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Climate change is a global phenomenon, yet impacts on resource availability to predators
may be spatially and temporally diverse and asynchronous. As capital breeders, whales
are dependent on dense, predictable prey resources during foraging seasons. An Unusual
Mortality Event (UME) of Eastern North Pacific (ENP) gray whales (Eschrichtius robustus)
was declared in 2019 due to a dramatic rise in stranded animals, many emaciated.
Climate change impacts may have affected prey availability on the primary foraging
grounds of ENP gray whales (~20,000 individuals) in the Arctic and sub-Arctic region
and in coastal habitats between northern California, USA and British Columbia, Canada
where a small sub-group of ENP whales called the Pacific Coast Feeding Group (PCFG;
~230 individuals) forages. To investigate variability of gray whale body condition relative to
changing ocean conditions, we compare two datasets of gray whale aerial
photogrammetry images collected via Unoccupied Aircraft Systems (UAS) on the ENP
wintering grounds in San Ignacio Lagoon, Mexico (SIL; n=111) and on the PCFG feeding
grounds in Oregon, USA (n=72) over the same three-year period (2017-2019). We
document concurrent body condition improvement of PCFG whales in Oregon while body
condition of whales in SIL declined. This result indicates that the UME may have affected
ENP whales due to reduced energetic gain on some Arctic/sub-Arctic foraging grounds,
while PCFG whales are recovering from poor prey conditions during the NE Pacific marine
heatwave event of 2014-2016. Surprisingly, we found that PCFG whales in Oregon had
significantly worse body condition than whales in SIL, even when accounting for year and
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phenology. We derive support for this unexpected finding via photogrammetry analysis of
opportunistic aerial images of gray whales on Arctic foraging grounds (n=18) compared to
PCFG whales in Oregon (n=30): the body condition of PCFG whales was significantly
lower (t=2.96, p=0.005), which may cause PCFG whales to have reduced reproductive
capacity or resilience to environmental perturbations compared to ENP whales. Overall,
our study elucidates divergent gray whale body condition across sub-groups and time,
and we demonstrate the value of UAS to effectively monitor and identify the physiological
response of whales to climate change.

Keywords: body condition, drones/UAS, ecosystem variability, photogrammetry, population health, prey

availability, uncertainty, whales

INTRODUCTION

A major avenue of climate change impacts on biodiversity is
disruptions to availability and predictability of prey resources
(Hamilton et al., 2017; Bastille-Rousseau et al., 2018), making the
monitoring and metrics of body condition (relative energy
reserves) a valuable tool to assess population response and
resiliency to climate variability (Jirinec et al.,, 2021). As capital
breeders, whales are particularly vulnerable to changes in prey
resource patterns as their phenology requires efficient foraging
periods to rapidly gain energetic stores to support reproduction
and basal metabolic demands (Jonsson, 1997; Stephens et al.,
2014). Declines in availability of crucial prey can lead to reduced
body condition within a year (Braithwaite et al, 2015), and
potentially reduced reproductive output and eventual death
following some threshold of multiple years of low prey
(Williams et al., 2013).

Yet, the impacts of climate warming on ecosystem variability
are not uniform across space and time, particularly in the marine
environment where multiple dynamic forces can delay,
compound, disperse, or amplify (Lenoir et al, 2020). If a
hypothetical whale population relies on a single foraging
ground, individuals in the population should generally display
similar body condition responses (excluding the potential
influence of demographic unit and individual foraging
specializations). However, if the population disperses to
multiple foraging grounds and display flexible prey selection,
then individuals will likely show variable body condition
responses to climate driven ecosystem changes. Therefore,
monitoring body condition of whales can inform how different
segments of a population respond to climate variation over space
and time, revealing non-uniform impacts of climate change.

Over the past decade, the advent and proliferation of
Unoccupied Aircraft Systems (UAS) has enabled the safe,
rapid, and non-invasive collection of high-resolution
photogrammetry datasets to quantify and describe the body
condition for multiple species of free-living whales (Johnston,
2019). These data have illustrated seasonal changes across
individuals in a population (Christiansen et al., 2016; Durban
et al., 2016; Lemos et al., 2020), maternal costs (Christiansen
et al., 2018), interannual variability (Lemos et al., 2020;
Christiansen et al., 2021), and differences between populations

(Christiansen et al., 2020). However, cross population (and cross
research lab) comparisons using UAS-based photogrammetry
data are rare due to non-standardization of methods and UAS
equipment across labs that leads to a lack of interoperability. Yet,
methods recently developed by Bierlich et al. (2021b) account for
these differences by quantifying uncertainty in photogrammetric
measurements, which allows unification and cross-comparison
of datasets. Furthermore, we apply the Body Area Index (BAIL
Burnett et al., 2018), which has high precision with low
uncertainty (Bierlich et al., 2021a), to compare whale
body condition.

Application of UAS technology in cetacean studies is
flourishing, making cross dataset comparisons a highly feasible
and valuable method to identify differences between populations,
sub-groups, and life-history stages, and to describe potential
drivers of whale body condition variability. During overlapping
years (2017 to 2019) separate research programs used UAS to
monitor the body condition of gray whales (Eschrichtius
robustus) feeding in coastal waters of Oregon, USA during
summer and fall months, and on their wintering grounds in
San Ignacio Lagoon (SIL) on the west coast of the Baja California
Peninsula, Mexico. During this period, an Unusual Mortality
Event (UME) of gray whales was declared in January 2019 due to
elevated numbers of stranded gray whales along the Pacific coast
from northern Mexico through the Arctic region of Alaska, USA.
Dead whales were frequently in emaciated body condition,
indicating that reduced energetic gain could be a causal factor
of death, either due to reduced foraging success, increased energy
expenditure, or disease (Christiansen et al., 2021). We utilize
these two photogrammetry datasets in a comparative analysis to
(1) assess temporal patterns of gray whale body condition
between feeding and wintering grounds within the context of
variable ocean conditions that controlled prey availability leading
up to the UME period, and (2) investigate potential sub-
population differences in body condition.

The population size of the gray whales in the North Pacific
has undergone significant variation over the past two centuries.
Pre-whaling estimates of population size exceed 60,000
individuals (Alter et al., 2007), with a dramatic decline to less
than 4,000 individuals by 1900 (Butterworth et al., 2002; Swartz
etal,, 2006). Through international protection, the Eastern North
Pacific (ENP) population has recovered, to a peak of 26,916
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(CV = 0.058) in 1987 (Laake et al., 2012). The abundance of the
ENP population has continued to fluctuate, including
undergoing two UMEs that reduced the population size
significantly: After the 1999-2000 UME, the population
reduced from 21,135 (CV = 0.068) in 1997 to 16,033 in 2001
(CV =0.069) (Laake et al., 2012), and during the current 2019-
Present UME the population has dropped from 26,960 (95% CI =
24,420-29,830) in 2016 to 20,580 (95% CI = 18,700-22,870) in
2020 (Stewart and Weller, 2021). This variation in abundance
implies that gray whales are susceptible to variation in ocean
conditions, resource availability, and other impacts, yet are
capable of population rebound when conditions are favorable.

The majority of ENP whales migrate annually to foraging
grounds in Alaska, targeting benthic amphipods as prey (Moore
et al., 2003; Brower et al., 2017). However, a sub-group of 232
(SE = 25.2) ENP gray whales called the Pacific Coast Feeding
Group (PCFG) truncates their migration about halfway up the
Pacific west coast and forages in coastal habitats between
northern California, USA and British Columbia, Canada,
including Oregon (Calambokidis et al., 2019). The PCFG has
been studied through photo-identification methods since 1980,
indicating high residency, site-fidelity, and calf recruitment
(Darling et al., 1998; Calambokidis and Perez, 2017b;
Calambokidis et al., 2019). The drivers for the existence of this
PCFG sub-group remain unclear, yet caloric analysis of prey
items indicates that prey in the PCFG range is of equal or higher
value than the main amphipod prey (Ampelisca macrocephala) in
the Arctic and sub-Arctic, leading to the hypothesis that greater
prey density and/or lower energetic costs of foraging in the Arctic
and sub-Arctic may explain the greater number of whales
foraging in that region (Hildebrand et al., 2021). Furthermore,
although gray whales from both the ENP and PCFG migrate to
wintering grounds in the Baja California Peninsula (Rice and
Wolman, 1971), the population connectivity between the two
groups remains unclear, with mitochondrial DNA comparison
showing low genetic exchange between sub-groups and
microsatellite markers showing no evidence of reproductive
isolation (Frasier et al., 2011; Lang et al., 2014). Gray whales
on the wintering grounds in SIL are predominantly from the
relatively abundant ENP, yet individuals from the PCFG and the
Western North Pacific (WNP) gray whale population also occur
in SIL during the winter months (Weller et al., 2012; Mate et al,,
2015; Calambokidis and Perez, 2017a; Urban et al., 2019). The
WNP is an endangered population (2019 abundance estimate =
231 non-calves; Cooke et al., 2019) that forage in far east Russia
during summer months with some portion of the population
migrating to the Baja California Peninsula lagoons (~20%-55%;
Cooke et al., 2019).

Previous analysis of the UAS photogrammetry dataset of
PCFG gray whales in Oregon waters demonstrated increasing
body condition through the foraging season, variation in body
condition by demographic unit, and interannual variation in
body condition that was hypothesized to be linked with
carryover effects of local oceanographic conditions one year
prior (Lemos et al., 2020). A marine heat wave known as “The
Blob” affected the oceanography, productivity, and biodiversity

in the Pacific northwest from 2014 through 2016 (Peterson et al.,
2017; Fewings and Brown, 2019), and may have also impacted
PCEG gray whale foraging efficiency (Lemos et al., 2020).
Furthermore, the body condition of PCFG gray whales
determined by lateral photographs captured between 1996 and
2013 showed an increase across the foraging season, and
interannual variation had a significant negative correlation
with the Pacific Decadal Oscillation (running average of the
two prior years; Akmajian et al., 2021).

The UAS photogrammetry dataset of gray whales on their
wintering grounds in SIL has also been analyzed previously,
indicating decreasing body condition from 2017 to 2020, which
aligns with the onset and duration of the UME (Christiansen
et al.,, 2021). While gray whales from the ENP, PCFG, and WNP
all occur on SIL wintering grounds, ENP whales likely dominate
the UAS photogrammetry dataset collected in SIL based on their
considerably higher population abundance. Therefore, we
assume that the SIL dataset reflects the body condition of ENP
gray whales that feed in Arctic and sub-Arctic foraging grounds,
including Kodiak Island in the Gulf of Alaska, along the Aleutian
Chain, in the Chirikov Basin, and the northern Bering and
Chukchi seas (Braham et al., 1984; Moore et al., 2003; Coyle
et al,, 2007; Moore et al., 2007; Brower et al., 2017). Climate
change in the Arctic and sub-Arctic regions has impacted the
biological oceanography and productivity across the region
(Overland et al., 2019; Huntington et al., 2020; Lewis et al.,
2020), and while the density of amphipod prey of gray whales has
declined in the Chirikov Basin and Northern Bering Sea since the
late 1980s (Highsmith and Coyle, 1992; Moore et al., 2003),
changes in prey availability on other foraging grounds have not
been documented (Grebmeier et al., 2015).

Since climate variability and subsequent impacts on gray
whale prey availability may manifest at different rates and
spatio-temporal scales across Arctic, sub-Arctic, and Pacific
northwest foraging grounds, we compare the body condition of
gray whales on their PCFG feeding grounds in Oregon and ENP
wintering grounds in SIL using UAS-based photogrammetry to
elucidate sub-population physiological response to variable
environmental forces on different foraging grounds. We test
the following hypotheses: (H;) The body condition of gray
whales on Oregon feeding and SIL wintering grounds is the
same when compared at similar phenological time points: End of
summer feeding seasons (departure Oregon vs. arrival SIL); End
of wintering season (arrival Oregon vs. departure SIL). (H,) If
similar environmental conditions regulate prey availability in
Arctic, sub-Arctic, and Oregon feeding grounds - allowing gray
whales equivalent access to energetic gain - we expect the same
trajectory of body condition change across years in Oregon and
SIL. Gray whale oxygen consumption rates (Sumich, 1983) and
derived metabolic rates (Villegas-Amtmann et al., 2017) are
much lower during migration than on foraging grounds; thus
we assume that gray whales incur low energetic cost during
migration. We also analyze an opportunistic dataset of aerial
images of gray whales foraging in the Northeastern Chukchi Sea
(NCS) of the Arctic region collected from a survey plane to
compare body condition across foraging grounds (NCS vs.
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Oregon). Overall, our study compiles aerial image data collected
by three different research programs using five different
platforms (four UAS, one plane). Through robust assessment
of uncertainty, we utilize this collaborative dataset to cross
compare gray whale body condition at multiple phenological
time steps on foraging and wintering grounds to inform
population response to environmental change.

MATERIALS AND METHODS

To reduce body condition variation due to demographic unit,
our analysis is limited to adult whales only, not including
lactating and pregnant females determined by the presence of a
calf at the sighting or in the next year respectively, although
undetected pregnancies (e.g., lost calf) were possible.
Additionally, the photogrammetry datasets from Oregon and
SIL are limited to the beginning and end of season periods to
enhance detection of body condition change between periods.
For each UAS image of a gray whale, we incorporate
photogrammetric uncertainty to account for error in altitude
recorded using an on-board barometer or laser altimeter
(Bierlich et al., 2021b). An opportunistic dataset of 18 aerial
images of gray whales foraging in the Arctic collected from a
survey plane is also analyzed in this study to support conclusions
and direct future research efforts. We calculate the Body Area
Index (BAI) for each imaged whale as the comparative metric of
overall body condition. BAI is a unitless and scale-invariant
metric that accounts for whale length, allowing direct
comparison of body condition across all individuals (Burnett
et al., 2018), and demonstrated to have high precision with low
uncertainty (Bierlich et al., 2021a).

Primary Analysis

Data Collection

Oregon:

We recorded videos of gray whales off the coast of Newport (44°
38'13" N, 124°03'08” W) and Port Orford (42°44’59" N, 124°29’
53” W), Oregon, USA during the 2017-2019 foraging seasons
(June-October) using three UAS quadcopters: DJI Phantom 3
Pro (P3Pro), DJI Phantom 4 (P4), and DJI Phantom 4 Pro
(P4Pro) (Figure 1). The cameras on both the P3Pro and P4 had a
6.16 x 4.6 mm sensor, 3840 x 2160 pixel-resolution, and a 3.61
mm focal length lens. The camera on the P4Pro had a 13.2 x 8.8
mm sensor, 3840 x 2160-pixel resolution, and 8.8 mm focal
length lens. The P3Pro and P4 were both flown in 2017 and the
P4Pro was flown in 2017, 2018, and 2019. Each aircraft had an
onboard barometer for recording altitude and the launch height
of the drone (measured as the surface of the water to the camera
lens) was later added to the recorded barometer to account for
bias introduced from the barometer zeroed at the launch point
(Bierlich et al., 2021b). We conducted boat-based UAS flights as
described in Burnett et al. (2018). Videos were collected at
altitudes between 20 and 36 m of whales as they surfaced
to breathe.

Although PCFG whales have high site fidelity to this foraging
range, individuals also show variability of where they feed within
and between years (Calambokidis et al., 2019; Lagerquist et al.,
2019). We assume the body condition of whales imaged off
Oregon reflect the prey availability across the whole PCFG range,
not just conditions in Oregon. To confirm the representativeness
of our sampled whales to reflect conditions in this range, rather
than vagrant whales migrating through, we calculate the sighting
histories of the imaged whales to describe their foraging site
fidelity to our study system.

SIL:

We recorded videos of gray whales inside San Ignacio Lagoon,
Baja California Sur, Mexico during the 2017-2019 breeding
seasons (January-April) using a DJI Inspire 1 Pro (I1Pro)
quadcopter (Figure 1). The I1Pro was fitted with a Zenmuse
X5 camera with a Micro Four Thirds (17.3 x 13 mm) sensor,
3840 x 2160-pixel resolution, a 25 mm focal length lens, and a
Lightware SF11/C laser altimeter for recording altitude. We
conducted shore- and boat-based UAS flights following
Christiansen et al. (2021). Videos were collected of whales at
altitudes between 22 and 49 m as they surfaced to breathe.

Data Processing

Image Filtering:

To avoid individual replicates within phenology group and site,
individual whales were identified by assessing unique skin
pigmentation and markings visible from the UAS and photo-
identification images of the left-hand side, right-hand side, and
fluke. Snapshots of each individual were taken from the UAS
videos using VLC Media player software (version 3.0.16;
VideoLAN, Paris, France). Each snapshot was ranked and
filtered for quality in measurability based on body posture and
image clarity and contrast following Christiansen et al. (2018).

Morphometric calculations and uncertainty:

We measured the total body length (TL) from rostrum to fluke
notch and perpendicular widths at 5% increments of the TL in
pixels using MorphoMetriX open-source photogrammetry
software (Torres and Bierlich, 2020) for whales from Oregon
(Figure 2A) and using a custom R script (Christiansen et al.,
2016) for whales from SIL. To confirm measurements from the
two software were comparable, we calculated the coefficient of
variation for a subsample of 15 whales measured by a single
analyst in both software. Results showed a mean CV% = 1.31%
(sd = 1.09, min = 0.15, max = 3.67), indicating that the two
software produce comparable measurements.

Bierlich et al. (2021b) demonstrate that photogrammetric
uncertainty varies depending on the camera, focal length lens,
altimeter, and altitude of the UAS, highlighting the necessity of
evaluating uncertainty in assessments of whale body condition
via UAS imagery. Bierlich et al. (2021b) developed a Bayesian
statistical model to quantify and incorporate uncertainty by
using measurements of known-sized objects at various
altitudes as training data to predict the length measurements of
unknown sized whales. These Bayesian statistical model outputs
of measurement uncertainty for whale TL and width
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Oregon, USA
Arrival (End of wintering season): 1 June - 15 July , Northeastern Chukchi Sea (NCS)
Departure (End of summer feeding season): 1 Sept. - 15 Oct. Opportunistic data from aerial surveys collected
2017 2018 2019 June-Sept.
2016 | 2017 2018 | 2019
Arival_| Departure | Arival | Departure| Arrival | Departure
Matwre | 7 | 19 B3 | 2 7 -

San Ignacio Lagoon (SIL), Mexico
Arrival (End of summer feeding season): 17 Jan. - 5 Feb.
Departure (End of wintering season): 1 March - 5 April Drone-based Oregon, l:has:tsd June-Sept
2016/17 2017/18 2018/19 nerbased Imagery co Lne-Sent.
2016 | 2017 | 2018 | 2019
Arival | Departure | Arival | Departure| Arival | Departure T T T % [
Mature - [ e 27 [ 1 24 | 45

FIGURE 1 | Maps illustrating the sample sites, sample sizes, and time periods of the datasets. (A) Dataset used for the primary analysis based on drone-based data
collected off of Oregon, USA and San Ignacio Lagoon, Baja California Sur, Mexico (SIL). The tables provide sample size of images analyzed per period and sub-
group. (B) Opportunistic dataset of images collected during aerial surveys in the Arctic (Northeastern Chukchi Sea; NCS) and a subset of drone-based images
collected during the same years and months off the Oregon coast, USA. The inset in (A) illustrates the locations of all three sites.

measurements can then be incorporated into estimations of  Bayesian statistical model described in Bierlich et al. (2021b). For
whale body condition, including BAI (Bierlich et al., 2021a;  the P3Pro, P4, and P4Pro, images of a known-sized board (1.0 m)
Figure 2). Therefore, we account for measurement uncertainty ~ floating at the surface collected at altitudes between 20-36 m
associated with each UAS used in this study by applying the = were used as training data. For the IP1Pro, we used

A B Cc D
MorphoMetriX output P.os.terim: Calculate body condition Posterior predictive TL and BAI
predictive width (BAI) distributions

distributions A
Total per individual

length > 1.00

Head-Tail Range

11.25 11.50 1.75
predicted total length (m)

SA
(HTyanges % TLY

x 100

4.5 246
predicted BAI

FIGURE 2 | Overview of Bayesian framework for calculating the body condition of gray whales. (A) An example of a MorphoMetriX output (Torres and Bierlich,
2020) from a UAS image of a gray whale. Total length (TL) measured from rostrum to fluke notch with perpendicular widths segmented in 5% increments of TL.
Head-Tail Range (20-70%) represents the region of the body used to calculate body condition, which excludes the fins, head, and tail. (B) Posterior predictive
distributions for each 5% width included in the Head-Tail Range that is used to calculate body condition. (C) Body condition is calculated as Body Area Index (BAI)
for each iteration in the Markov Chain Monte Carlo output of each posterior predictive width distribution using CollatriX (Bird and Bierlich, 2020). (D) Posterior
predictive distributions for TL and BAI for a single individual. On the x-axis, the longer thin black bars represent the 95% highest posterior density (HPD) interval, the
thicker shorter black bars represent the 65% HPD interval, and the black dot represents the mean value. The red dashed line represents the maturity cutoff length
(11.4 m).
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measurements of a known sized mat (1.45 m) on land flown
between 4-120 m altitude (from Christiansen et al., 2018). We
measured widths between a Head-Tail Range of 20-70% of each
whale’s TL following Bierlich et al. (2021a) to then calculate body
condition using BAI (Burnett et al., 2018; Figure 2). Rather than
a single point estimate, the model quantifies uncertainty in TL,
width measurements, and BAI for each individual whale through
the model’s posterior distribution. We summarize uncertainty
using 95% highest posterior density (HPD) intervals (Figure 2).
Model development was conducted in R (Version 4.0.2;
R Development Core Team, 2020) as described in Bierlich
et al. (2021a; 2021b). To compare measurement uncertainty
amongst each UAS, we calculated the coefficient of variation
(CV%) for each individual’s posterior predictive distribution for
TL and BAIL The CV% compares the relative width of an
individual’s posterior predictive distribution, with a lower CV
% translating to a more precise predicted measure (Bierlich
et al,, 2021a).

Maturity and Reproductive Status:

Maturity was assigned using either minimum age estimated from
the individual’s date of first sighting or a TL cutoff when sighting
history data was insufficient or unavailable. Age estimates
derived from sighting history data were available for a subset
of the Oregon dataset and unavailable for the SIL dataset.
Individuals were assumed to be mature if they had a minimum
age of at least eight years (Rice and Wolman, 1971). Whales were
assumed to be immature if they were originally sighted as a calf,
meaning that they were of known age, and were younger than
eight years old. Individuals not seen as calves with minimum
ages under eight years were considered to be of an unknown age;
maturity was subsequently assigned to these individuals using a
TL cutoff. It was assumed that (1) calves were small whales (<8
m) closely associated with large whales (>11 m) who were
assumed to be the mother and mature, lactating females, (2)
lactating females become post-weaning females once they are no
longer associated with their calves in that year, and (3) lactating
females were pregnant the previous year. When maturity was
assigned using TL, individuals were considered mature if at least
50% of their posterior predictive distribution for TL was above a
cutoff of 11.4 m (Rice and Wolman, 1971; Bierlich et al.,
2021b; Figure 2).

Statistical Analysis
The temporal phases of gray whale phenology were grouped as
follows (Figure 1A): “Departure Oregon” whales were imaged
between 1 September and 15 October, and “Arrival SIL” whales
were imaged between 17 January and 5 February, forming the
End of summer feeding season group. “Departure SIL” whales
were imaged between 1 March and 5 April, and “Arrival Oregon”
whales were imaged between 1 June and 15 July, forming the End
of wintering season group. Longer sampling windows were used
in Oregon (6 weeks) than in SIL (3-4 weeks) to increase
sample size.

This analysis included only mature adults, excluding
pregnant, lactating, and post weaning females, that were
imaged on foraging or wintering grounds. A Monte Carlo

analysis of ANOVA tests was used to account for uncertainty
associated with BAI measurements. We apply a unified model to
test both hypotheses since BAI is potentially impacted by site,
phenological time point, and year. We assume each BAI
measurement without uncertainty has a mean specified with a
full interactions model via

BALjy = 1+ 0+ B + % + oy + ¥ + B + 0BV + €4,

with @ quantifying a baseline BAI value, o; quantifying the
mean-shift attributable to site (i = 1 for Oregon, and 2 for
SIL); B; quantifying the mean-shift attributable to phenological
timepoint (j = 1 for End of Winter, and 2 for End of Summer); %
quantifying the mean-shift attributable to year (k = 1 for 2017, 2
for 2018, and 3 for 2019); afy;, oY, and By, quantifying the
mean-shifts attributable to the pairwise interactions between site
and phenology, site and year, and phenology and year,
respectively; afy;x quantifying the three-way interaction
between all terms; and ¢;;; quantifying individual variation.
The term ¢y is modeled as a mean zero normal random
variable, with a common variance parameter across all groups
(to be estimated). The model treats the observation year as a
categorical predictor because the study is not long enough to
identify consistent, long-term relationships across time; this
modeling decision also allows us to model the data without
assuming BAI follows a linear trend across years.

Monte Carlo methods allow us to account for the uncertainty
in BAI observations by averaging the results of 10,000
replications of our ANOVA analyses. Each replicate uses a
dataset in which the BAI measurement for each whale is
sampled from the photogrammetric model’s posterior
distributions, which are approximately normally distributed.
For each ANOVA replicate, we sample each whale’s BAI
measurement from a normal distribution parameterized with
the photogrammetric model’s posterior mean and variance for
that whale’s BAI value.

To test H; for each replicate dataset, a generalized linear
hypothesis test is employed. The test’s null hypothesis is that
mean BAI between OR and SIL is the same within phenological
time steps between years—i.e., that E(BAI 1) = E(BAI, ) for
k=1,2,3, and E(BAI,5x) = E(BAI,,;) for k=1,2. The null
hypothesis does not assess E(BAIj,x) = E(BALyy) for k=3
because SIL data are not available for the End of Summer
phenology time point in 2019. To test H, for each replicate
dataset, a nested ANOVA F-test is employed. The test’s null
hypothesis is that the mean BAI between OR and SIL experience
the same changes across time—i.e., that all interaction effects
between site and observation year are zero, oty = 0 and oy =
0 for i,j=1,2, and k=1,2,3. The average p-values from the
replicated tests serve as the overall, Monte Carlo p-values used
to evaluate H; and H,. Analyses were conducted in R
(R Development Core Team, 2020).

Opportunistic Analysis

Data Collection

The Aerial Surveys of Arctic Marine Mammals (ASAMM)
project obtained aerial images of gray whales encountered
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during line-transect surveys in the Northeastern Chukchi Sea
(NCS; 67°-72°N, 157°-169°W) in June-October, from 2016 to
2019 (Clarke et al., 2020; Figure 1B). Images were obtained using
a Canon 1DX or 7D DSLR camera with a 100-400 mm zoom
lens. While circling whales in the plane at ~40° bank, an observer
used an open window located on the port side of the aircraft to
obtain images at a nearly nadir angle (~90° below; see
Supplementary Material for details). A stratified-random
sample of gray whale UAS images in Oregon waters (n = 30)
during the same years and months as the collected NCS images
were selected for body condition comparison.

Post Processing

Image Filtering

NCS images were rated based on the body regions visible, the
angle of the whale’s body relative to the aircraft, and the overall
image quality (Full description of methods in Supplemental
Material). Only high-quality images taken near nadir where the
full body of the whale was visible and flat at the surface were
selected. Images from Oregon were filtered following the
protocol described in the Primary analysis above in the Data
processing subsection Image filtering.

Morphometric Calculations

Images from both the NCS and Oregon were measured by a
single analyst following the protocol described in the
Morphometric calculations and uncertainty subsection in
Primary analysis. There was no altitude information for images
collected in the Arctic, therefore we were unable to incorporate
uncertainty and BAI was calculated from raw pixel count
measurements using the CollatriX body condition function
(Bird and Bierlich, 2020). BAI measurements are usable and
comparable because BAI is a standardized length invariant
metric that can be equally calculated and interpreted using raw
pixel counts as metric units (Burnett et al., 2018; Lemos et al.,
2020; Bierlich et al., 2021a).

Statistical Analysis

Images collected between June and September of 2016-2019 in
the NCS and Oregon waters were used for this analysis
(Figure 1B). A Welch’s t-test was used to compare BAI
between sites. Analyses were conducted in R (R Development
Core Team, 2020).

RESULTS

Across the three years of this study, images of 183 mature gray
whales captured in Oregon and SIL were included in the analysis
(Figure 1). Of the 71 whales imaged in Oregon water during the
Arrival and Departure periods, 64 whales (90%) were observed
on other days and years (between 2016 and 2021) in our study
region, indicating residency by these whales to the PCFG
foraging grounds.

Measurement uncertainty, measured as the coefficient of
variation (CV%), varied among each UAS aircraft for TL and
BAI The I1Pro had the least amount of uncertainty associated

with TL measurements (CV%: mean = 2.42, sd = 0.27, min =
1.56%, max = 3.23%) followed by the P4Pro (CV%: mean =
10.10, sd = 1.83% min = 6.96, max = 14.22%) and the P3Pro and
P4 (CV%: mean = 11.93%, sd = 1.08%, min = 10.09%, max =
13.55%). The same trend followed for uncertainty associated
with BAI, with I1Pro having the least uncertainty (CV%: mean =
0.12%, sd = 0.01%, min = 0.08%, max = 0.18%), followed by the
P4Pro (CV%: mean = 0.91%, sd = 0.46%, min = 0.39%, max =
1.88%), and the P4 and P3Pro (CV%: mean = 2.97%, sd = 0.40%,
min = 2.66%, max = 3.86%).

Assessment of predicted gray whale BAI values by site and
phenological time point illustrates the expected trend that whales
are in better body condition at the end of the summer foraging
season compared to the end of the wintering season (Figure 3).
The generalized linear hypothesis test compared the BAI of gray
whales in Oregon and SIL within phenological time points across
observation years and found significant evidence to reject an
assumption that H; is true, which expected similar body
condition of gray whales imaged in Oregon and SIL when
compared at the same phenological time points (p = le” °).
Simultaneous Monte Carlo confidence intervals associated with
H; reveal that mean BAI for SIL whales tends to be higher than
mean BAI for Oregon whales (Figure 4). Furthermore, the BAI
of PCFG gray whales in Oregon (n = 30) was significantly lower
(Welch’s t-test, t(39) = 2.96, p = 0.005; Figure 5) than gray
whales imaged while feeding in the NCS region of the Arctic (n =
18), providing more evidence of an intrinsic difference in body
condition between PCFG gray whales foraging in Oregon and
ENP whales foraging in the Arctic and sub-Arctic. This result
also supports our assumption that the majority of gray whales
imaged in SIL are from the ENP, and does not reflect the body
condition of PCFG whales.

The nested ANOVA test for H, assessed differences in the
BALI trajectories between sites across years, finding significant
evidence to reject an assumption that H, is true (p = le®). Monte
Carlo confidence intervals associated with H, suggest the BAI of
gray whales at departure from SIL decreased over time, while the
BAI of whales departing from Oregon increased over time
(Figure 6). Rejecting H, indicates that environmental
conditions that influence prey availability on Oregon and
Arctic or sub-Arctic foraging grounds are different, causing
different trajectories of body condition change across the
study years.

DISCUSSION

Through a comparative analysis of gray whale body condition at
multiple temporal periods during different phenology stages we
document contrasting trends and ranges of body condition. Gray
whale body condition on the wintering grounds in SIL
deteriorated across the study years (2017-2019), while the
body condition of PCFG gray whales on the foraging grounds
off Oregon concurrently increased. These juxtaposing trajectories
of body condition between the ENP and PCFG suggests use of
distinct foraging grounds with different prey availability, likely
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FIGURE 3 | Boxplots illustrating the distribution of predicted Body Area Index (BAI) values of gray whales imaged by UAS in San Ignacio Lagoon (SIL), Mexico and
Oregon, USA as produced by the Bayesian statistical model accounting for measurement uncertainty. Data are grouped by phenology group: End of summer
feeding season (departure Oregon vs. arrival SIL) and End of wintering season (arrival Oregon vs. departure SIL). The group median (horizontal line), interquartile
range (IQR, box), maximum and minimum 1.5*IQR (vertical lines), and outliers (dots) are depicted in the boxplots. The overlaid points represent the mean of the
posterior predictive distribution for BAI of an individual and the bars represent the upper and lower bounds of the 95% HPD interval.

driven by variable oceanographic patterns in the Arctic/sub-
Arctic region and PCFG range. Additionally, we document
significantly lower overall body condition of PCFG whales
feeding in Oregon coastal waters compared to whales imaged
in SIL or the NCS region of the Arctic. This lower body condition
of PCFG whales may cause reduced resilience to perturbations in
prey quality or availability relative to ENP whales, and could
have implications for the reproductive capacity of the PCFG
sub-group.

The decreasing body condition of gray whales imaged in SIL
reflects declining nutritive gain by the ENP population, which
may be associated with environmental change in the Arctic and

sub-Arctic regions that impacted the predictability and
availability of gray whale prey. In contrast, the increasing body
condition of PCFG gray whales imaged in Oregon may reflect
recovery of these whales from a period of low prey resource
availability in the PCFG foraging range as the ecosystem
rebounded from the marine heatwave event of 2014-2016
known as “The Blob” (Peterson et al., 2017; Fewings and
Brown, 2019). While global climate change drives
environmental change in both regions, our results demonstrate
that dynamic oceanographic processes cause temporal variability
of resource availability to gray whales in geographically distinct
regions. Although the deteriorating body condition of whales in

E(BAIsy) - E(BAIGR)

A

End OfWEnter 2017 End Of Sul:nmer 2017

Carlo confidence intervals.

End Of W}nter 2018

End Of Surlnrner 2018 End Of Winter 2019

FIGURE 4 | Simultaneous Monte Carlo confidence intervals produced by the generalized linear hypothesis test of H; illustrating estimated differences between mean
Body Area Index (BAI) by site (SIL — OR) within phenology groups. Points represent the mean estimated difference and vertical lines represent simultaneous Monte
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FIGURE 5 | Boxplots illustrating the distribution of Body Area Index (BAI) values of gray whales imaged by survey plane in the Northeastern Chukchi Sea (NCS) of
the Arctic and by UAS in Oregon. Data are grouped by site. The group median (horizontal line), interquartile range (IQR, box), maximum and minimum 1.5*IQR
(vertical lines), and outliers (dots) are depicted in the boxplots. The overlaid points represent the BAI values from each image.
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SIL indicates malnourishment of ENP whales on foraging
grounds in the Arctic and sub-Arctic, it is interesting to note
that the body condition of PCFG whales in Oregon is regularly
and significantly lower than the body condition of whales in SIL
(and the NCS). In fact, only when whales were at their lowest BAI

as they departed SIL in 2019 was the mean body condition of
whales arriving in Oregon higher (Figure 6).

Gray whales make fine-scale foraging decisions, within
diverse foraging habitats, using different strategies to
target varied prey across their whole North Pacific range
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FIGURE 6 | Change in gray whale body condition in San Ignacio Lagoon (SIL), Mexico and Oregon, USA by phenology group and year: End of wintering season
(arrival Oregon vs. departure SIL) and End of summer feeding season (departure Oregon vs. arrival SIL). (A) Boxplots illustrating the distribution of gray whale
estimated Body Area Index (BAI) values across years and phenology group as produced by the Bayesian statistical model accounting for measurement uncertainty.
The group median (horizontal line), 75% distribution (box), 95% range (vertical lines), and outliers (dots) are depicted. The overlaid points represent the mean of the
posterior predictive distribution for BAI for an individual and the bars represent the upper and lower bounds of the 95% HPD interval. (B) Estimated mean BAI values
for SIL and Oregon across phenology groups and years derived from the nested ANOVA test of H,. Points represent the mean BAI estimate and vertical lines
represent simultaneous Monte Carlo confidence intervals.
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(Nerini, 1984; Mallonée, 1991; Darling et al., 1998; Dunham and
Duftus, 2001; Stelle et al., 2008; Torres et al., 2018). Gray whales
may make similar, flexible foraging decisions at multiple scales to
optimize energy intake. This non-stereotyped approach to
energy acquisition has potentially led to the adaptability of
gray whales to target novel prey resources (e.g. herring roe,
crab larvae, ghost shrimp; Darling et al., 1998; Haifley, 2021;
Hildebrand et al., 2021) and responsiveness to environmental
change through behavioral adaptations over short evolutionary
time scales. This behavioral plasticity can buffer animals from
resource shortages and shifts (e.g., Riddell et al., 2018) if the
energetic tradeoffs between prey quality and capture costs of
novel prey enable adequate energetic gain to support population
viability. Yet, if environmental change happens too quickly or
too broadly, gray whales may not be able to adapt fast enough or
find adequate prey alternatives, leading to increased competition
for limited prey and eventual malnutrition.

Our finding that PCFG gray whales in Oregon have lower body
condition than gray whales foraging in the NCS of the Arctic (small
sample size) and whales on the wintering grounds in SIL (larger
sample size) is surprising and raises many prudent questions. Do
whales with lower body condition recruit into the PCFG because
this strategy is adapted to a smaller morphology, perhaps due to the
use of specialized foraging strategies (Torres et al., 2018)? Or is the
PCFG range a culturally inherited foraging destination (e.g., Baker
et al., 2013) where lower body condition is a genetically inherited
trait and whales are adapted to survive with reduced energy stores?
Energetic costs of gray whale migration appear to be low (Sumich,
1983), indicating that the lower body condition of PCFG whales
may not be entirely related to the truncated migration distance.
However, given the lower body condition of PCFG whales, even the
additional energetic cost of migration to continue to the Arctic or
sub-Arctic may be unsupportable. Alternatively, PCFG whales may
be unable to accumulate as much fat reserves relying on prey in the
PCFG range as compared to Arctic/sub-Arctic foraging whales.
This possibility may explain why gray whales departing summer
foraging grounds in Oregon were regularly in worse body condition
than whales arriving in SIL after the migration south (Figures 3,
6A). Yet, PCFG whales do recruit calves to this sub-group regularly
(Calambokidis and Perez, 2017b), indicating that females can
obtain adequate energy stores to support the demands of
reproduction and lactation. However, the calving interval of
PCFG female whales is unknown and could be less than ENP
females (2 years; Jones, 1990), as it may take PCFG females longer to
recover from previous pregnancies and amass enough energetic
storage to support another reproductive cycle. Additionally, the age
at first reproduction of PCFG whales may be higher if whales are
slower to mature and gain adequate mass. Future research efforts
should focus on determining the calving rate and age at first
reproduction of PCFG whales relative to ENP whales and
applying photogrammetry methods to quantify the threshold of
body condition necessary to support pregnancy in gray whales.
These factors are critical pieces of information needed to inform
realistic population models.

The timing of the 2019-2021 gray whale UME aligns with the
decline in body condition of whales imaged in SIL between 2017

and 2019 (this study and Christiansen et al., 2021), indicating
that the ENP population was primarily impacted in this die-off,
not PCFG whales that showed an increase in body condition
during this same time period. This coincident timing between
the UME and deteriorating body condition of SIL whales
suggests that a threshold of malnutrition was met by many
ENP whales, as suggested by Christiansen et al. (2021),
potentially due to sustained low prey availability on Arctic or
sub-Arctic foraging grounds over several years. While the PCFG
appears to be less affected by this 2019-2021 UME, this distinct
sub-group of gray whales shows significant interannual variation
in body condition (Lemos et al., 2020; Akmajian et al., 2021) that
is likely related to prey limitations in response to local
oceanographic disruptions (e.g., marine heat waves in the NE
Pacific Ocean) and broad-scale climate change. Given their
apparent lower body condition, PCFG gray whales may have a
lower energetic buffer to prolonged periods of low resource
availability than ENP whales. If the PCFG did succumb to a
die-off event, this small sub-group (~230 individuals) riskslosing
the cultural knowledge of this foraging range. Prey availability in
the PCFG range may only be sufficient to support this small
population segment of whales, but this resource and strategy may
be less stochastic than foraging in the Arctic or sub-Arctic where
the ENP has undergone two UME:s in that last two decades, with
dramatic population fluctuations including potentially reaching
carrying capacity limits (Moore et al., 2001; Coyle et al., 2007).
Therefore, continued and expanded monitoring of gray whale
body condition across their entire range, including wintering
grounds in Baja California, the PCFG range, the Arctic and sub-
Arctic foraging grounds, and on the foraging grounds of the
WNP whales in eastern Russian, would provide critical
information on the health and response of each population to
ecosystem change, particularly in a collaborative and
comparative fashion as demonstrated in this study.

UAS collection of whale photogrammetry data is cost-
effective, non-invasive, and data rich. Cross-population studies
of baleen whale body condition can provide valuable insight, and
as demonstrated in this study is feasible even if data are collected
by multiple UAS platforms, with different image and data
quality. We united and robustly compared these diverse
datasets through the comprehensive assessment of uncertainty
and calculation of the scale-invariant BAI metric of whale body
condition. In addition to behavioral and distributional shifts in
response to changes in prey availability (e.g., Torres et al., 2013;
Ramp et al, 2015; Brower et al., 2017), baleen whales will
respond physiologically through variation in body condition,
making UAS assessment of body condition a powerful tool to
document how whale populations respond to climate change.
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