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The distribution of wide-ranging cetacean species often cross national or jurisdictional
boundaries, which creates challenges for monitoring populations and managing
anthropogenic impacts, especially if data are only available for a portion of the species’
range. Many species found off the U.S. West Coast are known to have continuous
distributions into Mexican waters, with highly variable abundance within the U.S. portion of
their range. This has contributed to annual variability in design-based abundance
estimates from systematic shipboard surveys off the U.S. West Coast, particularly for
the abundance of warm temperate species such as striped dolphin, Stenella
coeruleoalba, which increases off California during warm-water conditions and
decreases during cool-water conditions. Species distribution models (SDMs) can
accurately describe shifts in cetacean distribution caused by changing environmental
conditions, and are increasingly used for marine species management. However, until
recently, data from waters off the Baja California peninsula, México, have not been
available for modeling species ranges that span from Baja California to the U.S. West
Coast. In this study, we combined data from 1992–2018 shipboard surveys to develop
SDMs off the Pacific Coast of Baja California for ten taxonomically diverse cetaceans. We
used a Generalized Additive Modeling framework to develop SDMs based on line-transect
surveys and dynamic habitat variables from the Hybrid Coordinate Ocean Model
(HYCOM). Models were developed for ten species: long- and short-beaked common
dolphins (Delphinus delphis delphis and D. d. bairdii), Risso’s dolphin (Grampus griseus),
Pacific white-sided dolphin (Lagenorhynchus obliquidens), striped dolphin, common
bottlenose dolphin (Tursiops truncatus), sperm whale (Physeter macrocephalus), blue
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whale (Balaenoptera musculus), fin whale (B. physalus), and humpback whale (Megaptera
novaeangliae). The SDMs provide the first fine-scale (approximately 9 x 9 km grid)
estimates of average species density and abundance, including spatially-explicit
measures of uncertainty, for waters off the Baja California peninsula. Results provide
novel insights into cetacean ecology in this region as well as quantitative spatial data for
the assessment and mitigation of anthropogenic impacts.
Keywords: Baja California, cetacean, generalized additive model, habitat model, species distribution model, Southern
California Current
1 INTRODUCTION

The management of transboundary marine species, such as
cetaceans whose distributions span waters of two or more
nations, is chal lenging because laws for managing
anthropogenic impacts vary among nations, and data may only
be available for a portion of each species’ range. Survey effort is
often restricted to waters of a single country due to funding
constraints and nationally-driven management objectives.
However, there has been increasing recognition that successful
monitoring and conservation of highly-mobile cetaceans require
coordinated surveys across broader areas to capture changes in
species distribution and abundance as ocean conditions vary.
The International Whaling Commission’s SOWER (Southern
Ocean Whale and Ecosystem Research) and POWER (Pacific
Ocean Whale and Ecosystem Research) programs have
conducted large-scale surveys of the Southern Ocean and
North Pacific Ocean, respectively, since the 1990s to assess and
monitor whale populations (see e.g., Sekiguchi et al., 2010;
Matsuoka et al., 2021). In the Atlantic Ocean, a series of
multinational cetacean surveys (SCANS, T-NASS) have
assessed cetacean abundance and distribution in a coordinated
manner within the northeast Atlantic (Hammond et al., 2002;
Hammond et al., 2013; Hammond et al., 2021) and across the far
northern Atlantic between Norway and Canada (see Desportes
et al., 2019). These comprehensive efforts have allowed
management considerations at biologically and ecologically
relevant scales and within a multi-national framework.

Along the Pacific Coast of North America, cetacean surveys
conducted by the National Oceanic and Atmospheric
Administration (NOAA) since 1991 have primarily focused on
U.S. waters of the California Current Ecosystem (CCE) (e.g.,
Barlow, 1995; Barlow and Forney, 2007; Barlow, 2016). However,
the CCE is a highly dynamic marine environment, and the
distributions of many cetacean species extend into Canadian,
Mexican and/or international waters. Abundance estimates for
some species have been highly variable off the U.S. West Coast
(Barlow and Forney, 2007; Barlow, 2016), e.g., estimates of
striped dolphin (Stenella coeruleoalba) abundance ranged from
a low of 8,614 animals (CV = 0.51) in 1996 to a high of 90,433
animals (CV = 0.24) in 2014 (Barlow, 2016), reflecting range
shifts rather than true population changes. Similar distribution
shifts have created management issues for other warm-temperate
species such as short-beaked and long-beaked common dolphins
(Delphinus delphis delphis and D. d. bairdii), whose numbers
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tend to increase in U.S. waters during warm water conditions
(Barlow, 2016; Becker et al., 2018; Becker et al., 2020a).
Recognizing the need to cover a broader geographic range, the
most recent (2018) NOAA cetacean assessment survey covered
waters from Vancouver Island, Canada to Baja California,
México (Henry et al., 2020).

Habitat-based models, or species distribution models
(SDMs), are powerful tools for documenting shifts in cetacean
distribution due to changing environmental conditions (Becker
et al., 2018; Boyd et al., 2018). SDMs estimate density as a
continuous function of habitat variables (e.g., sea surface
temperature, seafloor depth) and thus, within the study area
that was modeled, densities can be predicted at all locations
where these habitat variables can be measured or estimated.
Spatial habitat models therefore allow estimates of cetacean
densities on finer scales than traditional line-transect or mark-
recapture analyses. Abundance estimates (for a study area)
derived from habitat-based models also tend to be more stable
from one year to the next, in part because the models that
generate the annual estimates are built from data collected across
multiple years, whereas abundance estimates from design-based
methods rely strictly on encounter rate data for an individual
year and are thus subject to increased sampling variance (Barlow
et al., 2009; Forney et al., 2012; Becker et al., 2020b);. For those
species that exhibit substantial interannual distribution shifts in
and out of U.S. waters, SDMs that incorporate survey data that
better sample the broader geographic distribution range of these
species, and include a wider environmental covariate space,
should provide greater insight into observed abundance changes.

SDMs have been developed for cetaceans within U.S. West
Coast waters from systematic ship survey data collected by
NOAA’s Southwest Fisheries Science Center (SWFSC) since
1991 (Forney, 2000; Barlow et al., 2009; Becker et al., 2010;
Forney et al., 2012; Becker et al., 2014; Becker et al., 2016; Becker
et al., 2018; Becker et al., 2020a; Becker et al., 2020b), and multi-
year average density predictions from these models have been
used by the U.S. Navy to assess potential impacts on cetaceans
from training and testing activities in Southern California waters
as required by U.S. regulations such as the Marine Mammal
Protection Act and Endangered Species Act (U.S. Department of
the Navy, 2013; U.S. Department of the Navy, 2015; U.S.
Department of the Navy, 2018). In addition to training and
testing areas located off California, the Navy’s Southern
California Range Complex extends more than 600 nmi
southwest into the Pacific Ocean, encompassing waters west of
May 2022 | Volume 9 | Article 829523
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the Baja California peninsula, México (U.S. Department of the
Navy, 2013; U.S. Department of the Navy, 2018). Until recently,
systematic survey data collected in these waters have been limited
largely to transits from San Diego, California, to SWFSC study
areas in the Eastern Tropical Pacific (Hamilton et al., 2009). Data
from surveys conducted between 1986 and 1996 have been used
to develop stratified design-based density estimates for cetaceans
in the eastern Pacific at very coarse spatial resolution (i.e., 5° X 5°
cells; Ferguson & Barlow, 2003), and the U.S. Navy has used
these estimates to estimate potential impacts to cetaceans from
their activities that occur in waters west of the Baja California
peninsula (U.S. Department of the Navy, 2013; U.S. Department
of the Navy, 2018). To better evaluate the potential impacts of
their activities requires estimates of cetacean distribution and
abundance at finer spatial scales than currently available, ideally
from an SDM that is built with dynamic environmental
covariates that can account for changes in oceanic conditions.
It is well established that there can be dramatic shifts of many
cetacean species in this region in response to changes in oceanic
conditions (e.g., Forney, 2000; Barlow et al., 2009; Becker et al.,
2014; Becker et al., 2017; Hazen et al., 2017; Becker et al., 2018;
Abrahms et al., 2019; Becker et al., 2020a), thus underpinning the
need for effective SDMs that incorporate dynamic habitat covariates.

An SDM has been developed to estimate the density of long-
beaked common dolphin in waters west of the Baja California
peninsula, based on SWFSC ship survey data collected between
1986 and 2006 (Gerrodette and Eguchi, 2011). The known range
of long-beaked common dolphin extends from central California
south into Mexican waters (Carretta et al., 2011), and yearly
design-based abundance estimates for U.S. waters are highly
variable for this species (Barlow, 2016). The hierarchical
Bayesian model developed by Gerrodette and Eguchi (2011)
estimated long-beaked common dolphin density as a function
of depth, and captured this species primarily coastal distribution,
but dynamic habitat variables are required to predict shifts in
distribution due to environmental variability, since common
dolphins exhibit shifts at seasonal and interannual time scales
(Dohl et al., 1986; Heyning and Perrin, 1994; Forney and Barlow,
1998; Becker et al., 2014; Becker et al., 2020a; Becker et al.,
2020b). Hierarchical Bayesian models have also been developed
to estimate blue whale (Balaenoptera musculus) and short-
beaked common dolphin density in the northeast Pacific
Ocean as functions of absolute dynamic topography (Pardo
et al., 2015). Model predictions included waters both off the
U.S. and west of the Baja California peninsula but at very coarse
spatial resolution (1/3°-degree cells), thus limiting their use for
finer scale management applications.

In addition to the systematic survey data available from
SWFSC transits through the area between 1986 and 2006,
three SWFSC surveys included focused effort in waters west of
the Baja California peninsula during 1993, 2009, and 2018. The
1993 survey covered the range of short-beaked common
dolphins off California and Baja California (Mangels and
Gerrodette, 1994) as part of a 2-year study of this species. The
2009 survey was specifically designed to sample the known range
of long-beaked common dolphins along the central and southern
Frontiers in Marine Science | www.frontiersin.org 3
California coast, as well as the coastal waters west of the Baja
California peninsula (Carretta et al., 2011). The 2018 survey
covered waters along the west coasts of southern Canada
(Vancouver Island), the U.S., and waters west of the Baja
California peninsula (Henry et al., 2020). Sightings from these
surveys provided sufficient sample sizes to develop SDMs for
many cetacean species occurring in the Southern California
Current study area.

The objective of this study was to develop dynamic cetacean
SDMs for as many species as possible, both to generate multi-
year average density surfaces for all Southern California
Current stakeholders to use in their long-term (2–7 year)
environmental planning efforts, and to improve our
understanding of species distribution patterns by including a
broader distribution range of many species, particularly those
suspected to exhibit distribution shifts between U.S. and
Mexican waters (e.g., striped, and long- and short-beaked
common dolphins; Dohl et al., 1986; Heyning and Perrin,
1994; Forney and Barlow, 1998; Barlow, 2016; Becker et al.,
2018). Models were built for ten species with sufficient sample
sizes: long-beaked common dolphin, short-beaked common
dolphin, Risso’s dolphin (Grampus griseus), Pacific white-
sided dolphin (Lagenorhynchus obliquidens), striped dolphin,
common bottlenose dolphin (Tursiops truncatus), sperm whale
(Physeter macrocephalus), blue whale, fin whale (Balaenoptera
physalus), and humpback whale (Megaptera novaeangliae).
2 MATERIALS AND METHODS

2.1 Study Area
For the purposes of this analysis, the study area was defined to
include the area from Point Conception south to 23°N, and from
the coast out to 132.5°E longitude. This region encompasses the
Southern California Current System, a distinct oceanographic
province that provides an ecologically meaningful study area for
cetaceans (Checkley and Barth, 2009). The region west of the
Baja California peninsula marks the southern limit of the
California Current, a well-known eastern boundary upwelling
system (Hickey, 1979). Although there are some regional
differences, there is generally a continuous equatorward flow
along shore near the surface (0-300m deep), and a subsurface
inshore poleward flow along the Baja California peninsula and
southern California coast north to Point Conception at 34.5°N
latitude (Lynn and Simpson, 1987; Durazo, 2015). Although the
“Inshore Countercurrent” at times is continuous around Point
Conception, this headland is a well-known biogeographic
boundary, marking the range limits of many marine species
(Valentine, 1973; Briggs, 1974; Newman, 1979; Doyle, 1985).
SWFSC survey data collected in this “Southern California
Current study area” from 1992–2018 were used to create the
modeling dataset, and when combined across years, provided
reasonable coverage of the study area, particularly in nearshore
waters where oceanic conditions are more dynamic (Figure 1).
Data from SWFSC surveys that transited waters west of the Baja
California peninsula prior to 1992 were not used because
May 2022 | Volume 9 | Article 829523
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dynamic ocean modeled data used to develop the SDMs were not
available for these earlier years.

Six geographic strata were created within the study area to
assess the SDMs ability to predict spatial distribution patterns.
Latitudinal boundaries were set at Punta Eugenia (28°N), which
represents a faunal transition zone for several fish species
(Hewitt, 1981), and the Ensenada Front, a persistent feature
that separates eutrophic waters to the north from oligotrophic
waters to the south (Santamaria-del-Angel et al., 2002). The
Ensenada Front shifts latitudinally during the year, but 32°N was
selected to divide the strata as it marks the approximate
boundary of the front in August, the month with maximum
survey coverage. In addition, an offshore-onshore division was
made at the 2,000m isobath, which roughly represents the
transition from the continental shelf to the continental
rise (Figure 1).

2.2 Survey Data
Cetacean sighting data used to build the SDMs were collected
in the Southern California Current study area during the
summer and fall (June through early December) from 1992–
2018 (Table 1) using systematic line-transect methods
Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8295234
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FIGURE 1 | Completed transects for the Southwest Fisheries Science Center systematic ship surveys conducted between 1992 and 2018 in the Southern California
Current study area. The colored lines show on-effort transect coverage in Beaufort sea states ≤5: purple lines = 1993 survey, blue lines = 2009 survey, red lines =
2018 survey, green lines = transits in waters west of the Baja California peninsula and surveys that included U.S. waters within the Southern California Bight (SCB).
Also shown are the six geographic strata used to evaluate the accuracy of the spatial patterns of predicted density, with the offshore/inshore division set at the 2,000
m isobath: (1) offshore north of the approximate location of the Ensenada Front in August (EF; 32°N), (2) inshore north of the EF, (3) offshore north of Punta Eugenia,
(4) inshore north of Punta Eugenia, (5) offshore south of Punta Eugenia, and (6) inshore south of Punta Eugenia.
TABLE 1 | Cetacean and ecosystem assessment surveys conducted within the
Southern California Current study area during 1992–2018.

Cruise numbers Period in study area Research vesse

1468 Oct-Nov 1992 DSJ
1508/1509 Jul-Nov 1993 McArthur/DSJ
1601 Sept/Nov 1995 McArthur
1604/1605 Aug-Nov 1996 McArthur/DSJ
1607/1608 June/Aug 1997 McArthur/DSJ
1610/1612 Jul/Aug/Dec 1998 McArthur/DSJ
1613/1614 Jul/Aug/Dec 1999 McArthur/DSJ
1615/1616 Jul/Aug/Dec 2000 McArthur/DSJ
1617/1619 Jul-Aug, Oct-Dec 2001 McArthur/DSJ
1621/1622 Jul/Dec 2002 McArthur/DSJ
1623/1624 Jul/Aug/Dec 2003 McArthur II/DSJ
1627/1628 Aug-Dec 2005 McArthur II/DSJ
1630/1631 Jul/Aug/Dec 2006 McArthur II/DSJ
1635 Oct-Nov 2008 McArthur II
1640 Sept-Dec 2009 McArthur II
1641 Aug/Dec 2010 McArthur II
1647 Aug, Oct-Dec 2014 Ocean Starr*
2017 Aug-Dec 2018 Reuben Lasker
*Previously the David Starr Jordan.
DSJ, David Starr Jordan.
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(Buckland et al., 2001). Surveys conducted in 1993, 1996, 2001,
2005, 2008, and 2014 covered waters from the coast to
approximately 556 km offshore (Barlow and Forney, 2007;
Barlow, 2016), providing comprehensive sampling of the
Southern California Bight (SCB; Figure 1). The 1993, 2009 and
2018 surveys included focused efforts in coastal waters of both
southern California and the Baja California peninsula (Mangels
& Gerrodette, 1994; Carretta et al., 2011; Henry et al., 2020). The
purpose of the remaining surveys was to sample the eastern
tropical Pacific, but included systematic effort during transits
within the Southern California Current study area, thus
providing additional data to use in this analysis.

Only on-effort data collected in Beaufort sea state conditions
≤5 were used in model development. Sighting rates in sea state 5
are generally lower than in calmer sea states, but extensive past
surveys by the SWFSC that included effort for sea states 0-5 have
allowed for the estimation of sea-state specific correction factors
(Barlow et al., 2011; Barlow, 2015). This is particularly important
given that offshore areas tend to have higher sea states and
excluding those segments could bias the overall models. As
described below in the modeling framework subsection, the
sea-state specific correction factors have been included in our
models using the methods described in Becker et al. (2016).

The survey protocols were largely the same for all years (see
Barlow and Forney, 2007; Henry et al., 2020) and are briefly
summarized here. A team of 6 experienced visual observers were
present on each survey, rotating among three observer stations
every two hours. Observers at port and starboard stations
searched for cetaceans between 0 and 90 degrees from the
ship’s bow using 25 × 150 mounted binoculars, and a center-
stationed third observer searched by eye or with handheld 7 × 50
binoculars. When cetaceans were detected within 3 nmi (5.6 km)
of the trackline, the sighting was recorded at the time of the
initial observation, along with distance and direction from the
vessel, from which perpendicular sighting distance was
calculated. Typically, the ship would then be diverted from the
transect line (“closing mode”) and observers went “off-effort” to
approach the animals and enable more accurate estimation of
group size and species identification. All observers recorded
confidential estimates of best, high, and low group size, and if
the sighting included more than one species, the observers also
estimated the proportional makeup of species in the group.
Following identification and enumeration, the vessel angled
back to the original transect line to avoid getting drawn into
high-density regions (Barlow, 1997). To obtain a single group
size estimate for each sighting, the best estimate from each
observer was averaged (i.e., arithmetic mean), and prorated by
species for multi-species groups. In addition to the sighting data,
information on detection parameters (e.g., Beaufort sea state,
visibility, swell height) was recorded on a laptop computer
connected to the ship’s navigation system.

Systematic survey effort was conducted along predetermined
tracklines at a target survey speed of 18.5 km/hr. During transits
to or from port (e.g., on those surveys headed to or from the
eastern tropical Pacific), transits between tracklines, or
deviations from pre-determined tracklines for other purposes,
Frontiers in Marine Science | www.frontiersin.org 5
the visual observers generally maintained standard data
collection protocols. Although such non-systematic effort
would introduce a bias when estimating encounter rates for
design-based abundance estimates, heterogeneity is less of a
problem for SDMs because the uneven distribution of effort
can be accounted for within this statistical framework (Hedley
and Buckland, 2004) while increasing sample sizes for model
development. For this study we developed models for all species
with >40 sightings, recognizing that ideally sample sizes would be
closer to 100, but that smaller sample sizes can be used to
parameterize SDMs for species that inhabit less dynamic
environments, such as the offshore regions of the study area
(Becker et al., 2010).

2.3 Habitat Covariates
Continuous portions of survey effort were divided into
approximate 5-km segments to create samples for modelling
using the approach described by Becker et al. (2010). The
segment size was specifically selected based on the
oceanographic processes and bathymetry of the study area so
that habitat is expected to vary little within the segments.
Species-specific sighting data were assigned to each segment
(total number of sightings and arithmetic average group size),
and habitat covariates were derived based on the segment’s
geographical midpoint. Consistent with standard distance
sampling methods, sighting data were truncated at 5.5 km
perpendicular to the trackline to eliminate the most distant
groups (Buckland et al., 2001; Miller et al., 2019) and maintain
consistency with the species-specific effective-strip-width
estimates derived for this study based on methods described in
Barlow et al. (2011) and used to estimate cetacean densities.

Outputs from the Hybrid Coordinate Ocean Model
(HYCOM; Chassignet et al., 2007) were used as dynamic
predictor variables in the habitat models. HYCOM products
include a global reanalysis that assimilates multiple sources of
data in product development (including satellite and in situ), and
outputs from HYCOM have been widely used and widely tested
(https://www.hycom.org/). Daily averages for each variable
served at the 0.08 degree (approximately 9 km) horizontal
resolution of the HYCOM output were used in the models.
The suite of potential dynamic predictors included sea surface
temperature (SST) and its standard deviation [sd(SST)],
calculated for a 3 × 3-pixel box around the modeling segment
centroid), mixed layer depth (MLD, defined by a 0.5˚C deviation
from the SST), sea surface height (SSH), sd(SSH), salinity (SAL),
and sd(SAL). Contemporaneous covariates were used because
they are better able to capture the interannual variations in
cetacean distribution patterns within the highly dynamic
California Current study area (Mannocci et al., 2017). Water
depth (m) was also included as a potential predictor, derived
from the ETOPO1 1-arc-min global relief model (Amante and
Eakins, 2009).

The dynamic predictors were selected because they have proven
effective in similar habitat models in the study area (Becker et al.,
2010; Pardo et al., 2015; Becker et al., 2016; Becker et al., 2017;
Becker et al., 2018; Becker et al., 2020a; Becker et al., 2020b) and they
May 2022 | Volume 9 | Article 829523
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provide useful indicators for oceanographic processes that serve to
increase biological production and aggregate prey. For example,
SST, MLD, and SAL identify variations in upwelling and water
column stratification; upwelled waters are generally colder and have
higher salinity concentrations than adjacent surface waters. SSH
reflects circulation and density structure since the higher density of
upwelled waters in the surface layer generally results in lower sea
surface heights (Talley et al., 2011), and sd(SSH) reflects the
mesoscale variability of SSH. The sd(SST) variable was included
to serve as a proxy for frontal regions since dynamic ocean processes
such as upwelling, fronts, and eddies often result in surface SST
gradients between colder upwelled water and warmer surface water.

2.4 Habitat Models
Modeling methods followed those described in Becker et al.
(2020b), and are repeated here for completeness.

2.4.1 Correction Factors
During the 2018 survey, operational requirements necessitated
that some of the effort be conducted in passing mode (i.e., when a
cetacean/cetacean group is sighted the ship continues on course
and is not diverted to the vicinity of the sighting for species
identification or group size enumeration). This led to a large
proportion of recorded “unidentified large whale” and
“Delphinus spp.” sightings when observers could not confirm
which species of large whale or common dolphin subspecies was
present, respectively. Omitting these sightings from the modeling
dataset would have resulted in an underestimation of animal
density for blue, fin, and humpback whales, as well as both long-
and short-beaked common dolphins during 2018 compared to
prior years. To reduce this potential downward bias, species-
specific correction factors were applied to account for
unidentified animals, using the methods described in Becker
et al. (2017) and summarized below.

For both the large whale and common dolphin groups, the
correction factor c was estimated from the 2018 sighting data
according to the simplified formula:

c = 1 +  
tunid  

ttgt +     toth
(1)

where ttgt is the number of individuals identified as the target
species, toth is the number of individuals identified as other
species within the broader species group, and tunid is the
number of unidentified individuals in that species group. Due
to the potential effect of Beaufort sea state on detectability
(Barlow et al., 2001; Barlow et al., 2011; Barlow, 2015), the
correction factors were evaluated to determine if they varied by
sea state. If so, separate correction factors were developed by sea
state; otherwise a single correction factor was applied. The
correction factors were applied to the numbers of animals
estimated per segment in the SDMs for the common dolphin
and large whale species (see equation 2 below).

The protocol for estimating sperm whale group size on
SWFSC surveys has changed over the course of the 1992–2018
survey period, with less effort spent estimating group size during
surveys conducted in the 1990’s. Group size estimates for larger
Frontiers in Marine Science | www.frontiersin.org 6
sperm whale groups (> 2 animals) are now known to have been
underestimated in the earlier surveys, and a correction factor has
been estimated to account for this bias (Moore and Barlow,
2014). Prior to modeling, this correction factor (2.3x) was
applied to the average group size estimates for observed sperm
whale group sizes > 2 for the 1992–1999 surveys.

2.4.2 Modeling Framework
Generalized Additive Models (GAMs; Wood, 2017) were
developed in R (v. 3.4.1; R Core Team, 2017) using the
package “mgcv” (v. 1.8-31; Wood, 2011). One of two modeling
frameworks was used for each species, depending on its group
size characteristics.

For most species, GAMs were fitted using the number of
individuals of the given species per transect segment (nj, where j
indexes the segments) as the response variable, which was
assumed to follow a Tweedie distribution with a log link.
Environmental covariates measured at each segment (xkj, where
k indexes the covariates) were included as smooth functions (fk).
Following the methods of Becker et al. (2016), effort was
accounted for by using a single offset term that was the product
of the area covered (Aj), the probability of detection (p̂j), and the
correction for detectability on the trackline (( ^g(0)j ). Ajwas
calculated as the product of the segment length, the truncation
distance, and the number of sides surveyed, which was an issue
during 2018 because coastal fog at times limited search effort to
one side of the vessel. The probability of detection (p̂j) was
derived from species-specific detection functions based on
methods of Barlow et al. (2011). The correction for
detectability on the trackline ( ^g(0)j ) was estimated using the
method of Barlow (2015), which assumes that ^g(0)j = 1 when
average Beaufort sea state on the segment was 0, and estimates g
(0)j for other sea states based on relative densities. The overall
“count” models take the following form:

E(nj) = Ajbpj dg(0)j exp b0 +o
K

k=1

fk(xkj)

( )
  where nj

∼ Tweedie f,qð Þ : (2)

In this equation b0 is a model intercept and Tweedie parameters
f (scale) and q (power) are estimated during model fitting and
dictate the mean-variance relationship of the distribution such
that Var(X)=fE(X)q.

For the two Delphinus species that have very large and
variable group sizes (e.g., 1 to 2,000 animals per sighting),
separate encounter rate and group size models were developed.
Encounter rate models were built using all transect segments,
regardless of whether they included sightings, using the number
of sightings per segment as the response variable and a Tweedie
distribution to account for overdispersion (Miller et al., 2013).
Group size models were built using only those segments that
included sightings, using the natural log of group size as the
response variable, and a Gaussian response distribution
(effectively assuming group size was log-normally distributed).
To account for observed geographical differences in the size of
delphinid groups (Ferguson et al., 2006; Cañadas and
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Hammond, 2008; Barlow, 2015) and success in previous models
(Becker et al., 2018), a tensor product smooth of latitude and
longitude (Wood, 2003) was the only predictor variable included
in the Delphinus group size models. The group size models were
therefore of the following form:

E logesið Þ = b0 + fðxi, yiÞ where si ∼ Normal: (3)

This model uses only the data where groups of animals were
observed (indexed by i), where si is the size of the ith group, b0 is
a model intercept and f(xi, yi) denotes a tensor product smooth of
space, evaluated at the segment location where the ith sighting
was observed. The encounter rate model was fitted to all data but
using the number of groups in segment j, mj, as the response:

E(mj) = Ajbpj dg 0ð Þj exp b0 +o
K

k=1

fk(xkj)

( )
where mj

∼ Tweedieðf,qÞ: (4)

Notation follows (2) above. The product of the number of groups
and the group sizes (mjsi) gives the number of individuals
observed on the transect.

To account for unidentified common dolphins and large
whales, a species-specific correction factor (derived using
equation (1)) based on sea state conditions on segment j was
used to correct mj or nj for the affected species.

The full suite of potential habitat predictors was offered to
both the encounter rate component (4) and count (2) GAMs.
Explicit spatial terms (i.e., longitude and latitude) were not
included in the suite of potential predictors offered to either of
these models due to the heterogeneity of survey effort in the
study area during different years. SDMs that explicitly account
for geographic effects have exhibited improved explanatory
performance, but for most species they exhibit a decreased
ability to predict abundance and distribution for novel
conditions (Hedley and Buckland, 2004; Tynan et al., 2005;
Williams et al., 2006; Cañadas and Hammond, 2008; Forney
et al., 2015; Becker et al., 2018).

For all models, restricted maximum likelihood (REML) was
used to obtain parameter estimates (Wood, 2011). The shrinkage
approach of Marra and Wood (2011) was used to potentially
remove terms from each model by modifying the smoothing
penalty, allowing the smooth effect to be shrunk to zero
(effectively performing model selection during fitting). To
avoid overfitting, an iterative backwards selection process was
used to remove variables that had p-values > 0.05 (Roberts et al.,
2016; Redfern et al., 2017).

2.4.3 Model Predictions
Spatially-explicit density values for the Southern California
Current study area were derived from model predictions on
daily environmental conditions for August-November at a 0.08°
(approximately 9 km x 9 km, hereafter 9 x 9 km for simplicity)
grid resolution. In past years, the Navy has used a “multi-year
average” of predicted daily cetacean species densities to model
potential impacts on cetaceans as required by U.S. regulations
such as the MMPA and ESA (U.S. Department of the Navy, 2015,
Frontiers in Marine Science | www.frontiersin.org 7
U.S. Department of the Navy, 2017, U.S. Department of the
Navy, 2018). In the present study, we limited our multi-year
averages to the years 2001, 2005, 2008, 2009, 2014, and 2018,
because these years reflect the more recent warmer ocean
conditions that had broad systematic survey coverage (i.e., not
just transits) within at least part of the study area, and because
HYCOM data were available for all or most of the survey days.
The year 1996 was excluded because HYCOM data were
unavailable for a substantial part (32 days) of the survey
period. Model predictions thus take into account the varying
oceanographic conditions during the 2001–2018 summer/fall
survey period. The daily predictions were also used to create
individual yearly averages for 2001–2018. To minimize the
potential for extrapolation in environmental space, pixel values
within the daily grids that fell outside the range of those used to
build the models were excluded from the predictions.

The predicted densities were plotted using a consistent
percentile scaling method for all species, with breakpoints
representing the upper 1%, 2%, 5%, 10%, 25%, 50%, 75%,
90%, and 100% of the species-specific density values. These
percentiles were selected to provide greater detail for the
higher density predictions. The same color scale was used for
both the multi-year average and yearly density plots to enable
interannual comparisons.

The model-based abundance estimates were calculated as the
sum of the individual grid cell abundance estimates, which were
derived by multiplying the cell area (in km2) by the predicted
grid cell density, exclusive of any portions of the cells located
outside the Southern California Current study area or on land.
Area calculations were completed using the R packages
geosphere and gpclib in R (version 2.15.0). The prediction grid
was clipped to the boundaries of the approximate 1,609,400-km2

study area to ensure that predictions were not extrapolated
outside the region used for model development.

2.4.4 Model Uncertainty
In highly dynamic ecosystems such as the California Current,
variation in environmental conditions has been shown to be one
of the greatest sources of uncertainty when predicting density as
a function of habitat variables, and this source has been used to
provide spatially-explicit variance measures for past SDM model
predictions off the U.S. West Coast (Barlow et al., 2009; Forney
et al., 2012; Becker et al., 2016; Becker et al., 2018; Becker et al.,
2020a). Recently, Miller et al. (In Prep.) developed techniques for
deriving more comprehensive measures of uncertainty in GAM
predictions that account for the combined uncertainty from
environmental variability, the GAM coefficients, effective strip
width (ESW), and g(0). These techniques include generating
multiple daily density surfaces (for covariate rasters at each time
slice) taking into account model parameter uncertainty (via
posterior sampling from the model parameters) and providing
a range of possible density estimates from which variance can be
calculated. The Miller et al. (In Prep.) methods were applied to
estimate spatially-explicit measures of variance that accounted
for uncertainty in environmental variability, the GAM
parameters, and ESW. Uncertainty from g(0) was not
incorporated into the pixel-specific estimates because the
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Miller et al. (In Prep.) technique does not currently incorporate g
(0) variance when the method of Barlow (2015) is used. The
group size models for long- and short-beaked common dolphins
included a latitude and longitude smooth, which results in
unrealistic estimates using the Miller et al. (In Prep.) methods,
so a null group size model was assumed when estimating
spatially-explicit variance measures for these two subspecies.
Therefore, the pixel-based variance estimates are under-
estimated to some degree, because they do not include sea-
state specific g(0) variance estimates or uncertainty in the group
size model for the Delphinus species. However, our analysis
includes the dominant sources of uncertainty to a greater
extent than previous similar studies (e.g., Becker et al., 2020b).

Variance in group size and g(0) was incorporated into the
overall study area variance estimates, in addition to uncertainty
due to environmental variability, the GAM parameters, and
ESW. Variance in group size was estimated based on the
variation in observed group sizes using standard statistical
formulae. Uncertainty in g(0) was derived using the variance
estimates for this parameter weighted by the proportion of
survey effort conducted within each of the Beaufort sea state
categories and estimated based on 10,000 bootstrap values. The
Barlow (2015) g(0) estimate for Pacific white-sided dolphin was
considered an outlier, so the g(0) estimates for Delphinus spp.
were used in this study. Delphinus spp. was considered a
reasonable surrogate for Pacific white-sided dolphin since they
have similar sighting characteristics. Both the group size and
weighted g(0) uncertainty were combined into the study area
variance estimates using the delta method (Seber, 1982).

2.4.5 Model Evaluation
Model performance was evaluated using established metrics,
including the percentage of explained deviance, the area under
the receiver operating characteristic curve (AUC; Fawcett, 2006),
the true skill statistic (TSS; Allouche et al., 2006), and visual
inspection of predicted and observed distributions during the
1992–2018 cetacean surveys (Barlow et al., 2009; Becker et al.,
2010; Forney et al., 2012; Becker et al., 2016). AUC measures the
ability of the predictions to discriminate between observed
presences and absences; values range from 0 to 1, where a
score > 0.5 indicates better than random skill. TSS accounts for
both false negative and false positive errors and ranges from -1 to
+1, where +1 indicates perfect agreement and values of zero or
less indicate a performance no better than random. To calculate
TSS, the sensitivity-specificity sum maximization approach (Liu
et al., 2005) was used to obtain thresholds for species presence. In
addition, the model-based abundance estimates for the Southern
California Current study area based on the sum of individual
modeling segment predictions were compared to standard line-
transect estimates derived from the same dataset used for
modeling in order to assess potential bias in the habitat-based
model predictions. The standard line-transect estimates were
derived from the 1992–2018 survey data using equations (2) and
(4) above, but without the inclusion of habitat predictors (i.e.,
observed rather than predicted densities).

To assess the ability of the models to predict spatial
distribution patterns, model-predicted abundance estimates for
Frontiers in Marine Science | www.frontiersin.org 8
six geographic strata within the study area were compared to
those derived from standard design-based line-transect analyses.
Although line-transect estimates are not necessarily unbiased,
they are considered a standard measure used to estimate cetacean
abundance and provide a separate measure for comparison to the
model-based estimates. Relative abundance (defined as the
encounter rate multiplied by the group size, without correcting
for detection probability for simplicity and because this was the
same for both calculations) was used to provide a consistent
comparison. For the three warm temperate dolphins included in
this study (striped and short- and long-beaked common
dolphins), total abundances for the two strata north of 32°N
were compared to the total abundances for the four southern
strata since an inverse relationship would support previously
hypothesized shifts in distribution in and out of U.S. waters.
3 RESULTS

3.1 Model Structure and Habitat
Associations
Approximately 51,156 km of on-effort survey data collected
between 1992 and 2018 within the Southern California Current
study area were used to develop habitat-based density models for
10 species with unique habitat associations. More than half the
total survey effort (26,782 km) was conducted within Mexican
waters off the Baja California peninsula: 6,109 km during the
1993 survey, 2,306 km during the 2009 survey, 2,669 km during
the 2018 survey, and 15,698 km during transits through the area.
The number of sightings within the 5.5 km truncation distance
and available for modeling ranged from 49 to 683 for each
species (Table 2).

Correction factors for unidentified large whales were applied
separately by Beaufort sea state for the 2018 blue, fin, and
humpback whale sightings, because the proportion of
unidentified whales increased with increasing sea state. For
blue and humpback whales, these correction factors were 1.03,
1.04, 1.05, 1.20, and 1.26 for Beaufort sea states 0-1, 2, 3, 4, and 5,
respectively, and 1.04, 1.08, 1.10, 1.30, and 1.46 for fin whales.
Correction factors for unidentified common dolphins did not
increase with increasing sea states, so a uniform correction factor
of 1.71 was applied across all sea states for the 2018 sightings of
both long- and short-beaked common dolphins.

The functional forms of the key predictor variables were
consistent with those of SDMs built for waters off the U.S.
West Coast (Becker et al., 2016; Becker et al., 2018; Becker
et al., 2020b; Supplementary Material). Depth was the most
common predictor variable included in the encounter rate
models of groups (long- and short-beaked common dolphins)
or individuals (all other species), and was selected in all but the
sperm whale model (Table 3). Differences in depth-defined
habitat are clearly evident in the predicted density plots for
long-beaked common dolphin, Pacific white-sided dolphin, and
humpback whale, three species occurring primarily in coastal
shallow-water habitat (Figures 3A, D, J), and striped dolphin, a
species found in the deep, offshore waters of the study area
May 2022 | Volume 9 | Article 829523
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(Figure 3E). SST and SSTsd were the most commonly selected
dynamic predictor variables, followed closely by SAL. The
dynamic covariates generally exhibited unimodal, threshold, or
linear relationships consistent with known patterns of
distribution with the broader California Current Ecosystem
(Supplementary Material). Consistent with other studies that
have demonstrated significant spatial variation in group size,
particularly for delphinids (Ferguson et al., 2006; Barlow, 2015),
the group size model for both subspecies of common dolphin
included a bivariate spline of longitude and latitude.

3.2 Model Performance
Deviance explained by the models was variable among the
species, ranging from approximately 17% (Risso’s dolphin) to
44% (Pacific white-sided dolphin; Table 3). AUC values for all
Frontiers in Marine Science | www.frontiersin.org 9
models were greater than 0.6, indicating that the models
exhibited better than random skill at predicting true positives
and negatives. The TSS values, which account for both omission
and commission errors, ranged from 0.19 (blue whale) to 0.69
(long-beaked common dolphin), also indicating performance
was better than random (i.e., all values were >0). The observed:
predicted density ratios provide an indication of how well the
sum of the segment-based density predictions from the model
compare to study area abundance as derived from design-based
line-transect methods, and these values were close to 1.00 for
most species (humpback whale, long-and short-beaked common
dolphins, and sperm whale), and lowest (0.64) for Pacific white-
sided dolphin (Table 3).

Comparison of the geographically stratified abundance
estimates showed generally good agreement between the
TABLE 2 | Number of sightings and average group size (Avg GS) of cetacean species observed in the Southern California Current study area during the 1992–2018
shipboard surveys for which habitat-based density models were developed.

Common name Taxonomic name No. of sightings Avg GS

Short-beaked common dolphin Delphinus delphis delphis 683 196.34
Long-beaked common dolphin Delphinus delphis bairdii 259 258.25
Blue whale Balaenoptera musculus 204 2.46
Common bottlenose dolphin Tursiops truncatus 171 17.16
Striped dolphin Stenella coeruleoalba 124 63.77
Fin whale Balaenoptera physalus 119 2.23
Risso’s dolphin Grampus griseus 115 18.41
Pacific white-sided dolphin Lagenorhynchus obliquidens 113 34.93
Humpback whale Megaptera novaeangliae 78 1.88
Sperm whale Physeter macrocephalus 49 8.91
May 2022 | Volume 9 | Article
All sightings were made while on systematic and non-systematic effort in Beaufort sea states ≤5 within the 5.5 km truncation distances (see text for details).
TABLE 3 | Summary of the final models built with the 1992–2018 survey data.

Species Predictor variables Expl.Dev. AUC TSS Obs : Pred

Long-beaked common dolphin
ER: depth + SAL + MLD + SST + SSTsd 30.1 0.89 0.69 0.96
GS: LON : LAT 6.8

Short-beaked common dolphin
ER: SSH + depth + SAL + SST + SSTsd + MLD 9.3 0.69 0.27 0.96
GS: LON : LAT 21.0

Risso’s dolphin
depth + SAL 17.2 0.69 0.33 0.86

Pacific white-sided dolphin
depth + SST 44.0 0.83 0.62 0.64

Striped dolphin
depth + SSTsd + SSH + SALsd 18.4 0.70 0.31 0.88

Common bottlenose dolphin
SAL + depth + SSTsd 23.2 0.80 0.50 0.80

Sperm whale
SALsd + SSHsd + SST 20.8 0.68 0.32 0.96

Blue whale
SALsd + depth + SSH + SST + SAL + SSTsd 21.4 0.61 0.19 0.77

Fin whale
SSH + depth + SST + SSTsd 29.4 0.80 0.47 0.90

Humpback whale
depth + SAL + SST + SSTsd 29.0 0.86 0.64 1.00
Variables are listed in the order of their significance and are as follows: SAL, sea surface salinity, SALsd, standard deviation of SAL; SST, sea surface temperature; SSTsd, standard
deviation of SST; MLD, mixed layer depth; SSH, sea surface height; SSHsd, standard deviation of SSH; depth, bathymetric depth; LON, longitude; and LAT, latitude. Separate encounter
rate (ER) and group size (GS) models were built for long- and short-beaked common dolphins due to large and variable group sizes. All count and encounter rate models were corrected for
effort with an offset for the effective area searched (see text for details). Performance metrics included the percentage of explained deviance (Expl. Dev.), the area under the receiver
operating characteristic curve (AUC), the true skill statistic (TSS), and the ratio of observed to predicted density for the study area (Obs : Pred).
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magnitude of model predicted and design-based estimates
(Table 4). For most species, strata with the greatest and lowest
density values were consistent between the two analytical
methods, indicating that the models were effective at predicting
spatial variability in abundance throughout the study area. There
was exceptional agreement between the relative density estimates
for short-beaked common dolphin, the species with the greatest
number of sightings available for modeling (Tables 2, 4).

3.3 Model Predictions
For the three species with previously hypothesized shifts in
distribution in and out of U.S. waters (striped dolphins and
short- and long-beaked common dolphins), there was variability
evident in total year-to-year abundance within the Southern
California Current study area, but not a clear inverse relationship
between abundance north of 32°N compared to the southern
region (Figure 2). However, total abundance of both short-
beaked and striped dolphins was lowest in 2014, the year for
which absolute abundance of both species increased off U.S.
waters and their distributions shifted well north of 42°N latitude
(Barlow, 2016; Becker et al., 2018).

With the exception of Risso’s dolphin, the 2001–2018 multi-
year average density surface maps generally captured observed
distribution patterns as illustrated by actual sightings during the
surveys (Figure 3). The Risso’s dolphin model predicted greater
densities in nearshore waters of the SCB, consistent with the
sightings data, but appeared to overestimate offshore densities
between the southern SCB and Punta Eugenia and underestimate
densities south of Punta Eugenia (Figure 3C). The pixel-specific
CVs, which incorporated uncertainty from the model
parameters, ESW, and environmental variability of the daily
2001–2018 predictions, showed substantial variation among the
species, with the largest individual pixel values in areas with few
to no sightings and/or limited survey effort (e.g., Figures 3A, E).

Interannual variability in density and distribution was evident
for all species between 2001 and 2018 (Figure 4). For the three
warm-temperate species included in the study (striped dolphin
and short- and long-beaked common dolphins), interannual
variability was exhibited throughout the study area
(Figures 4A, B, E). The region within and south of Bahia
Sebastián Vizcaıńo showed the greatest interannual variability
in density for long-beaked common dolphin (Figure 4A),
perhaps in part due to changing conditions south of our study
area or within the Gulf of California where this species is also
abundant. Short-beaked common dolphin also showed
interannual variability in this region, in addition to notable
variations within the Southern California Bight, particularly in
2014 when substantially lower densities were predicted
(Figure 4B). Striped dolphin model predictions show moderate
to high densities shifting annually off the shelf within the outer
California Current Ecosystem (Figure 4E), although strong
patterns are not discernible since the upper five density bins
are so similar given the percentile scheme used to
present density.

The interannual density predictions for Risso’s dolphin
showed variable distribution patterns throughout the study
Frontiers in Marine Science | www.frontiersin.org 10
area, but given the poor performance revealed by the multi-
average plot for this species, it is not clear how reliable these
predictions are, particularly south of Punta Eugenia (Figure 4C).
Interannual variability in density in both U.S. and Mexican
waters was evident for all three species of mysticetes, whose
migration paths encompass the full range of the Southern
California Current study area (Figures 4H-J). The yearly
average density plots for Pacific white-sided dolphin showed
greatest variability along the coast and around Bahia Sebastián
Vizcaıńo, with the southerly extent of highest density expanding
A

B

C

FIGURE 2 | Total yearly abundance for the two strata north of 32°N (light
blue) and the four strata south of 32°N (dark blue) as predicted from the
1992–2018 habitat-based density models for (A) long-beaked common
dolphin, (B) short-beaked common dolphin, and (C) striped dolphin. Strata
are shown in Figure 1.
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and contracting from year to year (Figure 4D). Substantial
interannual variability along the coast was also apparent for
common bottlenose dolphin, particularly south of Punta Eugenia
(Figure 4F). The yearly density plots for sperm whales show two
main areas of high density, one in the northwest portion of the
study area and another in the southeast portion of the study area off
the southern Baja California peninsula, with the extent of highest
predicted density shifting on an interannual basis (Figure 4G).
Frontiers in Marine Science | www.frontiersin.org 11
4 DISCUSSION

The SDMs developed in this study provide the first fine-scale (9 x
9 km grid) estimates of average cetacean species density and
abundance in summer/fall for waters west of the Baja California
peninsula, México, and will support efforts to assess and mitigate
anthropogenic impacts. This analysis also provides spatially-
explicit measures of uncertainty that account for the major
A B D

E F G

I

H

J

C

FIGURE 3 | Predicted densities and uncertainty estimates from the 1992–2018 habitat-based density models for (A) long-beaked common dolphin, (B) short-
beaked common dolphin, (C) Risso’s dolphin, (D) Pacific white-sided dolphin, (E) striped dolphin, (F) common bottlenose dolphin, (G) sperm whale, (H) blue whale,
(I) fin whale, and (J) humpback whale. Panels show the multi-year average density based on predicted daily cetacean species densities covering the survey periods
(summer/fall 2001–2018), as well as the coefficients of variation (CV) of density. The range of values represented by each color are shown to the right of the color
block; in the average plots they represent the upper 1%, 2%, 5%, 10%, 25% 50%, 75%, 90%, and 100% of the species-specific density values, with the greatest
value increased to encompass the greatest value predicted among the years (see text for details). Orange dots in the average plots show actual sighting locations
from the SWFSC summer/fall ship surveys for the respective species.
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known sources of SDM variance (environmental variability,
ESW, and model parameters). The largest CVs were generally
located in the southwestern portion of the study area where
survey effort was sparse and there is likely still unresolved
uncertainty (Figures 1, 3). Incorporating additional systematic
survey data from this region into future SDMs would help to
improve predictions for this area, particularly if data were
collected during winter/spring, when cetacean distribution
patterns could be markedly different (Becker et al., 2017).

Sample sizes were sufficient to develop SDMs for ten
taxonomically diverse species: three warm temperate species
(long-beaked common, short-beaked common, and striped
dolphins), one cold temperate species (Pacific white-sided
dolphin), three cosmopolitan species (Risso’s dolphin, common
bottlenose dolphin, and sperm whale), and three migratory large
whales (blue, fin, and humpback whales). Over the last 20 years,
SDMs for these species have been developed for U.S. West Coast
waters using much of the survey data used for this study (Forney,
2000; Barlow et al., 2009; Becker et al., 2010; Forney et al., 2012;
Becker et al., 2014; Becker et al., 2016; Becker et al., 2018; Becker
et al., 2020b). These analyses have enhanced our knowledge of
spatial and temporal changes in species distribution off the U.S.
West Coast, and more recently demonstrated the ability of SDMs
to predict substantial changes in abundance and distribution
when waters off the U.S. West Coast were anomalously warm
(Becker et al., 2018). The performance of the SDMs developed in
this study varied by species, and thus the models’ ability to
predict interannual distribution patterns and capture previously
documented shifts within the study area are discussed separately
for each of the major species groups below.
Frontiers in Marine Science | www.frontiersin.org 12
4.1 Warm Temperate Dolphins
Becker et al. (2018) showed that in 2014, when an unprecedented
marine heatwave spread over the area (Bond et al., 2015; Leising
et al., 2015; Di Lorenzo and Mantua, 2016), the distributions of
both short-beaked common and striped dolphin shifted north
of 42°N, atypical of previous observations, and the abundance of
both species increased substantially. This finding was consistent
with previous studies that hypothesized that the large
interannual variation in abundance of the warm temperate
delphinids in U.S. West Coast waters is largely due to
distribution shifts between U.S. and Mexican waters (Dohl
et al., 1986; Heyning and Perrin, 1994; Forney and Barlow,
1998; Barlow, 2016).

Based on the SDMs developed for this study, the distributions
of both short-beaked common and striped dolphins shifted
north in 2014, and abundance in the Southern California
Current study area was the lowest of all years considered
(Table 5; Figures 2, 4B, E). The 2014 abundance estimate for
short-beaked common dolphin north of 32°N was lower than the
other years (172,873 dolphins in 2014 compared to a range of
175,412–211,121), and south of 32°N was notably lower (293,224
dolphins in 2014 compared to a range of 461,285–559,478
dolphins in the other years; Figure 2). Becker et al. (2018)
found the 2014 abundance of short-beaked common dolphins
within the entire U.S. EEZ study area to be greater than the
1991–2009 average. Taken together, results from this and the
Becker et al. (2018) study provide evidence that in 2014, there
was a large distribution shift of short-beaked common dolphins
northward out of Mexican waters into U.S. West Coast waters
extending well north of 32°N during the anomalously warm year.
TABLE 4 | Relative abundance (defined as the encounter rate multiplied by the group size, without correcting for detection probability) as predicted from the models
(Pred) and derived from standard line-transect analyses (LT) for the six geographic strata defined for the Southern California Current study area.

North EF-Off (1) North EF-In (2) North PE-Off (3) North PE-In (4) South PE-Off (5) South PE-In (6)

Long-beaked common dolphin LT 63 41,039 0 8,852 0 21,622
Pred 117 40,498 410 15,194 264 18,270

Short-beaked common dolphin LT 13,459 69,475 10,887 30,042 10,877 8,492
Pred 13,163 69,901 12,659 29,045 16,527 8,989

Risso’s dolphin LT 139 1,548 209 69 143 0
Pred 154 1,449 289 426 120 48

Pacific white-sided dolphin LT 0 1,414 8 1,469 0 1,057
Pred 5 3,857 13 1,368 3 925

Striped dolphin LT 1,479 3 3,301 182 2,766 115
Pred 2,267 79 3,241 84 3,268 14

Common bottlenose dolphin LT 27 911 154 3 492 1,348
Pred 90 750 205 313 541 1,781

Sperm whale LT 141 109 11 38 105 134
Pred 114 66 97 25 132 125

Blue whale LT 60 116 20 245 28 35
Pred 63 295 60 106 52 77

Fin whale LT 66 175 5 16 2 2
Pred 57 190 18 24 3 3

Humpback whale LT 3 76 5 60 0 10
Pred 2 103 6 38 2 5
M
ay 2022 | Volume 9
Latitudinal boundaries were set at Punta Eugenia (PE: 28°N), and the approximate location of the Ensenada Front in August (EF; 32°N), and a division offshore (Off) and inshore (In) of the
2,000m isobath (refer to Figure 1 for locations).
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FIGURE 4 | Predicted yearly (2001-2018) mean densities and uncertainty estimates from the 1992–2018 habitat-based density models for (A) long-beaked common
dolphin, (B) short-beaked common dolphin, (C) Risso’s dolphin, (D) Pacific white-sided dolphin, (E) striped dolphin, (F) common bottlenose dolphin, (G) sperm whale,
(H) blue whale, (I) fin whale, and (J) humpback whale. Panels show the yearly average density based on predicted daily cetacean species densities covering August-
November of the respective years, as well as the coefficients of variation of density (CV). The range of values represented by each color are shown to the right of the
color block. Density ranges are the same as those used for the 1992–2018 average density estimates shown in Figure 3.
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TABLE 5 | Annual and multi-year (2001–2018) model-predicted mean estimates of abundance (Abund), density (Dens; animals km-2), and corresponding coefficient of
variation (CV) within the Southern California Current study area

Year 2001-2018

2001 2005 2008 2009 2014 2018 Average

Long-beaked common dolphin
Model Abund 186,102 226,012 192,954 207,967 228,988 231,807 212,912
Model Dens 0.116 0.140 0.120 0.129 0.142 0.144 0.132
CV 0.260 0.267 0.218 0.219 0.375 0.224 0.203
Lower 95% CI 112,752 135,019 126,442 136,122 112,425 150,301 143,637
Upper 95% CI 307,171 378,329 294,454 317,732 466,403 357,511 315,598
Short-beaked common dolphin
Model Abund 702,360 770,599 714,391 686,942 466,097 636,697 663,830
Model Dens 0.436 0.479 0.444 0.427 0.290 0.396 0.412
CV 0.183 0.183 0.183 0.183 0.189 0.184 0.173
Lower 95% CI 492,580 540,000 501,018 480,982 322,653 455,061 473,705
Upper 95% CI 1,001,480 1,099,673 1,018,635 981,095 673,312 910,849 930,263
Risso’s dolphin
Model Abund 10,535 11,553 10,392 11,426 10,013 9,867 10,635
Model Dens 0.007 0.007 0.006 0.007 0.006 0.006 0.007
CV 0.181 0.181 0.190 0.192 0.183 0.181 0.139
Lower 95% CI 7,404 8,130 7,190 7,863 7,010 6,944 8,108
Upper 95% CI 14,990 16,417 15,020 16,604 14,302 14,021 13,950
Pacific white-sided dolphin
Model Abund 11,625 11,151 8,757 9,660 6,557 7,700 9,252
Model Dens 0.007 0.007 0.005 0.006 0.004 0.005 0.006
CV 0.279 0.278 0.271 0.272 0.286 0.278 0.316
Lower 95% CI 6,801 6,538 5,196 5,720 3,788 4,510 5,055
Upper 95% CI 19,872 19,019 14,757 16,314 11,351 13,148 16,933
Striped dolphin
Model Abund 148,315 133,994 144,950 143,744 129,719 142,094 140,560
Model Dens 0.092 0.083 0.090 0.089 0.081 0.088 0.087
CV 0.183 0.198 0.180 0.190 0.226 0.195 0.127
Lower 95% CI 103,936 91,229 102,145 99,310 83,705 97,316 109,655
Upper 95% CI 211,644 196,805 205,694 208,060 201,026 207,475 180,175
Common bottlenose dolphin
Model Abund 41,339 33,053 46,425 44,547 44,171 43,020 42,095
Model Dens 0.026 0.021 0.029 0.028 0.027 0.027 0.026
CV 0.296 0.294 0.298 0.299 0.301 0.299 0.266
Lower 95% CI 23,421 18,802 26,215 25,091 24,815 24,252 25,232
Upper 95% CI 72,965 58,104 82,214 79,089 78,624 76,313 70,227
Sperm whale
Model Abund 2,256 2,960 3,213 3,607 2,743 1,964 2,786
Model Dens 0.001 0.002 0.002 0.002 0.002 0.001 0.002
CV 0.484 0.511 0.566 0.569 0.568 0.493 0.412
Lower 95% CI 918 1,152 1,143 1,277 974 787 1,282
Upper 95% CI 5,546 7,603 9,029 10,186 7,727 4,904 6,057
Blue whale
Model Abund 2,536 3,379 3,147 3,020 2,671 2,650 2,918
Model Dens 0.002 0.002 0.002 0.002 0.002 0.002 0.002
CV 0.375 0.375 0.375 0.375 0.383 0.375 0.382
Lower 95% CI 1,246 1,659 1,545 1,483 1,294 1,302 1,416
Upper 95% CI 5,163 6,882 6,410 6,151 5,515 5,395 6,013
Fin whale
Model Abund 1,600 1,835 1,493 1,253 290 841 1,220
Model Dens 0.001 0.001 0.001 0.001 0.000 0.001 0.001
CV 0.289 0.290 0.295 0.287 0.323 0.369 0.290
Lower 95% CI 919 1,051 848 722 156 418 700
Upper 95% CI 2,785 3,203 2,629 2,176 538 1,693 2,127
Humpback whale
Model Abund 387 399 237 264 216 391 316
Model Dens 0.0002 0.0002 0.0001 0.0002 0.0001 0.0002 0.0002
CV 0.340 0.344 0.349 0.336 0.377 0.362 0.301
Lower 95% CI 202 207 122 139 106 197 177
Upper 95% CI 740 769 461 501 441 778 563
Frontiers in Marine Science
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Annual estimates were predicted from the full model using the habitat characteristics in that year. CV estimates incorporate the combined uncertainty from five sources: GAM parameters,
ESW, g(0), group size, and environmental variability, and were derived using the Delta method (see text for details). Log-normal 95% confidence intervals (Lower and Upper 95% CIs) apply
to the abundance estimates.
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Similar to short-beaked common dolphin but less striking, the
regionally-stratified 2014 abundance estimates for striped
dolphin also suggest that this species’ distribution shifted north
from Mexican waters into U.S. West Coast waters during the
warm year. Striped dolphin abundance north of 32°N was
estimated in this study to be similar during 2014 and other
years, but south of 32°N it was lowest during 2014 (112,344
dolphins compared to a range of 117,067–130,082 dolphins in
the other years; Figure 2). Despite similar abundance estimates
for the Southern California Current study area among years
(Table 5; Figure 2), annual distribution patterns appear to
expand and contract in both a northeast-southwest direction
(Figure 4E; e.g., compare expansion in 2001 to contraction in
2005). These shifts would likely affect the abundance of striped
dolphins in offshore U.S. West Coast waters. Becker et al. (2018)
found the 2014 abundance of striped dolphins to be greater than
the 1991–2009 average in U.S. West Coast waters, but primarily
north of 32°N. The density predictions from this study are
consistent with this finding, as there were lower numbers of
dolphins in the Southern California Current study area in 2014
(Figure 4E), when greater numbers were observed in offshore
waters north of Point Conception (Becker et al., 2018).

Long-beaked common dolphin is another warm-temperate
species thought to move north from Mexican waters into U.S.
West Coast waters when ocean conditions warm (Heyning and
Perrin, 1994; Forney and Barlow, 1998; Barlow, 2016). Occurring
primarily in coastal waters, the range of long-beaked common
dolphin typically extends from central California south along the
Baja California peninsula, and up into the Gulf of California
(Gerrodette and Eguchi, 2011). Becker et al. (2020a) found the
abundance of long-beaked common dolphins in waters off
the U.S. West Coast to be greater in the warm 2014 year than
the average 1991–2009 abundance. Greater-than-average density
was predicted throughout their typical range, including the
coastal area of central California, where influxes of long-
beaked common dolphins have previously been documented
during warm-water El Niño years (Benson et al., 2002). Results
from our study are consistent with this finding, as the model-
predicted yearly abundance estimate for the two strata north of
32°N was greatest during 2014 (73,012 dolphins compared to
56,475–64,444 for the other years, Figure 2). Although an
inverse relationship between strata north and south of 32°N is
not apparent from this study, the lowest model-based abundance
estimate for long-beaked common dolphin in the southern strata
of the Southern California Current study area was in 2008
(Figure 2). Based on design-based abundance estimates for
U.S. West Coast waters between 1996 and 2014, 2008 had the
greatest number of long-beaked common dolphins (114,031,
CV=0.88), exceeding the point estimate for 2014 (89,998,
CV=0.58; Barlow, 2016). Combined, these results suggest that
in both 2008 and 2014 there were northern shifts in long-beaked
common dolphin distribution from Mexican into U.S. West
Coast waters, likely driven by environmental variability. Data
collected within the full range of their distribution, including the
Gulf of California, may be necessary to capture more subtle long-
Frontiers in Marine Science | www.frontiersin.org 16
beaked common dolphin distribution shifts not apparent from
the data available for this study.

4.2 Migratory Large Whales
The model-predicted 2014 abundance estimate for fin whales
was markedly lower than in other years (Table 5), with the 2014
estimate (290 whales) below the lower 95% confidence intervals
of the other years. The interannual density plots for this species
also show obvious differences in 2014, with the greatest predicted
densities concentrated in the northern portion of the study area,
primarily within U.S. West Coast waters (Figure 4I). Fin whales
are known to occur year-round off southern California, with a
seasonal influx of migratory whales along the entire U.S. West
Coast (Dohl et al., 1980; Barlow, 1994; Forney et al., 1995, Forney
and Barlow, 1998; Campbell et al., 2015). Both design- and
model-based analyses (Barlow, 2016; Becker et al., 2018)
estimated an increase in fin whale abundance in waters off the
U.S. West Coast in 2014, including both waters off southern
California and areas as far north as Oregon. A similar northward
shift of fin whales along the U.S. West Coast was previously
documented during the warm-water year of 2005 (Peterson et al.,
2006). Thus, the decreased abundance of fin whales in waters
west of the Baja California peninsula identified in this study
during 2014 is consistent with other studies showing a
northward shift during warm years.

The 2014 model-predicted abundance estimate for humpback
whales in the Southern California Current study area was also the
lowest of the years considered in this study (Table 5). Similar to
fin whale, both design- and model-based analyses estimated
greater than average humpback whale abundance in waters off
the U.S. West Coast in 2014, with the largest densities predicted
for coastal waters of central California, north of 32°N (Barlow,
2016; Becker et al., 2018). This suggests that during the 2014
warm year, when there were large numbers of humpback whales
off the U.S. West Coast, fewer humpback whales were in waters
west of the Baja California peninsula. The interannual density
plots for this species show high variability in abundance along
the Baja peninsula, particularly within Bahia Sebastián Vizcaıńo
(Figure 4J; e.g., compare 2005 and 2008). Interannual pixel-
specific CVs are also quite variable, although areas of greatest
uncertainty are generally in the south and offshore, areas with the
fewest sightings (Figure 4J).

Model-predicted blue whale densities also show large interannual
variability throughout the Southern California Current study area
(Figure 4H). Analysis of systematic survey data collected between
1991 and 2014 suggests a northward shift of blue whale distribution
in waters off the U.S. West Coast due to warming ocean
temperatures (Barlow and Forney, 2007; Calambokidis et al., 2009;
Barlow, 2016). Interestingly, blue whale abundance estimates for the
Southern California Current study area decreased from 2005 to 2014,
but showed a slight increase in 2018 (Table 5). The 2018 density plot
for blue whale shows an increase in the greatest densities along the
coast of the Baja California peninsula, particularly south of Punta
Eugenia, an area characterized by much lower densities from 2008-
2014 (Figure 4H).
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4.3 Cool Temperate/Cosmopolitan Species
Interannual variability in the density patterns for Pacific white-
sided dolphin were also evident, mainly off the Baja peninsula,
where clear north-south shifts in distribution are apparent
(Figure 4D). A cool temperate species, it has been suggested
that Pacific white-sided dolphin distribution shifts both
seasonally and interannually off the U.S. West Coast, with
animals moving north into waters off Oregon and Washington
during warm conditions and moving south into California
waters during cool conditions (Green et al., 1992; Forney and
Barlow, 1998; Becker et al., 2014; Barlow, 2016). A decline in the
presence of Pacific white-sided dolphins in the southwest Gulf of
California, considered the southern boundary of this species
range, has been attributed to warming ocean temperatures
(Salvadeo et al., 2010). The interannual density plots suggest
that the greatest north-south shift along the Baja California coast
occurred during 2014, when densities south of Punta Eugenia
were lower than in other years. Given that 2014 was considered
an anomalous warm year, this result is consistent with those of
previous studies.

Pacific white-sided dolphins that occur in waters west of the
Baja California peninsula are genetically different from those
occurring off central California to Washington, with the SCB
representing a variable mixing zone for the two forms (Lux et al.,
1997). Two types of echolocation have been documented for
Pacific white-sided dolphins off Southern California, suggesting
acoustic differences between the two forms (Soldevilla et al.,
2008; Soldevilla et al., 2010; Henderson et al., 2011). The relative
abundance estimates for Pacific white-sided dolphins were quite
good for every area except the SCB (Table 4), which is precisely
the mixing area for the two forms, suggesting that perhaps there
are some habitat differences for these two forms that are
confounding the models.

The interannual density predictions for Risso’s dolphin
showed fairly consistent distribution patterns in the northern
portion of the study area, except for 2018, when densities were
much lower everywhere except nearshore along the coast
(Figure 4C). Substantial onshore-offshore shifts of moderate
density were apparent between about 29–32°N. However, it is
difficult to determine how real these distribution patterns are,
since the average density plot did not match the sighting data
well (Figure 3C). SDMs developed for Risso’s dolphin off the
U.S. West Coast have historically exhibited poor performance
(Becker et al., 2010; Forney et al., 2012), although a model
developed in a recent study was able to predict the observed
spatial patterns quite well (Becker et al., 2020b).

Two bottlenose dolphin ecotypes are known to occur within
the Southern California Current study area, an offshore form and
a coastal form that occurs primarily within 1 km from shore
(Carretta et al., 1998; Defran and Weller, 1999). Given the
locations of bottlenose dolphin sightings used in this analysis,
they are considered to be the offshore form. The interannual
density plots for common bottlenose dolphin show very similar
distribution patterns north of Punta Eugenia, but greater
variation is apparent offshore of the southern Baja California
peninsula, in the southernmost portion of the study area
Frontiers in Marine Science | www.frontiersin.org 17
(Figure 4F). In this area, the regions of greatest density appear
to shift both north-south and inshore-offshore inter-annually,
suggesting that shifting distributions may be driven by oceanic
changes in this region.

Sperm whales exhibited a large degree of interannual
variation in density throughout the study area (Figure 4G),
with a swath of low density that changes in location and extent
from year to year. The multi-year average density plot for sperm
whale shows the low-density swath extending SSW from
nearshore southern California waters, effectively separating the
areas of greater density (Figure 3G). The multi-year average
density map captures the distribution of actual survey sightings
well; however, the low-density swath also coincides with the
region of lowest survey coverage (Figure 1). Additional data are
needed to resolve whether this low-density region has a true
ecological basis.

4.4 Summary
When considering all the species combined, the modeling
approach worked well, consistent with similar SDMs developed
for waters off the U.S. West Coast (Becker et al., 2016; Becker
et al., 2018; Becker et al., 2020a; Becker et al., 2020b). Interannual
distribution patterns were generally consistent with those
documented in past regional studies, but the broader study
range addressed in this study provided a “bigger picture” view
of the Southern California Current ecosystem. Models developed
for the warm temperate dolphins, cool temperate Pacific white-
sided dolphin, and large migratory whales exhibited the strongest
model performance in terms of concordance between density
predictions and survey sightings. Reasonable concordance was
also seen for the cosmopolitan bottlenose dolphin and sperm
whale models, although the sample size for the latter was limited
(49 sightings), thus reducing the degree of confidence in the
predicted density patterns. Model performance was the worst for
Risso’s dolphin, another cosmopolitan species for which past
SDMs have also exhibited poor performance, suggesting that the
environmental covariates were not effective proxies for their
habitat or prey (Becker et al., 2020a). The quantitative spatial
data derived from these SDMs provide management tools useful
for assessing and mitigating potential anthropogenic impacts,
and reaffirm the importance of assessing and managing cetaceans
at biologically relevant spatial scales, particularly in a
changing climate.
5 CONCLUSIONS

The dynamic cetacean SDMs developed in this study provide
multi-year average summer/fall density surfaces for stakeholders
to use in their long-term environmental planning efforts. The
modeled predictions represent a major improvement over
density estimates currently used for management purposes in
waters west of the Baja California peninsula, México, because
they provide finer-scale density predictions (9 x 9 km grid
resolution vs. the current 5° X 5° grid resolution) and
improved, spatially-explicit estimates of uncertainty. The
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model predictions provide insight into our understanding of
species distribution patterns by including a broader distribution
range of many species, and document previously known
interannual movements within the California Current
Ecosystem that are centered in the SCB. For the warm
temperate species suspected to exhibit distribution shifts
between U.S. and Mexican waters (striped, and long- and
short-beaked common dolphins), northern distribution shifts
were apparent during the anomalously warm conditions in 2014,
when densities decreased off the southern Baja California
peninsula. More subtle distribution shifts were not apparent,
perhaps due to a need for finer scale data or because the
ecological context may be more complex than the relationships
captured by the SDMs. Interannual variability in density and
distribution were apparent for the other species as well, including
the migratory whale species, but additional data are needed to
resolve some of the patterns identified by the model predictions.
Data collected in winter/spring are needed to estimate density in
these seasons, when cetacean distribution patterns could be quite
different from summer/fall. Efforts aimed at improving the
explanatory and predictive performance of the SDMs
developed in this study will help to support the conservation of
cetacean species that have continuous distributions between U.S.,
Mexican, and international waters, and may lead to improved
cooperative management strategies across jurisdictional
boundaries in this region.
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