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individual resilience following disturbance events. Given our focus on a limited suite of threats
and need for field verification of these modeled impacts, precautionary management application

of our results is recommended for this endangered species.
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Introduction

Sperm whales (Physeter macrocephalus) face contemporary threats associated with
aggregate exposure to underwater noise and cumulative risks from multiple stressors including
pollution, ship strikes, fisheries interactions, oil spills, and noise pollution ([NAS] National
Academies of Sciences Engineering and Medicine: Ocean Studies Board 2017). There seems to
be a ubiquitous response in odontocetes to reduce/cease foraging in response to vessel
disturbance (Senigaglia et al. 2016; Wisniewska et al. 2018), but short-term adverse behavioral
responses by cetaceans to acoustic disturbance can vary greatly, even within the same species
(Nowacek et al. 2004; Southall et al. 2007). The level of disturbance is influenced largely by the
context in which the stimulus is received, including the origin and level of the sound, and the
physical and behavioral state of the animal (Ellison et al. 2012; Gomez et al. 2016; Williams et
al. 2014). Observed cetacean behavioral responses include avoidance (Malme et al. 1983; Stone
and Tasker 2006); possible displacement (Bryant et al. 1984; Castellote et al. 2012); changes in
dive behavior (Richardson et al. 1986), and changes in vocalization frequency and amplitude
(Commission 2007; Holt et al. 2009; Watkins 1986). In response to seismic surveys and naval
sonar, sperm whales have demonstrated avoidance, changes in locomotion/orientation, changes
in dive profiles, cessation of foraging, cessation of resting, and changes in vocal behavior
(Isojunno et al. 2016; Jochens et al. 2006; Miller et al. 2012; Miller et al. 2009b; Sivle et al.
2012a).

Deep-diving marine mammals have a substantial requirement for efficient foraging dives,
as they must access two vital but spatially-separated resources: air at the surface and food at
depth (Kramer 1988). Sperm whales forage in deep-water habitats often containing multiple,

depth-segregated prey layers (Fais et al. 2015). Their primary means of locating prey is
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echolocation (Miller et al. 2004a). This complex acoustic information-gathering allows sperm
whales to efficiently locate and access prey resources in a dark, patchy, three-dimensional (3-D)
environment (Fais et al. 2015). It is possible that anthropogenic sound could reduce sensory
volume (Lima and Zollner 1996), increase search effort required to locate resources (Zollner and
Lima 1999), interfere with auditory processing (Fais et al. 2015), and reduce foraging efficiency
(Isojunno et al. 2016; Miller et al. 2009b; Sivle et al. 2012b).

Sperm whales are listed as ‘endangered’ under the Endangered Species Act (ESA), and
the northern Gulf of Mexico (NGM) stock is listed as a “strategic stock” under the Marine
Mammal Protection Act (MMPA), primarily due to the impacts of historical commercial whaling
upon the population (Townsend 1935; United States Federal Register 2013). The MMPA
defines a stock as an interbreeding group in a common spatial arrangement (United States
Federal Register 2013). The NGM sperm whale stock consists of approximately 2,128
(CVv=0.08) individuals that are widely distributed year-round across continental slope and
oceanic habitats (Roberts et al. 2016). NOAA estimates that the Deepwater Horizon (DWH) oil
spill in 2010 exposed 16.1% of the sperm whale population to high concentrations of oil at the
surface (Dias et al. 2017). NGM sperm whales were also likely exposed to sub-surface oil, high
concentrations of volatile gases that could be inhaled at the surface, and response activities
including increased vessel operations, dispersant applications, and oil burns (Dias et al. 2017,
Schwacke et al. 2017). In addition, NGM sperm whales are exposed to high levels of
anthropogenic noises related to seismic surveys for hydrocarbon deposits in the seabed (Fig. 1).
The Bureau of Ocean Energy Management (BOEM) anticipates over 4 million line km of
seismic surveys in the NGM over the next ten years ((BOEM] Bureau of Ocean Energy

Management 2017).
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Linking immediate behavioral responses to changes in health or vital rates in a population
may be subject to a number of aggregate or synergistic variables. The PCoD (Population
Consequences of Disturbance) theoretical framework was developed to evaluate how changes in
behavior caused by disturbance may result in population-level effects by impacting functions
such as reproduction and foraging, essential to survival ([NRC] National Research Council:
Ocean Studies Board 2005). PCoD models require linking the changes in an individual’s
behavior or physiology as a result of disturbance with health, vital rates, and ultimately
population dynamics ([NRC] National Research Council: Ocean Studies Board 2005; King et al.
2015). The transfer functions that estimate the population consequences of disturbance have
been determined through matrix models (Caswell 2001), expert elicitation (Martin et al. 2012),
stochastic dynamic programming (Mangel and Clark 1988), and bioenergetics modeling (New et
al. 2013). The PCoMS (Population Consequences of Multiple Stressors) framework extends the
PCoD approach to assess the cumulative risk of exposure to multiple stressors ([NAS] National
Academies of Sciences Engineering and Medicine: Ocean Studies Board 2017).

In this study, we develop a probabilistic framework for quantitatively assessing the
cumulative impacts of oil and sound exposure and apply this to NGM sperm whales using a
combination of bioenergetic (Farmer et al. 2018) and stage-structured population models
(Schwacke et al. 2017). We link reductions in survival rates and reproductive potential
associated with oil exposure to reductions in foraging efficiency as a result of acoustic
disturbance under differing scenarios of geological and geophysical (G&G) survey activities.
We use bootstrapping and multiple model scenarios to encompass uncertainty and highlight
knowledge gaps. In addition to informing the future management of G&G survey activities in

the NGM ([BOEM] Bureau of Ocean Energy Management 2017), this approach provides a



97 flexible bioenergetics-based PCoD framework that could be adapted for other species and

98  regions.

99
100  Methods
101 Our modeling approach integrates a number of approaches including: (i) acoustic
102  modeling to estimate sound propagation from various G&G survey methods; (ii) animal
103  movement simulations to estimate exposure through three-dimensional sound fields; (iii) dose-
104  response functions to estimate the probability of behavioral disturbance; (iv) a bioenergetic
105 transfer function to relate behavioral responses to physiological effects and translate those
106  physiological effects to changes in individual vital rates; (v) spatial models to determine
107  probability of survey activity near individual whales, proposed mitigation closure effectiveness,
108  and proportion of the population exposed to oil from the DWH spill; and (vi) a demographic
109  model that evaluates stock level consequences of mortalities and reproductive impacts associated
110  with oil exposure and behavioral response to G&G survey activity (Fig. 2).
111

112  Acoustic Propagation Modeling

113 Source levels and directivity of airgun arrays were predicted with JASCO’s Airgun Array
114  Source Model (AASM; (Austin 2010)). Underwater sound propagation (i.e., transmission loss)
115 was modeled with JASCQO’s Marine Operations Noise Model (MONM) for a variety of G&G
116  sound sources (Table S1). The MONM computes received per-pulse sound exposure levels

117  (SEL) for directional sources at specified depths using the U.S. Naval Research Laboratory’s

118  Range-dependent Acoustic Model (RAM) modified to account for an elastic seabed (Zhang and

119  Tindle 1995) for frequencies < 2 kHz and a BELLHOP Gaussian beam ray-trace propagation
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model (Porter and Liu 1994) for frequencies > 2 kHz. Broadband conversions from sound
exposure level (SEL) to root-mean square sound pressure levels (SPL) (Lp, dB re 1 uPa) were
calculated using a sliding 100 ms integration window developed from a subset of modeling sites
modeled using a full-wave RAM parabolic equation model (FWRAM).

A nominal conversion difference of +10 dB from SEL to SPL was applied across receiver
positions for short-duration single airgun and geotechnical source types under the assumption
that the shortest temporal integration time of the mammalian ear is 100 ms (MacGillivray et al.
2014; Plomp and Bouman 1959). Conversion values for the larger airgun array source were
determined from FWRAM simulations. FWRAM was run along 16 evenly-spaced azimuths to
examine the effect of source directivity and direction-specific bathymetric variation. Conversion
factors were assigned to MONM sites based on the closest full-waveform model source location
and the nearest azimuthal direction, using bilinear interpolation over receiver range and depth.

The size and shape of acoustic footprints from seismic surveys in the NGM are
predominantly influenced by water depth and seabed slope. For modeling purposes, the NGM
was divided into three main bathymetric areas: Shelf (100-200 m depth), Slope (200-2000 m
depth), and Deep (>2000 m depth). Due to depth restrictions on their distribution (Roberts et al.
2016), sperm whales were modeled in the three Slope zones and the Deep zone (i.e., Zones 4-7
in Fig. 1). Because the ensonified area would extend beyond the survey zone, simulations of
whale behavioral disturbance were modeled to 50 km from the survey limits (red boxes, Fig. 1).
At 50 km range, M-weighted received levels drop to 120 dB re 1 uPa SPL or lower, roughly the
lower limit of the dose-response functions used for behavioral disturbance. High-resolution
geophysical (HRG) surveys were modeled near the center of these large area survey boxes (green

boxes, Fig. 1; Table S1). Variability in acoustic source energy propagation due to source, range
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from source, azimuth from source, and receiver depth was modeled at 30 sites (yellow stars, Fig.
1). Water depths throughout the modeled area were derived from the National Geophysical Data
Center’s 3-arcsecond resolution (~80-90 m) U.S. Coastal Relief Model ([NCEI] National Centers
for Environmental Information 2017). Silt sediment was assumed in the Slope zone, and clay
sediment was assumed in the Deep zone. Sound speed profiles varied by season, with winter
profiles providing the longest propagation estimates due to a surface duct caused by upward
refraction in the top 50-75 m. The winter profile was applied to January-March. A summer
profile based on August and September measurements was applied to the rest of the year as there
were no significant differences between Apr-Dec profiles (GDEM V 3.0; (Carnes 2009; Teague
et al. 1990)). Three-dimensional sound fields for all sources (Table S1) were modeled for the
different survey zones and seasons. The acoustic modeling process is discussed in greater detail

in Zeddies (2015).

Animal Movement Modeling

The sounds animals receive in the environment are partly dependent on the location of
the sound source relative to the animal. Sperm whale movements were simulated with the
Marine Mammal Movement and Behavior (3MB) model (Houser and Cross 2014) parameterized
as shown in Table S2. Avoidance was not modeled, as this behavior has not been documented
in sperm whales exposed to seismic surveys (Miller et al. 2009b; Rankin and Evans 1998;
Winsor et al. 2017). Individual simulated animals (animats) accumulated an exposure history as
the simulation progressed (Fig. 3). As the locations of actual animals within a sound field are
unknown, we applied repeated random sampling (Monte Carlo) to provide a heuristic approach

to determine the probability of exposure. Animat densities were set as high as practical to allow
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reasonable computation time, and results were scaled to real-world animal densities using a

habitat-based cetacean density model ((Roberts et al. 2016); Fig. 1).

Behavioral Disturbance

A sliding window was used to calculate SPL for a series of fixed window lengths (100
ms) within seismic survey pulses (MacGillivray et al. 2014; Plomp and Bouman 1959). The
maximum value of SPL over all time window positions was taken to represent the SPL of the
pulse. We evaluated disturbance in simulated animals using four different thresholds: (1) a
knife-edged threshold of 160 dB SPL re 1 uPa to assess behavioral effects (“160 dB”: ([NMFS]
National Marine Fisheries Service 1995, 2000)); (2) a probabilistic step function (“Stepfn”:
(Wood et al. 2012)) that models incremental increases in disturbance responses as the level of
noise exposure increases (i.e., a 10% probability of response at 140 dB SPL re 1 pPa, 50%
probability of response at 160 dB SPL re 1 puPa, and 90% probability of response at 180 dB SPL
re 1 uPa); and (3-4) two additional probabilistic dose-response functions (‘sensu Nowacek et al.
(2015)’ versions A and B). In sensu Nowacek et al. (2015) version A, 10% of individuals are
disturbed at 111 dB SPL, based on the lowest exposure level reported by Miller et al. (2009Db).
In version B, 10% of individuals are disturbed at 120 dB SPL, based on the minimum exposure
level leading to severe behavioral disturbance reported by Miller et al. (2012). For both sensu
Nowacek et al. (2015) dose-response functions, 50% of individuals are disturbed at 140 dB
[following the guidance of Nowacek et al. (2015)], and 90% at 180 dB SPL [following Wood et
al. (2012)]. The 160 dB threshold criteria metric was unweighted. Sounds are less likely to

disturb animals at frequencies the animal cannot hear well. To adjust for less-audible
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frequencies, Type | weighting (Southall et al. 2007) was applied to the SPL sound fields used for
the Stepfn and sensu Nowacek et al. (2015) dose-response functions.

Accumulated time above threshold is a product of the duration and frequency of
exposure. Sperm whale movement data output from 3MB and pre-computed acoustic fields
output by AASM, MONM, and FWRAM were combined in the JASCO Exposure Modeling
System (JEMS; (Zeddies 2015)). JEMS provided time histories of received levels and slant
ranges (the three-dimensional distance between the animat and the source) for all animats. These
data were used to generate time series of acoustic exposure on a per animat basis (Fig. 3). Due
to computational limitations, animat movements within acoustic fields were simulated for seven
days. Between 3874-9023 animats were simulated within each zone. The duration of exposure
(min) per animat, was tracked using a sliding window approach. The length of sliding windows
was 24 h, advanced by 4 h, resulting in up to 37 exposure estimates per animat. Because we
used a probabilistic approach to determine whether the animat would be in the survey area on a
given day (see below), animats were not tracked once they moved outside the survey area. We
summarized the number of animats (mean and SD across 37 24-h samples) exposed above
threshold for different exposure durations for each survey, zone, and season. Exposure duration
time steps ranged from one shot (0.33 min for large seismic surveys, 0.17 min for high-resolution

sources) to a full day of shots (i.e., 1440 min).

Survey Effort Projections and Likelihood of Exposure

Projections of survey effort were developed in terms of annual estimates of the length of
line-miles that would likely be surveyed based on historical trends and consultations with

industry for each year, survey type, and zone (Fig. 1, ((BOEM] Bureau of Ocean Energy

10
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Management 2017)). Projected line-miles were converted to survey days (Table S3) based on
the vessel speeds for each survey (Table S1) and were parsed evenly across months (i.e., ~25%
in ‘winter’ sound speed conditions and ~75% in ‘spring/summer/fall’ sound speed conditions).
Ten year projections of daily duration of exposure above threshold (160 dB and Stepfn)
for simulated individuals were generated using a bootstrapping approach. Daily random draws

modeled disturbance-minutes (D) for individual whales in a zone for each survey as follows:

]f S <L ayssurvey) X (1 ‘1reahomerange) X Areasurvey X (1 C )
zone
N e’
365 Area,one Area,one Pno mikigation

P(survey in P(animat P(survey in closure)
zone that day) in zone) range of animat)

Areagpyta
X (1 — P(detection) x ———>utdown

> rand(0,1)
Areasurvey )

P(no shutdown due to animat
detected within 500 m)

then D

zone=t(SPL>Thresholdone survey,season)

duration of animat
exposure to survey

else D,ppe =0

where S is the percentage of days in the season (i.e., Jan 1-Mar 31: 25%, Apr 1-Dec 31: 75%).
In this approach, there is an initial hurdle that must be cleared each day for each animat, survey,
and zone to determine the likelihood that the animat was exposed at all. 1f exposed, the duration
of exposure is randomly drawn from the raw distribution of observed animat exposure durations
(t) for that survey-zone combination (Fig. 4). This bootstrapping approach encapsulates the
uncertainty in the probability of a survey taking place, the probability of a survey taking place
next to an animat, the probability of the animat being within the zone, the probability of the

animat being detected within a 500 m radius of the survey (requiring a mandatory shutdown),

11



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

and the probability of an animat being exposed to sounds above the disturbance threshold in a
single step across all surveys within a zone. Survey area (Areasyrey) IS the simulated area from
JEMS for behavioral disturbance evaluation (Table S1). The odds of a survey taking place on a
given day are based on projections (Table S3), incorporating bootstrapped uncertainty of £25%.
Sex-specific home ranges (Areanomerange) Were based on mean kernel density estimator (KDE)
home ranges reported for sperm whales tracked in the NGM (Jochens et al. 2006). Because the
likelihood of being in the zone was determined on a daily basis as a scalar function without
spatial weighting for the probability associated with being at different distances from the home
range center, the 50% KDE was used to represent “core” home range (Powell 2000). Shutdown
areas (Areaspudown) Were a 500 m circle around the survey, based on current BOEM regulations.
Visual detection probability within 500 m was assumed to be 87% (CV=9%;(Barlow and Sexton
1996) (Barlow and Taylor 2005)). As sperm whale animat exposures were only modeled in
regions with water depths exceeding 1000 m, only regions with water depths greater than 2000 m
were considered when computing zone areas (Area,one). Mitigation effectiveness (discussed
below) was incorporated through the term Cope.

Although this approach loses some of the site-specificity and spatiotemporal
autocorrelation that would be captured by longer simulations, projections suggest survey
duration at the individual level is mostly unknown, especially in regards to when individual
exposure would begin and end ([BOEM] Bureau of Ocean Energy Management 2017; Zeddies
2015). Sensitivity runs comparing 7-day to 30-day simulations indicated that 24 h probabilities
of exposure scale much more appropriately than the time-series of exposures (Zeddies 2015),
providing greater credibility to the realism of these results. If an individual sperm whale was

exposed to multiple surveys on a single day, the duration of exposure from the surveys was

12
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summed. This approach carries the implicit assumption that exposures to multiple surveys are
not simultaneous, which is supported by regulatory and practical requirements for spacing of

acoustic surveys.

Physiological Effects of Disturbance

Each 24 h day, on average, sperm whales in the NGM spend 72%+32.7% of their time in
foraging dive cycles, consisting of 45 min dives to 644 m depth followed by 9 min surface
intervals (Watwood et al. 2006). During a dive cycle, whales spend 53%+5% of their time
actively encountering prey at mean depths between 467-643 m (Watwood et al. 2006).

Truncated normal distributions were used to stochastically model the percent of time spent in the

foraging dive cycle (tdwecycle) minutes underwater per dive (tZv¢  ...), minutes at the

surface per dive (td“;jiace) Total daily time underwater (t2, ;.. water) Was expressed as:

tdwe

underwater
tunderwater - (24 X 60) X tdwecycle (tdwe dwe )
underwater surface

The sample distribution for t2, ;.. water 1S Shown in Fig. 4B.

In the Gulf of Mexico, controlled exposure experiments (CEE) conducted with eight
tagged sperm whales over a series of 30-min intervals during pre-exposure, ramp-up, and full-
array airgun firing suggested reduced foraging behavior (Miller et al. 2009b). The most closely
approached whale (1.4-5.7 km), exposed to sound levels of at least 111-147 dB SPL re 1 pPa,
did not forage during exposure. This unusually long (265 min) resting bout persisted throughout

pre-exposure, ramp-up, and full-array conditions, and ceased 4 min after the final airgun pulse

13



271 (Miller et al. 2009b). In addition to this observed potential delay to foraging during exposure
272 (Miller et al. 2008; Miller et al. 2009b), Bayesian analysis suggested a 20% decrease in foraging
273 activity was more likely than no change in foraging activity for the seven foraging whales that
274  were exposed to lower levels of sound (Jochens et al. 2006). In CEE off Norway, naval sonar
275  exposures at received levels ranging from 120-169 SPL ax re 1 pPa led to foraging disturbance,
276  including alteration or cessation of the production of foraging sounds (i.e., regular clicks and
277  buzzes) and changes in the dive profile (Isojunno et al. 2016). Cessation of foraging did not
278  extend much beyond the duration of the exposure (Isojunno et al. 2016; Miller et al. 2012).

279 A foraging effects model was developed to account for potential reductions in foraging
280 efficiency anticipated for a given duration of exposure above threshold levels. For each year,
281  zone, and life stage, the dive behavior of 1000 individuals were simulated on a daily basis.

282  Foraging efficiency (f4) was bounded between 0-100% and was expressed as the percentage of
283  dive time during which the whale was exposed to sounds above threshold (i.e., 160 dB or

284  Stepfn):

285

fa

d AUV o tir
o underwater
@ tunderwater - Zsurvey:ZD t(SPL > ThreSholdzone,survey,d) X tdivecycle X (tdive _I_tdive )
_ underwater ' *surface
= td
underwater

286

287  where ¢ is a foraging impact scalar. This approach assumes that whales lose foraging
288  opportunities during the minutes of a foraging dive when they are exposed to sound above
289  threshold, but foraging efficiency is not impacted when they are not actively diving or receiving

290  sounds below threshold, and they do not abort dives due to sound exposure. For example, if a
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whale spends 864 min a day underwater (i.e., 72% of its day in the dive cycle and 83% of the
dive cycle underwater) and is exposed for 100 min above threshold on that day, its foraging
efficiency would be 93% at 9=100% (i.e., 60 min lost foraging opportunity).

A bioenergetic model (Farmer et al. 2018) was developed in R (R Development Core
Team 2013). The model incorporated growth, a reproductive cycle, and transitions to different
life stages and sub-stages (Chiquet et al. 2013; Lockyer 1981). Bootstrapping incorporated
individual variability in body condition (Farmer et al. 2018). Changes in whale body mass and
associated energy reserve levels were tracked on a daily basis (Fig. S1). During days with
undisturbed foraging, whales grew and replenished depleted reserves (Farmer et al. 2018).

During days with disturbed foraging, simulated whales compensated for caloric deficits
using carbohydrate reserves, if available (Farmer et al. 2018). Remaining caloric deficits were
offset through energy mobilized from lipid and protein reserves in the blubber, muscle, and
viscera. If total energy reserves were insufficient to cover the caloric deficit, individuals reached
terminal starvation, along with any associated fetus or calf. At terminal starvation, protein stores
are greatly depleted, lipid utilization falls, circulating ketones decline, and cardiac tissue and
other organs are compromised (Castellini and Rea 1992). It is unlikely that sperm whales in the
wild could recover from terminal starvation. Additionally, pregnant or lactating adult females
could prioritize their own survival and abort their fetus or abandon their calf if their energy stores
hit critical levels (Farmer et al. 2018; New et al. 2013). Following New et al. (2013), critical
levels were specified as a uniform distribution between 10* kcal and two times the daily energy
expenditure (e.g., field metabolic rate, FMR). Relative body condition (RBC) was tracked as the
ratio of body reserve energy (tE$st“rbed) to expected body reserve energy with undisturbed

foraging conditions (tEy"4isturbedy.
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RBC =1 — (tEgndisturbed _ tEéiisturbed)/tE}imdisturbed

Bioenergetic impacts of simulated exposures to seismic survey noise and associated
reductions in foraging efficiency were modeled for 10 years. Effects of foraging disturbance
were tracked by year and zone as: (i) individuals reaching terminal starvation by life stage, (ii)
fetal abortions, and (iii) reductions in RBC by life stage. Simulated individuals reaching
terminal starvation were scaled to the real-world NGM stock using bootstrapped predictions of
abundance by zone (Roberts et al. 2016). Six model scenarios were evaluated to explore the
sensitivity of model outcomes to assumptions about the resilience of individual whales to
disturbance (Table 1). To evaluate the effects of uncertainty in the foraging impact of
behavioral disturbance above threshold, model scenarios were developed with ¢ set at 100%
(Miller et al. 2009b) and with ¢ uniformly distributed between 20% and 100% (Jochens et al.
2006; Miller et al. 2009b). Model scenarios considered non-optimized (i.e., ‘somatic’ growth)
and partially optimized replacement, where reserves were replaced at random rates ranging
between *somatic’ and optimal (i.e., reserves perfectly replaced in proportion to prior losses).
Model scenarios were also developed to evaluate the effects of a whale demonstrating a ‘hunger
response’ (McDonald et al. 2017) on days of undisturbed foraging that would increase

consumption and corresponding daily growth rate up to three-fold.

Mitigation Effectiveness

The mitigation effectiveness of proposed closures in the Central Planning Area (CPA),

Eastern Planning Area (EPA), and Tortugas Area (TA) was evaluated (([BOEM] Bureau of
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Ocean Energy Management 2017); Fig. 1). Spatial overlap between activities and stock were
used to model the reduced risk of exposure (Farmer et al. 2016). Closure effectiveness (Cone)
was computed as ratio between the stock abundance within the closed area in the zone relative to

the stock abundance in the entire zone (Roberts et al. 2016):

njclosed
_ Z Nzone

Czone - Ntotal
zone

The inverse of C,one Was incorporated as a multiplier in the probability of exposure equation
described above (Table S4). Three mitigation impact scenarios were modeled: (1) No areas

closed, (2) EPA and TA closed, and (3) CPA, EPA, and TA closed.

Oil Exposure and Cumulative Effects

The cumulative stock impact of reduced survivorship due to oil exposure and noise
disturbance were estimated using a stage-structured matrix population model (Caswell 2001;
Chiquet et al. 2013). The model was parameterized following (Chiquet et al. 2013), and divided
the life-cycle of female animals into five stages: dependent calf, juvenile, reproductively mature,
mother with calf, and “post-breeding” female. The duration of the “mother with calf” and “post-
breeding” interval combine to determine the inter-birth interval which was set at four years. The
model also included a male compartment consisting of calves, immature individuals, and mature
individuals (Fig. S2). Model runs incorporating impacts from the Deepwater Horizon (DWH)
oil spill (Schwacke et al. 2017) included a second cohort of animals that were exposed to DWH
oil (Fig. S2). In these “Spill” runs, the exposed cohort experienced both reduced survivorship

and reduced reproductive success compared to the unexposed cohort. The exposed cohort also
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contributed “unexposed” calves to the population; the potential effects of contaminant transfer in
utero and through milk were not considered.

Uncertainty in the population trajectory was estimated by resampling from a uniform
distribution between the “worst case” and “best case” stage-specific survival rates presented in
Chiquet et al. (2013). The “Baseline” (pre-disturbance and pre-DWH) stage-specific survival
rates are shown in Table S5. For males, an additional loss term was included in the adult
survival rate to account for emigration of males which results in the 72:28 female to male sex
ratio observed in the NGM population (Engelhaupt et al. 2009). In “Spill” model runs, a 12%
decrease in annual survival rate associated with exposure to DWH oil was included for 2011-
2014, and this reduced survivorship decreased linearly over a 10 year period (2015-2025). The
exposed cohort also included a 45.5% reduction in calf-production followed by a linear decline
in this effect over a 15 year period. These inputs were based upon analyses of the responses of
bottlenose dolphin populations to oil exposure (Schwacke et al. 2017). The initial population
size was 2,138 (CV = 0.09) sperm whales (Roberts et al. 2016), and resampling from a normal
distribution was used to incorporate uncertainty in initial population size into model projections.
The size of the exposed cohort was calculated based upon the zone specific population size and
the area of each zone that overlapped with the DWH oil exposure polygon (Fig. S3, (Roberts et
al. 2016; Schwacke et al. 2017)). The resulting exposed cohort was 16.5% of the total initial
population for the “Spill” model.

Additional mortality estimated from disturbance scenarios was subtracted from “Spill”
model stock survival rates to explore the additional impact of disturbance on population growth
rates and trends (e.g., “Spill+Disturbance”). As the NGM sperm whale population has

experienced disturbance due to G&G surveys since 1968, terminal values for additional mortality
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due to disturbance from ten-year simulations were used for demographic model projections.
Uncertainty in disturbance effects and sperm whale population distribution was included in these
simulations by resampling from a normal distribution using the uncertainty estimated from the
disturbance model. For demographic projections, terminal starvation was treated as a proxy for
mortality. Annual mortality due to behavioral disturbance was calculated based on projections of
the percentage of simulated individuals reaching terminal starvation in each zone scaled to the
real-world estimated abundance of sperm whales in each zone (Roberts et al. 2016), across 1000
bootstrapped runs for 1000 individuals of each life stage in each zone. Demographic models
were run for an undisturbed “Baseline” stock, a “Spill” impacted stock, and a

“Spill+Disturbance” impacted stock for each of the six scenarios shown in Table 1.

Results

As modeled, individual effects of acoustic disturbance accrued over time under all
scenarios (Table 1). Scenarios 1-3 predicted some sperm whales would reach terminal
starvation (Fig. 5). Under Scenario 1 with a 160 dB dose-response function, 4.4+2.1%
(meanzSE) of the population was predicted to reach terminal starvation by 2025, with mature
females and calves accounting for the vast majority of the affected individuals (Fig. 5).
Additionally, up to 11% of fetuses carried by females in Zone 5 were predicted to be aborted.
Under the Stepfn dose-response function, by 2025, 0.3+£0.2% of the stock was predicted to reach
terminal starvation; all individuals reaching terminal starvation were calves and mature females
(Fig. 5). Few fetal abortions (<1%) were predicted. Uncertainty in total effects was high, with
CVs of 0.48 and 0.67 for the 160 dB and Stepfn dose-response functions, respectively. Under

the Stepfn dose-response function, no sperm whales were projected to reach terminal starvation
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and no fetal abortions were predicted for Scenarios 2-6 (Fig. 5). Both sensu Nowacek et al.
(2015) dose-response functions predicted terminal starvation for all mature females and
associated calves in Zone 5 for Scenarios 1-3 (Table S6). As mature females and calves are still
observed in Zone 5 despite decades of G&G surveys, the sensu Nowacek et al. (2015) dose-
response functions appear overly precautionary.

Relative body condition (RBC) expressed the percentage of available reserves for a
disturbed individual whale relative to an undisturbed whale with identical characteristics. The
greatest effects on RBC were observed for sexually-mature females, with up to 85% reductions
in mean RBC predicted in ten years under the 160 dB dose-response function (Fig. S4).
Anthropogenic disturbance was projected to have the greatest effects on whale fitness in Zone 5,
followed by Zone 6 (Fig. 1, Fig. S4). Significant (>5%) declines in relative body condition
(RBC) were estimated for Scenarios 1-5 under the 160 dB dose-response function and for
Scenarios 1-3 under the Stepfn dose-response function (Fig. 5, Fig. S4).

Under all scenarios, the proposed EPA and TA closures provided little to no significant
reduction in predicted percentage of the population reaching terminal starvation. The proposed
CPA closure nearly eliminated the risk of simulated individuals reaching terminal starvation due
to its coverage of a large proportion of the sperm whale stock (Fig. 1).

Demographic stock projections under “Baseline” conditions suggested the sperm whale
population would decrease through time even in the absence of the impacts from oil exposure or
from continued behavioral disturbance; however, there was substantial uncertainty in both initial
stock size and stock trajectory (Fig. 6). Although there was uncertainty in the magnitude of the
decline, all “Spill” model runs suggested a decline due to mortalities and reproductive failure

associated with oil exposure, with a mean reduction in stock size of 26% by 2025 (Fig. 6).
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Projected changes in stock size varied substantially across “Spill+Disturbance” model runs,
depending on disturbance threshold and individual resilience scenario. Substantial additional
stock declines were estimated under model Scenarios 1-2 using the 160 dB threshold, with a
stock decline under “Spill+Disturbance” Scenario 1 that was approximately 25% greater than
“Spill” alone (Fig. 6). Slight stock declines were estimated under model Scenario 3 using the
160 dB threshold. Additional mortality predicted under these runs could be partially mitigated
by the closure of the CPA. Using the Stepfn threshold, a slight additional decline was predicted
under “Spill+Disturbance” Scenario 1 runs relative to “Spill” runs (Fig. 6). The Stepfn threshold
runs did not predict any significant additional stock declines for “Spill+Disturbance” Scenarios

2-6.

Discussion

All scenarios in our PCoD modeling approach predicted that exposure to very large oil
spills will result in significant stock declines for NGM sperm whales, and some scenarios
incorporating additional noise effects predict significantly larger stock declines. Oil exposure
from the DWH spill was projected to cause substantial short-term mortalities and protracted
declines in reproductive success. Frequent, relatively high levels of acoustic disturbance were
projected for NGM sperm whales, especially in Zone 5 where the stock, DWH oil, and projected
seismic activity have the highest overlap (Fig. 1). Modeling individuals through time indicated
substantial risk of reduced body condition, some level of fetal abortions, and individuals
potentially reaching terminal starvation associated with acoustic disturbance. The substantial
variability in projected effects under model Scenarios 1-6 (Table 1, Fig. 5) clearly illustrated the

role of individual resilience when determining population-level consequences of acoustic
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disturbance. It is unclear whether whales can optimize the replacement of reserves (Farmer et al.
2018) or increase the amount of time spent foraging relative to other activities when prey
availability or foraging efficiency is reduced (Boyd 1999; Crocker et al. 2006; McDonald et al.
2017). Sperm whales spend, on average, approximately three-quarters of their day in the
foraging dive cycle (Watwood et al. 2006). As such, the levels of compensatory foraging
assumed for Scenarios 4-6 (Table 1) might be unrealistic due to limits on food intake associated
with constraints on prey acquisition and processing (Rosen et al. 2007).

The projected consequences of acoustic disturbance were heavily dependent upon the
assumed dose-response function (see Fig. 5, Table S6). There are two major differences
between the 160 dB and Stepfn thresholds: (1) the weighting function applied and (2) the
probabilistic dose-response relationship. The Type | weighting applied to the Stepfn reduces the
level of the received sound field for low frequency sources such as airguns relative to the
unweighted 160 dB threshold. Additionally, although the Stepfn incorporates 10% of individuals
disturbed between 140-160 dB SPL, it only includes 50% of the individuals exposed between
160-180 dB SPL. The appropriate lower bound and location of the 50% midpoint varies in
applications of dose-response curves for marine mammal behavioral disturbance. Severe
behavioral responses have been reported for sperm whales exposed to sonar at received levels as
low as 120 dB SPL (Miller et al. 2012). Using data from controlled exposure experiments
(CEE), the U.S. Navy has developed behavioral response functions with a 50% midpoint of 165
dB SPL (JUSN] United States Department of the Navy 2017). Midpoints in dose response
curves from other published CEE with odontocetes exposed to sonar have ranged from 140-172
dB SPL (Antunes et al. 2014; Houser et al. 2013; Miller et al. 2014; Moretti et al. 2014). For

seismic surveys, a probabilistic function with a 50% midpoint at ~140 dB SPL has been
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recommended over the 160 dB threshold (Nowacek et al. 2015) . The positioning of the
midpoint is critical to the level of disturbance that is estimated. In the only CEE conducted with
seismic airguns in the Gulf of Mexico, all exposed whales exhibited minor to complete foraging
disruption under maximum Type | weighted sound pressure levels of at least 135-147 dB SPL,
with the most closely approached whale demonstrating what appeared to be the strongest
response (Miller et al. 2009b). Additionally, CEE have suggested sperm whale behavioral
disturbance may occur at sound exposure levels well below the minimum disturbance thresholds
modeled by the 160 dB and Stepfn dose-response functions, and reduction or cessation of
foraging during exposure is a likely response (Isojunno et al. 2016; Miller et al. 2009b).

We conducted sensitivity runs using dose-response functions (sensu Nowacek et al.
(2015)) with substantially lower thresholds for the possible onset of behavioral disturbance. As
parameterized, these dose-response functions more closely matched the limited data from CEE in
the region (Miller et al. 2009b); however, as modeled, a high proportion of the stock
demonstrated behavioral responses to common levels of exposure in Zone 5, with inadequate
respites from exposure to replenish depleted reserves. Both sensu Nowacek et al. (2015) dose-
response functions predicted up to a quarter of the NGM sperm whale stock would reach
terminal starvation by 2025, including terminal starvation of all mature females in Zone 5 for
Scenarios 1-3 (Table S6), with massive (>80%) declines in RBC predicted across all scenarios.
Under the least precautionary sensu Nowacek et al. (2015) version B Scenario 6, RBC for
females in Zone 5 was predicted to be 12.6+18.2% that of an undisturbed female. Sperm whales
in Zone 5 have been exposed to similar levels of activity for decades and reproductive females
are still prevalent in the area (Engelhaupt et al. 2009). Given this discrepancy between

predictions and observations, either sperm whales must be substantially more resilient than
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modeled by Farmer et al. (2018) and our Scenarios 1-6, or our sensu Nowacek et al. (2015) dose-
response functions are overly precautionary. The substantial variability in simulated outcomes
across dose-response functions further emphasizes the need for more definitive CEE in the
region coupled with in situ measurement of RBC or a meaningful proxy.

Exploring the effects of disturbance using multiple dose-response functions accounts for
some of the uncertainty regarding the actual threshold for behavioral disturbance, which is often
context-specific and seldom measured across multiple metrics of exposure (Southall et al. 2007).
We also attempted to account for context in that behavioral disturbance only impacted vital rates
when whales were engaged in foraging dives. Observations of behavioral responses are difficult
to mathematically relate to received sound levels, partially due to inconsistencies in accounting
for hearing thresholds across studies (Gomez et al. 2016; Southall et al. 2016). Additionally,
more severe behavioral responses are not consistently associated with higher received sound
levels (Gomez et al. 2016). Research permits have not allowed for CEE of sperm whales to
reach the modeled thresholds of 160 dB for behavioral disturbance. CEE involving seismic
surveys are limited and inconclusive, but suggest some sperm whales may cease or decrease
foraging activity during exposures below 160 dB (Jochens et al. 2006; Miller et al. 2009b).
Decreased foraging activity during exposure can result in substantial reductions in body
condition, but at lower risk of terminal starvation compared to when there is complete cessation
of foraging and consequently a greater energetic deficit (see Fig. 5).

The lack of information regarding the number, location, duration, and distribution of
future seismic surveys in the NGM is a major source of uncertainty in this analysis. BOEM
estimates of survey effort were generated by forward-projecting historical trends; however,

industry activities are sensitive to the pricing and supply and demand for oil and gas. To account

24



519  for this uncertainty, we modeled effort as +25% of BOEM’s projected levels ((BOEM] Bureau
520 of Ocean Energy Management 2017). This analysis did not consider other sources of

521  anthropogenic noise such as underwater sounds associated with on-lease development activities
522  and vessel traffic noise. Thus, our impact assessment may be an underestimate of aggregate
523  sound exposure in the Gulf of Mexico.

524 One of the most important contemporary questions in marine ecology is how to assess the
525  cumulative effects of multiple stressors (Rudd 2014). Quantifying the cumulative impact of
526  these stressors on marine stocks is essential for effectively implementing and adaptively

527  managing anthropogenic activities (United States Congress 1969). There is a growing interest in
528  predicting how different stressors will interact to affect individuals and populations of marine
529  mammals; however, interaction rates are difficult to quantify ([NAS] National Academies of
530  Sciences Engineering and Medicine: Ocean Studies Board 2017). We evaluated the cumulative
531  effects of oil exposure and behavioral disturbance associated with G&G activities, but did not
532  quantify the interaction rate between these processes, if such an interaction exists.

533 Modeling a dynamic environment over a long time period is challenging and

534  computationally intensive. We attempted to capture the uncertainty in sperm whale

535  bioenergetics modeling through bootstrap Monte Carlo sampling. Due to data limitations and
536  computational demands, assumptions were made that have directional bias that is difficult to
537 quantify but easily understood (Table 2). The unevaluated consequences of a dynamic

538  metabolic rate, migration, social grouping, localized variability in acoustic propagation

539  parameters, or interactions between stressors could lead to over- or under-estimation of effects.
540  Our modeling approach failed to account for a variety of factors that would likely result in more

541  pessimistic stock projections, including: (i) the energetic consequences of avoidance, (ii)
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depensatory reproductive rates, (iii) the effects of seismic survey pulses on sperm whale prey and
resulting effects on foraging sperm whales, (iv) increased sound production, (v) potential
disturbances below modeled thresholds, (vi) acoustic signal masking, (vii) effects of temporary
and permanent threshold shifts on foraging sperm whales, (viii) elevated stress levels, (ix)
dehydration and ketosis, (x) health effects of reduced body condition, (xi) increased risk of
decompression sickness due to behavioral and physiological responses to received sound; and
(xii) cultural effects of individual mortalities (Table 2).

The majority of our PCoD model scenarios predicted significant reductions in sperm
whale body condition as a consequence of anthropogenic disturbance. Oil exposure was
implicated in reduced vital rates in the baseline population due to mortality and reproductive
failure, but is also likely to result in reduced body condition for survivors (Carmichael et al.
2012; Schwacke et al. 2013). Oil spills may produce a pulse of polycyclic aromatic hydrocarbon
exposure that may cause long-lasting lung disease, altered immune response, and disruption of
the hypothalamic-pituitary-adrenal axis (Mazet et al. 2001; Mohr et al. 2008; Schwacke et al.
2013; Schwartz et al. 2004). 1t is unclear how disturbance and oil exposure stressors might
interact (i.e., additive, antagonistic, synergistic) when they co-occur; however, interaction effects
beyond those listed in Table 2 could lead to more pessimistic conclusions regarding stock status
than those we have presented. Adult female NGM sperm whales are, on average 1.5-2.0 m
smaller than the global mean (Jaquet 2006) and calves may be substantially smaller at birth than
the expected size of calves from whaling data (Jaquet & Gendron, unpublished data). This may
be an adaptation to a unique environment (Best et al. 2017); however, it is also possible that
decades of behavioral disturbance have resulted in reduced body reserves and associated stunted

growth (De Onis et al. 1997). Reduced body reserves have been implicated in lower
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reproductive potential (Le Boeuf et al. 2000; Lockyer 1987; Miller et al. 2011; Williams et al.
2013) and reduced calf size and fitness (Christiansen et al. 2014; Christiansen et al. 2018).

Our PCoD modeling process has clarified major sources of uncertainty in the estimation
of oil and G&G survey effects on the NGM sperm whale stock. We propose the following
ranked list of research priorities: (i) historical context for seismic survey activity, (ii) improved
dose-response functions for behavioral disturbance, (iii) estimated sperm whale hunger response
levels, (iv) noise effects on sperm whale prey, (v) relative body condition estimates for NGM
sperm whales, and (vi) improved population abundance estimates. NGM sperm whales are long-
lived and have been exposed to some level of offshore seismic survey activities since the 1960s.
Having a better sense of the level of historical survey effort would provide context for projected
effort levels and inform status quo whale body condition, and potentially also help identify
which model scenarios are most realistic. Model results for the 160 dB, Stepfn, and sensu
Nowacek et al. (2015) dose-response functions were quite different. Having an activity context-
specific dose-response function for sperm whales (e.g., (Harris et al. 2015)) exposed to seismic
survey sound would require additional CEE similar to Miller et al. (2009a). The biggest
contributor to modeled individual resilience is the ability of whales to increase consumption rates
on days following a disturbance event to mitigate caloric losses (Farmer et al. 2018).
Information collected in the Gulf of Mexico using a BACI (Before-After-Control-Impact) design
where foraging levels before, during, and after exposure are tracked over several days across
many individuals would provide the statistical power to quantify compensatory consumption
rates following exposure while controlling for individual variability. Laboratory and field
experiments have suggested that anthropogenic sound may indirectly affect sperm whales by

altering prey abundance, behavior, and distribution (André et al. 2011; Engas et al. 1996; Slotte
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et al. 2004). The BACI design proposed above could be coupled with measurement of prey
species concentration using trawls (Judkins et al. 2015) or echosounders (Goss et al. 2001). The
effects of seismic survey noise on body condition could be informed through a comparison of
buoyancy-based estimates of sperm whale body condition from D-tag data (Miller et al. 2004b)
between heavily-exposed NGM whales to whales in the historically “unexposed” Tortugas Area
as well as other locations across the globe, or aerial photogrammetry to assess volume changes in
individual whales over the course of repeated exposures (Christiansen et al. 2018). Finally,
substantial discrepancy exists in current population estimates for NGM sperm whales [i.e., 763
(CVv=0.38) (Waring et al. 2016); 2,138 (CVV=0.09) (Roberts et al. 2016)] and a long-term series
of estimates with tight confidence limits does not exist, confounding efforts to use population
estimates to infer which model scenarios might be the most realistic.

Sperm whale populations are still recovering from massive population declines associated
with commercial whaling operations (Whitehead 2002). The NGM sperm whale stock is
relatively small, with individual home ranges that heavily overlap with areas of current and
proposed G&G survey activities (Fig. 1, (Jochens et al. 2006)). Medium-sized (>159 kL) oil
spills are anticipated every 2-4 years in the NGM, with large spills (>1590 kl) every 10-16 years
(Jietal. 2017). Global spill trend analysis suggests that a DWH-sized oil spill may occur in the
Gulf of Mexico every 17 years (range: 8 to 91 years; (Eckle et al. 2012)). Demographic model
projections under some model scenarios predicted that declines in the sperm whale stock
anticipated as a result of DWH oil exposure would be exacerbated by behavioral disturbance
associated with proposed G&G surveys. These simulations suggest frequency and duration of
exposure are the primary drivers for behavioral disturbance leading to population consequences

(Farmer et al. 2018). Managers should consider the cumulative impacts of multiple, sublethal
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stressors when determining allowable harm limits (Williams et al. 2016). The CPA is the
primary area of overlap between G&G activities and the sperm whale stock, and simulations
indicated a partial closure of the CPA to G&G activity would nearly eliminate the risk of
individuals reaching terminal starvation due to behavioral disturbance. Area-specific survey
effort caps across survey methods in biologically important areas or broader-scale scale
shutdown requirements (e.g., based on PAM detections or aerial surveys within several
kilometers of the survey activity) could greatly limit the probability of significant adverse effects
by reducing the duration and frequency of exposures in areas where the NGM stock may be most
sensitive to disturbance. Unmitigated and frequent behavioral disturbance from the projected
levels of G&G surveys in the future may lead to reduced body condition and possibly terminal
starvation for adult whales and associated calves. Future analyses should consider the additional
potential reproductive impacts of reduced female body condition or fetal abortions, which were
predicted under nearly all model scenarios.

Evaluating extinction risk is a synergistic process that should consider multiple
threatening processes simultaneously over the long term (Brook et al. 2008). There are
numerous additional stressors associated with oil and gas activity that should be considered in
future analyses, including vessel strike injury and mortality; sound exposure from oil transport,
survey and support vessels; pile driving sounds associated with construction activities; marine
debris ingestion and/or entanglement; and potential exposure to future oil spills and dispersants.
It is critical to develop a Population Consequences of Multiple Stressors (PCOMS; ([NAS]
National Academies of Sciences Engineering and Medicine: Ocean Studies Board 2017)) model
for cetaceans in the Gulf of Mexico to address the cumulative effects of the myriad

anthropogenic threats that may have population consequences — even with imperfect
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parameterization, this tool would allow for a meaningful relative comparison between
management alternatives.

Given our limited focus on two stressors (DWH oil exposure and aggregate noise
exposure) out of a suite of threats to this endangered species, precaution in applying these results
is warranted. Currently, U.S. regulations focus on the exposure limits for auditory impacts in
marine mammals, but there is no final guidance on probabilistic dose-response functions
required to evaluate the impacts of sound exposure for marine mammals under the regulatory
requirements of the MMPA and ESA. The likelihood of population level impacts of disturbance
is potentially much greater than auditory impacts due to the lower thresholds and larger areas
over which disturbance may occur. The results of these simulations provide a quantitative
framework that can assist marine wildlife managers to evaluate sound exposure limits for
disturbance and evaluate the possible benefits of mitigation alternatives to support policy

decisions for sperm whales in the NGM.
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Table 1. Different model scenarios for individual resilience. Foraging Impact: assumed
reduction in foraging efficiency during times of exposure above thresholds (160 dB, Stepfn);
Replacement of Lost Reserves: assumed individual ability to optimally allocate new growth to
previously lost reserves proportional to their loss; Hunger Response: assumed individual ability
to increase consumption to replenish lost reserves and grow on days of undisturbed foraging.
Note: “U” denotes a uniform distribution between lower and upper bounds listed. Model
scenarios organized from most to least precautionary assumptions regarding individual resilience

to foraging disruption. Individuals were assumed to begin simulations in “perfect” body

condition.
Scenario Foraging Impact Replacement of Reserves Hunger Response

1 100% Somatic None
2 U(20-100%) Somatic None
3 100% U(Somatic-Optimal) None
4 100% U(Somatic-Optimal) 1.5X
5 U(20-100%) U(Somatic-Optimal) 1.5X
6 U(20-100%) U(Somatic-Optimal) 3X
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Table 2. Processes that were not considered in modeling efforts, their likely directional impact on the Gulf of Mexico sperm whale

stock (1: positive, J: unclear, |: negative), associated discussion and references.

Not Considered Impact Discussion

Extreme fasting leads to metabolic depression (Castellini and Rea 1992; Rea and Costa 1992)

Dynamic
1 e Unclear if functional adaptation for a whale that must dive to acquire food (Watwood et al. 2006)
metabolic rate
e Metabolic rate decreases during diving in marine mammals (Webb et al. 1998)
Long-distance e Sperm whales do not appear to make seasonal migrations in the Gulf of Mexico (Waring et al. 2016)
Movements and ) e Could result in slight short-term changes in density and also modify individual exposure histories
Migration e Unlikely that competitive displacement would be common in areas during anthropogenic disturbance events
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Not Considered

Impact Discussion

Sperm whales may form temporary or permanent social groups (Christal et al. 1998)
May serve a social function (e.g., “all-mothering™) and/or facilitate exploitation of patchy food resources
(Connor et al. 1998; Jaquet and Gendron 2002; Whitehead 1996)

Groups in the Gulf of Mexico consist primarily of females, calves, and sub-adult males; mature males

Grouping ) occasionally return to the area to breed (Richter et al. 2008)
e Grouping proportionally decreases the likelihood of exposure but increases the effect when an exposure
occurs (Zeddies 2015)
e Sensitivity runs suggest grouping effects the distribution of exposure estimates but not the mean (Zeddies
2015)
e Level of received sound at depth impacted by 1) changes in the average sound velocity profile as the surface
Hydrodynamic
layer temperature changes, 2) the presence or absence of local bathymetric features (Buckingham 2005), and
Variability in
) 3) variability in measured bathymetry
Sound
e Sensitivity runs suggest low levels (<4 dB) of uncertainty associated with hydrodynamic variability in sound
Propagation
propagation (Austin et al. 2012; Matthews and MacGillivray 2013; Zeddies 2015)
e Multiple stressors can cause additive, antagonistic, or synergistic direct or indirect effects on individual
Interaction of
) condition through an interaction web ([NAS] National Academies of Sciences Engineering and Medicine:

Stressors

Ocean Studies Board 2017)
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Not Considered

Impact Discussion

Whales may temporarily avoid or move away from an ensonified area (Richardson et al. 2013; Stone and
Tasker 2006)

May reduce sound exposure and associated reductions in foraging; however, costs the animal energy
associated with movement (Williams et al. 2017) and potentially reduces foraging opportunities and access

to important habitats (Bejder et al. 2009; Jochens et al. 2006)

Avoidance /1
e CEE and analyses of satellite tracks of sperm whales exposed to seismic surveys have not documented
avoidance behaviors (Miller et al. 2009b; Rankin and Evans 1998; Winsor et al. 2017)
e Avoidance is challenging in a multipath propagation environment; to reduce their sound exposure, sperm
whales might move closer to the array or change depth, which could reduce received levels in the short-term
but extend overall exposure time and accumulated SEL (Madsen et al. 2006)
Depensatory
e Female mammals are less fertile when their diets are restricted (Ball et al. 1947; Miller et al. 2011)
Reproductive A

Rates

Lower calf production—> fewer calves and females at terminal starvation, but also reduced stock size
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Not Considered

Impact Discussion

Noise Impacts

Disturbance events may disrupt the availability of prey resources (André et al. 2011; Engas et al. 1996;
McCauley et al. 2000; Slotte et al. 2004)

Anthropogenic sound may alter prey abundance, behavior, and distribution (Engas et al. 1996; Slotte et al.

11 2004)
on Prey
e Squid are an extremely important food source for sperm whales (Kawakami 1980; Matthews 1938) and may
avoid (McCauley et al. 2000) or be killed by relatively low levels of low-frequency sound (André et al.
2011)
Increased Sound
! e Changes in call amplitude increase metabolic costs (Holt et al. 2015; Holt et al. 2009; Noren et al. 2017)

Production
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Not Considered

Impact

Discussion

Disturbance

Below

Threshold

Disturbance is often context-specific and seldom measured across multiple metrics of exposure (Southall et
al. 2007)

More severe consistent behavioral responses are not consistently associated with higher received sound
levels (Gomez et al. 2016)

Responses have been observed to sound levels well below the established thresholds (e.g., starting at
approximately 110 dB re 1 uPa), and lack of response has been observed at sound levels above the
thresholds (Gomez et al. 2016)

Sperm whale hearing range is based on audiogram from one neonate (Carder and Ridgway 1990); skeletal
transmission of energy may indicate superior hearing than modeled, especially given the fused ear bone of

sperm whales (Cranford and Krysl 2015)

Signal Masking

Decreases the range over which an animal can communicate, locate and suckle calf, detect predators, find
food, or increase metabolic costs by forcing the animal to increase call amplitude and repetition (Holt et al.
2009; Jochens et al. 2006; McDonald et al. 2017; Parks et al. 2007; Schulz et al. 2011)

Amount of time spent foraging relative to other activities increases when prey availability or foraging

efficiency is reduced (Boyd 1999; Crocker et al. 2006; McDonald et al. 2017)
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Not Considered

Impact Discussion

TTS/IPTS

Intense sounds can physically damage an animal’s auditory system, resulting in temporary or permanent
threshold shifts (PTS or TTS; (Weilgart 2007b))

There is a high potential for TTS and repeated exposures that could lead to PTS associated with continued
G&G activities in the Gulf of Mexico (Zeddies 2015)

TTS and PTS could lead to reductions in foraging efficiency, reproductive potential, social cohesion, and

ability to detect predators (Weilgart 2007a)

Elevated Stress

Levels

Exposure to sound can lead to elevated stress levels (Rolland et al. 2012; Romano et al. 2004; Thomas et al.

1990)

Elevated stress levels can reduce the immune system’s ability to fight infection (Romano et al. 2004)

Dehydration or

Ketosis

Fasting health impacts include dehydration and ketosis associated with the catabolism of energy stores

(Castellini and Rea 1992)
May have neurotoxic and immunotoxic effects (Castellini and Rea 1992)

Implicated in marine mammal strandings (Mazzariol et al. 2011; Sharp et al. 2014)

Increased Risk

of Disease

Stress and malnutrition reduce immune system function (Romano et al. 2004; Scrimshaw et al. 1968)
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Not Considered

Impact

Discussion

Decompression

Sickness

High-intensity, low-frequency sounds could lead to gas bubble formation in body tissue through rectified
diffusion (Crum and Mao 1996)

Acoustic activation of bubble nuclei at depth can theoretically cause bubbles to grow rapidly by the degree
of supersaturation and the animal’s continued exposure to sounds (Houser et al. 2001)

As a deep-diving species, sperm whales may be particularly vulnerable to bubble growth and associated
tissue damage and blood vessel obstruction (Fernandez et al. 2005; Kvadsheim et al. 2012)

When exposed to unanticipated threats, whales may forgo nitrogen load management, increasing their risk of

decompression sickness (Hooker et al. 2012)

Cultural Impact

!

Information regarding how to best respond to environmental fluctuation may be held within social groups by
older individuals and transferred culturally between generations within social units such as clans (Jochens et
al. 2006)

Many lines of evidence (e.g., unique codas, unique individuals based on photo-id, limited long-distance
movements, distinct genetic signatures, smaller average size) suggest sperm whales in the northern Gulf of
Mexico are somewhat isolated from global sperm whale populations (Jochens et al. 2006)

The loss of individuals may represent a greater impact for a sperm whale group than can be easily captured

by a simple demographic model (Jochens et al. 2006; Whitehead and Rendell 2004)
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Figure Captions

Fig. 1. Study area. Predicted mean (top) and standard error (bottom) sperm whale abundance in
Gulf of Mexico (Roberts et al. 2016) relative to modeled survey effort zones (black). Behavioral
disturbance simulation areas for large seismic surveys (red) and high-resolution sources (green)
also shown. Yellow stars denote sites for calculation of acoustic propagation loss grids as
functions of source, range from the source, azimuth from the source, and receiver depth. Bottom
figure shows proposed mitigation closure areas and seismic survey tracks 2002-2007.

Fig. 2. Modeling process flow chart. Our modeling approach estimates the consequences of
sperm whale exposure to sound in areas open to seismic survey activities by integrating (i)
acoustic modeling to estimate the sound propagation from various G&G survey methods, (ii)
animal movement simulations to estimate exposure through three-dimensional sound fields, (iii)
dose-response functions to estimate the associated level of behavioral response based on
individual exposure histories, (iv) a bioenergetic transfer function to relate behavioral responses
to physiological effects and translate those physiological effects to changes in individual vital
rates, (vi) a spatial overlap model to determine oil exposure associated with the DWH spill, and
(vii) a demographic model that evaluates stock level consequences of mortalities and

reproductive impacts associated with both oil exposure and behavioral disturbance.
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Fig. 3. Exposure modeling. Schematic describing general approach to exposure modeling.
Simulated sperm whales moved within behavioral disturbance simulation areas containing
modeled three-dimensional sound fields for various geological and geophysical surveys, with
time of exposure (minutes above threshold) recorded for each individual. Graphics © JASCO
Applied Sciences, used with permission.

Fig. 4. Individual impacts of exposure. Schematic of computations of individual consequences of
exposure above threshold. Probabilistic model considers likelihood of individual being within
range of active survey, with random draws determining A) maximum daily exposure duration
across geological and geophysical surveys and B) minutes underwater during foraging dive
cycle. Reduced foraging effectiveness during exposure leads to C) depletion of carbohydrate
(red), protein (green), and lipid (blue) reserves (top) relative to foraging efficiency (black) and
life stage (bottom). Note this sperm whale mother abandoned her second calf due to low energy
reserves, reverting to mature female rather than post-breeding.

Fig. 5. Consequences of disturbance. Percent stock reaching terminal starvation across 1000
bootstrapped runs for each life stage across all zones and relative body condition in terminal year
relative to undisturbed individuals for females in Zone 5 (mean + SE). Outputs presented for
different model scenarios for individual reduction in foraging efficiency during exposures above
threshold (160 dB, Stepfn), ability to optimize replacement of lost reserves, and ability to
increase consumption to support increased growth on days of undisturbed foraging (see Table 1).
Fig. 6. Stock impacts: Scenario 1. Demographic model estimates under Model Scenario 1 of
baseline total population size relative to behavioral disturbance for 160 dB (top) and Stepfn
(bottom) criteria. Impacts under three mitigation scenarios: Base, Eastern Planning Area and

Tortugas Area closures (EPA+TA), and Eastern Planning Area, Tortugas Area, and Central
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Planning Area closures (EPA+TA+CPA) are shown. The ‘baseline’ population trajectory (no
anthropogenic mortality) is indicated by solid black line. The mean ‘spill” population trajectory,
incorporating the impacts of DWH oil exposure, is indicated by the solid blue line. The 95%
confidence limits are indicated by dashed lines. The mean and 95% confidence bands for the
‘spill+disturbance’ population trajectory, incorporating the additional impacts of seismic survey
acoustic disturbance, are indicated with solid red lines and gray shading.

Fig. S1. Bioenergetic model. A decision tree representing a daily time step in the model
simulations for the energy budget of an individual sperm whale. Individuals with acoustic
disturbance forage at less than 100% efficiency and have to repay their caloric debt from body
energy reserves. How much energy is needed (FMR: field metabolic rate) and how body
reserves are apportioned between blubber, muscle, and viscera depends on the whale’s
reproductive status and total body mass. Squares represent computations, diamonds represent
decision points, and circles represent possible outcomes. Model adapted from (Farmer et al.
2018).

Fig. S2. Life-cycle. Life-cycle graph for the “DWH” stage-structured model. Arrows indicate
possible transitions between stages with reproduction indicated by arrows connecting Female
adults (Stage 3) to calves (Stages 1 and 6). Calves are produced at a 50:50 sex ratio. Model
stages are separated into an “unexposed” cohort and an “exposed” cohort. The “exposed” cohort
represents the proportion of the population that was estimated to overlap with DWH surface oil
at sufficient levels to cause additional mortality and reproductive effects (see (Schwacke et al.
2017)). The exposed cohort produces unexposed calves and thus dies out over time. For males,

an additional loss term was included in the adult survival rate to account for emigration of males
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which results in the 72:28 female to male sex ratio observed in the NGM population (Engelhaupt
et al. 2009).

Fig. S3. DWH Oil Exposure. JASCO zones used to estimate acoustic disturbance impacts and
polygon representing the extent of DWH surface oil exposure.

Fig. S4. Relative body condition: Scenario 3. Mean (solid line) and 95% confidence intervals
(dotted lines) for available reserve energy of simulated mature whales exposed to behavioral
disturbance under 160 dB (top) and Stepfn (bottom) criteria relative to undisturbed whales of

identical characteristics, by zone (4: red, 5: green, 6: blue, 7: purple).
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Fig. 1. Study area. Predicted mean (top) and standard error (bottom) sperm whale abundance in Gulf of Mexico (Roberts et al. 2016)
relative to modeled survey effort zones (black). Top panel shows behavioral disturbance simulation areas for large seismic surveys
(large thin rectangles) and high-resolution sources (small thick rectangles) also shown. Stars denote sites for calculation of acoustic
propagation loss grids as functions of source, range from the source, azimuth from the source, and receiver depth. Bottom panel

shows proposed mitigation closure areas and seismic survey tracks 2002-2007.
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Figure 2. Modeling process flow chart. Our modeling approach estimates the consequences of sperm whale exposure to sound in
areas open to seismic survey activities by integrating (i) acoustic modeling to estimate the sound propagation from various G&G
survey methods, (ii) animal movement simulations to estimate exposure through three-dimensional sound fields, (iii) dose-response
functions to estimate the associated level of behavioral response based on individual exposure histories, (iv) a bioenergetic transfer
function to relate behavorial responses to physiological effects and translate those physiological effects to changes in individual vital
rates, (vi) a spatial overlap model to determine oil exposure associated with the DWH spill, and (vii) a demographic model that
evaluates stock level consequences of mortalities and reproductive impacts associated with both oil exposure and behavioral

disturbance
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1177  Fig. 3. Exposure modeling. Schematic describing general approach to exposure modeling. Simulated sperm whales moved within
1178  behavioral disturbance simulation areas containing modeled three-dimensional sound fields for various geological and geophysical
1179  surveys, with time of exposure (minutes above threshold) recorded for each individual. Graphics © JASCO Applied Sciences, used
1180  with permission.
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Fig. 4. Individual impacts of exposure. Schematic of computations of individual consequences of exposure above threshold.

Probabilistic model considers likelihood of individual being within range of active survey, with random draws determining A)

maximum daily exposure duration across geological and geophysical surveys and B) minutes underwater during foraging dive cycle.
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Reduced foraging effectiveness during exposure leads to C) depletion of carbohydrate (red), protein (green), and lipid (blue) reserves
(top) relative to foraging efficiency (black) and life stage (bottom). Note this simulated sperm whale mother abandoned her second

calf due to low energy reserves, reverting to mature female rather than post-breeding.
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1191  Fig. 5. Consequences of disturbance. Percent stock reaching terminal starvation across 1000 bootstrapped runs for each life stage
1192  across all zones and relative body condition in terminal year relative to undisturbed individuals for females in Zone 5 (mean * SE).
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1193  Outputs presented for six different model scenarios for individual reduction in foraging efficiency during exposures above threshold
1194 (160 dB, Stepfn), ability to optimize replacement of lost reserves, and ability to increase consumption to support increased growth on

1195  days of undisturbed foraging (see Table 1).
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Fig. 6. Population impacts: Scenario 1. Stock impacts: Scenario 1. Model Scenario 1

demographic model mean (solid lines) and 95% confidence limit (dashed lines) population

trajectories for ‘Baseline’ (gray; no anthropogenic mortality), ‘Spill” (blue; incorporating the

impacts of DWH oil exposure), and ‘Spill+Disturbance’ (red; incorporating the additional

impacts of behavioral disturbance under 160 dB and Stepfn criteria). Impacts are shown for
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1203  three mitigation scenarios: (i) No closures, (ii) Eastern Planning Area and Tortugas Area closures
1204  (EPA & TA), and (iii) Eastern Planning Area, Tortugas Area, and Central Planning Area

1205  closures (EPA, TA, & CPA).
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1207  Fig. S1. Bioenergetic model. A decision tree representing one time step (a day) in the model simulations for the energy budget of an

1208 individual sperm whale. Individuals with acoustic disturbance forage at less than 100% efficiency and have to repay their caloric debt

Reduced metabolic

demands 1

Compute new field
metabolic rate
(FMR. )

A 4

Increased metabolic demands associated |
with reproduction continue -~




1209  from body energy reserves. How much energy is needed (FMR: field metabolic rate) and how body reserves are apportioned between
1210  blubber, muscle, and viscera depends on the whale’s reproductive status and total body mass. Squares represent computations,

1211  diamonds represent decision points, and circles represent possible outcomes. Model adapted from (Farmer et al. 2018).
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Fig. S2. Life-cycle. Life-cycle graph for the “DWH” stage-structured model. Arrows indicate
possible transitions between stages with reproduction indicated by arrows connecting Female
adults (Stage 3) to calves (Stages 1 and 6). Calves are produced at a 50:50 sex ratio. Model
stages are separated into an “unexposed” cohort and an “exposed” cohort. The “exposed” cohort
represents the proportion of the population that was estimated to overlap with DWH surface oil
at sufficient levels to cause additional mortality and reproductive effects (see (Schwacke et al.
2017)). The exposed cohort produces unexposed calves and thus dies out over time. For males,
an additional loss term was included in the adult survival rate to account for emigration of males
which results in the 72:28 female to male sex ratio observed in the NGM population (Engelhaupt

et al. 2009).
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[Jasco zones

[ owH oil Exposure Polygon

1224
1225  Fig. S3. DWH Oil Exposure. JASCO zones used to estimate acoustic disturbance impacts and

1226 polygon representing the extent of DWH surface oil exposure.
1227

1228
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1229

1230  Fig. S4. Relative body condition. Mean (solid line) and 95% confidence intervals (dotted lines)
1231  for available reserve energy of simulated mature whales exposed to behavioral disturbance under
1232 160 dB (top) and Stepfn (bottom) criteria relative to undisturbed whales of identical

1233 characteristics, by zone (4: red, 5: green, 6: blue, 7: purple). Outputs presented for six different
1234  model scenarios for individual reduction in foraging efficiency during exposures above

1235  threshold, ability to optimize replacement of lost reserves, and ability to increase consumption to

1236  support increased growth on days of undisturbed foraging (see Table 1).
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1237

1238

1239

1240

1241

1242

Table S1. Summary of seismic surveys considered to determine sperm whale behavioral exposure. The high resolution geophysical

survey (HRG) sources (90cui, Boomer, AUV) were modeled independently.

Survey  Area (km?) Source Frequency Speed (m/s) Shot Interval (s)
2D 6960 1 x 8000 in’ 10 Hz-5 kHz (peak <200 Hz) 2.3 21.6

3D NAZ 6960 2 x 8000 in® 10 Hz-5 kHz (peak <200 Hz) 2.5 15

3D WAZ 6960 4 x 8000 in® 10 Hz-5 kHz (peak <200 Hz) 2.5 86.4

Coil 3364 4 x 8000 in® 10 Hz-5 kHz (peak <200 Hz) 2.5 20

90cui 72.5 1x90in® 10 Hz-5 kHz (peak <600 Hz)  n/a n/a

Boomer 725 ~40 cm baffle 100 Hz-10 kHz n/a n/a

multibeam echosounder, side-scan
AUV 725 200 kHz, 120/410 kHz, 14 kHz nl/a n/a
sonar, sub-bottom profiler

2D: Two-dimensional survey, 3D NAZ: Three-dimensional narrow azimuth survey, 3D WAZ: Three-dimensional wide azimuth
survey, Coil: four vessels sailing separated circular tracks, 90cui: 90 cubic inch single airgun, Boomer: omni-directional boomer plate
(90cui results used as conservative substitute for Boomer), AUV: autonomous underwater vehicle with multi-source sampling system.

See Zeddies et al. (2015) for more details.
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1244

Table S2. Parameterization of 3MB (Houser and Cross 2014) movement model for sperm
whales.
Behavior Variable Value Reference
Deep Travel direction Correlated random Best estimate
foraging walk
dive Perturbation value 10 Best estimate
Termination coefficient 0.2 Best estimate
Travel rate (m/s) Gaussian 0.88 (0.27) Miller et al. 2004
Ascent rate (m/s) Gaussian 1.3 (0.2) Watwood et al. 2006
Descent rate (m/s) Gaussian 1.1 (0.2) Watwood et al. 2006
Average depth (m) Gaussian 546.9 (130) Watwood et al. 2006
Bottom following No Best estimate
Reversals Gaussian 8.2 (4.2) Aoki et al. 2007
Reversal dive rate (m/s) Gaussian 1.8 (0.5) Aoki et al. 2007
Time in reversal (s) Gaussian 141 (82.7) Amano & Yoshioka 2003,
Aoki et al. 2007
Surface interval (s) Gaussian 486 (156) Watwood et al. 2006
Inactive Travel Direction Correlated random Best estimate
bottom time walk
Perturbation value 10 Best estimate
Termination coefficient 0.2 Best estimate
Travel rate (m/s) Gaussian 0.88 (0.27) Miller et al. 2004

Ascent rate (m/s)

Gaussian 1.13 (0.07)

Amano & Yoshioka 2003
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Descent rate (m/s)
Average depth (m)
Bottom following
Reversals

Reversal dive rate (m/s)
Time in reversal (S)

Surface interval (s)

Gaussian 1.4 (0.13)
Gaussian 490 (74.6)
No

Gaussian 1.0 (0)
Gaussian 0.1 (0.1)
Gaussian 1188 (174.6)

Gaussian 546 (354)

Amano & Yoshioka 2003

Amano & Yoshioka 2003

Best estimate

Best estimate

Best estimate

Amano & Yoshioka 2003

Amano & Yoshioka 2003

V dive Travel Direction Correlated random Best estimate
walk
Perturbation value 10 Best estimate
Termination coefficient 0.2 Best estimate
Travel rate (m/s) Gaussian 0.88 (0.27) Miller et al. 2004
Ascent rate (m/s) Gaussian 0.67 (0.43) Amano & Yoshioka 2003
Descent rate (m/s) Gaussian 0.85 (0.05) Amano & Yoshioka 2003
Average depth (m) Gaussian 282.7 (69.9)  Amano & Yoshioka 2003
Bottom following No Best estimate
Reversals No Best estimate
Surface interval (S) Gaussian 408 (114) Amano & Yoshioka 2003
Surface Travel Direction Correlated random Best estimate
inactive walk
(head down) Perturbation value 10 Best estimate
Termination coefficient 0.2 Best estimate
Travel rate (m/s) Gaussian 0.0 (0.0) Best estimate
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Ascent rate (m/s)
Descent rate (m/s)
Average depth (m)
Bottom following

Reversals

Reversal dive rate (m/s)

Time in reversal (s)

Surface interval (s)

Bout duration*

Gaussian 0.1 (0.1)
Gaussian 0.1 (0.1)
Gaussian 16.5 (4.9)
No

Gaussian 1.0 (0)
Gaussian 0.0 (0.0)
Gaussian 804 (522)
Gaussian 462 (360)

T50=8.1,K=0.9

Miller et al. 2008

Miller et al. 2008

Miller et al. 2008

Best estimate

Best estimate

Best estimate

Miller et al. 2008

Miller et al. 2008

Best estimate

Surface
inactive

(head up)

Travel Direction

Perturbation value

Termination coefficient

Travel rate (m/s)
Ascent rate (m/s)
Descent rate (m/s)
Average depth (m)
Bottom following

Reversals

Reversal dive rate (m/s)

Time in reversal (s)

Surface interval (s)

Bout duration*

Correlated random
walk

10

0.2

Gaussian 0.0 (0.0)
Gaussian 0.1 (0.1)
Gaussian 0.1 (0.1)
Gaussian 8.6 (4.8)
No

Gaussian 1.0 (0)
Gaussian 0.0 (0.0)
Gaussian 708 (552)
Gaussian 462 (360)

T50=8.1,K=0.9

Best estimate

Best estimate

Best estimate

Best estimate

Miller et al. 2008

Miller et al. 2008

Miller et al. 2008

Best estimate

Best estimate

Best estimate

Miller et al. 2008

Miller et al. 2008

Best estimate
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Surface Travel Direction Correlated random

active walk

Perturbation value 10

Termination coefficient 0.2

Travel rate (m/s) Gaussian 0.88 (0.27)
Ascent rate (m/s) Gaussian 0.67 (0.43)
Descent rate (m/s) Gaussian 0.85 (0.05)
Average depth (m) Gaussian 25.0 (25.0)
Bottom following No

Reversals No

Surface interval (S) Gaussian 408 (114)

Best estimate

Best estimate

Best estimate

Miller et al. 2004

Amano & Yoshioka 2003

Amano & Yoshioka 2003

Amano & Yoshioka 2003

Best estimate

Best estimate

Amano & Yoshioka 2003

* Sigmoidal function: T50 is the midpoint in minutes, K is the steepness
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1246  Table S3. Projected level of effort in days (24 h) for survey types in years 2016 to 2025. 2-D
1247  seismic survey is an 8000 in® airgun array with 1 vessel. 3-D seismic survey is an 8000 in® airgun
1248  array with two vessels. The 3D WAZ seismic survey is an 8000 in® airgun array with four

1249  vessels. Coil seismic survey is an 8000 in® airgun array with four vessels. Shallow hazards 90cui
1250  seismic survey is a 90 in® airgun. The high resolution sources (AUV) include side-scan sonar,

1251  multibeam, and sub-bottom profiler.

Year Survey Zone4 Zones Zoneb6 Zone7
2016 2D 0.0 55.5 0.0 69.5
2016 3DNAZ 0.0 389.1 185.5 515.5
2016 3IDWAZ 0.0 192.3 48.6 248.1
2016 Coil 0.0 82.4 20.8 106.3
2016 90cui 0.0 0.0 0.0 0.0
2016 Boomer 0.0 0.0 0.0 0.0
2016 AUV 0.0 25.9 9.9 34.0
2017 2D 32.9 0.0 0.0 29.6
2017 3DNAZ 0.0 389.1 99.1 502.0
2017 3IDWAZ 0.0 192.3 0.0 240.5
2017 Coil 0.0 82.4 0.0 103.1
2017 90cui 0.0 0.0 0.0 0.0
2017 Boomer 0.0 0.0 0.0 0.0
2017 AUV 0.3 25.9 10.8 34.3
2018 2D 0.0 0.0 0.0 0.0
2018 3DNAZ 0.0 341.8 185.6 456.4
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2018

2018

2018

2018

2018

2019

2019

2019

2019

2019

2019

2019

2020

2020

2020

2020

2020

2020

2020

2021

2021

2021

2021

3D WAZ

Colil

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

0.0

0.0

0.0

0.0

0.5

65.7

61.3

215

9.2

0.0

0.0

0.5

0.0

92.0

0.0

0.0

0.0

0.0

0.3

0.0

92.0

0.0

0.0

160.3

68.7

0.0

0.0

27.1

27.8

247.3

96.2

41.2

0.0

0.0

27.1

0.0

294.6

192.3

82.4

2.2

1.4

25.1

0.0

247.3

160.3

68.7

48.6

20.8

0.0

0.0

11.7

0.0

99.1

0.0

0.0

0.0

0.0

11.7

0.0

99.1

0.0

0.0

0.0

0.0

12.6

0.0

185.6

48.6

20.8

76

208.0

89.1

0.0

0.0

36.2

94.0

380.0

139.6

59.8

0.0

0.0

36.2

0.0

466.8

240.5

103.1

2.7

1.8

33.6

0.0

421.1

208.0

89.1



2021

2021

2021

2022

2022

2022

2022

2022

2022

2022

2023

2023

2023

2023

2023

2023

2023

2024

2024

2024

2024

2024

2024

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

0.0

0.0

0.5

32.9

61.3

215

9.2

0.0

0.0

0.8

11.0

61.3

0.0

0.0

0.0

0.0

11

0.0

61.3

0.0

0.0

0.0

0.0

0.0

0.0

30.1

27.8

247.3

160.3

68.7

0.0

0.0

324

9.3

247.3

128.2

54.9

0.0

0.0

34.7

0.0

200.0

192.3

82.4

0.0

0.0

0.0

0.0

12.6

0.0

99.1

0.0

0.0

0.0

0.0

13.3

0.0

99.1

0.0

0.0

0.0

0.0

13.3

0.0

99.1

0.0

0.0

0.0

0.0
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0.0

0.0

40.1

64.4

380.0

219.8

94.2

0.0

0.0

43.3

215

380.0

160.3

68.7

0.0

0.0

46.5

0.0

320.9

240.5

103.1

0.0

0.0
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2024

2025

2025

2025

2025

2025

2025

2025

AUV

2D

3D NAZ

3D WAZ

Colil

90cui

Boomer

AUV

11

5.5

61.3

0.0

0.0

0.0

0.0

11

34.7

0.0

200.0

160.3

68.7

0.0

0.0

37.0

13.5

0.0

99.1

0.0

0.0

0.0

0.0

13.5

46.5

4.9

320.9

200.4

85.9

0.0

0.0

49.4
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1253  Table S4. Mean sperm whale abundance (N) within proposed mitigation closure areas, by zone,

1254  relative to total mean abundance (N) in the modeled zone (Roberts et al. 2016).

Proposed Mitigation Closure  Zone N in Closure NinZone % Coverage

4 3.55 357.59 1%
Eastern Planning Area Closure
5 0.24 662.20 0%
4 162.57 357.59 45%
Tortugas Area Closure
7 6.66 847.15 1%
Central Planning Area Closure* 5 188.16 662.20 28%
1255
1256
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1257  Table S5. Stage-specific survival rates and stable age distribution for the “base” demographic
1258  model. In both models, the inter-birth interval was 4 years with a 2 year weaning period. The
1259  calf interval is 2 years duration, and maturity is reached at age 9. The DWH model used the
1260  same initial stage specific survival rates with the exposed cohort accounting for 16.5% of the

1261  total population.

Stage Base Survival Rate Initial proportion of population
1. Female Calf 0.9070 (0.8841-0.9850) 0.0593
2. Female Juvenile 0.9424 (0.8841-0.9850) 0.1449
3. Female Adult 0.9777 (0.9390-0.9800) 0.2522
4. Female w/ Calf 0.9777 (0.9390-0.9800) 0.1243

5. Female Postcalving 0.9777 (0.9390-0.9800) 0.1166

6. Male Calf 0.9070 (0.8841-0.9850) 0.0592
7. Male Juvenile 0.9424 (0.8841-0.9850) 0.1449
8. Male Adult 0.8500 (0.7395-0.8526) 0.0984
1262
1263
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1264  Table S6. Maximum annual percentage of the NGM sperm whale stock projected to reach
1265  terminal starvation over 10 years of projected G&G survey acoustic exposure under the “sensu
1266  Nowacek et al. (2015)’ model runs A (10% @ 111, 50% @ 140, 90% @ 180 dB SPL) and B
1267  (10% @ 120, 50% @ 140, 90% @ 180 dB SPL).

Scenario A B

1 25.8+2.6 22.4+2.0

2 20.5+19 13.1+25

3 20.4+1.7 16.2+2.6

4 12.5+2.5 12.8+25

5 7.3¥25 7.6x2.7

6 5.1+2.2 53+24

1268

1269
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