring baleen whales is not
recommended for impact assessment of these species in Virginia. PAM, especially units that provide real time
detection notification may, however, be useful for a broad scope environmental monitoring and as mitigation
tools during the construction phase of the project. A significant PAM array of 20 units or more, combined with
other research methods such as surveys, focal follows, and tagging are required both for developing baseline

data on abundance and distribution and to detect impacts of OSW construction on baleen whales off Virginia.

13.2 Acknowledgements

Funding for this project was provided by the Virginia Coastal Zone Management Program and the National

Oceanic and Atmospheric Administration.

13.3 Introduction & Background

Understanding the impacts of offshore wind (OSW) development on marine and avian wildlife requires prior
knowledge of species occurrence. Ideally, multiple years of consistently collected baseline data on species
abundance and environmental correlates should be collected in the region of OSW development in order to
predict possible impacts, detect changes if they occur, and assign causality of detected changes to different
variables (Kraus et al. 2019). Several baleen whale species occur in the waters off Virginia, and the area primarily
serves as a migratory corridor between high latitude summer feeding areas to the north and lower latitude

breeding areas to the south of the region.

Critically endangered North Atlantic right whales (Eubalaena glacialis-NARW) are thought to migrate southward
in November and December and northward in March and April, but individual NARW have been detected in all
months of the year (Salisbury et al. 2016, 2018). Other baleen whale species present in Virginia continental shelf
waters are humpback (Megaptera novaeangliae), fin (Baleanoptera physalus), minke (Baleanoptera
acurostrata) and sei whales (Baleanoptera borealis). Blue whales (Baleanoptera musculus) likely occur offshore
of the continental shelf. Non-breeding (primarily juvenile) humpback, fin and minke whales may remain in Mid-

Atlantic waters in winter months to feed when prey is available.
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Of all the marine species that occur off the Virginia coast which may be impacted by OSW development, the
NARW is the most critically endangered, and, therefore of the greatest concern for research and mitigation. Of
the baleen whale species found in the region, however, estimated density is lowest for NARW (Roberts et al.
2016). Because the estimated number and timing of all whales migrating off Virginia each year also varies
naturally, the ability to detect changes caused by human activities on these species is exceedingly difficult.
Knowing this, the project was designed to include multiple baleen whale species that could, hopefully,

collectively increase the statistical power to detect and assign cause for observed changes.

Passive acoustic monitoring (PAM) is a relatively low cost means of detecting animals that vocalize underwater.
PAM units can be moored in one place or be attached to autonomous underwater vehicles such as gliders that
can be programmed to follow survey lines. Both moored and autonomous can be designed to archive data that
are later downloaded or transmit detected vocalizations in near real time. Artificial intelligence is used to identify
vocalizations and other sounds recorded by PAM units and different units are designed to detect different
frequency ranges, thus making them more or less likely to capture sounds made by certain species or species
groups. Baleen whale species such as right whales make a variety of sounds, and PAM recordings can be searched
for a variety of species-specific sounds. Cost of sound analyses increase with each type of vocalization added to
analyses and real time units, where sound processing occurs onboard the PAM unit instead after being

downloaded may have processing limitations that affect battery life, cost and other variables.

Generally different types of PAM units are deployed for baleen whales (mysticetes) which produce lower
frequency sounds and toothed whales (odontocetes) which produce higher frequency sounds including biosonar
or echolocation. One challenge of using PAM alone as a methodology is that animals produce sounds (vocal
cues) at different rates and times, and a lack of cues does not necessarily indicate a lack of animals in an area.
Likewise, a high number of detected cues could indicate many animals each with a relatively low cue rate or a
smaller number that have high cue rates. Finally sounds produced at different frequency and volume travel
different distances underwater and environmental parameters (water temperature, salinity, thermocline,
bottom substrate, depth, etc.) also affect how sound travels. Fin whale vocalizations, for example, can be
detected from much greater distances (~100km) than those from minke whales (~9km - Table 4 p.30 in

Chudzinska et al. in review report).

It is important to understand the complexities and limitations of conducting PAM research on baleen whale
presence in order to develop a comprehensive wildlife monitoring plan for any area. The technology, though
relatively inexpensive compared to survey and tagging efforts, requires thoughtful experimental design and
analyses prior to deployment in order to understand what meaningful information can be provided. The
justification for this project was to understand what level of effort and experimental design would be required
use PAM to monitor baleen whales in the vicinity of the Virginia wind energy area. With funding from BOEM,

additional analyses were conducted through the Regional Wildlife Science Collaborative for Offshore Wind
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(RWSC) for other areas along the Atlantic coast which have baleen whale presence including other migratory

aeras as well as summer feeding areas (Chudzinski and Thomas 2023).

13.4 Brief Summary of Methods and Results

A detailed discussion of methods and results are available in the SMRUC report and Figure 2 (p. 22) summarizes
the methods used (Chudzinski et al. 2in review). In general, the analysis required several complex steps that are
summarized below:

1) Generate data to be used in the modeling effort: Collection and analysis of existing data on whale
presence in the region by month as well as information on whale vocalization by species and timing of
construction activities that are most likely to impact baleen whales were all required in a multistep
process to generate a model data test to test hypotheses. These steps included:

a. Monthly baleen whale density from surveys

b. PAM data for vocal cues detected in the region

c. Existing and estimated construction timing restrictions

d. Information on cue rates and detection distance of various vocalizations made by different
whale species

From these data, the researchers calculated the number of whales likely to be in the area during the
months of construction.

2) Develop hypotheses and data for testing hypotheses. Develop PAM array designs to test against
various hypotheses.

3) Transform estimated number of whales into number of vocalizations (cues) detected by each PAM
unit in each PAM array and determine statistical power to detect change based on experimental
scenario and PAM array (described below).

The researchers used two different experimental scenarios to assess the ability to detect changes in whale
occurrence. The first assumed that the data were collected before-during and/or before-after (BD/BA)
construction and compared for differences between the time periods, and the second assumed a phase-gradient
design (PG) where PAM units were located at known distances from the area of interest and data were collected
simultaneously at increasing distances from the area where construction noise would be located. The

complexities of each approach were described in detail in the SMRU report.

The PAM array designs that were tested included a minimum distance PAM design where units were placed at
equal distances across the region (20km x 20km) and closer in specific wind energy areas (10km x 10km; Van
Parjs et al. 2021). When this design failed to detect changes, the researchers assumed that approximately 20
units were deployed in 10km x 10km across a broader area that included but extended beyond the wind energy
area. An alternative design, expected to be more effective for PG experimental approaches, a ‘T-shaped’ design
with approximately 20 units placed closer together at the intersection of the ‘T’ within the wind energy area and
farther apart at the ends of the three ‘arms’ outside the wind energy area (see Figure 8 p.32 in Chudzinski and

Thomas 2023) was also tested.
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Based on, among other things, construction limitations (expected to be limited to May-Oct), whale density, cue
rates, and detection distance, there was only month (May) where only one species (minke whale), was predicted
to be detected more than one time (3.23 detections). All other species were predicted to be detected >1 time
per month with several estimated to be zero (see Appendix C p.50-1 in Chudzinski and Thomas 2023). Few
expected detections meant that there was no power to detect changes for any one species at any specific time
regardless of the experimental design or approach. Collectively, assuming 12 months of construction over 2
years (May-Oct for two years) ability to detect change in whale cues in the vicinity of the Virginia wind energy
area was relatively low, and the possibility of incorrectly predicting that a change occurred when it did not occur
(false positive error) was relatively high (see Appendices D and E in Chudzinski and Thomas 2023). When applied
across a larger region, such as the mid-Atlantic, New York Bight and Southern New England regions, power to

detect global decline in whale presence was relatively high using all of the PAM designs.

13.5 Discussion

The results were disappointing but not unexpected. The low density of baleen whales off Virginia at any one
time combined with expected construction restrictions limiting pile driving to months when NARW are less likely
to be in the region mean that testing the impacts of construction on baleen whales using PAM units, even in
high numbers, is not feasible. For the same reasons, PAM used in conjunction with other methods would be
unlikely to allow for impacts on baleen whales to be measured statistically in Virginia waters. If such a project
were to be developed, a phase gradient approach using a high level of effort with multiple methodologies would
be needed to have any power to detect changes in whale presence. Use of PAM with other methods such as
surveys and tagging would, however, contribute significantly to continued environmental monitoring for baleen
whales in this important migratory corridor. Multiple years of consistently collected data that include both
distance sampling surveys, tag tracks, and vocal cues collected using PAM would help scientist to understand

the migratory paths and timing of baleen whale movement off Virginia’s coast.

If the purpose of using PAM is solely to detect baleen whales for environmental monitoring/mitigation and not
to detect impacts of wind energy development, deployment of PAM units, especially units capable of
transmitting near real time information, is an appropriate method to assist in determining GO/NO GO status for
construction activities. PAM alone, however, cannot determine whale presence in the regional since whales
must be vocalizing in order to be detected. PAM can act as one of several tools to provide information on whale
presence, but, due to its limitations, PAM should not be the only method of determining whale presence in a

sensitive area.

Finally, if researchers are interested in studying impacts of wind energy development on acoustically sensitive
cetaceans in Virginia waters, studying more common species that are likely to be in the region when construction

activity occurs such as bottlenose (Tursiops truncatus) or common (Delphinus delphis) dolphins provide greater
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likelihood of success. Developing a robust experimental design with multiple methodologies and testing the

power to detect change prior to start would still be strongly recommended.
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