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ABSTRACT: The eastern North Pacific gray whale Eschrichtius robustus experienced an unusual
mortality event (UME) in 2019-2020, with 384 whales found dead along the Pacific coasts of Mex-
ico, USA and Canada. A similar UME in 1999-2000 was speculated to have been caused by star-
vation, but body condition data were not available to test this hypothesis. Between 2017 and 2019,
we used unmanned aerial vehicles (drones) and photogrammetry methods to measure the body
condition of gray whales in San Ignacio Lagoon, Baja California Sur, Mexico. Body condition was
calculated from the residual of the relationship between body volume and length. The body con-
dition of gray whales was significantly lower in 2018 (-11.1%, SE = 1.74, n = 531) and 2019 (-9.7 %,
SE = 1.76, n = 628) compared to 2017 (n = 59) for all reproductive classes (calves, juveniles, adults
and lactating females). Overall, lactating females were in good body condition. The reduction in
body condition of whales in 2018-2019 is unlikely to have affected their survival, but could have
reduced their reproductive rate by prolonging the post-weaning recovery time. This could explain
the low number of mother—calf pairs observed in the San Ignacio Lagoon in 2018 and 2019. For
juveniles and adults that arrived in the lagoons with less energy reserves, their reduced body con-
dition may have been close to their survival threshold. This could explain the high proportion of
juveniles and adults among the stranded dead whales in 2019-2020. Although the underlying
cause of the reduction in gray whale body condition is unknown, starvation likely contributed to
the 2019-2020 UME.
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1. INTRODUCTION

In 2019-2020, a total of 384 eastern North Pacific
gray whales Eschrichtius robustus were found dead
along the west coast of Mexico, USA and Canada, in
what has been described as an unusual mortality
event (UME) (NOAA 2020). Under the US Marine
Mammal Protection Act (www.fisheries.noaa.gov), a
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UME is defined as 'a stranding that is unexpected;
involves a significant die-off of any marine mammal
population; and demands immediate response’. A
similar UME occurred in 1999-2000, when 651 whales
were recorded dead along the west coast of North
America, which was approximately 8 times the an-
nual mean stranding rate of 41 animals between
1995-1998 (Gulland et al. 2005). During the 10 yr fol-
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lowing that event, elevated numbers of dead whales
were found along the Pacific coast (Gulland et al.
2005). During the 1999-2000 UME, the gray whale
population declined from ~21 000 animals in 1998 to
~16 000 in 2002, which is equivalent to a loss of nearly
25 % of the population (Laake et al. 2012).

Gray whales undertake annual migrations be-
tween feeding grounds in the Bering, Chukchi and
Arctic Seas, and breeding grounds from the South-
ern California Bight to lagoons along the Pacific coast
of Baja California, Mexico (Rice & Wolman 1971,
Sumich 1983, Berzin 1984, Moore et al. 1986, 2000,
Swartz 1986). The feeding season takes place be-
tween May and October, during which time gray
whales develop large energy reserves, mainly in the
form of blubber (but also muscle, visceral fats and
lipids stored in other tissues, Lockyer et al. 1985,
Lockyer 1987, Neess et al. 1998), to support the ener-
getic costs of migration and while residing on the
breeding grounds where they do not feed extensively
or at all (Swartz 1986, Highsmith & Coyle 1992). The
migration of gray whales is among the longest known
for any mammal, covering 15000-20 000 km (round
trip) (Rice & Wolman 1971, Sumich 1983, Berzin 1984,
Moore et al. 1986, 2000, Swartz 1986). The south-
bound migration begins in October (Rugh et al. 2001),
with near-term pregnant females being the first to
leave the feeding grounds, followed by breeding adult
males and females, then juveniles and later on year-
lings (Rice & Wolman 1971, Perryman & Lynn 2002).
Mating occurs during the southbound migration, with
first ovulation usually occurring in late November
and December, with a second oestrus possible about
40 d later for females that fail to conceive (Rice & Wol-
man 1971). Gray whales are present on their Mexican
breeding aggregation grounds between December
and April (hereafter referred to as the ‘winter breed-
ing season'), where mothers with calves may reside
for several months, while other reproductive classes
(juveniles, females without calves and adult males)
may spend considerable less (<10 d) time (Jones &
Swartz 1984, Swartz 1986, Highsmith & Coyle 1992,
Mate et al. 2003, Urban et al. 2003b). Following a
gestation period of roughly 13 mo (Rice & Wolman
1971, Swartz & Jones 1983), females generally give
birth to a single calf between December and Febru-
ary, with a peak of births in mid- to late January
(Swartz & Jones 1983, Perryman & Lynn 2002). The
northbound migration starts around February and
ends in May, and is initiated by breeding whales with-
out calves (February—March), followed by mother—
calf pairs (March—April) (Rice & Wolman 1971, Jones
& Swartz 1984, Poole 1984, Perryman & Lynn 2002).

During the 1999-2000 gray whale UME, the major-
ity of stranded whales were juveniles (37.6 and 38.0 %
in 1999 and 2000, respectively) and adults (33.8 and
49.3% in 1999 and 2000, respectively), and most
(85.8 %) strandings occurred towards the end of the
winter breeding season (February—March) and dur-
ing the northbound migration (April-July) back to
the feeding grounds (Le Boeuf et al. 2000, Gulland et
al. 2005). The event was also characterized by record
low numbers of mother—calf pair sightings, suggest-
ing low recruitment in both years (Le Boeuf et al.
2000, Perryman et al. 2002, Urbén et al. 2003a,b, 2011,
Gulland et al. 2005). The 2019-2020 UME showed
similar patterns, with low numbers of mother—calf
pairs on the Mexican breeding grounds between
2018 and 2020, and with juveniles and adults com-
prising the majority of the dead whales (Martinez-
Aguilar et al. 2019, 2020, Urban et al. 2019, 2020).
During the first year of both events, the majority of
stranded animals were females (Le Boeuf et al. 2000,
Gulland et al. 2005, Martinez-Aguilar et al. 2019).

Although the underlying cause of the 1999-2000
UME could not be identified (only 3 of the 651
stranded animals were necropsied), many of the
stranded whales appeared to be emaciated, suggest-
ing that starvation could have contributed to the ele-
vated mortalities (Le Boeuf et al. 2000, Moore et al.
2001, Gulland et al. 2005). Unfortunately, the ad-
vanced decomposition of many of the stranded whales
in 2019-2020 prevented the cause of death being
identified (Martinez-Aguilar et al. 2019, 2020). How-
ever, a visual qualitative scoring assessment of body
condition from boat-based photographs of the lateral
sides (post-cranial area, scapular region and flanks)
of living gray whales in the San Ignacio breeding
lagoon in 2008-2011 (following the 1999-2000 UME)
and in 2018-2020 showed an increase in the propor-
tion of ‘skinny’ single whales (juveniles and adults)
in 2018, 2019 and 2020 and an increase in the propor-
tion of lactating females that were in ‘fair' condition
in 2018 and 2019 (Ronzoén-Contreras et al. 2019,
2020). While this decrease in apparent body condi-
tion is of significance, it is important to quantify the
magnitude of this decline relative to energetic costs
for survival and reproduction. Being capital breeders
(Stephens et al. 2009), good body condition is crucial
for both the survival and reproductive success of gray
whales, which already lose between 11 and 29 % of
their body weight between the southbound and north-
bound migration (Rice & Wolman 1971). Studies of
other baleen whale species show that maternal body
condition strongly influences fecundity (Lockyer 2007,
Williams et al. 2013), foetal growth (Christiansen et
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al. 2014b), calf growth (Christiansen et al. 2018) and
calf body condition (Christiansen et al. 2016).

This study aimed to evaluate whether poor body
condition was associated with the 2019-2020 gray
whale UME, and to quantify the magnitude of this
difference for different reproductive classes. To do
this, we used unmanned aerial vehicle (UAV, or drone)
photogrammetry data, collected as part of an ongoing
body condition monitoring program, to compare the
body condition of gray whales in San Ignacio lagoon
in 2017, 2018 and 2019.

2. MATERIALS AND METHODS
2.1. Data collection

Aerial videos of gray whales were recorded by
UAVs in San Ignacio Lagoon (Laguna San Ignacio,
LSI), Baja California Sur, Mexico, in 2017 (5-9 March:
4 d of sampling), 2018 (16 January—6 April: 48 d of
sampling) and 2019 (20 January-23 March: 43 d of
sampling). Sampling was conducted both from land
(up to 2 km distance), from fixed locations at the
southern end of the lagoon near or at Punta Piedra,
and from the sea, using a 7 m research vessel that
surveyed the lagoon in an opportunistic way. A DJI
Inspire 1 Pro UAV with a Zenmuse X5 camera and a
25 mm lens was flown above the whales and re-
corded 4K (3840 x 2160 pixels) videos of the whales
from altitudes between 12.7 and 59.3 m (mean + SD =
30.7 £ 3.99 m) as they surfaced to breathe. During post-
processing, a still-frame photograph of each whale
was extracted from the video recordings. An ideal
photograph represented a whale lying flat at the sur-
face with its dorsal side visible with its body non-
arching and the body contour (both length and width)
clearly visible (Christiansen et al. 2016). If the whale
rolled over during video recording, we also extracted
photographs of the lateral side of the animal (Chris-
tiansen et al. 2019). Following the protocol of
Christiansen et al. (2018), each photograph was
quality-graded (based on body posture, image clarity
and contrast), and only photographs of adequate
quality were included in analyses. Still frames of
the bodies of the whales were also extracted for
photo-ID purposes. When operating from the re-
search vessel, photo-ID data of the measured whales
were also collected by photographing the flanks of
each whale (Jones & Swartz 1984). The aerial and
flank photographs made it possible to identify indi-
vidual gray whales and also to re-measure animals
within seasons.

Body lengths and widths (at 5% increments along
the entire body axis, Fig. 1) of the whales were meas-
ured from the dorsal photographs (Christiansen et al.
2016), using the custom-programmed Graphical User
Interface developed by Dawson et al. (2017). Simi-
larly, from the lateral photographs, we measured the
body height (dorso-ventral distance) at the same
measurement sites (Fig. 1) (Christiansen et al. 2019).
All measurements were scaled (converted from pix-
els to metres) using the known altitude of the UAV
(measured using a LightWare SF11/C laser range
finder), the camera sensor size, focal length and
image resolution (for details, see Christiansen et al.
2018).

Each whale was classified into a specific reproduc-
tive class: calf, juvenile, adult or lactating female.
Calves and lactating females were classified based
on their relative size (calves are <2/3 the length of
their mothers; Rice & Wolman 1971, Sanchez Pacheco
1998) and close association with each other. Juve-
niles and adults (sexually mature animals that were
not late-pregnant or lactating) were separated based
on a body length threshold of 11.2 m (Rice & Wolman
1971, Blokhin 1984, Yablokov & Bogoslovskaya 1984,
Brandon et al. 2005). Unfortunately, not enough late-
pregnant females (adults with a body width similar to
early-lactating females) were photographed to accu-
rately estimate variation in body condition between
years and hence this reproductive class was ex-
cluded from analyses.

2.2. Body shape, volume and condition

Intra-seasonal changes in body condition of baleen
whales are not exhibited homogeneously across the
body of the animals, and the pattern of variability
appears to be species-specific (Vikingsson 1990,
Folkow & Blix 1992, Naess et al. 1998, Miller et al.
2012, Christiansen et al. 2013, 2016, 2018). To assess
which width measurements best capture intra-
seasonal changes in the body condition of gray
whales, we developed linear models (LMs) in R
3.6.2 (R Core Team 2019) to test the effect of day of
year on each width measurement site (Fig. 1). Year
was included as a variable in the model. Separate
models were developed for each reproductive class
to explore if variation in body width varied between
reproductive classes.

The body length, width and height data were used
to estimate the body volume of the whales. To ac-
count for the elliptical cross-sectional body shape of
baleen whales (Lockyer et al. 1985, Christiansen et



240 Mar Ecol Prog Ser 658: 237-252, 2021

Fig. 1. Example aerial photographs of (A) the dorsal surface of a gray whale, used to measure body length and width (W) at
5% increments along the body axis from 5 to 85% body length from the rostrum (white arrows), and (B) the lateral side of
another gray whale, used to extract body height (H, dorso-ventral distance) along the same measurement sites

al. 2019, 2020b), we first calculated the height:width
(HW) ratio across the bodies of the whales (Chris-
tiansen et al. 2019), using individuals for which both
dorsal width and lateral height measurements had
been obtained. The HW ratio was calculated for each
measurement site and separately for each reproduc-
tive class. We then estimated the total body volume
(Vota) Of each whale (i) from the sum of the volumes
of all body segments (s, the section of the body be-
tween 2 adjacent width/height measurement sites,
S =20 in total; Fig. 1):

20
VTotal,i = zvs,i (1)
s=1

where the volume of each segment (V) was mod-
elled as a series of infinitesimal ellipses, following
the methods of Christiansen et al. (2019):

Wi o itH(Wp i — Wy ) XX

2 (2)
% Hyi+t(Hpg —Hp o)X x
2

1
V,;=BL,; x0.05x [mx
0

dx

where BL; is the body length of whale i, W, ¢; and
H, s ; are the anterior width and height measurements
of body segment s for individual i, and Wp ,; and Hp g ;
are the posterior width and height measurements of
segment s for individual j, respectively. The equations
within the 2 sets of brackets of Eq. (2) assure that the
width and height measurements are gradually inter-
polated from W, ¢; and Hy ;; when xis 0 to Wp; and
Hps;when xis 1. For whales that lacked height meas-
urements (lateral photographs), Hy ¢; and Hp ¢ ; were
calculated from the corresponding Wy ;;and Wp ¢ ; us-
ing the estimated HW ratios for the specific measure-
ment sites. To account for the gradual decrease in
height and width towards the end points of the ani-
mal, the segments closest to the rostrum (0-5% BL
from the rostrum [hereafter just ‘% BL']) and the end
of the tail region (85-100 % BL) were modelled as el-
liptical cones (Christiansen et al. 2019).

The body condition (BC;) of gray whales was calcu-
lated from the residual of the relationship between
body volume and body length (Christiansen et al.
2020a,b):
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Bvobs,i - Bvexp,j (3)
BV,

exp,i

BCi=

where BV, ;is the observed body volume of whale i,
in m®, and BVeyp,i is the expected (or predicted) body
volume of whale i, in m®, given by the log-log rela-
tionship between body volume and body length. A
positive body condition means that an individual was
in relatively better condition (had a relatively wider
girth) than an average individual of the same body
length, whereas a negative body condition means
that the individual was in relatively poorer condition
(had a relatively narrower girth).

2.3. Yearly variations in body condition

Linear mixed effect models (LMMs) were devel-
oped in R, using the mnlme’ package, to investigate
and compare yearly variation in gray whale body
condition in 2017, 2018 and 2019. Day of year and
reproductive class were also included as explana-
tory variables to account for intra-seasonal variation
in body condition and differences between repro-
ductive classes. To avoid pseudo-replication, indi-
vidual IDs were included as a random effect in the
model. Comparison of model fit was made using
Akaike's information criterion (AIC). To determine
the amount of variance explained by the models,
the marginal R? (R?,, the variance explained by the
fixed effects) and conditional R? (R?, the variance
explained by both the fixed and random effects)
were obtained (Nakagawa & Schielzeth 2013), using
the ‘'MuMin' package. Predicted values and confi-
dence intervals were calculated using the ‘emmeans’
package. Model validation test included scatter
plots of residuals versus fitted values and against
each explanatory variable (to determine homogene-
ity of variance), histograms of residuals (to deter-
mine normality of variance) and estimates of lever-
age and Cook's distance (to determine influential
points and outliers, respectively). No violation of the
assumptions of the LMMs were found.

In addition to accounting for individual variation
through the random effect in the LMMs, we also ran
a bootstrapping simulation where only a single value
for each individual was randomly selected for each
iteration. A LM (without random effect since there
were no repeated measurements) was then fitted to
the data, and the parameter values were extracted.
We repeated this process 1000 times to obtain a den-
sity distribution around each model parameter, and
compared these to the parameter values obtained
from the best-fitting LMM.

2.4. Effect of maternal body condition on cali
growth

The effect of maternal body condition on calf
growth (i.e. body length) was investigated using
LMMs. Year was included as an explanatory variable
in the model to test if there was an overall difference
in the body length of calves between years. To
account for the growth of calves through the winter
breeding season, day of year was included as a
covariate in the model. The effect of maternal size
(i.e. body length) was also assessed, as calf body
length is positively related to maternal body length
in gray whales (Perryman & Lynn 2002), humpback
whales Megaptera novaeangliae (Christiansen et al.
2016) and right whales Eubalaena spp. (Christiansen
et al. 2020a). Repeated measurements from the same
whales were again accounted for by adding individ-
ual ID as a random effect in the model. The same
model selection process and validation tests were
performed (see Section 2.3).

2.5. Identifying lower body condition emaciation
threshold

To identify the lower body condition threshold for
gray whales at which emaciation (and possibly death
by starvation) occurs, we used morphometric data
from stranded gray whales recorded between 1997
and 2019 by The Marine Mammal Center, Sausalito,
CA, USA, and the California Academy of Sciences,
San Francisco, CA, USA. Only freshly stranded ani-
mals were used to minimize distortion in morphome-
tric measurements resulting from bloating or defla-
tion of the carcass (Moore et al. 2004). Further, only
measurements from animals which had been classi-
fied as ‘emaciated’ were used, since the cause of
death in these instances was linked to starvation.
From the records that fulfilled these criteria, the body
volume was estimated from the body length and
girth measurements, following the methods of Chris-
tiansen et al. (2019), who demonstrated that morpho-
metric data (i.e. length and girth) from lethally
caught North Pacific right whales E. japonica could
be used to accurately estimate body volume, and
hence condition. In the current study, the number of
girth measurements that were taken differed
between individual gray whales, but were taken
across 1 or more of the following 5 measurement
sites: girth at eyes (G1, located at 17 % BL), girth at
axilla (G2, located at 30 % BL), maximum girth (G3,
located at 40 % BL), girth at anus (G4, located at 72 %
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BL) and girth midway between the anus and the
fluke notch (G5, located at 86 % BL). The body vol-
ume of the stranded whales was calculated (pre-
dicted) from LMs that we developed using the data
from our free-ranging gray whales, for which body
girths at the same 5 girth measurements sites were
calculated (for details, see Christiansen et al. 2019).
The body condition of the stranded whales was then
estimated using the same equation (Eq. 3) as for the
free-living whales. We also opportunistically meas-
ured the body condition of a free-ranging, but visibly
emaciated, gray whale in Cabo Pulmo, Mexico, on
2 March 2019, using a DJI Phantom 4 UAV (video
courtesy of Kathryn Ayres). Although we did not
have altimeter data to accurately measure its body
length, it was visually determined to be a juvenile
with a body length of approximately 10 m.

3. RESULTS
3.1. Sample size and effort

A total of 1245 measurements of gray whales were
obtained, representing 322 measurements from calves,
231 from juveniles, 426 from adults (males and fe-
males without calves) and 266 from lactating fe-
males. After quality filtering and removing measure-
ments of unidentified individuals (to avoid potential
pseudo-replication), 1218 measurements (2017 = 59,
2018 = 531, 2019 = 628) remained of 742 individuals
(2017 = 54, 2018 = 305, 2019 = 383) (Table 1). Meas-
urements included 310 calves (mean + SD, BL =5.38
+ 0.77, min. = 3.74, max. = 7.20), 226 juveniles (10.52
+ 0.73 m, 7.59, 11.20), 422 adults (11.90 + 0.57 m,
11.20, 14.23) and 260 lactating females (12.14 =+
0.53 m, 10.73, 13.78) (Table 1). Single measurements

Table 1. Number of measurements (N) and number of gray
whales measured (IDs) by unmanned aerial vehicle photo-
grammetry by year and reproductive class

Reproductive class 2017 2018 2019
N IDs N IDs N IDs

Calves 25 24 163 60 122 37
(3.74-7.20 m)

Juveniles 2 2 72 60 152 126
(7.59-11.20 m)

Adults 8 7 167 134 247 185
(11.20-14.23 m)

Lactating 24 21 129 51 107 35
(10.73-13.78 m)

Total 59 54 531 305 628 383

were obtained from 501 (67.5 %) whales, while 145
(19.6 %) individuals were measured twice, and 96
(12.9%) whales were measured between 2 and 18
times.

3.2. Body shape, volume and condition

The body morphometric data showed that the
bodies of individual gray whales were widest at
approximately 40 % BL for all 4 reproductive classes
(Figs. S1 & S2 in the Supplement at www.int-res.
com/articles/suppl/m658p237_supp.pdf). The intra-
seasonal change in body width during the winter
breeding season in LSI varied between measurement
sites and reproductive classes (Fig. 2). Calves in-
creased in relative body width all across the body,
from 20-75% BL, with the most significant increase
at the mid region of the body, from 40-60 % BL (Fig. 2).
Juveniles, adults and lactating females all decreased
in body width from behind the eyes (~17 % BL) all the
way to the peduncle (>85 % BL). For the 3 reproduc-
tive classes, most of the change occurred between
40 and 70 % BL; however, the rate of decline in body
width was nearly twice as high for adults and lactat-
ing females compared to juveniles (Fig. 2).

The cross-sectional body shape of gray whales was
slightly flattened in the lateral plane around the head
region (0-20 % BL), almost circular in the mid region
(20-50 % BL) and significantly flattened in the lateral
plane across the posterior half of the body (50-85 %
BL) (Fig. 3; Table S1). There was no difference in the
cross-sectional body shape between calves (N = 21),
juveniles (N = 5) and adults (N =9). No lateral photo-
graphs were obtained of lactating females.

The estimated body volume of gray whales ranged
between 0.58 and 4.35 m® (mean + SD, 2.01 + 0.90 m?®)
for calves, between 4.14 and 21.52 m® (11.56 + 2.63 m?)
for juveniles, between 10.36 and 29.60 m® (16.82 =
3.39 m?) for adults and between 11.85 and 30.34 m?®
(20.23 + 3.35 m®) for lactating females (Fig. 4A). There
was a strong linear relationship between body vol-
ume and body length on the log-log scale (F; 1343 =
65428, p < 0.001, R?=0.98, Fig. 4B):

log(BV,)=-4.31+2.81xlog(BL,) (4)

3.3. Yearly variations in body condition

The LMM that best explained the body condition of
gray whales included reproductive class (F3 736 = 76.4,
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Fig. 2. Rate of change in relative body width (W, % of body length, % BL) of gray whale calves (N = 322), juveniles (N = 231),

adults (N = 426) and lactating females (N = 266), at different measurement sites (Fig. 1). The solid black line represents the

day effect (i.e. slope parameter () values of the day effect, based on the linear model: W/BL = o +  x day + year). Error bars

represent the lower and upper 95 % CIs. The dashed lines represent the level where relative body width remains constant
(B = 0) throughout the winter breeding season
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For all 3 years, lactating females had
the highest body condition (mean + SE:
34.2 + 2.23%, using 2017 as a refer-
ence year) at the beginning of the win-
ter breeding season (16 January = the
earliest day of sampling), followed by
adults (17.8 + 2.45 %), juveniles (10.7 +
2.83%) and newborn calves (1.9 =+
2.06 %) (Fig. 5). The body condition of
calves increased through the winter
breeding season, at a rate of 0.24 +
0.026% d=! (Fig. 5). Juveniles, adults
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Fig. 3. Body height to width (HW) ratio of gray whale calves (N = 21), juveniles

(N = 5) and adults (N = 9) across the body from 5 to 85% BL from the rostrum  —

(see Fig. 1 for location of measurement sites). The solid black line represents

the average HW ratio of all reproductive classes. The dashed black line indicates
a ratio of 1:1, equivalent to a circular cross-sectional body shape

p < 0.001), year (F,,736 = 15.7, p < 0.001) and day of
year conditional on reproductive class (Fj 47, = 66.7,
p < 0.001) as covariates (Model 9 in Table 2, Fig. S3).
The fixed effects explained 35.1% (R?,) of the vari-
ance in body condition, whereas the fixed and random
effects together explained 75.8 % (R%) of the variance.

80 and lactating females all decreased
in body condition through the winter
breeding season, at a rate of (mean

+ SE) -0.22 = 0.063, -0.34 = 0.048

and -0.33 + 0.031% d!, respectively

(Fig. 5). Consequently, at the end of

the winter breeding season (6 April =

the last day of sampling), adults were

in poorest body condition (-9.5 + 2.76 %, using 2017

as a reference year), followed by juveniles (6.6 +

3.47 %), lactating females (7.9 + 2.03%) and older

(2-3 mo) calves (21.4 + 1.93%) (Fig. 5). The body

condition of all reproductive classes was signifi-

cantly lower in 2018 (-11.1 = 1.74 %) and 2019 (-9.7
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Fig. 4. (A) Gray whale body volume (BV) as a function of body length (BL) for different reproductive classes. The solid

black line represents the back-transformed fitted values of the linear model. (B) Log-log relationship between BV and BL for

the same data set, with the solid black line representing the fitted values of the linear model: log(BV) = -4.13 + 2.81 x log(BL),
R?=0.98; N = 1245 measurements

Table 2. Results of the linear mixed effect model selection for gray whale body condition (BC) based on minimization of

Akaike's information criterion (AIC). Rep: reproductive class (calf, juvenile, adult, lactating female); Animal.ID: number of in-

dividual whales (Groups); k: number of model parameters; N: sample size; R?,: marginal R-square (variance explained by
fixed effects); R%.: conditional R-square (variance explained by fixed and random effects)

Model Fixed effects Random effects k N Groups R?, R2, AIC AAIC
1 BC~1 (null) ~Animal.ID 1 1218 742 0.00 0.65 -1655.9 331.0
2 BC~Year ~Animal.ID 3 1218 742 0.06 0.65 —-1704.7 282.2
3 BC~Day ~Animal.ID 2 1218 742 0.00 0.65 -1638.8 348.1
4 BC~Rep ~Animal.ID 4 1218 742 0.21 0.67 -1803.4 183.5
5 BC~Rep+Year ~Animal.ID 6 1218 742 0.21 0.66 -1812.6 174.3
6 BC~Rep+RepxYear ~Animal.ID 12 1218 742 0.25 0.67 -1797.5 189.4
7 BC~Rep+Day ~Animal.ID 5 1218 742 0.22 0.66 -1793.1 193.8
8 BC~Rep+RepxDay ~Animal.ID 8 1218 742 0.34 0.76 -1965.4 21.5
9 BC~Rep+Year+RepxDay ~Animal.ID 10 1218 742 0.35 0.76 -1986.9 0.0

+ 1.76 %) compared to 2017 (Fig. 5). The intra-sea- 3.4. Eifect of maternal body condition on calf growth

sonal change in body condition of whales did not dif-

fer between years. We obtained 225 dual measurements of 91
The bootstrapping simulation showed a good fit mother—calf pairs. Most pairs were measured in

between the model parameters derived from the 2018 (N = 117) and 2019 (N = 98), with only 10

LMM (where individual variation was accounted for mother—calf pairs being sampled in 2017. There
by a random effect) and the density distribution of was no effect of year or maternal body condition
model parameters resulting from the simulated LMs on the growth rate (i.e. body length) of gray whale
(where only a single measurement of each individual calves (Table 3). Instead, the best-fitting model

was included per model iteration) (Fig. S4). The den- included day of year (Fj 33 = 466.8, p < 0.001) and
sity distributions of the LMs overlapped with the maternal body length (F;g = 7.8, p = 0.007) as

LMM parameter values for 7 of the 10 model param- covariates (Model 6 in Table 3). The fixed effects
eters, whereas the remaining 3 parameters were still of the LMM explained 60.7% (R%,) of the data,
showing the same general trend, and did not deviate whereas the fixed and random effects together
far from the range of the corresponding density dis- explained 88.4% (R?.) of the variance. We found a
tribution (Fig. S4). This shows that our results were positive relationship between calf body length and
not biased by the inclusion of repeated measure- maternal body length, with calves increasing in

ments from some individuals. length at a rate of (mean + SE) 0.249 + 0.089 m
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Fig. 5. Predicted (from Model 9 in Table 2) body condition of gray whale calves, juveniles, adults and lactating females early
(16 January, open circles) and late (6 April, filled circles) in the winter breeding season, as a function of year. Error bars rep-
resent 95% confidence intervals. The sample size for different reproductive classes and years is given in Table 1. The red
dashed line represents the body condition (-30.1 %) of a visibly emaciated gray whale in Cabo Pulmo on 2 March 2019. The
red dash-dotted line represents the mean body condition (-45.7 %) of 3 emaciated stranded gray whales (see Table 4)

Table 3. Results of the linear mixed effect model selection for gray whale calf body length (CL) based on minimization of
Akaike's information criterion (AIC). ML: maternal body length; MBC: maternal body condition; other abbreviations as in

Table 2
Model Fixed effects Random effects k N Groups R%, RZ%, AIC AAIC
1 CL~1 (null) ~Animal.ID 1 225 91 0.00 0.44 482.6 222.3
2 CL~Year ~Animal.ID 3 225 91 0.04 0.44 481.8 221.5
3 CL~ML ~Animal.ID 2 225 91 0.08 0.44 474.9 214.6
4 CL~MBC ~Animal.ID 2 225 91 0.27 0.69 420.7 160.4
5 CL~Day ~Animal.ID 2 225 91 0.57 0.88 262.9 2.6
6 CL~Day+ML ~Animal.ID 3 225 91 0.61 0.88 260.3 0.0
7 CL~DayxML ~Animal.ID 4 225 91 0.61 0.88 272.2 11.9
8 CL~Day+ML+Year ~Animal.ID 5 225 91 0.61 0.88 265.2 4.9
9 CL~DayxMLxYear ~Animal.ID 12 225 91 0.60 0.89 306.7 46.4

per m increase in maternal length (Fig. 6A). The
body length of calves increased through the winter
breeding season at a rate of (mean + SE) 0.029 =+
0.001 m d! (Fig. 6B).

3.5. Lower body condition emaciation threshold

Only 3 of the stranded whales fulfilled our selection
criteria of being both emaciated and in fresh condi-
tion. The selected animals were all juveniles (i.e.
yearlings) (Table 4). The LMs used to predict body
volume from the body length and girth measure-
ments of the stranded animals explained between
99.49 and 99.91% of the variance (R?) in body vol-

ume (Text S1). The estimated body condition of the
emaciated gray whales ranged from -33.6 to -54.7 %,
with a mean of -45.7 % (Table 4). The live emaciated
juvenile gray whale measured in Cabo Pulmo in 2019
had a body volume of 7.35 m® and a body condition
of -30.1%.

4. DISCUSSION

The aim of this study was to evaluate whether poor
body condition of gray whales on their winter breed-
ing grounds was associated with, or may have con-
tributed to, the UME of 2019-2020. We found that the
body condition of all reproductive classes in both



246 Mar Ecol Prog Ser 658: 237-252, 2021

Calf length (m)

T T T
11.0 11.5 12.0 12.5 13.0 13.5
Maternal length (m)

T
20 40 60 80 100
Day of year

Fig. 6. Partial effect plots of gray whale calf body length as a function of (A) maternal body length and (B) day of year. The

solid red lines represent the fitted values of the best-fitting linear mixed effect model (Model 6 in Table 3). The dashed red

lines represent 95 % confidence intervals. In (A), day of year was fixed at 55 (24 February), which is the middle of the gray

whale winter breeding season. In (B), maternal body length was fixed at 12.15 m, which represents the average body length
of a lactating female in the dataset. N = 225 measurements from 91 mother—calf pairs

Table 4. Body morphometric and condition data of stranded emaciated gray whales. Rep: reproductive class; BL: body length;
G: girth at different points along the body (see Section 2.5 for details); BV: body volume; BC: body condition; M: male; F: female;
Juv: juvenile; —: missing data points. Dates are given as yr-mo-d

ID Date Sex Rep BL (m) Gl(m) G2(m) G3 (m) G4 (m) G5 (m) BV (m?) BC (%)
C-105  2000-04-08 M Juv 8.24 2.42 2.64 3.20 - - 3.13 —48.7
C-479  2015-10-22 F Juv 8.14 2.80 - 1.80 1.46 3.91 -33.6
C-593  2019-03-10 F Juv 8.16 - 2.80 - - 2.69 -54.7

2018 and 2019 were significantly lower compared to
2017. Although elevated stranding numbers were
not documented in 2018, the numbers of mother—calf
pairs in LSI (and in other winter aggregation and
lagoon areas in Baja California) were lower than
expected in both 2018 (86 pairs) and 2019 (41 pairs)
compared to 2017 (218 pairs) and before (Urbéan et
al. 2018, 2019). Our findings are in agreement with
those of Ronzoén-Contreras et al. (2019, 2020), who
used visual qualitative scoring methods (Bradford et
al. 2012) to classify the body condition of gray whales
into ‘good’, ‘'fair' or ‘poor’ condition. They found a
higher proportion (23.6 and 30.0 %) of single (juve-
nile/adult) whales in ‘poor’ body condition in 2019
and 2020, compared to previous years (4.9-8.2%)
and a higher proportion of lactating females in ‘fair’
condition in 2018 and 2019.

Taken together, our findings suggest that poor
body condition and starvation contributed to the 2019—-
2020 gray whale UME. Between 2012 and 2018, the
majority of stranded whales in Mexico were calves,
whereas during the 2019-2020 UME, juveniles and
adults made up the majority of deaths (Martinez-
Aguilar et al. 2019, 2020). Our body condition data

support this pattern, with juveniles and adults being
in significantly poorer condition (~0-10 and ~10-20 %
BC, respectively) compared to lactating females
(~25-35% BC) when arriving on the Mexican breed-
ing grounds (Fig. 5). Although juveniles spent rela-
tively less energy than adults while on the breeding
grounds, as would be expected since juveniles do
not carry the added energetic costs of reproduction
(Christiansen et al. 2013, 2016), both reproductive
classes were in similarly poor condition (ca. —20%
BC) at the end of winter breeding seasons of 2018
and 2019 (and seemed to be metabolising fat from
the same body region). This was only slightly above
the estimated body condition of the visibly emaciated
gray whale juvenile (-30.1%) measured alive in
Cabo Pulmo. With the body condition of juveniles
and adults expected to decrease even further during
the northbound migration, it is possible that some
individuals in 2018 and 2019 would have fallen
below the lower body condition threshold derived
from the stranded emaciated whales (-45.7). This
could explain the high proportion of stranded adults
and juveniles during the 2019-2020 UME, and also
the fact that most strandings occurred towards the
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end of the winter breeding season and during the
northern migration, when the animals had depleted
their energy reserves (Martinez-Aguilar et al. 2019,
2020). In contrast, despite the high cost of lactation in
baleen whales (Lockyer 1981, Christiansen et al.
2016, 2018), gray whale mothers were still in rela-
tively good condition (14.4 and 17.4 percentage
points higher than juveniles and adults, respectively)
at the end of the 2018 and 2019 winter breeding sea-
son. This suggests that most lactating females would
have survived the northbound migration back to the
feeding grounds in those years. The facts that food
resources of calves are ensured as long as their moth-
ers live, that mothers were in relatively good condi-
tion of at the end of the winter breeding seasons, and
that dead calves are less likely to strand and may be
discovered, could explain the relatively low number
of dead calves during the 2019-2020 UME.

In baleen whales, mature females generally build
up large body fat reserves during pregnancy to com-
pensate for the additional energetic costs of gestation
and lactation (Lockyer 1987, 2007, Vikingsson 1990,
Christiansen et al. 2013). Our data show that for gray
whale females, most of the fat reserves are stored
around the mid-region of the body, between 40 and
70 % BL. The time it takes a female to build up these
reserves will depend on the life history of the species
(Lockyer 1984) and the amount of food available dur-
ing the feeding season (Perryman et al. 2004, Leaper
et al. 2006). The typical inter-calving interval of the
eastern North Pacific gray whale is 2 yr, but can be 3
or more years (Rice & Wolman 1971, Blokhin 1984,
Jones 1990). Hence, if a female does not have suffi-
cient energy reserves to reproduce in a given year,
she may simply postpone breeding for another year,
during which time she may accumulate additional fat
reserves (Rolland et al. 2016, Villegas-Amtmann et
al. 2017). Consequently, late pregnant and early lac-
tating females on the breeding grounds are generally
in considerably better body condition compared to
other reproductive classes (Christiansen et al. 2016,
2020a), as supported by our data. The overall higher
body condition of lactating females could explain
why few mother—calf pairs were found among the
dead whales associated with the UME in 2019-2020,
despite their relatively lower condition compared to
2017. However, if a mother and calf died during the
migration, it is unlikely that the 2 carcasses would
wash up on the same beach, and without a necropsy
(most stranded whales were too decomposed, Gul-
land et al. 2005), it would be impossible to know if a
stranded female had been lactating or not. Thus, it is
possible that at least a proportion of the high number

of adult females that stranded during the first year of
the 1999-2000 and the 2019-2020 UMEs (Le Boeuf et
al. 2000, Gulland et al. 2005, Martinez-Aguilar et al.
2019) were in fact lactating females.

Although poor maternal body condition is known
to suppress calf growth rates (Christiansen et al.
2018) and body condition (Christiansen et al. 2016) in
baleen whales, we found no effect of maternal body
condition on calf body length in gray whales. This
suggests that the mothers were still investing the
same amount of energy into their calves, irrespective
of their own body condition at the beginning of the
winter breeding season, and consequently their body
condition may decline to a low level. The long-term
consequence of this strategy would be that post-
weaning females will need more time to build up the
necessary fat reserves to breed again, which will
reduce calving rates rather than calf survival (Rol-
land et al. 2016). This would help explain the low
calving rates of gray whales in LSI between 2018 and
2020. However, it is also important to note that our
body condition index is based on the estimated body
volume of the whales (relative to body length), which
does not account for potential variations in tissue
composition, or within body variation in lipid content
of various tissues through the winter breeding season
(Lockyer 1981, Gunnlaugsson 2020). By combining
aerial photogrammetry (to measure body volume)
with hydrodynamic glide models applied to animal-
borne tag data (to estimate tissue density, Narazaki
et al. 2018), a more accurate estimate of energy con-
tent, and hence body condition, could be obtained in
future studies.

While our study indicates that the suppressed sur-
vival and reproductive rates of gray whales during
the UMESs of 2019-2020 and 1999-2000 were, at least
partly, caused by starvation, the underlying factors
that caused this reduction in body condition has not
yet been determined. The lower body condition of
gray whales on their Mexican breeding grounds in
2018 and 2019 could have been caused by (1) an
increase in energy expenditure during the winter
breeding season in Mexico, (2) an increase in energy
expenditure and/or a reduction in feeding opportuni-
ties during the southbound migration or (3) a reduc-
tion in foraging success and/or an increase in energy
expenditure during the previous feeding season.

An increase in energy expenditure of gray whales
on their winter breeding grounds in Mexico could
result from external factors, such as water tempera-
ture and anthropogenic factors (e.g. stress). The
number of boats (including whale-watching vessels)
operating in LSI were similar across the study period,
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so the exposure of noise on individual whales should
also have been similar between years. During both
UMESs, water temperatures at the Mexican breeding
grounds were lower than average, resulting in a
southward shift in gray whale winter distribution (Le
Boeuf et al. 2000, Gulland et al. 2005, Urban et al.
2018, 2019, Martinez-Aguilar et al. 2019), as the ani-
mals generally seek optimal temperatures during the
winter breeding season (Gardner & Chavez-Rosales
2000, Salvadeo et al. 2015). This change in water
temperature and distribution did not seem to affect
the energy expenditure of gray whales in LSI during
the winter breeding seasons of 2018 and 2019, since
the intra-seasonal rate of body condition decline was
the same as in 2017. Further, the poorer body condi-
tion of gray whales in 2018 and 2019 was already vis-
ible by the time the whales arrived on their Mexican
breeding grounds. Aerial photogrammetry research
of southbound gray whales in 1999 found the same
pattern, with whales already arriving at their breed-
ing grounds in poorer body condition (Perryman et
al. 1999). This suggests that the underlying cause of
the 2018 and 2019 decline in gray whale condition
began either on the feeding grounds or during the
southbound migration.

The long-distance migration of gray whales un-
doubtedly carries significant energetic costs, which
might vary between years due to variation in feeding
opportunities (and location of foraging habitat) along
the way and/or environmental or anthropogenic fac-
tors (Villegas-Amtmann et al. 2017). Gray whales
feed opportunistically in several locations along their
migratory route (Pike 1962, Sund 1975, Moore et al.
2007, Lagerquist et al. 2019, Soledade Lemos et al.
2020), and annual variations in the relative prey pro-
ductivity of different foraging habitats could influ-
ence their body condition before they arrive at their
Mexican breeding grounds. Human activities (e.g.
shipping, naval activities, fisheries, oil and gas explo-
ration and whale watching) along the migratory route
could result in gray whales deviating from their opti-
mal migration path (and hence extending the dis-
tance travelled, Frankel & Stein 2020, Sprogis et al.
2020) and/or increasing their metabolic rate (due to
stress or increased swim speed) to avoid the stressors
(Sumich 1983, Christiansen et al. 2014a). If the in-
dividual exposure to such stressors is sufficiently
high, it could reduce the body condition of the
whales before they arrive at their Mexican breeding
grounds.

The poorer body condition of gray whales in 2018
and 2019 could also be due to a decline in prey on
their feeding grounds. Benthic amphipods are of

great importance to gray whales in the Bering and
Chukchi Seas, with 2 species comprising 90% of
their food intake (Nerini 1984, Highsmith & Coyle
1992, Coyle & Highsmith 1994). Since the late 1980s,
there has been a decline in the abundance and bio-
mass of the amphipod community in the central
Chirikov Basin, the main feeding area for gray
whales in the Bering Sea, which in turn is believed to
be caused by a change in the benthic community
(Highsmith & Coyle 1992, Serenko & Koltun 1992,
Coyle & Highsmith 1994, Grebmeier & Dunton 2000,
Le Boeuf et al. 2000). In addition, Perryman et al.
(2002, 2020) found a positive correlation between the
length of time that primary feeding habitats in the
Bering and Chukchi Seas were free of seasonal ice
and the production of gray whale calves in the fol-
lowing year. This suggests a close relationship be-
tween prey availability and female body condition
and reproduction. Soledade Lemos et al. (2020) found
that gray whales on their foraging grounds along the
Oregon coast, USA, were in significantly poorer con-
dition in 2017 and 2018 (prior to the 2018 and 2019
winter breeding seasons, respectively), but notin 2016
(prior to the 2017 winter breeding season), which is
in agreement with our findings. They explained the
poorer condition of gray whales in 2017-2018 to be
caused by lower upwelling, and consequently prey
productivity, off the US west coast between 2016 and
2018 (Soledade Lemos et al. 2020).

Disease could also have contributed to the poor
body condition of gray whales in 2018 and 2019.
Infectious diseases, especially viral infections, are
known to cause mass mortality events in cetaceans,
and can affect all reproductive classes (Van Bressem
et al. 2009, 2014, Stephens et al. 2014, Morris et al.
2015). Infected animals often suffer a reduction in
body condition, which in turn can increase the likeli-
hood of further infection, which further reduces con-
dition in a synergetic relationship (Beldomenico et al.
2008). Gulland et al. (2005) speculated that diseases,
biotoxins and chemical contaminants could have
contributed to the 1999-2000 gray whale UME; un-
fortunately, not enough data from stranded animals
were available to test this hypothesis. While the same
holds true for the 2019-2020 UME, it is still possible
that diseases could have contributed to the observed
reduction in gray whale body condition in 2018 and
2019. The whales could have attained the disease by
feeding in certain areas or on certain prey species
during those years.

Finally, density-dependent factors might be at
play, with the eastern North Pacific gray whale pop-
ulation starting to reach the presumed current carry-
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ing capacity of their environment (Moore et al. 2001,
2003). During the 1999-2000 gray whale UME, the
population was believed to have been reduced by
25% (Laake et al. 2012), after which the calving rate
remained low for 3 yr (1999-2001), but started recov-
ering again after 2002 (Perryman et al. 2004, 2020).
In LSI, the number of mother—calf pairs was increas-
ing from 2011 to 2017, after which it declined signifi-
cantly in 2018, 2019 and 2020 (Urbén et al. 2019,
2020). If density-dependent factors are similarly in-
fluencing the gray whale calving rate, future surveys
should detect a recovery of the calving rate following
a reduction in the population size attributable to the
2019-2020 UME, and such surveys should be a
future research priority.

In summary, our study shows that the 2019-2020
gray whale UME was associated with poor body con-
dition of whales on the Mexican breeding grounds.
Starvation could hence have played an important
role in the UME, although other factors (e.g. disease
or human disturbance) cannot be ruled out. Gray
whales arrived at their Mexican breeding grounds in
significantly poorer body condition in 2018 and 2019,
suggesting that this decline in body condition must
have occurred either during the previous feeding
season and/or during the southbound migration.
Measuring the body condition of gray whales early
in the southbound migration should therefore be a
future research priority. The reduction in body condi-
tion of gray whales in 2018 and 2019 suggests that
some individuals did not have sufficient energy
reserves to sustain themselves throughout the winter
breeding season. That the whales still undertook the
full migration to their Mexican breeding grounds
indicates that gray whales are obligate migrators
(Sumich 2014). For juveniles and adults, the effect
might have been cumulative, with negative conse-
quences on survival manifesting themselves towards
the end of the 2019 breeding season. For lactating
females, this reduction in body condition did not
seem to have led to death by starvation, but would
instead have prolonged the post-weaning recovery
period of females, which could have caused the
reduction in calving rates in both 2018 and 2019.
Photo-ID data of known breeding females in LSI will
help determine this in coming years. Finally, it is pos-
sible that some of the dead adults in 2019 were post-
weaning females, which were still trying to recover
their energy reserves from the previous breeding
season. This reproductive class would have been par-
ticularly susceptible to further reductions in body
condition and could explain the high proportion of
adult females found among the stranded dead whales

during the first year of both gray whale UMEs (Le
Boeuf et al. 2000, Gulland et al. 2005, Martinez-
Aguilar et al. 2019). Although the full extent of the
current gray whale UME is yet to be determined, the
latest field season in LSI in 2020 still showed an in-
crease in the number of stranded dead whales, low
numbers of mother—calf pairs, and observations of
whales trying to feed in the shallow areas of the
breeding lagoon (Martinez-Aguilar et al. 2020).
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