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Abstract

Changes in body size have been documented across taxa in response to human ac-
tivities and climate change. Body size influences many aspects of an individual's
physiology, behavior, and ecology, ultimately affecting life history performance and
resilience to stressors. In this study, we developed an analytical approach to model
individual growth patterns using aerial imagery collected via drones, which can be
used to investigate shifts in body size in a population and the associated drivers.
We applied the method to a large morphological dataset of gray whales (Eschrichtius
robustus) using a distinct foraging ground along the NE Pacific coast, and found that
the asymptotic length of these whales has declined since around the year 2000 at an
average rate of 0.05-0.12m/y. The decline has been stronger in females, which are
estimated to be now comparable in size to males, minimizing sexual dimorphism. We
show that the decline in asymptotic length is correlated with two oceanographic met-
rics acting as proxies of habitat quality at different scales: the mean Pacific Decadal
Oscillation index, and the mean ratio between upwelling intensity in a season and
the number of relaxation events. These results suggest that the decline in gray whale
body size may represent a plastic response to changing environmental conditions.
Decreasing body size could have cascading effects on the population's demography,
ability to adjust to environmental changes, and ecological influence on the structure
of their community. This finding adds to the mounting evidence that body size is
shrinking in several marine populations in association with climate change and other
anthropogenic stressors. Our modeling approach is broadly applicable across mul-

tiple systems where morphological data on megafauna are collected using drones.
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1 | INTRODUCTION

The distribution of body sizes within a population can vary as a
plastic response to changing environmental conditions, and on an
evolutionary scale due to selective pressures on smaller or larger
individuals (Gardner et al., 2011; West-Eberhard, 2003). In recent
decades, studies across ectotherms and endotherms have docu-
mented declines in body size in association with anthropogenic
changes in the global climate, for example, rising temperatures,
ocean acidification, and altered precipitation patterns (Gardner
et al., 2011; Isaac, 2009; Sheridan & Bickford, 2011). Among
the many examples spanning taxa and time scales, body size
has been varying alongside climate in multiple species of birds
(Weeks et al., 2020; Yom-Tov, 2001), fish and other aquatic or-
ganisms (Avaria-Llautureo et al., 2021; Daufresne et al., 2009),
amphibians (Reading, 2007), and mammals (Hoy et al., 2018; Ozgul
etal., 2009; Post et al., 1997; Smith et al., 1995). This evidence has
led to the suggestion that decreasing size constitutes a common
response to climate change (Sheridan & Bickford, 2011), although
this hypothesis and the underlying mechanisms are still debated
(Gardner et al., 2011). Proximately, changes in body size are gen-
erally driven by variation in the quality and availability of food
resources, which affect nutrition and thus can promote or limit
individual growth (Gardner et al., 2011; Yom-Tov & Geffen, 2011).
For example, fluctuations in body weight and allometry of co-
horts of red deer (Cervus elaphus) were associated with the North
Atlantic Oscillation, which influences temperature and precipita-
tion patterns with cascading effects on the growth of plant re-
sources (Post et al., 1997).

The body size of an individual affects many physiological,
behavioral, and ecological processes, including metabolic rates,
thermoregulation, feeding success, the ability to store energy
reserves, competition, and predation (Calder, 1984; Schmidt-
Nielsen, 1984). As such, it exerts immense influence on most life
history parameters. For example, body size is a key driver of sur-
vival and lifespan across taxa (Metcalfe & Monaghan, 2003). It is
also related to the time of sexual maturity, and the rate and suc-
cess of reproductive attempts thereafter (Blueweiss et al., 1978).
Therefore, the distribution of body sizes in a population has
consequences on its demography (Sauer & Slade, 1987) and,
ultimately, its resilience to stressors (lsaac, 2009). If global cli-
mate change is associated with reductions in body size, smaller
sizes could aggravate a population's ability to adjust to these
changing conditions (lsaac, 2009; Sheridan & Bickford, 2011).
In support of this theory, Cerini et al. (2023) and Clements and
Ozgul (2016) proposed that changes in body size may be early sig-
nals of population decline. For example, the body size of equids
rapidly decreased before their extinction in North America in the
Pleistocene (Guthrie, 2003). In harvested populations, a dramatic
decline in body size in baleen whales caught during commercial
whaling operations preceded the global collapse of stocks by up
to 40vyears (Clements et al., 2017), while the collapse in biomass

in Atlantic cod (Gadus morhua) followed on from similar size shifts
(Olsen et al., 2005).

Among marine mammals, changes in body size have been associ-
ated with density dependence in sperm whales (Physeter macroceph-
alus) (Kasuya, 1991), increased prey availability to harbor porpoises
(Phocoena phocoena) (Read & Gaskin, 1990), nutritional stress in
killer whales (Orcinus orca) (Groskreutz et al., 2019), and reduction
in sea ice for polar bears (Ursus maritimus) (Rode et al., 2010). In
critically endangered North Atlantic right whales (Eubalaena glacia-
lis), exposure to multiple stressors is hypothesized as the cause of
a multidecadal decrease in length (Stewart et al., 2021). In general,
understanding how growth patterns vary as a function of habitat
quality was identified as a key knowledge gap in a recent review of
marine mammal growth (Adamczak et al., 2023), requiring extensive
datasets on individual size and morphology.

The use of unoccupied aircraft systems (hereafter “drones”) has
revolutionized the collection of morphological data in free-ranging
megafauna (Johnston, 2019). Photogrammetry methods can be ap-
plied to the aerial images collected from drones to derive unprec-
edented information on individual length and girth (e.g., Bierlich
et al., 2021; Christiansen et al., 2019; Dawson et al., 2017; Durban
et al., 2015). Some of the resulting datasets for cetaceans are now
sufficiently large to contain repeated measurements of individuals
over extended periods of time. Such datasets provide the unique
opportunity to investigate individual growth patterns and address
some of the knowledge gaps regarding growth, environmental
conditions, and vital rates. However, aerial photogrammetry is as-
sociated with uncertainty that arises from different aspects of the
observation process. Analytical methods have been developed to
incorporate such measurement error in single observations (Bierlich
et al., 2021), but these methods have not taken into account that
observations form a time series of individuals' growth and conse-
quently have not explicitly ensured that there is consistency in indi-
vidual size over time (e.g., that an individual is not estimated to shrink
between consecutive time points). Building mechanistic information
on growth into these models is therefore required to improve size
estimation and to correctly investigate growth patterns of animals
within a population. Moreover, drone technology and photogram-
metry methods have improved rapidly over recent years. An explicit
model for growth could therefore help leverage the greater accuracy
of recent measurements of an individual to reduce the uncertainty
around data collected using older technology.

The Eastern North Pacific (ENP) population of gray whales
(Eschrichtius robustus; population size: 14,526 individuals; Eguchi
et al., 2023) spend the summer months in foraging grounds in the
Bering, Chukchi, and Beaufort Seas feeding on benthic amphipods
(Hildebrand et al., 2021), after migration from wintering lagoons
along Baja California Peninsula. In contrast, the Pacific Coast
Feeding Group (PCFG) is a small subgroup of ~212 gray whales
(Harris et al., 2022) that forage in shallow (<20m) coastal waters
between northern California (USA) and Vancouver Island (Canada)

often targeting pelagic zooplankton prey (Hildebrand et al., 2021)
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with distinct foraging tactics (Torres et al., 2018). It is unclear when
PCFG whales started using this coastline and why, but the first
available records in the northern part of their range date back to
the late 1960s and early 1970s, whereas presumed PCFG whales
have been reported along the coast of northern California as early
as 1920 (Bierlich et al., 2023; Rice & Wolman, 1971). Recent studies
indicate that individuals in the PCFG are in worse body condition
(Torres et al., 2022) and overall shorter (Bierlich et al., 2023) than
their ENP counterparts. These findings have led to a hypothesis
that the habitat of the PCFG provides an ecological opportunity
for smaller whales targeting alternative prey types in shallow hab-
itat and migrating over shorter distances. Alternatively, the PCFG
range could represent an ecological trap, where individuals gain less
energy due to different, lower-density prey or more costly foraging
tactics (Torres et al., 2022).

The PCFG foraging range is the nearshore habitat (within ~3km
of shore) of the Northern California Current system (NCCS), which is
part of an eastern boundary current upwelling system where strong
northerly winds in spring and summer bring cold, nutrient-rich waters
into the photic zone (Bograd et al., 2009). Local retention of these nu-
trients is critical to promote primary productivity that supports the
food web (Botsford et al., 2006; Wing et al., 1995). This retention is
facilitated by relaxation events, when the dominant northerly winds
cease and prevent nutrients from being advected offshore. The im-
portance of this alternation between upwelling and relaxation for
phytoplankton growth and zooplankton recruitment and aggrega-
tion is known as the Intermittent Upwelling Hypothesis (IUH; Menge
& Menge, 2013). In line with this hypothesis, recent evidence shows
that PCFG gray whale zooplankton prey, foraging effort, and density
is maximal when moderate levels of upwelling are interspersed with
relaxation events (Barlow et al., 2024). While the IUH may shape
gray whale foraging opportunities within their foraging range, basin-
wide oceanographic patterns, like the Pacific Decadal Oscillation
(PDO; Mantua & Hare, 2002; Newman et al., 2016), potentially reg-
ulate these upwelling and relaxation processes at a broader scale
(Bylhouwer et al., 2013; Macias et al., 2012). The PDO is known to
oscillate at an approximately decadal scale and to correlate with
various components of the ecosystem (e.g., Mantua et al., 1997,
Pfister et al., 2018; Shimabukuro et al., 2023), including ENP gray
whale calf production (Perryman et al., 2021). Both upwelling and
PDO cycles and intensity may be changing with climate change (e.g.,
Bograd et al., 2023; Litzow et al., 2020; Sydeman et al., 2014; Wang
et al., 2015), which may thus influence foraging conditions for PCFG
gray whales in the NCCS.

In this study, we use a 7-year morphological dataset from 130 in-
dividual PCFG gray whales to develop a Bayesian hierarchical mod-
eling approach for estimating individual growth patterns over time,
while accounting for the uncertainty associated with length estima-
tion from aerial imagery. We then apply the model to investigate the
temporal trend in individual size within this group of whales and test
its correlation with indices of ocean climate fluctuations (PDO and
the balance between upwelling and relaxation) at multiple temporal
scales.

30f13
= Global Change Biology g%\ ]_EYJ—

2 | METHODS
2.1 | Data collection and processing

Data collection on PCFG gray whales was carried out from a small
research vessel over seven foraging seasons (late May to mid-
October 2016-2022) along the coast of central Oregon, USA (de-
parting from Newport, OR, 44.6368°N 124.0535° W), as described
in Lemos et al. (2022). Visual surveys concentrated in the coastal
strip (<3km from shore), aiming to maximize whale encounters (i.e.,
surveys did not follow standardized transect lines). Individual whales
were photo-identified by comparing photographs taken in the field
with catalogs for the PCFG held by the Marine Mammal Institute at
Oregon State University and Cascadia Research Collective (Olympia,
WA, USA). Sex was derived from existing information in the catalogs,
previous genetic analyses (Lang et al., 2014), or genetic analyses of
the fecal samples (Lemos et al., 2020). Age in years was estimated
from the date of the first sighting, which provided either a known age
(i.e., whales first sighted as calves) or a minimum estimate (the time
elapsed from the first sighting, plus 1 because unknown-age individ-
uals could not be <1 year old at first sighting). For some individuals,
the identity of their mother was known from photo-identification
records, as they were first encountered as calves in the study area in
close association with an adult (see Data S1).

Aerial images of individual gray whales were collected using
drones deployed from the survey vessel. Over the years, different
drone models with improved technology were used (DJI Phantom 3
Pro, Phantom 4, Phantom 4 Pro, and two distinct Inspire 2 drones,
referred to as Inspire 2-a and Inspire 2-b; see Table S1 for all model,
camera, and altimeter specifications in different study periods). From
the drone footage, we extracted snapshots using VLC media player
(Version 3.16 VideoLAN), which were then processed and measured
using software MorphoMetriX and CollatriX (Bird & Bierlich, 2020;
Torres & Bierlich, 2020). All drones are susceptible to measurement
uncertainty associated with the camera, focal length lens, altimeter,
altitude, and pixel measurement (Bierlich et al., 2021). To account for
photogrammetric uncertainty associated with each drone, we car-
ried out calibration flights to collect training data of a known-sized
object at various altitudes throughout each field season (Bierlich
et al., 2021). Specifically, we collected videos of a 1.0m board float-
ing at the surface at altitudes between 13 and 62m and extracted
snapshots using VLC media player to measure in MorphoMetriX (W.
Torres & Bierlich, 2020; Table S2).

2.2 | Environmental data

We accessed data on two environmental indices influencing the
oceanography of the ENP at different spatiotemporal scales, to in-
vestigate their correlation with gray whale length. Monthly values
of the PDO index were derived from NOAA National Centers for
Environmental Information (https://www.ncei.noaa.gov/access/

monitoring/pdo/) and summarized as annual means. Because PDO
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is a decadal index, we tested its correlation with asymptotic length
at two large temporal scales: (1) the mean annual PDO over the
10vyears prior to the birth of an individual, representing the PDO
regime experienced by the mother, and (2) the mean annual PDO in
the 10years after birth, representing the PDO regime an individual
experienced during the growth phase.

As a more proximate metric of habitat quality in the PCFG range,
we derived a second index from the daily values of the Coastal
Upwelling Transport Index (CUTI) at 44°N, representative of ver-
tical transport near the study area (Jacox et al., 2018), which were
downloaded from https://mjacox.com/upwelling-indices/. We classi-
fied each day between the observed spring transition date and the
observed end date of the upwelling season as either a relaxation day,
when the daily CUTI was below the mean daily CUTI value during
the upwelling season (across years) at 44° N, or an upwelling day oth-
erwise. We then calculated two annual metrics: the Total Upwelling
Magnitude Index (TUMI), that is, the cumulative sum of the CUTI
index (Bograd et al., 2009) on upwelling days only, and the total
number of relaxation days during the upwelling season. We took
the ratio of these two metrics to represent the balance between up-
welling and relaxation in the system. We tested the correlation of
the resulting index with asymptotic length at three temporal scales,
which represent three different biological hypotheses for how gray
whales may achieve their asymptotic body size: (1) the mean index
in the 2years prior to birth was taken to represent the environmen-
tal conditions experienced by the mother during the year prior to
pregnancy and during gestation; (2) the mean index in the 5years
after birth was assessed to capture the environmental conditions ex-
perienced by a young individual as it undergoes its phase of fastest
growth; and (3) the mean index across both periods (from 2years
prior to birth until 5years after birth) was investigated to assess the
influence of environmental conditions experienced by the mother

and by the calf.

2.3 | Statistical analysis

We developed an analytical approach that combines a process
model for whale growth over time and an observation model to ac-
count for the uncertainty associated with length estimation from
aerial imagery.

For the process component, we used a Putter growth curve,
following Bierlich et al. (2023) and Agbayani et al. (2020), assuming
that whale length did not change over one data collection season
(May-October; but see treatment of calf measurements below).

Specifically, the length of individual i on year t was formulated as:
L= A+ (1 - ek 00 (1)

where K is the growth rate, Vit is the age of the individual in years (see
Data S1 for a discussion of the age prior for unknown-age individu-
als; Figures S5 and S6), t, is the age at which size is 0, and A; is the
individual-specific asymptotic length.

We evaluated the occurrence of a temporal trend in the as-
ymptote using a broken-stick formulation (model version v1; see
Data S1 for discussion on the choice of this functional form and
for exploration of a temporal trend in the growth rate parameter K;
Figures S7 and S9). Specifically, we assumed the mean asymptotic
length for the population, A, was constant up until a breakpoint, 5,
after which A was assumed to change over time, according to the

slope v:
Ai=b-A+(1-b)-[A+0v-(B-5)] +¢ (2)

where b is an indicator variable taking value 1 if the birth year of that
individual (B)) is <6 and O otherwise. ¢; represents an individual-level

random effect, with standard deviation ,:
&; ~Normal (0,5,) (3)

Separately, we investigated whether the temporal trend varied
by sex (s; model v2), by fitting a distinct intercept and slope for the
asymptote:

Ai=b-A +(1-b)-[A, +uv, - (B —5)] +¢ (4)

In alternative to the temporal trend, we tested the correlation
between PDO and the asymptote using:

A =A+p, - E+¢ (5)

where E; is the mean annual PDO index summarized either over the
10vyears prior to the birth of individual i (model v3.1) or over the 10years
after birth (model v3.2), and 4, is the corresponding coefficient. Finally,
we tested the correlation between the mean ratio of TUMI on upwell-
ing days to the number of relaxations (R) and the length asymptote,

using the same formulation presented in Equation 5:
A =A+p, R +¢ (6)

As detailed above, the mean ratio R; was calculated at three dif-
ferent scales (2years prior to birth, model v4.1; 5years after birth,
model v4.2; from 2years prior until 5years after birth, model v4.3),
representing three hypotheses for how environmental conditions
may associate with gray whale growth. Note that the CUTI index
(and thus the TUMI-derived covariate) is only available from 1988
onwards; therefore, we provided a uniform prior distribution (rang-
ing between the minimum and the maximum values in the data) for
the missing values of the ratio in earlier years, from which the mean
R; was then calculated. The three sets of covariates that were in-
vestigated in the model (i.e., year, PDO, and the ratio of TUMI to
number of relaxations) are highly collinear (see Data S1). Therefore,
their concurrent inclusion in the same model affects the stability of
the estimation of model coefficients (Belsley et al., 1980; Dormann
et al.,, 2013), as we demonstrate in the Data S1, and is not discussed
further.

In the first year of life, calves have a faster growth rate, which is
generally captured using a two-phase growth model (e.g., Agbayani
et al., 2020). However, we did not have precise data on calf ages
to inform the first growth phase. Therefore, we drew the length
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of <1-year-old calves from a uniform distribution ranging between
3.5m (approximately 1 m shorter than the reported average size at
birth; Agbayani et al., 2020) and the estimated length of that individ-
ual at age 1year, thatis,

Lo ~ Uniform (3.5,L;,) (6)

We retained this modification for consistency with previous
work on baleen whales, but note that modeling calves' length using
the same growth model as for non-calves had no effect on the re-
sults (Data S1).

The observation component was based on the Bayesian uncer-
tainty model proposed by Bierlich et al. (2021). For simplicity, the
subscripts indicating the measured individual, the measurement
date and the corresponding images are omitted from the equations
below. Following Bierlich et al. (2021), the expected length of an ob-
ject in pixels (P) was thus modeled as:

P=L-f-1/@-95) (7)

where L is the true length of the object (in m), f is the focal length of the
camera (in mm), | is the image width (in pixels), a is the altitude (in m),
and S is the sensor width of the camera (in mm). The true length in pixel

is measured with error (o), that is,
X ~ Normal (P, op) (8)

There is also uncertainty around the measured altitude (v), which
depends on the methodology used for measurement (m=1, 2; ei-
ther a barometer or a laser altimeter respectively) and on the drone
model (d=1, 2, ... 5; note that the two Inspire 2 drones were treated
separately; see Data S1):

Vym ~ Normal (a + ¢4 m, @gm ) 9)

where a is the true altitude, Cymisa bias parameter specific to the
barometer and/or laser altimeter of each drone type, and Pam is
the associated standard deviation. Note that multiple aerial im-
ages of the same object could contribute to inform its true length
(Bierlich et al., 2021). Length was known and equal to 1 m for the
training data, which informed the parameters of the observation
model.

Models were fitted in a Bayesian framework using Markov
chain Monte Carlo (MCMC) algorithms implemented in package
NIMBLE v1.0.0 (de Valpine et al., 2017) for R (R Core Team, 2023;
see Tables S5-511 for a list of the priors of all model parameters, and
an exploration of the sensitivity of the results to the specification
of the priors for the growth curve). Three chains were iterated in
parallel for 1,000,000 iterations with a burn-in of 20,000 iterations.
Chains were thinned to manageable object sizes by retaining 1 in
1000 iterations. Convergence and mixing were assessed by visu-
ally inspecting trace and density plots. Moreover, we ensured that
the Brooks-Gelman-Rubin diagnostic fell below 1.1, that the Monte
Carlo error was less than 5% of the sample standard deviation, and
that the effective sample size was >400 for all parameters (Lunn
etal., 2013).
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3 | RESULTS

We measured 130 individual gray whales over the 7-year study pe-
riod, amounting to a total of 827 images of 293 unique individual-
year combinations. Specifically, 54 individuals were measured only
in 1year, 36 in two separate years, 19 in 3years, 6 in 4years, 6 in
5years, 7 in 6years, and 2 in 7 years. Age was known for 39 individ-
uals (30%), while sex was known for 75% of individuals (54 females
and 44 males). MCMC algorithms mixed and converged correctly,
returning a satisfactory posterior effective sample size. The pos-
terior estimates of all model parameters are reported in Data S1
for the four versions of the model (Tables S5-511); here, we pre-
sent the estimates (posterior medians and 95% credible intervals
in square brackets) for version v1, except where otherwise stated.

The estimated curve indicates that PCFG gray whales undergo
a period of rapid growth until an age of approximately 10-15years,
after which growth slows down, approaching the asymptote
A=12.19m [11.96-12.48] at around 20-25years of age, prior to the
breakpoint (Figure 1a). However, we found large individual varia-
tion around this asymptotic length (o,=0.68 [0.57-0.83]), with the
largest individual estimated to reach 13.13m [12.47-13.76], and the
smallest only reaching 9.79 m [9.21-10.34]. The sex-specific analy-
sis (model v2) indicates that males had a smaller asymptotic length
than females prior to the breakpoint (males: 11.67 m [11.41-11.94];
females: 12.55m [12.31-12.86]; Figure 1b).

The average length asymptote remained stable at A until around
2000 [1992-2005], after which it is estimated to have declined at a
rate of -0.08 m/y [-0.12 to -0.05] (Figure 2a). The decline was stron-
ger in females (-0.14m/y [-0.20 to -0.09]) than in males, where the
posterior distribution overlapped with 0 (-0.03m/y [-0.08 to 0.01];
Figure 2b). Model v3.1 shows that declining asymptotic length was
positively correlated with the mean of PDO over the 10years prior
to an individual's birth (5, =1.08 [0.67-1.46]; Figure 3a), while there
was no correlation with mean PDO over the 10years after birth
(model v3.2; #,=0.15 [-0.35-0.66]; Figure 3b). The decline in as-
ymptotic length was also negatively correlated with the mean ratio
between TUMI on upwelling days and the number of relaxations
summarized over 2years prior to birth (model v4.1; p,=-1.79 [-2.67
to -0.86]; Figure 3c), 5years after birth (model v4.2; §,=-1.32 [-2.22
to -0.40]; Figure 3d), and from 2years prior until 5years after birth
(model v4.3; g,=-1.65 [-2.64 to -0.66]; Figure 3e).

The observation model estimates that pixel measurements had a
median standard deviation of 4 pixels [3-5]. Additional uncertainty
surrounding length estimation was associated with the measure-
ment of altitude using different altimeters and drone types. The
best-performing configuration was the Inspire 2-a drone equipped
with a laser altimeter (bias=-0.36m [-0.54 to -0.17]; standard
deviation=0.91m [0.80-1.05]), while the worst performing was
the Phantom 4 drone with altitude measured using a barometer
(bias=2.98m [2.12-3.82]; standard deviation=3.48m [2.98-4.16];
see Data S1 for posterior results for all drone specifications). However,

when recent measurements of an individual using an Inspire 2 with a
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FIGURE 1 Posterior medians (points) and 95% credible intervals (dotted segments) of the estimated length of individual gray whales.
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line and ribbon visualizing the average growth curve for animals prior to breakpoint § (i.e., the year after which the population asymptote is
estimated to vary), and the red dashed line reporting the median expected growth curve for an animal born in 2015 (after the breakpoint). In
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growth curves for females and males prior to breakpoint §.
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FIGURE 2 Posterior medians (points) and 95% credible intervals (dashed vertical segments) of the estimated length asymptote of
individual gray whales, plotted against the estimated birth year (95% credible intervals represented as dotted horizontal segments). In (a),
results of model v1, with the green line and ribbon representing the estimated temporal trend in length asymptote. In (b), results of model
v2, where a separate temporal trend was estimated for males (light blue line and ribbon) and females (red line and ribbon).

laser altimeter were available, the process model for growth allows for
a substantial reduction in the uncertainty around older measurements
with Phantom drones equipped with a barometer (e.g., Figure 4),
which becomes particularly relevant for the 60 (out of 130) individu-
als that were only measured using Phantom drones. In the Data S1 we
show that, despite the high bias and low precision estimated for the
Phantom measurements, the inclusion of these data does not bias the
median estimates and contributes to reduce the uncertainty.

4 | DISCUSSION

Using an analytical approach that models individual growth while ac-
counting for measurement uncertainty in aerial photogrammetry, we
found that the asymptotic length of a subgroup of gray whales feed-
ing along the northeastern Pacific coast has decreased. The tempo-
ral trend in the asymptote of length followed a broken-stick form,
with the decline starting around 2000 [1992-2005]. Remarkably, an
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comparison of the temporal trends of the length asymptote and the climate indices used in the model.

animal born in 2020 was estimated to reach a maximum length that
was 1.65m [1.38-1.96] shorter than that of an animal born in the
1980s. This decline in length was correlated with the trends in two
climate indices that capture the productivity of the system at differ-
ent scales, suggesting it could represent a plastic response to chang-
ing environmental conditions.

The decreasing body size of these gray whales could have im-
portant consequences for the demography of the PCFG. A smaller
size will likely affect several aspects of individuals' physiology, be-
havior, and ecology (Calder, 1984; Schmidt-Nielsen, 1984). These
consequences are particularly true for a capital breeding species
(Stephens et al., 2009) that relies on energy reserves stored during
the feeding season to support migratory, maintenance, and repro-
ductive costs throughout the winter months. Ultimately, smaller
structural size is expected to limit the amount of reserve mass an in-
dividual is able to carry, which may impact their ability to survive and
reproduce successfully (Adamczak et al., 2023; Pirotta, 2022). For
example, decreasing body size was associated with declining calv-
ing probability in North Atlantic right whales (Pirotta et al., 2024;
Stewart et al., 2022). We found that the decline in body size was
especially marked in females, which were historically larger than

males (12.53m [12.29-12.81] vs. 11.68m [11.42-11.94]; Agbayani
et al., 2020; Bierlich et al., 2023) but were estimated in our study to
have shrunk to the same size or smaller in recent years. Isaac (2009)
hypothesized that drivers of body size (e.g., environmental variation)
may affect the growth of the two sexes disproportionately, with
cascading consequences for sexual dimorphism, mating dynamics,
and fecundity. The sharp decline in female size emerging from our
analysis is particularly concerning, because females bear the entirety
of the energetic costs of gestation and lactation (Villegas-Amtmann
etal., 2015).

Recent abundance estimates for the PCFG indicate that the sub-
group has been largely stable until 2015, after which a slight decline
was inferred (Harris et al., 2022). Age at sexual maturity and calving
rates are unknown, but it is possible that the worse body condition
documented for this subgroup compared with the broader ENP pop-
ulation (L. G. Torres et al., 2022) impacts the time it takes individuals
to grow to sexual maturity, which could cause them to be shorter
(Bierlich et al., 2023) and thus less able to accumulate adequate re-
serves to support reproduction. These differences between PCFG
and ENP whales may be increasing if the declining body size we de-
tected is restricted to the PCFG. In general, our findings are relevant
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FIGURE 4 Posterior length estimates (median and 95% credible interval) for a sample of individual whales (identified using the individual
code assigned by Cascadia Research Collective), obtained using the method presented here (blue) and compared with previous estimates
from the Bayesian uncertainty model by Bierlich et al. (2021); the process model for growth helped reconcile some of the inconsistencies
across measurements, and reduced the uncertainty around estimates obtained using earlier drones. Where recent measurements from
improved drone technology were not available (e.g., individual #1830), uncertainty remained large. The method allowed estimating the
growth of individuals that were followed through their juvenile years (e.g., individual #1779).

in the context of understanding why these individuals are using an
alternative foraging ground, and why the usage continues if this hab-
itat is associated with reduced growth. Differences in morphology
and body condition between ENP and PCFG individuals have led
to the contrasting hypotheses: (a) the PCFG habitat represents an
ecological opportunity for animals to migrate over shorter distances
and exploit a separate foraging niche, or (b) the PCFG range is an
ecological trap, whereby smaller individuals, which may not be able
to migrate as far as the Arctic or compete with larger individuals,
are constrained to use a region of lower prey density of energetic
gain (Bierlich et al., 2023; Torres et al., 2022). Future work should
investigate growth patterns in the broader ENP population, which
has undergone multiple large-scale mortality events associated with
malnutrition in the past three decades (Christiansen et al., 2021;
Gulland et al., 2005; Stewart et al., 2023), as other processes (e.g.,
density dependence) may also be causing a widespread size decline
throughout the entire species.

There could be multiple mechanisms causing the observed de-
cline in length, spanning from degrading habitat quality to increas-
ing disturbance from human activities. We found a correlation
between decreasing asymptotic length and two environmental
metrics summarized over different temporal windows, suggest-
ing that ocean climate conditions could be an underlying driver of
whale length. Calf production in the broader ENP population has
also been documented to positively correlate with PDO (Perryman
et al., 2021), but at a shorter time scale (PDO conditions during
early gestation). Moreover, this correlation was interpreted as an

effect of PDO on seaice cover in northern feeding grounds, which
would not apply to PCFG whales. Positive PDO phases are also
correlated with increased gray whale abundance in breeding la-
goons (Molina-Carrasco et al., 2024). In contrast, qualitative body
condition estimates of PCFG whales determined from lateral pho-
tographs were found to be negatively associated with the 2-year
running mean of PDO (Akmajian et al., 2021). Here, we investi-
gated the potential relationship with mean PDO conditions at a
temporal scale that is coherent with the scale at which the PDO
regime varies. The correlation with the 10-year mean prior to an
individual's birth could indicate that this long-term, multidecadal
climatic oscillation influences the characteristics of the habitat ex-
perienced by females in a given year. Indeed, the mean PDO at
this scale is negatively correlated with the second environmental
metric assessed in our analysis: the mean of the ratio between
total upwelling and number of relaxations (Figure S3; Bylhouwer
et al., 2013; Macias et al., 2012). The correlations between whale
length and summaries of this second metric aligns with oceano-
graphic research showing that productivity in the coastal waters
of Oregon is enhanced by the intermittency between upwelling
and relaxation conditions, with extremes in either state being
detrimental (Kudela et al., 2008; Menge & Menge, 2013). Recent
work also indicates that PCFG gray whale density across their for-
aging range is related to the interactive effect of upwelling and
relaxation, with high upwelling conditions associated with lower
abundance (Barlow et al., 2024). Similarly, zooplankton prey of
PCFG gray whales in coastal Oregon was found to be maximal at
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moderate values of upwelling and relaxation (Dawn et al., Under
review). We found a negative correlation between whale length
and the ratio of upwelling and relaxation at multiple tempo-
ral scales, before and after the birth of an individual (Figure 3).
Therefore, the asymptotic size of an individual might emerge from
the integration of the conditions experienced by the mother as she
prepares to reproduce and by the calf as it grows. The estimated
relationships between individual body size and these indices of
environmental quality remain purely correlative, and further ex-
ploration is warranted to determine the mechanistic drivers. As a
result, it cannot be concluded that these variables drove the de-
tected decrease in length in this population, which could also be
the result of other stressors such as expanding human activities
in the species' coastal habitat. Future studies should continue to
monitor the trends in gray whale morphology in association with
the PDO regime at a large scale, while further investigating the
role of the balance between upwelling and relaxation conditions as
a proxy of coastal habitat quality at a smaller time scale.

Albeit based on a small number of mother-calf pairs (n=9), there
is no indication that the smaller size of recently born calves was in-
herited from their mothers (Figure S14). This observation supports
the hypothesis that the phenotypic decline in length emerges from
a plastic response to changing environmental conditions, rather
than being the result of selection (Gardner et al., 2011). A similar
conclusion was reached when testing the contribution of ecolog-
ical processes and adaptive evolution to the decreasing body size
in Soay sheep (Ovis aries) (Ozgul et al., 2009). It should be noted
that gray whales estimated to have shorter asymptotic lengths
were also younger, that is, were further away from the asymp-
tote. Moreover, the assumptions made regarding individuals of
unknown age had some influence on the results (Figures S5 and
S6). However, the decline in length was still detectable across a
range of these assumptions, as well as when only using data on
individuals with measurement from 2 or more years (Figure S9).
Younger individuals that are currently smaller than expected may
be able to “make up” for missed growth in the future (Metcalfe &
Monaghan, 2001), although this contrasts with expected growth
patterns in cetaceans (Stewart et al., 2021). In mammals, condi-
tions in early life can lead to cohorts of individuals with distinct
phenotypic traits and life history performance (Forchhammer
et al., 2001; Metcalfe & Monaghan, 2001).

Our study has wide methodological implications beyond the
system under analysis. We build on previous analyses (Bierlich
et al., 2021, 2023) to develop an analytical approach that includes
an explicit mechanistic model for individual growth and incorporates
training data obtained from calibration flights, which are used to in-
form an observation component that accounts for various sources
of uncertainty from different drone configurations. The proposed
model thus expands on the model in Bierlich et al. (2023) by con-
necting measurements of a given individual at multiple time points
and ensuring the consistency of an individual's size over time.
Importantly, the direct inclusion of the observation model from
Bierlich et al. (2021) also supports the appropriate propagation of
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uncertainty across all steps of the analysis. In addition, the combi-
nation of the process and observation components allows refine-
ment of the accuracy and precision of estimates derived using more
error-prone configurations (as demonstrated in Figure 4). As such,
the model makes use of improvements in technology so that older
datasets can be retained in subsequent analyses. In contrast, pre-
vious studies have had to discard data points derived using earlier
methods with high levels of uncertainty (Bierlich et al., 2023). The
proposed approach is therefore directly applicable to the growing
number of study systems where megafauna is regularly monitored
using aerial imagery (Johnston, 2019). Building mechanistic informa-
tion into the analysis of these photogrammetry data, and accounting
for any measurement errors, are required for drawing robust infer-
ence about morphology, bioenergetics, and ecology.

In conclusion, our results contribute to the mounting evidence
that the body size of some populations of large marine predators
is shrinking (Groskreutz et al.,, 2019; Rode et al., 2010; Stewart
et al., 2021). Reducing body size could result from increasing pres-
sure from anthropogenic stressors, as well as represent a shared
response to global climate change (Gardner et al., 2011; Sheridan
& Bickford, 2011). The latter mechanism is supported by the correla-
tions we found in this study between gray whale body size and in-
dices of ocean climate conditions at different scales. It is imperative
that this hypothesis and the underlying functional mechanisms are
tested further with the expanding morphological datasets that are
being collected using emerging technologies, such as drones, and the
analytical approach presented here. Changes in the distribution of
body sizes in a population could precede impending population de-
clines and thus provide an early warning to trigger management and
conservation interventions (Cerini et al., 2023; Clements et al., 2017;
Clements & Ozgul, 2016). Moreover, the body size of predators can
have cascading consequences on their prey, with implications for un-
derstanding and predicting changes across the trophic dynamics of
communities (Shackell et al., 2010), although the potential for these
trophic effects is unknown for gray whales in the PCFG.
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