
1 of 16Marine Mammal Science, 2026; 42:e70091
https://doi.org/10.1111/mms.70091

Marine Mammal Science

ARTICLE OPEN ACCESS

How Robust is Eschrichtius robustus? A Novel Photographic 
Index of Body Condition From Boat-Based Photographs of 
Gray Whales
Kira A. Telford1   |  John Calambokidis2  |  Kiirsten R. Flynn2  |  Jasmine Witt1  |  Alie Perez2  |  John W. Durban3  |  
Holly Fearnbach3   |  Erin L. Meyer-Gutbrod1

1University of South Carolina, Columbia, South Carolina, USA  |  2Cascadia Research Collective, Olympia, Washington, USA  |  3SR3, SeaLife Response, 
Rehabilitation and Research, Des Moines, Washington, USA

Correspondence: Kira A. Telford (ktelford@seoe.sc.edu)

Received: 27 January 2025  |  Revised: 5 September 2025  |  Accepted: 22 September 2025

Funding: This study was supported by University of South Carolina Magellan Scholar and Honors College grants awarded to J. Witt. Drone photogramme-
try was authorized by NMFS Research Permit 19091, and supported by SR3 and the NOAA Fisheries UME Working Group.

Keywords: body condition | eastern North Pacific gray whales | mixed effects models | photogrammetry | photo-identification | Puget Sound

ABSTRACT
Although the eastern North Pacific gray whale (Eschrichtius robustus) population has recovered from population declines as-
sociated with whaling, they are closely monitored, especially in association with Unusual Mortality Events. Metrics to improve 
assessment of the health of individual animals, when averaged, are valuable to inform monitoring and management. We used 
30 years of photographic data of a unique gray whale feeding aggregation to develop and test a new methodology for assessing 
body condition. This group of individuals (20 as of 2021, but 11 in the study group), known as the Sounders, regularly enter Puget 
Sound, Washington, USA, to forage on ghost shrimp in the spring and early summer. Almost 35,000 images were examined 
and 729 were selected as being suitable to assess individual body condition. Geometric measuring tools in open-source image 
analysis software were used to measure a novel body condition angle, °BC, as a proxy for changes in blubber thickness. This °BC 
varied significantly with the day of the year, with increases in blubber thickness observed as individuals progressed through the 
feeding season. Other metrics, such as year and surfacing interval, were not found to have a significant effect on °BC within this 
dataset. This novel index of body condition illustrates the opportunity to develop new methods to quantitatively assess change in 
individuals at both seasonal and annual scales. Expansion of this method to the larger eastern North Pacific gray whale popula-
tion may allow for a more detailed examination of fluctuations in body condition to better understand both environmental and 
anthropogenic impacts. There is also potential for adaptation of the method to apply to historic photo catalogs of other baleen 
whale species, creating opportunities for enhanced data-driven management plans.

1   |   Introduction

Objective and quantitative indicators of body condition and 
health are critical components of ecosystem-based management 
and conservation of protected species (Pettis et al. 2017; Riisager-
Simonsen et al. 2020; Stewart et al. 2021). To assess cumulative 

environmental conditions and threats throughout a species' 
range, a body condition index can be used to track the foraging 
success of a particular population by monitoring changes in body 
condition across seasons (Christiansen et  al.  2020; Fearnbach 
et al. 2020; Torres et al. 2022). Health assessments can be used to 
evaluate the impact of natural environmental drivers, as well as 
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anthropogenic factors such as vessel traffic and entanglements, 
on the body condition of individuals in a cetacean population, 
both seasonally and annually, to better increase our under-
standing of ecosystem-wide processes (Akmajian et  al.  2021; 
Blair et  al.  2016; Castellote et  al.  2012; Ingman et  al.  2021; 
Johnson et al. 2005; McHuron et al. 2021; Pettis et al. 2017; Saez 
et al. 2021; Silber et al. 2021; Stewart et al. 2021; Wachtendock 
et al. 2022).

Most baleen whale species are capital breeders, relying on 
an accumulation of fat stores during summer foraging in 
high latitude feeding grounds to supplement them through-
out their migration to mating and calving grounds in lower 
latitudes (Bengtson Nash et al. 2013; Eisenmann et al. 2016; 
Young  1976). Without a successful foraging season, individ-
uals may experience a decline in body condition, potentially 
resulting in increased disease transmission and/or reproduc-
tive loss (Pettis et al. 2017; Stimmelmayr and Gulland 2020). 
Poor body condition occurs when individuals are not able to 
build necessary blubber reserves, and their body condition 
status can serve as a proxy for identifying ecological fitness 
and as an indicator of the health of the ecosystem (Riisager-
Simonsen et al. 2020).

The gray whale (Eschrichtius robustus) is a filter feeder that 
spends its foraging season in high latitudes where ecosystem 
productivity is greater and then migrates to lower latitudes 
during the winter months to breed and calve (Pike 1962). Two 
distinct populations of North Pacific gray whales are cur-
rently recognized (NOAA Marine Mammal Stock Assessment 
Report: Western North Pacific Stock 2020b (primarily occur-
ring along the coast of China and Russia and considered en-
dangered with less than 300 individuals (Bröker et al. 2020)) 
and Eastern North Pacific Stock 2020a). The eastern gray 
whale stock migrates from their northern feeding grounds 
in the Bering, Chukchi, and Beaufort seas to their southern 
wintering grounds in Baja California, Mexico, and numbers 
~15,000 individuals following a recent decline in abundance 
(Christiansen et  al.  2021; Durban, Fearnbach, et  al.  2015; 
Durban, Weller, et al. 2015; Stewart and Weller 2021; Stewart 
et  al.  2023). Within this larger eastern population, there is 
a distinct subgroup of around 230 individuals known as the 
Pacific Coast Feeding Group (PCFG) that end their north-
bound migration in the coastal waters off British Columbia 
and southeast Alaska (Frasier et al. 2011).

The primary prey of the PCFG is amphipods and mysids, and 
previous studies have documented variation in gray whale 
health and demography associated with changes in prey 
abundance (Burnham and Duffus  2022; Darling et  al.  1998; 
Hildebrand et al. 2022; Soledade Lemos et al. 2020). Often prey 
is affected by ocean processes, such as the Northeast Pacific 
marine heatwave of 2014–2016, and such changes in environ-
mental conditions can have a cascading effect on the food chain 
(Roger-Bennett and Catton 2019; Stewart et al. 2023; von Biela 
et al. 2019; Wachtendock et al. 2022). Poor prey recruitment will 
negatively impact foraging success, resulting in declines in body 
condition. Ongoing limitations in prey will ultimately reduce a 
population's ability to successfully reproduce and/or may lead 
to starvation and subsequent mortality (e.g., Ward et al. 2009; 
Meyer-Gutbrod et al. 2015; Stewart et al. 2021).

Declines in prey availability on foraging grounds have resulted 
in behavioral changes, including shifts in distribution, which 
may lead to Unusual Mortality Events (UMEs) in gray whales 
and other baleen whale species (Meyer-Gutbrod et  al.  2018; 
Stewart et  al.  2023). Such prey-driven declines may seriously 
impact vulnerable mysticete populations and increase the threat 
of extinction (Moore et  al.  2022; Meyer-Gutbrod et  al.  2021). 
A UME driven by declines in body condition may also be the 
result of a species reaching the carrying capacity in their eco-
system and is likely the source of this most recent gray whale 
UME (Christiansen et al. 2021). In 2016, the Eastern population 
peaked at nearly 27,000 individuals, but fell to 14,500 individ-
uals in the winter of 2022/23 with a large increase in stranded 
emaciated whales beginning in 2019 (Eguchi et al. 2023).

Due to difficulties with measuring or tracking changes in feed-
ing rate and success, fluctuations in body condition can be used 
as a proxy of health since it can be quantitatively measured as 
an indicator of blubber stores and thus foraging success (Miller 
et al. 2011). Previously developed methods to assess body condi-
tion of gray whales have focused on indicating changes in blub-
ber thickness by describing notable physical features such as the 
scapula, spine, and the depression behind the post-cranial hump 
(Bradford et al. 2012; Perryman and Lynn 2002). This body con-
dition index (hereafter referred to as the “Bradford method”) 
has been used as an effective tool to assess gray whale health 
at the individual and population level (Bradford et  al.  2012). 
The Laguna San Ignacio Ecosystem Science Program has been 
monitoring the body condition of the gray whales that winter in 
Laguna San Ignacio for several years using the Bradford method 
(Valerio-Conchas et al. 2022). They produce annual reports on 
the status of the population that they photograph. Additionally, 
the method has been used to study the intra- and interannual 
body condition changes in the PCFG population (Akmajian 
et al. 2021; Bierlich et al. 2023).

Although the Bradford method has been used effectively to mea-
sure body condition changes in gray whales, there are some lim-
itations. The Bradford method uses a 3-point categorical scale, 
but since scores are assigned at the researcher's discretion, there 
is some subjectivity to the scoring. To better understand the full 
variation in health for gray whales, we propose the development 
of a more sensitive and objective method that relies on a contin-
uous standardized measurement index, rather than categories 
as an alternative or a complement to other body condition index 
methods.

The development of Unmanned Aircraft Systems (UASs), spe-
cifically multicopter drones, has created the opportunity for a 
new technological approach to marine mammal health research 
(Durban, Fearnbach, et  al.  2015; Durban, Weller, et  al.  2015; 
Durban et al. 2016; Christiansen et al. 2016, Koski et al. 2015). 
Drones provide a vertical aerial perspective of individuals, which 
allows for photogrammetric analysis of body shape. This has 
proven to be an effective method of measuring small changes 
in body condition (Fearnbach et al. 2020) and the efficiency of 
drones enables measurements of large portions of populations 
(Christiansen et al. 2021; Stewart et al. 2021).

However, many photographic-identification sighting datasets 
exist that were collected from boats many years prior to the use 
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of drones (Gendron et al. 2015; Würsig and Jefferson 1990). To 
accommodate drone limitations in operating capacity and high 
costs that some researchers face, most photographic data are 
still collected using standard DSLR cameras rather than drones. 
To accommodate the large amount of boat-based photographic 
data, objective photographic measurements are needed when ac-
cess to a drone is not possible, as well as to provide historic con-
text that includes photographic data collected prior to drone use.

In this study, a photographic technique was developed to mea-
sure body condition objectively and quantitatively in gray whales, 
using a novel metric called the body condition angle (°BC). This 
technique was developed and tested on a small group of whales 
known as the Sounders that gather annually in Puget Sound be-
tween February and June to feed on ghost shrimp (Callianassa 
californiensis). This study focused on 11 individuals that are 
considered the core group due to their longevity and consis-
tency in visiting Puget Sound. Due to consistent sightings of the 
Sounders, comprised of 2–10 individuals in a given year over a 
31-year monitoring period, this aggregation served as a valuable 
test group to evaluate individual and temporal effects using this 
new body condition index. Most of these individuals have been 
sighted since monitoring began in 1990 by Cascadia Research 
Collective and return to Puget Sound regularly in the spring 
seasons (Ballance 2018; Calambokidis et al. 2002; Calambokidis 
et al. 2010). Occasionally, new individuals are observed, but in-
dividuals are not designated as a member of the Sounders aggre-
gation unless they have been observed in the Sound during two 
consecutive years.

Here we present results from 31 years (1990–2021) of photo-
graphic data of the Sounders gray whales using a new method 
for assessing body condition. Geometric measuring tools in 
open-source image analysis software were used to assess 
changes in blubber thickness as a proxy for changes in body con-
dition. We demonstrate the efficacy of this photographic health 
assessment tool in tracking individual and temporal variation 
in body condition showing its potential to improve sensitivity 
in blubber thickness evaluations. As such, this method could be 
used in future studies to compare the health of individuals in the 
Sounders aggregation to the health of other gray whales that do 
not enter Puget Sound or serve as a complement to alternative 
body condition assessments.

2   |   Methods

2.1   |   Whale Sighting Data

The photographic identifications and data collected from oppor-
tunistic and systemic boat-based surveys of the Sounders gray 
whales were used in this study. Encounters with Sounders oc-
curred between February and June, with the majority occurring 
in March and April. Photos collected on these surveys were re-
viewed and filtered for measurement quality.

As of 2021, the core group of Sounders comprised 8 males and 
2 females, and 1 individual of unknown sex, all of which had 
been sighted in 14–27 years since the start of monitoring in 1990. 
Individual gray whales are identified by unique pigmentation or 
scarring patterns on their dorsal flanks and fluke, as well as by 

their knuckle count and shape (Darling 1984; Weller et al. 1999). 
The head of an individual can be identified using sequence 
shots when the individual cannot be identified using traditional 
marks. The exact age of individuals is unknown, but photogram-
metry measurements have shown all individuals to be adult size 
(Fearnbach et al. 2020, unpublished data). Neither female has 
been sighted with a calf in Puget Sound, but gap years have been 
documented when they have given birth and may have contin-
ued migrating north to their Arctic feeding grounds with their 
calf instead of stopping in Puget Sound.

2.2   |   Body Condition Angle (°BC)

Bradford et  al.  (2012) created a three-category assessment fo-
cusing on the post-cranial region, the scapula, and the dorsal 
flanks. While gray whales are typically identified from photo-
graphs by pigmentation patterns along their dorsal flanks, varia-
tion in blubber thickness in this region is less obvious. Depletion 
of subcutaneous fat in the post-cranial region results in a post-
cranial depression, which is considered to be representative of 
a cetacean in poor body condition with less-than-optimal blub-
ber reserves (Bradford et al. 2012; Joblon et al. 2014; Pettis et al. 
2004). In the present study, we therefore focused measurements 
on the depth of the depression behind the post-cranial hump, 
as it shows changes in blubber thickness and is a common part 
of the whale opportunistically captured in photo-identification 
images. We developed a new technique that serves as a proxy for 
quantifying blubber thickness at the post-cranial hump using 
boat-based photographs to create a more sensitive and objective 
gray whale body condition index.

Digital and film photos from encounters with Sounders were 
examined and images of high quality (i.e., resolution, focus, 
distance to the individual, and lighting) were selected for use 
where the line of the whale's body was most evident. The best 
body condition index was measured from high-resolution im-
ages in which the estimated distance between the photogra-
pher and the whale was minimal, as reduced distance increases 
photo resolution. Photographs were not collected specifically for 
this study, and most images taken during an encounter were of 
lateral flanks or flukes; thus only a small portion of images in-
cluded the full head anatomy. Photos deemed usable were sorted 
based on an index of estimated offset angle, which consists of 
10° bins representing the estimated angle of the individual from 
the boat. This index ranged from 0 for individuals parallel to the 
boat (−5° to 5°) to 9 for individuals perpendicular to the boat 
(85°–95°). Images with a higher offset angle index (3 and above) 
were excluded from subsequent analysis, as photos with offset 
angles of 3 or greater begin to lose precision because °BC is most 
visible and accurate when the animal is nearly parallel with the 
observation platform.

ImageJ, an open access photo-editing software (Schneider 
et  al.  2012), was used to implement a novel method to mea-
sure the post-cranial depression. This method uses the 
ImageJ “angle tool” to create a new measurement called 
the body condition angle (°BC). An initial measurement (L) 
used to standardize between photos was taken using the 
“straight-line tool”. The L line measures from the top of the 
blowhole to the forward most top point of the post-cranial 
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hump. This measurement is then doubled (2L) to find a ref-
erence point along the back (B) that will be used to measure 
the °BC (Figure 1). The anchor point along the back (B) will 
be standardized to the same position on an individual whale, 
minimizing changes in angle positioning that may occur from 
body fluctuations during the breath cycle. Thus, the anchor 
point (B) on the individual's skeleton is fixed relative to two 
consistent body reference points: the blowhole and post-
cranial hump.

Starting at the anchor point (B), the °BC can be taken as the de-
gree of depression behind the post-cranial hump. The mid-point 
of the angle tool is placed at the top of the post-cranial hump 
(PCH), and the final point, which is the only variable point of the 
angle measurement, is placed at the lowest point of the depres-
sion (D) (Figure 2). ImageJ is then used to take a measurement 
of the °BC with precision up to three decimal places. This angle 
allows the measurement of fine-scale changes in post-cranial 
depression severity, creating the opportunity for more detailed 
comparisons between measurements on subsequent photos. A 
larger °BC indicates a deeper depression behind the post-cranial 
hump and thus corresponds with a thinner blubber layer and 
worse body condition. A °BC on a gray whale with a thick blub-
ber layer would be close to 1 or smaller, sometimes even negative.

Changes in body flexion throughout the dive sequence was con-
sidered a variable that could affect measurements, and as such 

it was assessed by analyzing Sounder dive sequences from pho-
tographs collected over a period of 4 days (April 14–17, 2023). 
Thus, any variation in body condition measurements over such a 
short period would not be due to significant fluctuations in blub-
ber thickness. To characterize the degree of flexion at different 
points in a dive sequence, photos were separated into three dis-
tinct stages. Stage one includes photos where the whale is rising 
and the blowhole is higher than the posterior dorsal region in re-
lation to the water's surface; stage two includes photos where the 
blowhole and posterior region of the whale are approximately 
equal distances above the water's surface; and stage three in-
cludes photos where the whale has begun to resubmerge and the 
posterior region of the animal is higher than the blowhole. The 
effects of different offset angles were also analyzed in conjunc-
tion with the dive sequence using photos of the most sighted in-
dividual within this period.

2.3   |   Statistical Analysis

The R environment for statistical computing (R Core Team 
2022), implemented within the RStudio software, was used to 
conduct all analyses. A linear mixed model was used to deter-
mine the strength of the relationship between °BC, day-of-year, 
and random effects for year, individual identity, and offset angle 
of the photograph. Random effects were included in the model 
as categorical variables. The linear mixed models were fit using 

FIGURE 1    |    Example image depicting the standardizing measurement. In yellow, L represents the measurement from the blowhole to the top of 
the post-cranial hump. In red, 2 L represents the doubled length of L to obtain the location of the anchor point for the angle measurement, B. Offset 
angle of this image was scored as a 1. Photo taken by Cascadia Research Collective.

FIGURE 2    |    Example image depicting the angle measurement, °BC (Figure 1). Point 1 (B) is the previously found anchor point along the back. 
Point 2 (PCH) is the top of the post-cranial hump. Point 3 (D) is the lowest point of the depression. Following placement of the points, an angle mea-
surement can be taken. Photo taken by Cascadia Research Collective.
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the lme4 package in R (Bates et al. 2015). Model selection was 
based on the residual maximum likelihood (REML) with the 
most efficient model having the smallest REML. Linear mixed 
models were run with two separate datasets to determine and 
reduce the effect of offset angle on °BC. The first dataset in-
cluded all 729 photos selected for °BC measurement. The sec-
ond dataset contained a subset of 559 photos in which the offset 
angle was < 3.

A third linear mixed model was developed to examine the rela-
tionship between time spent in Puget Sound and body condition. 
In this analysis, the total change in °BC for a single individual 
during a season spent in Puget Sound was modeled as a function 
of the number of days between the first and last observation of 
that individual over the season.

All °BC measurements used in the previously described models 
were conducted by a single analyst. A second analyst conducted 
measurements on the same set of photos to determine analyst 
bias in °BC measurement. A Pearson correlation was conducted 
between °BC measurements for a given photo measured by each 
analyst to quantify inter-researcher correlation.

The °BC methodology was validated against two alternative 
methods for assessing body condition: the Bradford method 
index and a drone-based measurement. Each °BC measurement 
photo also received a Bradford score of the post-cranial hump 
for comparison, where a Bradford score of 1, 2, or 3 indicates 
poor, average, and above-average body condition, respectively 
(Bradford et al. 2012). An alternative body condition index was 
also calculated from vertical drone images collected during 
the same March to June period as boat-based images in 2020. 
Aerial images were collected using an octocopter drone flown 
non-invasively at a typical altitude of 40–60 m, using methods 
described in Durban, Fearnbach, et al. (2015), Durban, Weller, 
et al. (2015), and Durban et al. (2022), except the vertically gim-
balled camera was a full-frame Sony Alpha A7R camera (7360 
× 4912 pixels). The camera was equipped with a 55 mm F1.8 
Sony lens to ensure no wide-angle distortion of images. The 
drone Body Condition Index (BCI) was calculated as the body 
width in pixels at a point 50% of the total length (TL) of the 
whale, represented as a proportion of the TL in pixels (e.g., 
Durban et al. 2016) (Figure 3). Width at 50% of TL has previously 
been used to quantify body condition for gray whales (Stewart 
et  al.  2023). The BCI and °BC were tested with a Spearman's 
Rank Correlation (unpublished data, Fearnbach et al. 2020). To 
be included in the comparison, there had to be a °BC measure-
ment within ± 7 days from the date of the drone BCI score to 
minimize the effect of seasonal changes in an individual's blub-
ber thickness.

The effects of flexion throughout the dive sequence on °BC mea-
surements were analyzed through the construction of a mixed 
effects model using the lme4 R package (Bates et  al.  2015). 
This model included both dive sequence stage and offset angles 
as random variables, as well as their interaction. An ANOVA 
was also conducted using data from the most sighted individ-
ual between April 14, 2023, and April 17, 2023 (ID CRC-2249) 
to further analyze variation in °BC between stages and offset 
angles. Only images with an offset angle of 0, 1, or 2 were col-
lected for this analysis. The results of this ANOVA were then 

used to conduct a Tukey HSD test to compare offset angles 
individually.

3   |   Results

For the 31-year study period, a database of roughly 35,000 im-
ages was queried to identify 729 boat-based photographs that 
were appropriate for °BC measurements. From these 729 im-
ages, a subset of 559 images met the criteria where offset angle 
< 3 (Table 1). Six of the individual Sounders were sighted fre-
quently, with >50 photos for each of those individuals selected 
for °BC measurement (Table 2). The remaining five individu-
als were less commonly sighted, with the number of °BC mea-
surements from selected photos ranging from 5 to 35 photos 
per individual. Systematic sighting effort increased over the 
years as research and public interest in the Sounders' aggre-
gation expanded, and this is reflected in the total measure-
ments per year (Table 1). Encounters were spread between the 
months of February (10 measurements) and June (Bradford 
et  al.  2012), with the majority of encounters in March (236) 
and April (332) followed by May (144). The °BC measurement 

FIGURE 3    |    Aerial image of a Sounder gray whale showing the pho-
togrammetric breadth measurement at 50% (red line) which has been 
shown to be a variable measurement site for gray whales (Stewart 
et  al.  2023). Image was collected non-invasively using an octocopter 
drone flown at > 150 ft. over the whales under NMFS research permit 
22,306. Photo by John Durban and Holly Fearnbach (SR3).
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ranged from < 0° for individuals with the thickest blubber 
layer to > 8° for the thinnest animals. The overall mean °BC 
measurement across all individuals and all photos was 2.071° 
(sd = 1.112), with a median °BC of 1.941°. The majority of °BC 
outliers consisted of measurements that reflect extremely poor 
body conditions (e.g., °BC > 4°) (Figure 4).

The impact of flexion during the dive sequence was assessed 
using 352 images collected during 2023. The resulting mixed 
effects model failed to show that the degree of flexion, charac-
terized by the dive sequence stage, had a significant effect on 
the measurement of the °BC. Offset angle, however, did have a 
significant effect on the °BC measurement (Figure 5, Table 3). 
The ANOVA comparing stages and offset angles for ID CRC-
2249 also failed to show significant variation between dive se-
quence stages; however, there was significant variation between 

offset angles (Table 4). The Tukey HSD test showed that there 
was significant variation between each of the three offset angles 
present in this dataset.

The results of the mixed effects analysis on the 1990–2021 
Sounder time series showed significant, negative, relationships 
between °BC and day-of-year. Since °BC is inversely propor-
tional to blubber thickness (thinner animals will have deeper 
post-cranial depressions), this pattern indicates that body con-
dition generally improves as the season progresses (Table  2). 
The most parsimonious model for the mixed effects analysis for 
both datasets included all three random effects: year, ID, and 
offset angle, and was thus used for analyses. Variance among 
the random effects in dataset 1 (using the full range of offset 
angles) was primarily explained by offset and ID. For dataset 2, 
which removed measurements where the animal had an offset 

TABLE 1    |    Counts of measurements used in the assessment of eastern gray whale body condition by year that the photo was collected (row) and 
individual gray whale ID (column).

Year\ID 21 22 44 49 53 56 185 356 383 531 723 Total

2021 6 0 3 0 5 2 0 1 8 2 4 31

2020 3 13 5 6 6 2 0 1 6 4 3 49

2019 4 15 0 8 9 4 5 2 12 2 0 61

2018 9 8 5 14 9 4 0 0 12 8 7 76

2017 4 14 0 5 5 1 0 0 10 0 3 42

2016 3 0 2 2 0 1 0 0 8 6 13 35

2015 4 12 5 3 4 1 0 0 8 0 4 41

2014 0 0 1 3 3 2 0 3 5 0 6 23

2013 5 8 0 1 7 7 0 0 4 1 4 37

2012 3 4 0 1 4 0 0 0 3 0 3 18

2011 0 0 1 1 12 4 0 0 2 1 6 27

2010 2 9 1 5 3 0 0 4 3 2 0 29

2009 5 1 3 6 2 0 0 0 5 0 2 24

2008 2 3 0 3 0 1 0 0 0 1 0 10

2007 1 0 0 0 0 0 0 0 1 1 0 3

2006 3 10 0 0 4 5 0 0 2 1 4 29

2005 0 1 0 0 1 0 0 0 0 0 0 2

2004 1 0 2 0 0 0 0 0 2 0 4 9

2003 0 0 0 0 0 0 0 0 0 0 0 0

2002 0 0 0 1 0 0 0 0 0 0 0 1

2000 0 0 0 0 0 1 0 0 0 0 0 1

1998 0 1 0 1 0 0 0 0 0 0 0 2

1992 1 0 2 0 0 0 0 0 0 0 0 3

1991 2 0 0 0 1 0 0 0 0 0 0 3

1990 1 2 0 0 0 0 0 0 0 0 0 3

Total 59 101 30 60 75 35 5 11 91 29 63 559
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7 of 16Marine Mammal Science, 2026

< 3, variance explained by the offset angle decreased consider-
ably, and most of the variance among the random effects in this 
model was explained by individual ID. In this model, the cor-
relation between °BC and day-of-year was stronger than in the 
model for dataset 1 (Table 2).

A third mixed effects model examined the relationship between 
days spent in Puget Sound and that individual animal's observed 
change in °BC over the season (Table 2). The days spent in Puget 
Sound had a strong, negative relationship with °BC (correla-
tion of −0.64), indicating that the more time an animal spent 
in Puget Sound, the greater the improvement in body condition. 
Offset angle was not included as a random effect in this model 
because the difference in °BC was calculated from two different 
photographs: the first and last photographs of that individual 
within a given year.

After plotting seasonal trends using all °BC measurements, both 
observations and model predictions demonstrate a decline in 
°BC measurements with day of the year, an indicator of individ-
ual animals' improvements in body condition throughout their 
foraging season in Puget Sound (Figure  6). Across all years, 
individuals, and offset angles < 3 included in this study, there 
is a decreasing trend in °BC as the foraging season progresses, 
indicating successful feeding within Puget Sound (Figure  7). 
Individual CRC-22 is the most photographed Sounder with 101 

photos included in this study, and this individual's photographic 
history shows a consistent trend in improving body condition 
throughout each season (Figure 8).

Figure  9 shows the difference between the first and last °BC 
measurement of a season as a function of the number of days be-
tween those measurements. The relationship between observed 
time spent foraging in Puget Sound and change in °BC mirrors 
the trends found in previous models. Most individuals show a 
greater decrease in °BC (thus a greater improvement in body 
condition) when more time is spent in Puget Sound, with some 
years as exceptions (2008, 2010, 2018, and 2019).

The Pearson correlation between analyst measurements for °BC 
was 0.727 with a p value < 2.2E-16. To validate the methodol-
ogy, °BC measurements were compared to both the post-cranial 
hump measurement of the Bradford method scoring system 
(Bradford et  al.  2012, Figure  10) and the drone BCI method 
(Durban et al. 2016, Figure 11). The majority of °BC measure-
ments from this study were classified as a 2 under the Bradford 
method, but with good agreement between the lower °BC mea-
surements and 3 s, indicating that the methods agree in classi-
fying a whale with average vs. good body condition (Figure 10). 
Very few photos were assigned a Bradford index of 1 (indicative 
of poor body condition), indicating that °BC measurements can 
show a wider range of variation than the 3-point Bradford scale.

TABLE 2    |    Results of the mixed effects models to test the effect of Julian day (fixed) and random effects on the °BC using two, progressively more 
restrictive, datasets. The third dataset examined the relationship between time spent in Puget Sound and how much an individual's °BC changed 
from initial to final sighting.

Fixed effects Random effects

Response 
Variable Dataset Estimate SE t-value Correlation Variance SD

°BC Data 1—All 
measurements
(REML:1841.3)

Intercept 3.327 0.322 10.338

Julian Day −0.0138 0.00174 −7.971 −0.524

Year 0.0417 0.204

ID 0.187 0.433

Offset 0.368 0.607

Residual 0.809 0.899

°BC Data 2—
Offset < 3

(REML:1430.6)

Intercept 2.271 0.238 11.427

Julian Day −0.0136 0.00178 −7.656 −0.722

Year 0.0271 0.165

ID 0.22 0.469

Offset 0.0087 0.0933

Residual 0.69 0.831

Difference in 
°BC

Data 3—
Offset < 3

Intercept −0.0278 0.12 −0.232

Days in sound −0.0184 0.00366 −5.037 −0.64

Year 0.0662 0.257

ID 0 0

Residual 0.579 0.761
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8 of 16 Marine Mammal Science, 2026

A total of 11 pairs of drone-based BCI scores and °BC were 
available for comparison, with only 2 of the BCI scores mea-
sured on a different day than the °BC, but within ±7 days. The 
Spearman's rank correlation for the comparison of drone-
based BCI to °BC is −0.664 with a p value of 0.0309. As an in-
dividual's body condition improves, drone BCI increases, and 
°BC decreases; thus the negative relationship in these indexes 

is appropriate. With only 11 pairs of measurements available 
for this analysis, the statistical power in the correlation analy-
sis is low; thus with outliers considered, this relationship indi-
cates a strong agreement between the measurements in these 
two methodologies.

4   |   Discussion

Photogrammetry with drones has recently, and increasingly, 
been shown to offer a powerful approach to quantifying body 
condition of whales from aerial photographs (Christiansen 
et al. 2020; Durban et al. 2016; Durban et al. 2022; Fearnbach 
et al. 2020), particularly when condition over time can be mon-
itored for the same individuals (Stewart et al. 2021). However, 
boat-based photographic records exist for a number of whale 
species, that extend for decades before the developments in 
drone photogrammetry (e.g., Pirotta et al. 2023). To assess long-
term changes in condition, and relate this to changes in the en-
vironment, there is value in gleaning objective and quantitative 
data on body condition from such valuable long-term historical 
datasets.

Gray whales in Puget Sound have been studied using boat-
based photo-identification since 1990 by Cascadia Research 
Collective (Calambokidis et  al.  2002; Calambokidis 
et al. 2010). In this study, we used this large dataset of photo-
graphs collected over 31 years (1990–2021) to present a novel 
approach to assessing gray whale body condition using boat-
based photographs. This method offers an innovative way to 
gather quantitative body condition information from histor-
ical photographic ID datasets and creates opportunities for 
future improvements and developments in body condition 

FIGURE 4    |    Distribution of all °BC measurements for each individual over the entire sighting period. Lower and upper quartiles (creating the 
interquartile range; IQR) are represented by the ends of the box plots, the median is represented by the vertical line in the box plot, and outliers are 
represented by the dots on either side of the whiskers. Outlier points are values that exceed the range of the whiskers: Q1-1.5*IQR and Q3 + 1.5*IQR.

FIGURE 5    |    Plot of body condition angles by surfacing event stage 
for the entire sample population. Open circles represent raw data points, 
while solid points represent predictions with error bars generated by the 
flexion mixed effect model (Table 3). Red points represent photos with 
an offset angle of 0, green points represent photos with an offset angle of 
1, and blue points represent photos with an offset angle of 2.
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9 of 16Marine Mammal Science, 2026

assessments. Specifically, this method was created using 
an angle tool with standardized points corresponding to an 
individual's anatomy, applied to digital images to generate 
quantitative measurements across time and uniquely iden-
tified individuals to find °BC. By measuring body condition 
as a continuous variable, this method is sensitive enough to 
demonstrate variations within and between seasons that may 
have been obscured with a more coarse, categorical body con-
dition index (e.g., Bradford method).

Through the use of this assessment, °BC demonstrates utility in 
tracking changes in body condition within an individual's for-
aging season (Figures 6 and 8). Selecting photographs with an 
appropriately high-quality image was a limiting factor in this 
study as photographs needed to capture the animal nearly par-
allel to the boat, with a clear body outline.

As has been found with previous cetacean research, consistent 
access to feeding grounds with abundant high-quality prey can 
increase the body condition of individuals in a population (e.g., 
Lockyer 1987; Rice and Wolman 1971). The time spent in Puget 
Sound by the Sounders reflects the significance of visiting this 

key foraging ground for this aggregation of gray whales to build 
their energy reserves (e.g., Figure  8). The Sounders travel ap-
proximately 200 km off their usual migration route to forage in 
Puget Sound and consistently devote the extra energy and time 
over the last 31 years to travel to this foraging ground likely indi-
cating successful foraging opportunities.

By examining the relationship between the amount of time 
spent foraging in Puget Sound and individual changes in °BC 
(Figure 9), some years demonstrated a larger improvement in 
body condition, given the more time spent in Puget Sound. 
However, there is evidence of potentially poor foraging suc-
cess in 2018, when the trend was reversed and the body con-
dition of several whales declined with increased time spent in 
Puget Sound. In particular, three individuals left the sound 
after more than a month spent there, and left with a body con-
dition considerably worse than when they entered. All three 
individuals had a °BC more than 1° higher than the average 
body condition for 2018 at the time they left the sound. Two of 
these individuals exhibited an approximately 1.5° decrease in 
body condition over a 2-month period, suggesting very poor 
foraging success.

TABLE 3    |    Results of the flexion mixed effect model, which includes only offset angle, surfacing event stage, and interaction between offset angle 
and surfacing event stage as fixed variables and ID as a random variable.

Fixed effects Random effects

Value Standard Error df t-value p Variance Standard deviation

(Intercept) 1.0251232 0.1303329 334 7.865419 0.0000* 0.1222 0.3495

Offset 1 0.4254937 0.10369263 334 4.103413 0.0001*

Offset 2 0.3714370 0.15651086 334 2.373235 0.0182*

Stage 1 −0.040918 0.10682025 334 −0.38306 0.7019

Stage 3 0.0974257 0.9080886 334 0.072865 0.2841 0.2443 0.4942

Offset 1: Stage 1 −0.200223 0.15336085 334 −1.30557 0.1926

Offset 2: Stage 1 −0.103656 0.20660828 334 −0.50170 0.6162

Offset 1: Stage 3 −0.140836 0.13600770 334 −1.03550 0.3012

Offset 2: Stage 3 0.3593181 0.20978778 334 1.712769 0.0877

Note: Significant p values are denoted using an asterisk (*).

TABLE 4    |    Results of ANOVA comparing body condition angle measurements between surfacing event stages and offset angles for ID 2249, as 
well as results of Tukey HSD test comparing body condition angle measurements between different offset angles for ID 2249.

ANOVA results

df F p

Stage 1 3.635 0.0596

Offset 1 45.758 1.13 × 10−9

Tukey HSD results

Offset comparison p

1–0 0.00002

2–0 0.0000004

2–1 0.0027

 17487692, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

m
s.70091 by A

nnette H
arnish , W

iley O
nline L

ibrary on [01/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 16 Marine Mammal Science, 2026

This is the year preceding the start of the most recent eastern 
North Pacific gray whale UME, during which the majority of 
associated stranded whales were found to be in poor body con-
dition, suggesting poor foraging opportunities leading to ema-
ciation in many individuals (Christiansen et  al.  2021; Stewart 
et  al.  2023). The Eastern population likely reached the carry-
ing capacity of its foraging grounds when its population peaked 
at nearly 27,000 in 2016, but has since fallen to 14,500 in the 
2022/23 winter season (Eguchi et al. 2023; Stewart et al. 2023). 
With a larger dataset, the mixed effects model could assess inter-
actions between year and day-of-year to quantitatively identify 
more and less successful foraging periods.

Ghost shrimp, the primary prey in this region for this group 
of whales, is an energetically valuable food source that pro-
vides 2–15 times higher biomass than any other prey for the 
eastern North Pacific gray whale population (Weitkamp 
et al. 1992). Gray whales take advantage of high tide to feed 
along the shallow mudflats where ghost shrimp burrow. In 
a method called suction feeding, the whales lay along their 
side and suck in a large mass of mud and biomass which they 
strain through their baleen plates (Johnson and Berta 2011). 
The °BC provides evidence of success in this unique foraging 
strategy, as demonstrated by individual trends in increasing 
blubber thickness with increased time spent in Puget Sound 

FIGURE 6    |    Observations (gray points) and mixed effects model prediction (black line) of °BC measurement as a function of day of the year from 
photos scored with an offset angle < 3. Each panel represents observations and predictions for a given study year, but data are accumulated across 
all individuals included in this study.
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11 of 16Marine Mammal Science, 2026

FIGURE 7    |    Observations (gray points) and mixed effects model prediction (black line) of °BC measurement as a function of day of the year from 
photos scored with an offset angle < 3. Data are accumulated across all years and individuals included in this study.

FIGURE 8    |    Observations (gray points) and mixed effects model prediction (black line) of °BC measurement for individual #22 as a function of 
day of the year from photos scored with an offset angle < 3. Each panel represents observations and predictions for a given study year, excluding years 
that did not have any sighting data or only had a single measurement for that individual.
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(Figure 9). However, not every individual experienced success 
every season, perhaps as a result of low available prey biomass 
or competition with other ghost shrimp predators. Further re-
search to characterize ghost shrimp availability in this habitat 
may be useful to explain the patterns in individual and sea-
sonal blubber accumulation measured with this body condi-
tion method.

It should be noted that this novel body condition method 
has only been tested on a small sample of 11 individual gray 
whales. Additionally, the observation location was con-
strained to Puget Sound, a unique foraging location for gray 
whales. Expansion of this body condition assessment to more 
individuals and locations along the migration corridor could 
provide more detailed explorations of fluctuations in the east-
ern North Pacific gray whale population's health. By applying 
this new body condition measurement to existing datasets for 
a larger eastern North gray whale subpopulation, such as the 

PCFG, researchers may gain more insight into the fine-scale 
variations in body condition between different structural 
groups and feeding habitats. Large historic photo databases 
also exist for other species of mysticetes, providing the po-
tential for the application of this method to examine how the 
body condition of individuals within a population changes 
over longer periods. The benefit of having many photos of the 
same individual over a long time series is the ability to observe 
repeated trends in body condition changes over the time spent 
in foraging grounds.

While this method provides a new development to previous 
boat-based body condition assessments, such as the Bradford 
method, the complex nature of the measurement comes with 
challenges. There is some variation in °BC that cannot be fully 
accounted for due to changes in the angle between the observer 
and the animal, such as the factor described as the offset angle. 
Developing a quantitative method, such as a standardized angle 

FIGURE 9    |    Observations (gray points) and mixed effects model predictions (black lines) showing the relationship between number of days spent 
in Puget Sound and change in °BC for an individual animal within a single observation year. Observations and model predictions represent photos 
with offset angle < 3. Years with less than 4 individual animal observation periods were removed.
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13 of 16Marine Mammal Science, 2026

measurement, to determine the offset would likely reduce 
the noise in the data and allow for a more objective analysis. 
Alternatively, it could be beneficial when using this method to 
only include photos with an offset angle of 0° in order to min-
imize variation between measurements. Whereas the flexion 
variable based on surfacing event stage, however, was found to 
be insignificant in its effect on °BC measurements and therefore 
does not need to be considered when selecting and measuring 
photos. Other factors, such as variations in environmental con-
ditions like sea state, may also create bias in the °BC. With these 
factors in mind, there is room for improvement as this method 
shows consistent trends in seasonal increases in °BC in distinct 
years, but noise in measurements may be reduced through more 
rigorous image selection parameters (e.g., Figure 8). Appropriate 
photos for °BC measurement should have the animal nearly 
parallel to the waterline to reduce the variation in body flex-
ion during a breath sequence. Further modification of the °BC 
method to account for the potential impact of animal position 
and dive sequence timing may be valuable.

Additionally, this measurement relies on the accurate placement 
of the points that define °BC, which can be obscured by a number 
of factors. Photo quality is important; in particular, the size of 
the individual in the image combined with the resolution of the 
image. In lower quality photos, the edges of the whale become 
more pixelated, which makes it difficult to place precise anchor 
points and lines. Weather conditions also can alter the percep-
tion of the outline of the individual. Cloudy conditions may be 
preferable because they reduce or eliminate the sun's reflection 
along the animal's back, which can blur the edge. However, in 
cloudy conditions the whale's body tends to blend in more with 
the color of the water, which can also make it difficult to identify 
an edge. While photo quality was not categorized, discussions 
between analysts indicated the most disagreement between °BC 
resulted from photos of poorer quality. Furthermore, the stan-
dardized points of °BC rely on precise identification of an ana-
tomical area, that is, the blow hole and the top of the post-cranial 
hump. While small differences in the placement of the points 
will alter the resulting measurement, the consistency among 

FIGURE 10    |    Comparison of all °BC measurements (x axis) against the Bradford scoring system (y axis). Bradford scores: 1 = significant postcra-
nial depression and hump, 2 = moderate or slight postcranial depression, 3 = flat or rounded back.
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seasonal trends, along with good agreement in °BC measure-
ments between researchers, indicate that changes in °BC result 
from meaningful changes in the body condition of the animal. 
Despite the challenges inherent in photo quality and anchor 
point placement, sensitive and relatively objective measure-
ments such as °BC can serve as a strong complement to aerial 
photogrammetry body condition assessments.

The development of this novel body condition index illustrates 
the opportunity to design more creative methods to quantita-
tively assess change in an individual's body condition at both 
seasonal and annual scales. Expansion of this method to the 
larger eastern North Pacific gray whale population may allow 
for a more detailed examination of fluctuations in body condi-
tion, likely driven by both environmental and anthropogenic 
impacts. There is also potential for adaptation of the method 
to apply to historic photo catalogs of other baleen whale spe-
cies, creating opportunities for enhanced data-driven manage-
ment plans.
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