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ABSTRACT: Anthropogenic noise is increasingly recognized as a potentially significant stressor for marine
animals. Beaked whales, deep-diving cephalopod predators, have been disproportionally present in atypical
mass stranding events coincident with military sonar
exercises, while frequently disturbed populations that
do not strand may have reductions in fitness. We present in situ measures of prey availability, a key factor affecting fitness, for 2 distinct populations of Mesoplodon
densirostris: one on a US Navy range in The Bahamas
and one nearby in an area less exposed to sonar. The
variables most strongly correlated with beaked whale
habitat use were related to the distribution of deep-sea
squid (mode spacing, peak depth, and 100 m scale variability). All squid metrics were more favorable for
beaked whales at the less exposed site than those on
the range. To develop a generalized functional relationship between prey resources and beaked whale
habitat use, data from The Bahamas were combined
with comparable data from another Navy range and
the larger beaked whale, Ziphius cavirostris. A powerlaw relationship was observed between a normalized
metric of prey quality and whale habitat use. A critical
threshold in prey characteristics, below which beaked
whales appear unlikely to be successful, but above
which small changes in resource availability enable
large gains for predators, was observed. This implies
that modest changes in the behavior of individual
whales associated with disturbance can have consequential population effects. Our results elucidate the
ecological realities of these elusive and sensitive
beaked whales, and the importance of environmental
context in effective spatial planning for the deep sea.

*Corresponding author: kbb@mbari.org

Mesoplodon densirostris, an elusive, deep-diving beaked
whale, relies on newly described aggregations of squid in
the deep sea to be successful.
Photo: Bahamas Marine Mammal Organisation
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1. INTRODUCTION
Large bodied, highly mobile predators can exert
powerful effects on ecosystems (Ripple & Beschta
2007, Ferretti et al. 2010). In marine communities,
direct predation and behavioral changes driven by
top-down forces have been shown to fundamentally
shape ecosystems over large spatial and temporal
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scales (Springer et al. 2003, Worm & Myers 2003,
Heithaus et al. 2008) and even to modify the global
carbon cycle (Huntley et al. 1991). High trophic level
predators including sharks, large teleost fishes, marine mammals, and seabirds have been declining at a
rapid pace in pelagic marine ecosystems, leading to
significant ecosystem-level changes (Heithaus et al.
2008). These widespread marine predator declines
have intensified attention on the many anthropogenic stressors these animals face, including direct
hunting (Myers & Worm 2003), bycatch in fisheries
(Žydelis et al. 2009), competition with humans for
resources (Cury et al. 2000, Smith et al. 2011), pollution (Maxwell et al. 2013), plastics (Choy & Drazen
2013), and consequences of climate change (Veit et
al. 1997, Hazen et al. 2013).
Over the last few decades, noise pollution has
increasingly been recognized as a significant stressor
for animals in the marine environment (e.g. Richardson et al. 2013, Simmonds et al. 2014, Southall 2017).
The biological impacts of underwater anthropogenic
noise from sources like shipping, fishing, oil and gas
exploration, offshore construction, and military activities are complex, and our understanding is still developing (Simmonds et al. 2014). While intense noise
exposure may cause injury or even death over short
ranges, less intense but more broadly prevalent (in
space and time) exposures can mask biologically
important signals and cause behavioral disturbances
with potential impacts on physiology and foraging
success (Williams et al. 2015, Southall 2017). Odontocete cetaceans, or toothed whales, may be particularly susceptible to the effects of noise because of
their reliance on active acoustic sensing (biosonar)
coupled with their wide hearing bandwidth (Tyack &
Miller 2002).
Odontocete species of specific concern with regard
to ocean noise include beaked whales, comprising 21
species of deep-diving cephalopod predators. There
is considerable evidence of atypical mass stranding
events of these species associated with military sonar
exercises (Cox et al. 2006, Filadelfo et al. 2009).
Recent evidence suggests that in addition to relatively rare mortality events, beaked whales that inhabit naval training ranges experience frequent
behavioral disturbances including reduced dive rates
and spatial displacement from preferred habitats
(McCarthy et al. 2011, Moretti et al. 2014, Joyce et al.
2019). These behavioral changes likely have energetic and reproductive consequences which may
lead to changes in population demographics (King et
al. 2015, Hin et al. 2019). Bioenergetics models, for
example, suggest that beaked whales require rela-

tively high-quality habitat to meet their energy
requirements, and that regular displacement from
preferred feeding habitats could potentially impact
survival and reproduction through compromised
body condition (New et al. 2013). Understanding
how these sublethal ‘harassments’ affect the population is mandated for activities likely to cause disturbance to species listed under protective statutes,
including the US Marine Mammal Protection Act of
1972 (Roman et al. 2013). The energetic and demographic effects of disturbance on individuals and the
populations of which they are part, however, can
only be understood in the context of the local environment and the ecology of the species (Friedlaender
et al. 2016). In fact, in models that integrate behavior
and demographic data to predict population consequences of disturbance, environmental quality is
among the most sensitive parameters (Southall et al.
2019). In pelagic marine ecosystems, however, controlled manipulations of environmental context are
rarely possible, and data on the deep-sea habitats of
beaked whales are scarce.
In addition to being regions of intense interaction
between humans and numerous protected marine
mammals, including beaked whales, US Navy undersea testing and training ranges provide a unique opportunity to study these elusive animals. Numerous
cabled hydrophones within each Navy testing range
have allowed for long-term monitoring of population
dynamics, habitat use, foraging behavior, and response to human activities (Moretti et al. 2010, McCarthy et al. 2011, Tyack et al. 2011). One wellstudied population includes Blainville’s beaked
whales Mesoplodon densirostris (hereafter Mesoplodon) residing on the US Navy’s Atlantic Undersea
Test and Evaluation Center (AUTEC). Inhabiting a
submarine canyon in The Bahamas known as the
Tongue of the Ocean (TOTO), this population is repeatedly exposed to high levels of military activities,
including sonar. Although there have been no recorded
atypical stranding events at AUTEC (such as those
described by Fernández et al. 2005, Cox et al. 2006),
frequent disruptions and displacements off of the
range (Joyce et al. 2019) may reduce the fitness of the
population relative to a nearby population off Abaco
Island that is less exposed to military sonar (Claridge
2013, Moretti 2019).
We present in situ measures of the availability of a
key factor affecting animal fitness — food resources —
from the deep ocean on and near the AUTEC range.
To inform ongoing efforts to incorporate environmental variability into population models for management of beaked whale species (New et al. 2013,
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Moretti 2019), we assessed whether underlying differences occurred in prey availability associated with
concomitant and historical differences in habitat
usage and published measures of population parameters. We compared these newly collected data with
similar data collected on and around a test range
located off Southern California that is home to
Cuvier’s beaked whales Ziphius cavirostris (hereafter Ziphius). The objective was to develop a generalized empirical relationship between a key environmental metric, prey availability, and habitat use by
beaked whales in order to elucidate ecological relationships within this elusive family of whales and to
inform deep-sea spatial planning.

2. MATERIALS AND METHODS
2.1. Approach
Data on deep-water biological resources in the
waters around The Bahamas were collected using
echosounders on 2 platforms: a purpose-built, deepdiving, autonomous underwater vehicle (AUV) and a
research vessel. Together, these platforms provided
measurements of acoustic scattering over nearly the
full diving range of foraging Mesoplodon (Johnson et
al. 2004, Baird et al. 2006, Johnson et al. 2008). These
data were analyzed following Benoit-Bird et al.
(2016) to provide estimates of integrated prey biomass, the number of separable individual prey, individual prey size, and relative composition of the prey
field as well as descriptions of the distributional characteristics of these resources. To examine the effects
of the multiple prey characteristics on beaked whale
potential energetic gains, we followed the Southall et
al. (2019) approach to integrate these metrics, tuned
to the subject predator species in The Bahamas with
available behavioral and energetic data to provide a
simple, relativistic assessment of foraging habitat quality. We used this foraging habitat quality metric to
compare the suitability of resources for Mesoplodon
across sampling areas in and near the AUTEC range.
We also used the foraging habitat quality metric to
synthesize measurements from The Bahamas with
those collected similarly over deep waters in the
Southern California Bight (Benoit-Bird et al. 2016,
Southall et al. 2019). The area to the west of San
Clemente Island off the coast of Southern California
hosts the Southern California Anti-Submarine Warfare Range (SOAR) and is important habitat for
Ziphius (Falcone et al. 2009). Z. cavirostris is larger
than M. densirostris (5−7 m long, ~1600 kg, and
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4.4−4.6 m long, ~850 kg, respectively). The foraging
habitat metric from Southall et al. (2019) was normalized to the body size of both predator and observed
potential prey, facilitating comparison across contexts. In addition to differences in beaked whale species across study sites, the habitats of the 2 regions
are quite different. Low nutrient, low productivity,
sub-tropical waters surround The Bahamas, while
the temperate waters of the California current are
strongly influenced by coastal upwelling and are
highly productive. The diversity of these data allowed
us to use the data sets together to develop a generalized empirical relationship between a key environmental metric, prey availability, and habitat use by
deep-diving beaked whales. The functional form of
this relationship can reveal much about the processes controlling beaked whale populations and is
important for informing ongoing management of
these species.

2.2. Field site
The Tongue of the Ocean (TOTO) in The Bahamas
is a submarine canyon approximately 30 km wide by
200 km long that forms the southern branch of the
Great Bahamas Canyon (Fig. 1). TOTO exceeds
2000 m depth in some locations but, with the exception of its northern end, is separated from the open
ocean by numerous islands, reefs, and shallow
(<10 m) carbonate banks. The US Navy’s AUTEC, a
deep-water test and training facility that includes an
extensive array of cabled hydrophones, is located in
the TOTO. Animals in this area are repeatedly
exposed to high levels of military activities, including
sonar, which has been shown elsewhere to result in
unusual mass strandings (e.g. Fernández et al. 2005,
Cox et al. 2006), and more frequent disruptions that
may reduce the fitness of the population (Claridge
2013, Moretti 2019). Long-term hydrophone recordings (McCarthy et al. 2011, Tyack et al. 2011 Naval
Undersea Warfare Center unpubl. data) at AUTEC
have revealed spatial variability in foraging effort,
with more foraging animals on the western side of
the range than the eastern. Based on these observations, echosounder and other mobile sampling was
blocked by these zones within the instrumented portion of the range (Fig. 1, darker gray regions). Previous efforts in these areas suggested that there were
also biological differences in fish and invertebrates
in the upper water column between these 2 zones
(Hazen et al. 2011). Two additional, similarly sized
zones were sampled in areas adjacent to the north
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Fig. 1. Sampling locations in The Bahamas, blocked into 5 similarly sized (~500 km2) zones: 2 on the instrumented portion of
the US Navy’s Atlantic Undersea Test and Evaluation Center (AUTEC) range off Andros Island (W: West; E: East, shown in
dark gray), 2 areas adjacent to the range to its North (N) and South (S), and one at the nearby deep-water habitat adjacent to
Abaco Island. Prey data were collected using ship-based echosounders and a deep-diving autonomous underwater vehicle
along eight 20 km long transects within each of the zones. In color is the total duration of Mesoplodon densirostris clicks
detected by hydrophones on the range in July of 2015. As shown in previous sampling, the species’ foraging effort was higher
on the western part of the range than the eastern part

and south of the active range, as these areas are
likely used by animals as a refuge during navy sonar
exercises (McCarthy et al. 2011, Tyack et al. 2011,
Joyce et al. 2019). Data from these 4 zones were compared with a region approximately 170 km north of
the range, on the southwest of Great Abaco Island.
That area is unlikely to be disturbed by sonar and has
a higher proportion of juvenile Mesoplodon than
AUTEC (Claridge 2013). Abaco has been used to
generate demographic rates for the Mesoplodon in
the region (Claridge 2013) (Fleishman et al. 2016,
Moretti 2019) and as a comparative site to assess the
effects of sonar disturbance on the AUTEC population (Fleishman et al. 2016, Moretti 2019), the metric
of management mandated by the Marine Mammal
Protection Act (1972).
To investigate whether historical Mesoplodon spatial distributions used to design the sampling were
similar to the survey period, AUTEC hydrophones
were monitored for echolocation signals during the
month in which prey sampling was conducted

(Moretti et al. 2010, McCarthy et al. 2011, Jarvis et al.
2014). The 1500 km2 monitored portion of the range
(shaded in dark grey in Fig. 1) consists of 79 hydrophones separated by ~4 km and two 7 hydrophone
hexagonal arrays with a baseline of 1.5 km (known
as Whisky arrays; Whisky 1 is indicated by a star in
Fig. 1). Based on the hydrophone characteristics and
Mesoplodon signals, any echolocating individual will
most likely be detected on at least one hydrophone
(DiMarzio et al. 2008, Moretti et al. 2014).

2.3. Field sampling
During 2−14 July 2015, 8 transects (20 km long)
were sampled during the daytime in each of these 5
zones using a surface vessel and an AUV (Sato &
Benoit-Bird 2017). Two regions known for relatively
high habitat use by beaked whales were sampled at
a finer spatial scale, using an expanding box with a
maximum dimension of 1.5 km on a side (Moline &
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Benoit-Bird 2016): an area surrounding Whiskey 1
and the Abaco slope (Claridge 2013). At each of
these locations, measurements of the distribution and
density of animals in the upper 600 m of the water
column were made using multifrequency (38, 70,
120, 200 kHz Simrad EK60s) hydro-acoustics from
the R/V ‘Sharp’, which also conducted net sampling
for zooplankton and mesopelagic fishes and vertical
CTD plus fluorometer profiles to 600 m. Discussed in
detail in Sato & Benoit-Bird (2017), these measurements provide environmental context for comparisons between the study regions. An autonomous
echosounder system (38 and 120 kHz Simrad EK60s)
integrated into a 600 m depth-capable AUV (Moline
et al. 2015) was used to measure the distribution and
density of squid and other resources from 600−1200 m,
covering much of the depth range over which
beaked whales forage (Johnson et al. 2008). Between
2 and 4 pseudo-randomly chosen transects were
sampled with both platforms in concert each day to
minimize the effects of time within the survey period
while optimizing the use of sampling time.

2.4. Data analysis
We utilized methods and selected squid metrics
from Benoit-Bird et al. (2016) to summarize the
acoustic data from both platforms. Acoustic data
analysis was conducted using a combination of
Echoview 10.0 and custom LabView routines while
statistical analyses were conducted in SPSS Statistics
24 (IBM). Metrics included an integrated biomass
proxy (integrated 38 kHz scattering); the number
of separable individuals; the proportion of these individuals consistent with squid; the ratio of fishes
to crustaceans; estimates of individual size (target
strength) by taxonomic class; total energy content
per individual squid; the depth of highest squid density (peak depth); and distributional heterogeneity of
squid targets measured as relative variance, the density of squid aggregations, and the modal density of
individuals within these patches. It is important to
recognize that conversion of acoustic proxies to biological parameters always involves simplifications
and assumptions. Estimation of target length, for
example, assumes that all of the animals with a
similar frequency response have the same target
strength-to-length relationship, an assumption that is
largely correct for animals with similar morphological characteristics but is affected by material properties of animals that can vary between species
(McClatchie et al. 2003), introducing potential errors
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if relative species composition varies across units of
comparison. However, within fluid-like scatterers,
such as squid, those that have a stronger acoustic
contrast with seawater and, as a result, higher target
strength values, also generally have higher energy
densities. Thus the conversion of target strength to
caloric content is fairly robust across squid species
(Benoit-Bird & Au 2002). See a further discussion and
sensitivity analysis in Southall et al. (2019). These
variables and proxies were calculated for a number
of fixed depth ranges (10−1200, 10−600, 600−1200,
10−300, 300−600, 600−900, 900−1200 m) including
some driven by knowledge of beaked whale foraging
(650−1050, 850−1050, 900−1000 m; Johnson et al.
2004, 2008, Baird et al. 2006) at a range of horizontal
scales (10 km, 1000 m, 100 m, 10 m). We also calculated the variability in these parameters with depth
in 50 m depth bins.
MANOVA was used to examine the effect of sampling zone on the metrics of prey resources. Levene’s
test for equality of variances and Shapiro-Wilk’s (SW)
test of normality to determine if the data conformed
to the assumptions of ANOVA. Tukey’s HSD post hoc
tests were used to examine which zones accounted
for significant effects. Discriminant function analysis
was used to further explore the relationships between prey variables and sampling zone. To examine
the differences in mean estimated squid length among
major habitats (TOTO and Abaco), an ANOVA was
used after Levene’s and SW tests.
AUTEC hydrophones were monitored for echolocation signals during the month prey sampling was
conducted to investigate the spatial distributions of
Mesoplodon. Following Southall et al. (2019), clicks
recorded on the AUTEC range hydrophones were
detected using a custom classifier for each dive. The
hydrophone with the largest number of clicks was
designated the central hydrophone for that detection
to provide a geolocation of the beaked whale group,
and the group vocal period (time from the first click
for that group to the last) was determined. Group
vocal period is a proxy for foraging rather than simple searching (Moretti et al. 2010).
Our study was not designed to explicitly test the
effects of our surveys on beaked whale behavior. It
did not include a controlled exposure nor high resolution measurements of individual behavior. However, we did evaluate potential responses to our survey operations in a general sense. We compared
Mesoplodon group vocal period on the range during,
prior to, and after the survey by breaking the range
into 4 quadrants and testing the effect of time period
relative to the study on the vocal period using an
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ANOVA blocked by these quadrants, following Levene’s and SW tests to validate conformation to the
assumptions of ANOVA. To further examine the possibility of effects on animal distributions of our presence on the range, we evaluated the spatial distribution of the acoustic detections of Mesoplodon relative
to the location of the survey. As the ship and AUV
were closer to one another throughout the study than
the 4 km spacing between hydrophones, we used the
ship’s position in estimating the distance from the
central hydrophone for each Mesoplodon detection
to our sampling. If the ship’s position and the animals’ position were random, the convolution of the 2
would result in a Rayleigh distribution, also described as a Weibull distribution with a shape parameter of 2 (Grinstead & Snell 1997). A KolmogorovSmirnov test was used to compare the distribution of
distance between the ship and each beaked whale
signal against the predicted Rayleigh distribution for
all time periods and for just the periods the AUV was
deployed. A quartile−quartile plot of the observed
versus expected distribution was examined to identify any specific scales of effects.
To examine the effects of the multiple prey characteristics on beaked whale potential energetic gains,
we followed Southall et al. (2019), integrating these
metrics with available behavioral and energetic data
to develop a simple, relativistic comparative assessment of foraging habitat quality. This foraging habitat
quality metric provides a simple yet quantitative
means of evaluating the fitness implications of spatial
prey heterogeneity and the potential for associated
consequences of disturbance to beaked whales across
variable ecological contexts. Foraging habitat quality
was compared across sampling zones as well as at the
finer scale areas known for consistently high beaked
whale activity. Importantly, the metric is also scaled to
average whale body size so it also allows comparison
with data collected and analyzed similarly for the
much larger Ziphius off Southern California (BenoitBird et al. 2016, Southall et al. 2019). To facilitate comparisons, a qualitative relative habitat use score was
developed for each sampling zone using a combination of available data including passive acoustic estimates of foraging activity during and prior to our
study and previously published visual survey data. A
value of 1.0 was assigned to the highest use zone on
each naval range, with other zones given a habitat
use value scaled as a fraction of that value. For example, at AUTEC where acoustically detected animal
foraging rates were 2.5 times higher on the highestuse, western part of the range than the eastern part of
the range, the eastern site had a habitat use score of

0.4 while the western had a score of 1.0. We used regression analysis to determine the best functional relationship between the metrics of prey quality and
habitat use from among linear, logarithmic, inverse,
cubic, power, quadratic, logistic, exponential, and
growth. The regression model with the best adjusted
value of fit was retained.

3. RESULTS
3.1. The Bahamas
3.1.1. Beaked whales
Hydrophones on the AUTEC range were monitored for beaked whale foraging sounds in the
month-long period around our surveys. As the result
of a confluence of unusual events, no testing or training exercises were conducted at AUTEC during this
time period, limiting the animals’ exposure to anthropogenic noise sources including mid-frequency
active sonar. The spatial pattern of habitat used by
foraging Mesoplodon during July 2015 was similar to
earlier observations of habitat use (Hazen et al.
2011). An average of 2.5 times higher foraging effort
(quantified as total duration of echolocation clicks)
occurred in western versus eastern AUTEC range
areas (Fig. 1). These differences were not as stark as
those observed in foraging Ziphius at the SOAR
range off southern California, where a 10 fold difference was observed between regions of the range at
similar spatial scales (Southall et al. 2019).
In evaluating potential behavioral responses to
active sonar during the survey, it is noteworthy that
the general distribution of vocalizing whales was not
different from historical observations nor did it differ
between survey and non-survey periods. ANOVA
showed a significant effect of the block of sampling
zone (F = 181.4, df = 3, p < 0.01) but no significant
effect of time period relative to the survey (F = 1.06,
df = 2, p > 0.05). Data did not violate the normality
and homogeneity of variance assumptions of ANOVA
(SW = 0.91, p = 0.79; Levene’s F = 0.8, p = 0.61)
This suggests that beaked whales generally remained in similar areas and continued to forage in
similar ways prior to, during, and after the survey
period. At a smaller scale, we examined the distance
between the center hydrophone and the ship for
detections of Mesoplodon on the range. Using Kolmogorov-Smirnov tests, we found that the observed
distribution of distances was not different from the
expected Weibull distribution for the entire survey
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3.1.2. Potential beaked whale prey
Acoustic samples of potential beaked whale prey
in The Bahamas were collected in 5 zones: a relatively higher use habitat on the western part of the
range, a lower use area on the eastern part of the
range, south of the range, north of the range, and a
less-disturbed comparison site off the range near
Great Abaco Island. Results from the MANOVA
showed a significant effect of sampling zone on prey
metrics (Table 1; F = 15.36, df = 24, 36.1, p < 0.001,
where data did not violate the ANOVA assumptions
of homogeneity [Levene’s F = 0.69, p = 0.61] or normality [SW = 0.71, p = 0.75]). Tests of the betweensubjects’ effects of sampling zone were significant for
all dependent variables (df = 4, p < 0.05 for all comparisons) with the exception of the ratio of fish to
crustacean targets (F = 0.32, df = 4, p > 0.1). Tukey’s
HSD post hoc tests showed that all zones were significantly different from each other for these dependent
variables (p < 0.05 for all comparisons)

Function 2

Table 1. Prey variables measured between 600 and 1200 m depth in each zone
(D = 0.84, p > 0.20, n = 509 detections)
in The Bahamas. The Zone to the North of the Atlantic Undersea Test and
nor for just the time periods when the
Evaluation Center (AUTEC) was not included because it was not a coherent,
AUV was deployed (D = 0.73, p > 0.20,
statistically distinct region
n = 289). Based on the quartile−quartile plot of the observed versus exSquid variable
South AUTEC
AUTEC
Abaco
pected distances, the data fell quite
East
West
close to the 1:1 line for both data sets,
Proportion
9
18
31
37
and there were no obvious drop downs
(% of all targets)
in the line at any scale as we might
Density
0.03
0.54
0.63
0.66
expect if animals were actively avoid(no. per 1000 m3)
Peak depth (m)
900
1000
1000
1100
ing the ship at some ranges. There was
Distribution
Near
Near
100
m
patches,
100
m
patches,
a small degree of mismatch at the tail
random random 400−800 m apart 600−1200 m apart
ends of the distribution where there
Mode spacing (m) 2600
280
26
16
were very few data points. These
Mean mantle
11
12
15
16
results are consistent with observalength (cm)
tions of Ziphius response off Southern
California to the same systems and
similar survey design (Southall et al. 2019) and a simTo determine which dependent variables and comilar survey using a multibeam echosounder (Kates
binations of variables were important in separating
Varghese et al. 2020), though in other locations
zones, we used discriminant function analysis. Sambeaked whales have been observed to respond to
pling zones were generally well separated (Fig. 2) by
echosounders at finer scales than were possible to
2 discriminant functions which accounted for 95.3%
observe here (Cholewiak et al. 2017). Here, habitat
of the variance observed at the transect level. The
used by the whales matched the historical observa5.0
tions that guided the sampling design and did not
Abaco
have a spatially variable response to the sampling.
North (West)
The strong fit of the distances between beaked
North (East)
South
whales and the ship to the expected distribution pro2.5
East
vides support for the interpretation of spatial patterns
West
in whales and resources during the time of sampling.
West

0.0

Abaco

North
East

–2.5

South

–5.0
–5.0

–2.5

0.0

2.5

5.0

Function 1
Fig. 2. Discriminant analysis plot of the first 2 discriminant
functions representing 95.3% of the variance in prey measures observed between the 5 zones in Fig. 1. Dots: function
values for individual transects with each zone in a different
color; squares: centroid for each zone. Patterns in both discriminant functions were consistent with our understanding
of the relative use of the habitat by Mesoplodon, with higher
values of each function for zones with greater habitat use.
Only the North habitat was not well separated from other
sampling zones; transects on the east side of the North zone
(orange dots outlined in red) were in the same reduced variable space as those from the eastern range while those
on the west side of the North zone (orange dots outlined in
yellow) were close to the western transects in variable space
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North Zone was not well separated from the zones on
the instrumented part of the AUTEC range; transects
on the east side of the North Zone were in the same
reduced variable space as those from AUTEC East,
while those on the west side of the North Zone were
close to AUTEC West transects in variable space.
Because of this spatial variation, foraging habitat
quality was not estimated for the North Zone.
Patterns in both discriminant functions (Fig. 2)
were consistent with our understanding of the relative use of the habitat by Mesoplodon, with higher
values of each function for zones with greater habitat
use. Based on foraging click activity, the least used
habitat on the instrumented range, AUTEC East, is
near the lower left while the most used zone on the
instrumented range, AUTEC West, is near the upper
right. Abaco, which has more favorable population
demographic characteristics compared to AUTEC, is
on the upper right of the plot. Function 1, explaining
78.5% of the variance, consisted of the variables (in
descending order of influence) mode squid spacing

Sampling

(900−1000 m), peak squid depth, 100 m scale patchiness of squid targets (850−1050 m), and focal prey
proportion (900−1200 m). Function 2, explaining
16.8% of the variance, included maximum density of
squid targets (850−1050 m), mean squid target
strength (600−1200 m), and 100 m scale variability
over depth (600−1200 m).
There were differences across zones in coherence
between the upper water column and the depths at
which beaked whales forage (Fig. 3). For example, in
the upper 600 m of the water column, we found
higher total acoustic scattering at 38 kHz on the eastern side of the AUTEC range than the west, while the
opposite pattern was observed at depths between
900 and 1200 m. This is in contrast to previous work
that found higher scattering in the upper water column on the west side of the range (Hazen et al. 2011)
but is similar to the incoherence between the surface
ocean and the deep observed off Southern California
(Benoit-Bird et al. 2016). In contrast, we observed
coherence between acoustic scattering in the upper
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Fig. 3. Distribution of potential prey in the upper water column compared to the depths over which Mesoplodon are most
likely to forage. Black dots: center of each sampling transect. Map surfaces were generated using minimum curvature interpolations. Note the differences in scale bars between panels
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and lower water column in some locations, like the
South Zone, where acoustic scattering was relatively
low throughout the water column, and Abaco where
the highest integrated scattering measures of any
zone were observed from the surface to 1200 m, particularly in the northern transects. Measures of spatial variability at 100 m scales showed similar incoherence between surface waters and the depths
where beaked whales forage (Fig. 3).
Throughout the food chain, biotic features were
deeper at Abaco than in the TOTO sites, beginning
with the subsurface chlorophyll max, including
mesopelagic scattering layers as well as the peak
depth of larger animals consistent with squid
(Fig. 4). Across these biotic features, there were no
substantial differences in the levels or integrated
proxies of biomass between the 2 sites. However,
deep-water acoustic targets identified as squids
(ANOVA: F = 3.49, df = 1,19, p < 0.05) and those
identified as fishes (ANOVA: F = 2.81, df = 1,19,
p < 0.05) were significantly larger (ANOVA: F =
3.49, df = 1,19, p < 0.05) at Abaco than the TOTO
sites and between AUTEC West and Abaco (Tukey’s
HSD: Squid: mean difference = 1.02 cm, 95% CI =
0.74−1.78 cm, p < 0.05; Fishes: mean difference =
1.22 cm, 95 % CI = 0.51−2.08 cm, p < 0.05). All
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data met the homogeneity and normality assumptions of ANOVA (SW, p > 0.25; Levene’s, p > 0.18
for all comparisons)

3.2. Comparative results

Depth (m)

To examine the collective effects of prey variables
on potential Mesoplodon foraging gains, we utilized
an integrated foraging habitat quality metric. This
metric is in units of dives per day that an individual
beaked whale would need to meet its basic energy
needs if it could consume every squid it encountered.
While simplistic, this relativistic measure incorporates
multiple prey variables with the biology and behavior
of the predator, allowing us to compare across zones
and habitats. Importantly, the metric is scaled to average body size so it also allows comparisons between
species. The relative Mesoplodon foraging habitat
quality metrics for The Bahamas sites are shown in
Fig. 5. Data presented in Southall et al. (2019) for
Ziphius in Southern California are also shown. The
relative ordering of the zones in The Bahamas corresponds with the pattern of zones identified by discriminant function analysis in Fig. 2. The ordering at
both The Bahamas and California sites generally corresponds with observations of relative
habitat use by beaked whales across
Fluorescence
‘Squid’ targets
Integrated scattering
these zones, with areas of highest use
0
requiring the fewest dives for an individual beaked whale to access resources, while areas of low use would
require many more dives per day than
300
these animals can undertake based on
their physiological constraints. Finer
scale sampling regions at AUTEC and
Abaco in areas known to have consistently high beaked whale foraging
600
showed these areas would have required the fewest dives per day for
beaked whale prey acquisition during
our sampling period.
900
Differences in habitat use in passive
acoustic and visual survey data were
AUTEC
quantified using a scoring system
Abaco
where relative habitat use is referenced
1200
to the highest use zone on each naval
0
1000 0
10
0.4 0
range. These scores are plotted as a
–1
–3
2
–2
–1
function of the prey quality metric in
mg l
38 kHz m nmi 50 m
No. 1000 m
dives per day in Fig. 6 (F1,6 = 1724.47,
Fig. 4. Throughout the food chain, biotic features were deeper at Abaco than
p < 0.001, adjusted R2 = 0.99). There
the AUTEC sites, beginning with the subsurface chlorophyll max (left), inwas a consistent power function relacluding mesopelagic scattering layers (center) as well as the peak depth of
larger animals consistent with squid (right)
tionship between these variables across
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Foraging habitat quality metric
(est. dives required d–1)

0.1
S. California

The Bahamas

Abaco slope

W. SOAR

1

W. Autec W1 array
Abaco
W. AUTEC
N. (W.) of AUTEC

N. (E.) of AUTEC
E. AUTEC

10
Range adjacent

S. of AUTEC
E. SOAR

100

Fig. 5. Prey data were combined into a relativistic measure
of Mesoplodon foraging habitat quality that incorporates
multiple prey variables with the biology, behavior, and size
of the predator to allow comparison across zones, habitats,
and species (Southall et al. 2019). Each sampling zone is
shown in black, for Southern California and The Bahamas.
The North zone in The Bahamas is split into east and west
parts, shown in dashed lines. Finer scale sampling at known
beaked whale hotspots in The Bahamas is shown in grey.
The high-use habitats in each location have prey quality
metrics of approximately 1 dive d−1 or around 10% of the observed daily dive rate for beaked whales. SOAR: Southern
California Anti-Submarine Warfare Range; W1: Whiskey 1.
See Fig. 1 for locations in the Bahamas

sites and zones, with habitat use best predicted by one
over the square root of the foraging habitat quality
metric. A power distribution is scale-free, meaning that
as we change the units by which we measure environmental quality, the shape of the distribution is unchanged except for an overall multiplicative constant,
making our precise means of quantifying environmental quality and habitat use less important than their
relative scaling. However, because of the small number of data points, the specific details of the numerical
relationship must be extrapolated with care.

4. DISCUSSION
The distribution of potential prey plays a critical
role in driving the observed distribution of beaked
whales and explaining the persistent use of US
Navy ranges by beaked whales despite repeated
disturbance from many human noise sources,
including powerful active sonar systems associated
with whale strandings. Understanding the distribution of prey and how it relates to patterns of whale
distribution and disturbance plays a vital role in
determining the energetic and potential population
costs of these range activities for population management. The list of important potential prey variables separating these zones does not include the
estimated biomass of resources. Instead, these variables separating sampling zones describe the spatial
organization of squid, similar to findings from other
beaked whales off Southern California (Southall et
al. 2019) as well as in other predator−prey systems
(Benoit-Bird et al. 2013). As off Southern California,
beaked whales in The Bahamas also preferentially
used habitats with larger individual squid that
likely have greater energy content and those where
squid made up a greater proportion of potential
prey targets. Both of these factors potentially reduce
search and handling costs (Warburton & Thomson
2006) by increasing the signal-to-noise ratio in
biosonar echoes while reducing the need to process
acoustic information from non-target prey and make
decisions about whether and when to pursue prey
as well as reducing the chance of prey targeting
errors.
Our prey analyses focused on the characteristics of
targets consistent with squid because of the primarily
teuthivorous diet described for beaked whales. However, species in the genus Mesoplodon consume fish
in some locations (Clarke 1996, MacLeod et al. 2003).
A variety of recent evidence, including stable isotope
analysis, fecal samples, and gut contents, suggests
that Mesoplodon in The Bahamas include fishes in
their diet as well (D. E. Claridge et al. unpubl. data),
though the relative importance of fishes in their overall energy budget is not clear. The relative proportion of squid between 600−1200 m varied significantly between zones. However, at beaked whale
foraging depths, the ratio of targets consistent with
crustaceans to those consistent with fishes did not
vary significantly across zones, averaging 2.1 crustaceans:1 fish. Thus, the South Zone, with only 9%
squid targets had a greater proportion of fishes than
Abaco, which had 37% squid. Differences in the
density of targets between these sites meant the total
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High use
Low use

Beaked whale habitat use score

and Abaco where the highest integrated scattering measures of any
The Bahamas zones
zone were observed from the surface
The Bahamas fine-scale sites
to 1200 m. Measures of spatial variability at 100 m scales showed similar
1.0
incoherence between surface waters
and the depths where beaked whales
forage (Fig. 3). These observations
confirm the conclusion that for deepdiving predators, surface-based sam0.5
pling to predict prey resources can
lead to inappropriate conclusions
when the mechanisms and time scales
of connection between surface and
the deep are not well known. In the
0
0
25
50
75
100 ecosystems that are critical habitat for
High quality
Poor quality
beaked whales, such as most pelagic
Foraging habitat quality metric (est. dives required d–1)
systems, large-scale, long-term, controlled manipulations are difficult.
Fig. 6. Habitat use by beaked whales for each sampling unit scored relative to
the highest use site on each Navy range using a combination of available pasInstead, pseudo-experimental analysive acoustic and visual survey data. These scores (N = 8) are shown as a funcses that treat independent beaked
tion of the foraging habitat quality metric developed by Southall et al. (2019)
whale populations as ‘replicates’ and
using prey data collected in the same areas. Not included are the North and
spatial contrasts in disturbance as
South zones adjacent to AUTEC as not enough data on beaked whale distributions exists to establish a habitat use score. The best-fit regression, a power
‘treatments’ are used to disentangle
relationship, is shown as a solid line. Data for Southern California from Benoitthe effects of disturbance like sonar
Bird et al. (2016)
from natural variation and statistical
noise on populations. One such comnumber of fish targets was similar across all locations
parison has been the AUTEC range, where human
during the study. The target strength of each taxodisturbance is a regular feature of the environment,
nomic class was significantly higher at Abaco than at
and the area around Great Abaco Island, where disthe TOTO sites.
turbance by military sonars is comparatively infreAll of the prey variables statistically separating
quent (Moretti 2019). Despite their close proximity
zones defined a priori by Mesoplodon activity in(170 km separates the 2 sites), the home ranges of
clude depth ranges overlapping with the peak
animals in these 2 areas do not appear to overlap
depths of foraging buzzes between 650 and 1050 m
(Claridge 2013). The average annual abundance of
observed in this area (L. S. Hickmott et al. unpubl.
animals at AUTEC West and calf-to-female ratios are
data) and in this species in other areas (Johnson et al.
significantly lower than at Abaco, leading to the sug2004, 2008). The differences between zones we
gestion that military activities at AUTEC have led to
observed at these depths were, however, not always
negative population consequences to Mesoplodon on
evident in the upper water column, as we observed
the range (Claridge 2013, Moretti 2019). Compardifferences in coherence between the upper and
isons between locations can provide a powerful tool
deep column across the study area with low scatterfor revealing the processes driving populations. We
ing in the portion of the range most used by beaked
observed that the zones most used by beaked whales
whales. This is in contrast to previous work that
at both sites share a number of prey features at the
found higher scattering in the upper water column
depths over which beaked whales forage, including
on the western, high-use side of the range (Hazen et
relatively high proportions of larger squid distributed
al. 2011) but is similar to the incoherence between
in aggregations. These same features were observed
the surface ocean and the deep observed off Southto correlate with beaked whale habitat use off Southern California (Benoit-Bird et al. 2016). In contrast,
ern California (Southall et al. 2019), revealing much
we observed coherence between acoustic scattering
about what prey features are important for beaked
in the upper and lower water column in some locawhale success. In terms of the distribution of deeptions, such as the South Zone where acoustic scatterwater squid, AUTEC West was more similar to Abaco
ing was relatively low throughout the water column,
than it was to the contiguous area, AUTEC East. The
S. California zones
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differences within AUTEC have been proposed to be
driven by localized upwelling, the location of steep
topography, and the strength of the thermocline
(Hazen et al. 2011).
Despite the general similarities in prey characteristics in Mesoplodon foraging habitat, our results highlight substantial differences in resources during our
study between even the parts of the AUTEC range
most used by Mesoplodon and the Abaco site. Squid
measurements at Abaco were more favorable for
beaked whales than those at AUTEC on all measures
considered, with higher overall densities of squid
that are larger, more closely spaced, and make up a
larger proportion of potential acoustic targets. These
differences are less pronounced but still statistically
significant when comparing only AUTEC West and
Abaco. Overall, during the 2 wk timeframe of this
study, Abaco appeared to be a more energy efficient
ecosystem, with more extensively migrating mesopelagic animals, larger animals from zooplankton to
nekton, and a greater degree of vertical overlap
amongst trophic steps than TOTO (Sato & BenoitBird 2017). This resulted in an approximately 20%
difference in foraging habitat quality metrics between similarly sized zones on the parts of the
AUTEC range most used by Mesoplodon and Abaco
and up to a 20 fold difference from Abaco if the entire
TOTO region sampled is considered, though the
scale differences in this comparison must be considered. These differences in foraging habitat characteristics should not be surprising given the dramatic
differences in oceanography between the 2 sites,
with Abaco experiencing conditions consistent with
an open-ocean ecosystem, while TOTO is isolated
from these oceanic influences, acting as a closed ecosystem from a physical and likely biological perspective. Much more subtle variations in topography and
oceanography have been shown to influence the
habitat preferences of Mesoplodon in The Bahamas
(MacLeod & Zuur 2005). Our observations of prey
resources, while limited in time, combined with these
overall differences in habitat characteristics provide
an alternative hypothesis to disturbance to account
for the differences in beaked whale populations
observed between TOTO and Abaco slope. The
results presented here highlight the care that must
be taken in interpreting pseudo-experimental population contrasts where natural environmental variation cannot be accounted for. Vital rates established
for one population should not be considered a baseline for the other without careful consideration of
context provided by the habitat, including prey. This
study has advanced our ability to interpret demo-

graphic differences between AUTEC West and Abaco
and will better inform models predicting population
consequences of disturbance.

4.1. Comparative results
Using a comparative metric of foraging habitat
quality that integrates prey variables and normalizes
them using knowledge of whale biology lets us combine the results from The Bahamas sites with similarly collected data off Southern California, providing information on the relationship between beaked
whales and their deep-water prey more generally.
Despite the differences in the size of the species of
beaked whale found in the 2 locations and the contrasts in the ecosystems themselves, those zones historically observed to have the greatest rates of foraging by beaked whales had prey quality metrics at or
below a value of 1 dive d−1, about 10% of observed
daily dive rates (Southall et al. 2019). This proportion
of observed daily dives may perhaps be an even
more robust indicator of the potential foraging gains.
However, the value of the metric, which is affected
by the specifics of the parameterization, is less important than the consistency observed and the shape of
the relationship between the metric and habitat use
by beaked whales. Determining the form of predator−
prey relationships is critical for understanding ecosystem dynamics and managing predator populations relative to the host of threats that they face. For
beaked whales, the functional relationship developed with their prey in and near US Navy test ranges
shows that small changes in prey can have large consequences for how beaked whales use their habitat.
Using this understanding, it is possible to compare
locations to determine where whales are likely to
spend the most time. For example, based on the data
presented here, we hypothesize that Mesoplodon
should spend relatively little time foraging in the
South zone. Animals that avoid activities on the
range by moving to the north should be able to
access similar levels of food on the western side of
that zone, though concentration of animals or overlap
with animals that generally inhabit the northern area
could increase competition for these resources.
These predictions could be extrapolated to include
changes over time as resources change naturally or
as a result of climate change. Prey information, integrated with predator information as is done here,
could also inform site selection for activities within
ranges, the selection of sites for new activities with
the goal of minimizing impacts on beaked whale
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populations, or the selection of protected areas
(Hooker et al. 2002).
Far from the linear relationship between resources
and gains assumed in existing models, our results
indicate a critical threshold in prey characteristics for
beaked whale foraging success measured as habitat
use, below which predators are unlikely to be successful but above which small changes in resources
allow large gains to the predator. The power-law
functional relationship observed indicates that only a
small range of measured habitat quality values is
preferred by beaked whales. Responses to threshold
levels of prey are commonly observed in oceanic
predators (Cury et al. 2011), though the shape typically involves an asymptote above which gains are
no longer realized (Holling 1959), a point not
observed here.
Our empirical observations are most consistent
with the form of a Type III functional response
described by Holling (1959). Type III responses occur
in predators that increase their search activity with
increasing prey density or exhibit dietary switching
to the most abundant prey species, which can result
in regulation of prey density by a stable population of
predators. This observation provides insight into theoretical and mathematical avenues for future examination of beaked whale populations. For example,
the shape of the relationship between beaked whales
and their resources informs the ongoing development of energetic models aimed at connecting observations of short-term behavioral responses of beaked
whales facing disturbance with population-level consequences (New et al. 2013, Hin et al. 2019, Moretti
2019). The appearance of an apparently sharp threshold in the functional relationship between beaked
whale habitat preferences and their prey has significant ecological as well as management implications;
relatively small behavioral changes resulting from
disturbance could have unpredicted yet consequential population effects, including decreased individual growth, reproductive, and other vital rates. An
additional consequence is that models of beaked
whale populations seeking to incorporate prey will
be very sensitive to the parameters chosen, emphasizing the importance of these difficult to obtain and
currently rare data.

4.2. Conclusions
We observed extensive spatial heterogeneity in
foraging habitat at submesoscales (<100 km; the
scale of oceanic eddies and similar interactions
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between currents and other bodies of water) in both
a temperate upwelling and low-productivity subtropical ecosystem. Strong variation in resources
over horizontal distances smaller than the potential
habitat range of an individual beaked whale suggests that careful direct evaluation of the habitat is
needed for siting of human activities within these
habitats. Further evaluation of potential differences
in prey species composition that cannot currently be
addressed with acoustic tools should also be examined at these scales by employing large deep-water
trawls, video imaging on robotic platforms, or other
techniques.
In The Bahamas, Mesoplodon appear to have much
to gain in the western sector of the AUTEC range.
While it may be practically infeasible to suggest
establishing a sonar-free area in this region given the
presence of the expensive, extensive range facility,
one potential mitigation action consistent with our
results would be to concentrate mid-frequency active
sonar (MFAS) operations on the eastern side of the
AUTEC range rather than the western, higher-use
side when possible. This spatially explicit action
could reduce the potential consequences of disturbance in this important habitat for Mesoplodon, at
least for those occurring at higher sonar intensities
and at the shorter ranges where the greatest behavioral changes have been shown to occur (Falcone et
al. 2017). In addition, care should be taken to avoid
activities that shepherd animals southward, where
prey resources immediately adjacent to the range
were observed to be unfavorable for beaked whale
foraging. Activities that limit movement of southerly
animals to regions to the northwest of the range,
where our habitat measures suggest prey were similar to the most used parts of the range, should also be
avoided. Incorporation of our results into models
evaluating the population consequences of disturbance from Navy MFAS will allow explicit comparisons of the relative energetic consequences of various disturbance scenarios, further enabling decision
making about the spatio-temporal dynamics of sonar
activities.
Our historical view of the deep sea as unchanging
and disconnected from surface-driven processes
(Menzies 1965) is being challenged by recent research showing how susceptible these extensive and
diverse habitats, particularly the top predators in
them, are to threats from fishing, mining, dumping,
climate change, and other anthropogenic stressors,
including sound (Davies et al. 2007). The unprecedented deep-sea data provided by our combined
work within 2 ecologically disparate regions of naval
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importance tells us about these areas, about beaked
whale ecology, and the biological and management
relevance of spatial heterogeneity of resources. This
work also contributes to our changing perspective on
the ocean and how we manage it. We are in a race to
describe and understand this ‘last great wilderness’
(Roberts 2002) where there may be ‘a million undescribed species, with biological adaptations and ecological mechanisms that we cannot yet imagine’
(Robison 2004, p. 253). The empirically derived, functional relationship between beaked whale predators
and their deep-dwelling squid prey provides new
and surprising insights into the processes affecting
ocean predators, the ecological structure and dynamics of the deep-sea ecosystems they inhabit, and the
potential effects of human activities on the ecologically and economically valuable habitat that makes
up the largest living space on our planet.
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