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ABSTRACT

North Pacific humpback whales are a celebrated conservation success, rebounding from extensive commercial whaling. Yet
they remain vulnerable to the impacts of climate change, a multifaceted stressor that can exacerbate existing threats. During
2013-2016, a Northeast Pacific marine heatwave severely reduced forage availability in their feeding grounds, concurrent with
diminished whale recruitment and increased mortality. We analyzed photo-identification data of whales that visited the Main
Hawaiian Islands from 2002 to 2023 to estimate apparent survival, abundance, and distinct population segment (DPS) growth
rates. Survival was high prior to (0.987; SE=0.003), low during (0.684; SE=0.022), and higher, but still reduced, after (0.956;
SE =0.006) the heatwave. Annual breeding season abundance estimates averaged 11,617 (SD =1914) and included a striking 37%
decrease from 2014/15 to 2021/22. While the average annual DPS growth rate was stable (1.00) over 20 breeding seasons, shorter
periods included high growth (1.09) and steep decline (0.783). Depressed survival and abundance estimates may signal lingering
heatwave effects or adjustment to current carrying capacity. Climate change predictions include more frequent, intense, and
longer heatwaves; thus, this DPS serves as a crucial ecosystem-health indicator. Continued research and monitoring are essential

to support resiliency against future climate perturbations.
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HO'ULU'ULU

He lanakila ka ho'omalud ‘ana aku o na kohola kuapu'u o ka Pakipika 'Akau, ko lakou ola 'ana ho'i i ka nui o ke '0 kohola ‘ana. Mau

no na'e ka pahiki o ko lakou pa 'ana aku i ka loli aniau, he mea i nui ai kona mau 'ano i hiki ke pa i na mea weliweli. Mai ka makahiki

2013 a i ka makahiki 2016, ua emi nui mai ka hiki ke loa'a ka 'ai ma ko lakou mau wahi ‘ai ma muli ho'i o ka pi'i 'ana aku o ka wela ma

ka mahele kai Pakipika hikina ‘akau, a péla pti i ke emi ‘ana mai o na kohola hou a i ka pi'i 'ana mai ka heluna make. Ua kalailai aku
nd makou i ka 'ike pili ki'i o na kohola i kipa aku i ka pae'aina Hawai'i mai ka makahiki 2002-2023 i mea e koho ai i ke ola, ka nui a
me ka heluna pi'i o ka mahele pt'uo kiko'r (DPS). Ua nui ka heluna ola ma mua o (0.987; SE=0.003), a ma loko o (0.684; SE=0.022),
a pi'i iki a'e i loko no o ke emi iki mai, ma hope o (0.956; SE=0.006) ke au wela. 'O ka 'awelike o ke kau ho'opi'i ma kahi o ka 11,617
(SD=1914) a helu pt 'ia ke emi pt'iwa ‘ana ma ke 37% mai ka makahiki 2014/15 a i ka makahiki 2021/22. I loko no na'e o ka pa'a o
ka 'awelike kiimakahiki o ka pi'i DPS (1.00) ma o na kau ho'opi'i he iwakalua, ‘o na wa pokole ka wa e loa'a ai ka pi'ina nui (1.09) a
pela pt i ke emi nui (0.783). 'O ka hua o ké&ia 'ano ola 'ana me ke koho nui, 'o ia no ka loa'a paha o na hopena au wela a i 'ole paha ka
loli 'ana o ka nui o ke au. I loko o na wanana loli aniau ka nui, ka ikaika a me ka 16'ihi o na au wela; a no laila, ko'iko'i loa k&ia DPS i
kuhikuhi o ke ola kaiaola. Ko'iko'i maoli no ka mau 'ana aku o ka noi'i a me ka maka'ala i na mea ho'opilikia i ke aniau i kéia mua aku.

1 | Introduction

Effective conservation interventions and legal protections have en-
abled some formerly severely reduced wildlife populations to expe-
rience remarkable growth towards recovery, becoming celebrated
examples of conservation success (e.g., the bald eagle, Haliaeetus
leucocephalus, Zimmerman et al. 2022; North Pacific and Western
and Eastern Australian humpback whales, Megaptera novaean-
gliae; Bejder et al. 2016; Brooks et al. 2025; Cheeseman et al. 2024;
but see also Friedlaender 2026; Rocha et al. 2014; Surma and
Pitcher 2015). Yet, numerical recovery does not necessarily equate
to resiliency, as many populations remain vulnerable to direct and
indirect effects of climate change (Hastings et al. 2020; Learmonth
et al. 2006; MacLeod 2009; Tulloch et al. 2019; van Weelden
et al. 2021). Climate change impacts can also exacerbate existing
anthropogenic stressors (e.g., habitat destruction, pollution, etc.),
further jeopardizing conservation gains (Learmonth et al. 2006;
Gulland et al. 2022; Lettrich et al. 2023). Given the challenges in
safeguarding populations that have benefited from past conserva-
tion investment, contemporary demographic estimates are criti-
cal to guide management decisions based on current conditions,
rather than past successes (Higham and Bejder 2008; Tulloch
et al. 2019; Tyne et al. 2014; Vivier et al. 2026).

Humpback whales in the North Pacific have achieved substan-
tial numerical recovery after being severely depleted by com-
mercial whaling (Cheeseman et al. 2024; Rocha et al. 2014;
Surma and Pitcher 2015). Although coarse and possibly under-
estimated, the pre-whaling estimate was thought to number
about 15,000 whales (Muto et al. 2021; Rice 1978), plummeting
to as few as 1200-1600 whales following extensive exploitation
(Gambell 1976; Johnson and Wolman 1984). After commercial
whaling ceased in the North Pacific during the 1970s, a pro-
longed period of growth in whale abundance led to recent es-
timates exceeding 20,000 whales—surpassing the pre-whaling
estimate (Barlow et al. 2011; Cheeseman et al. 2024).

Yet even as commercial whaling is no longer a species-wide dan-
ger to humpback whales, they remain susceptible to widespread
anthropogenic impacts (Bettridge et al. 2015; Muto et al. 2021;
Schakner et al. 2022). Whales face risks from entanglement with
fishing gear (Tackaberry et al. 2022), vessel strikes (Bradford
and Lyman 2018, 2019; Lammers et al. 2011; Neilson et al. 2012;

Lomac-MacNair et al. 2018; Rockwood et al. 2017), marine pollu-
tion (Currie et al. 2017), unsustainable tourism (Currie et al. 2021;
Stack et al. 2021), and acoustic disturbance and masking
(Tyack 2008; Gabriele et al. 2018; Heenehan et al. 2019; Schakner
et al. 2022). In addition to these impacts, climate change has
emerged as a particularly concerning threat to whales that may
compound and overshadow other stressors (Gulland et al. 2022;
Lettrich et al. 2023) by reducing prey availability and quality and
degrading the ecosystem (Hastings et al. 2020; Tulloch et al. 2019;
von Hammerstein et al. 2022; Schakner et al. 2022).

From late 2013 through 2016, a natural experiment in climate im-
pact to marine life transpired as an unprecedented marine heat-
wave occurred in the northeastern Pacific Ocean (Cornwall 2019;
Di Lorenzo and Mantua 2016; Gentemann et al. 2017). Warm water
anomalies associated with this Pacific marine heatwave (PMH)
persisted through 2019 (Suryan et al. 2021), and in some locations,
elevated temperatures remained in the water column even after
sea surface temperatures normalized (Jackson et al. 2018). These
thermal anomalies disrupted marine food webs (Cornwall 2019),
reducing whale prey, including fish and krill (Arimitsu et al. 2021;
Suryan et al. 2021). The affected area encompassed key feed-
ing grounds of North Pacific humpback whales (Cheeseman
et al. 2024; Gabriele et al. 2022), so it was not surprising that po-
tential PMH impacts to whales were documented including lower
crude birth rates, lower calf survival, longer calving intervals,
lower encounter rates, emaciation, mass mortality, and, in some
locations, abrupt declines in whale numbers (Arimitsu et al. 2021;
Cartwright et al. 2019; Cheeseman et al. 2024; Frankel et al. 2022;
Gabriele et al. 2022; Kiigler et al. 2020; Moran et al. 2026; Neilson
et al. 2025, 2026; NOAA 2019; Savage 2017).

Under the U.S. Endangered Species Act (ESA), humpback
whales that breed within the Main Hawaiian Islands (MHI)
are considered a distinct population segment (DPS) of North
Pacific humpback whales (Bettridge et al. 2015). In 2016, after
decades of numerical growth of whales in the North Pacific, but
while the PMH was still occurring in some areas, the Hawai‘i
DPS was delisted under the ESA (U.S. Federal Register 2016;
Schakner et al. 2022). This DPS represents approximately half
of the North Pacific humpback whales (Barlow et al. 2011;
Calambokidis et al. 2008; Muto et al. 2021; Wade et al. 2021;
Young et al. 2024). Whales in this DPS typically breed in Hawai‘i
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(Bettridge et al. 2015; Young et al. 2024) during late fall to early
spring and return for the rest of the year to their higher latitude
feeding grounds along the North Pacific rim, including primar-
ily Southeast Alaska/Northern British Columbia and the Gulf
of Alaska, and also Washington/Southern British Columbia,
the Aleutian Islands/Bering Sea, and Russia (Calambokidis
et al. 2008; Cheeseman et al. 2024; Young et al. 2024). Known
as “kohola” in ‘Olelo Hawai‘i (Hawaiian language) (Pukui and
Elbert 1992; cf. Herman 1979), these whales migrate to and
throughout the Hawaiian Islands region with arrivals gener-
ally staggered by sex, age class, and reproductive status (Craig
et al. 2003; Currie et al. 2018).

While site fidelity is generally high to the Hawaiian Islands
breeding grounds (Herman et al. 2011; Baker et al. 2013),
whales sighted there have also been observed infrequently in
other breeding grounds such as Mexico and Japan (Cheeseman
et al. 2024; Darling and Cerchio 1993; Darling et al. 2022; Salden
et al. 1999). Also, females that are in poor condition due to the
high energetic costs of reproduction (e.g., van Aswegen, Szabo,
Currie, Stack, Evans, et al. 2025; van Aswegen, Szabo, Currie,
Stack, West, et al. 2025) may forgo the energetically costly mi-
gration to lower latitude breeding grounds, while others may
become pregnant enroute to the breeding grounds and return
to the feeding grounds before arriving at the breeding grounds
(Craig and Herman 1997). These detailed, DPS-specific insights
have been made possible only through decades of dedicated
whale research and monitoring—efforts that remain essential
for effective adaptive management of this DPS (NOAA 2019;
Schakner et al. 2022).

A primary method of long-term whale research in Hawai‘i in-
volves identifying individual humpback whales by the unique
shape and color patterns on the ventral surface of their tail
flukes (Katona et al. 1979), with the first of such humpback
whale photo-identification studies in the Hawaiian Islands be-
ginning in the late 1970s (Baker and Herman 1981, 1984, 1987;
Cerchio 1998; Darling and Morowitz 1986). Photo-identification
(hereafter, “photo-ID”) data allow for tracking individual
whales over time and space and can be used to estimate various
population parameters including abundance (Hammond 1986,
1990; Hammond et al. 1990, 2021; Urian et al. 2015). Photo-ID
based abundance estimates for the Hawai‘i breeding grounds
showed the DPS generally increased over time from 895 esti-
mated off Maui during 1977-1979 (Darling et al. 1983), to 1407
during 1980-1983 (Baker and Herman 1987), to ~4000 during
1989-1993 (Cerchio 1998), to 4000 and 5200 during 1991-1993
(Calambokidis et al. 1997), to about 10,000 whales during
2004-2006 (Calambokidis et al. 2008). Although specific sam-
pling areas and analytical methods varied across these studies,
the combined results indicate the DPS grew during this period,
spanning approximately one-quarter century.

More recent studies in the MHI have detected potential im-
pacts of the PMH to this DPS (NOAA 2019), including declines
in overall whale and calf numbers and calving rates off Maui
and Hawai‘i Island (Cartwright et al. 2019; Frankel et al. 2022)
and reduced male song chorusing off Maui, a proxy for rela-
tive whale abundance (Kiigler et al. 2020, 2021). Although the
PMH officially ended by 2017, subsequent research in part of
the Hawai‘i DPS's feeding grounds found that crude birth rates

had rebounded and even exceeded the pre-PMH mean (Gabriele
et al. 2024). However, whale abundance in a well-studied feed-
ing area in southeastern Alaska had not returned to pre-PMH
levels (Neilson et al. 2025, 2026), similar to the observed trend
of low whale numbers in Prince William Sound in south-
central Alaska (Moran and Straley 2024; Moran et al. 2026).
Interestingly, evidence from a breeding ground study demon-
strated that both crude birth rates and whale densities were at
or above levels seen prior to the PMH (Mobley Jr. et al. 2023).
The authors of that study suggested the DPS was resilient to
this exceptional climatic event, but noted that because the study
was not conducted throughout the MHI, it was unclear whether
the return to pre-PMH densities was DPS-wide or a reflection
of whales from elsewhere in the DPS moving to the preferred
habitat of Maui Nui (Mobley Jr. et al. 2023). Further complicat-
ing the assessment, the period of comparison was 1993-2003,
not the years immediately prior to the PMH when abundances
were thought to be much higher (Cheeseman et al. 2024; Neilson
et al. 2025). Another study that focused on waters off west Maui
demonstrated that distance-sampling abundance estimates gen-
erally increased following the reported decline, but fluctuated
during 2018-2021 (Zang and Lammers 2021). Similarly, declines
in male humpback whale chorusing persisted after the PMH
ended until increases were detected at some sites in the 2018/19
season (Kiigler et al. 2020). The authors of the chorusing study
noted their results could have been affected by a decrease in
abundance, altered migration patterns, distributional changes,
varying behavior, or a combination of these factors, and stressed
that continued monitoring and further studies were warranted
(Kiigler et al. 2020).

While potential signals of PMH impacts were detected in the
Hawai‘i DPS (Cartwright et al. 2019; Cheeseman et al. 2024;
Frankel et al. 2022; Kiigler et al. 2020; see Mobley Jr. et al. 2023
for review; NOAA 2019), most studies were limited spatially,
temporally, or methodologically. Given remaining uncertainty,
a comprehensive survival, abundance, and DPS growth rate
analysis prior to, during, and after the PMH was necessary
(Cheeseman et al. 2024; NOA A 2019; Schakner et al. 2022). Such
an analysis would also offer valuable insight into how hump-
back whale populations may respond to future climate-driven
perturbations, informing longer-term trajectory forecasts and
conservation strategies for populations exposed to extreme cli-
mate events, particularly as marine heatwaves are expected to
increase in both frequency and intensity (NOA A 2019; Schakner
et al. 2022; Cornwall 2019).

Recently consolidated MHI humpback whale photo-ID data
from numerous research organizations and members of the pub-
lic, curated through the web platform Happywhale (Cheeseman
et al. 2023), have provided an unparalleled opportunity to assess
Hawai‘i humpback whale demographics at a resolution never
before possible. In the study reported here, using over 20years
of photo-ID data, we applied capture-mark-recapture models
(Hammond et al. 2021; Brooks et al. 2024) to estimate survival,
abundance, and DPS growth rates—key metrics identified as
ESA post-delisting monitoring priorities (NOAA 2019; Schakner
et al. 2022). Our modeling approach directly incorporated het-
erogeneity (Pledger et al. 2010) to minimize bias from analyzing
breeding-ground-only data (Smith et al. 1999) and from other
sources, including differential migration, varying residency
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at the breeding ground, contrasting behavior based on repro-
ductive state, and differential fluking rates (Carroll et al. 2013;
Cerchio 1998; Craig et al. 2001; Hammond 1986, 1990; Herman
et al. 2011; Smith et al. 1999). By spanning the period before,
during, and after the PMH, our analyses provide a rare oppor-
tunity to examine potential longer-term impacts of the PMH
event on survival, abundance, and population growth rates at
the DPS level.

2 | Methods
2.1 | Study Area and Data Collection

Our study occurred in the waters off the MHI, an area where
many studies have occurred since the 1980s (Baker and
Herman 1987; Cerchio 1998; Darling et al. 1983) and in-
cluded the National Oceanic and Atmospheric Administration
(NOAA) Hawaiian Islands Humpback Whale National Marine
Sanctuary, a protected area considered vital for humpback
whale breeding and calving (Aki et al. 1994). Encounters with
humpback whales occurred from dedicated research vessels and
from platforms of opportunity such as whale watching tours
and private vessels. Photos of the ventral side of a whale's tail
flukes during an encounter were collected to identify individ-
uals based on the unique shape and pigmentation of the flukes
(Katona et al. 1979). The location and date of each encounter
were also recorded. All available humpback whale photo-ID
data from the Hawaiian Islands region—sourced from both the
research collaboration and community science contributors—
were compiled, matched, and reconciled in Happywhale as per
Cheeseman et al. (2022, 2023).

2.2 | Data Selection and Preparation
2.2.1 | Study Period

Whales are typically present in highest numbers during winter
in Hawai‘i, but many are also sighted in fall and spring. Available
data included 37,384 sightings (i.e., photo-ID captures) of indi-
vidual humpback whales submitted to Happywhale, comprised
of fluke photos spanning 2002-2023. When pooled across years,
whales were sighted in all months except June and September,
with 99.97% of sightings occurring during November-May.
Thus, we elected to use only data from November to May, in
part, to help reduce potential heterogeneity in capture proba-
bility. Preliminary analysis indicated that, given the relatively
low rates of capture at the DPS level, retaining flukes captured
during November-May was more important than potentially
further reducing the sampling period. Our final dataset com-
prised 21years (i.e., “November-May breeding seasons”) from
November 2002 to May 2023.

2.2.2 | Screening of Calf Flukes

We removed animals that were identified as calves (i.e., born
during the current breeding season) from the analysis (Ashe
et al. 2013; Brooks et al. 2024; Calambokidis et al. 2008; Carroll
et al. 2015) because they rarely show their flukes and their

flukes do not typically display as many permanent and distinc-
tive natural marks as adults (Brooks et al. 2024; Calambokidis
et al. 1997; Cheeseman et al. 2022), which makes them difficult
to individually identify reliably over time and violated our mod-
eling framework assumptions (see assumption 1 below under
Modeling Framework Assumptions; Williams et al. 2002). We
reviewed comments associated with fluke images uploaded to
Happywhale to discern calves. Since not all calves are speci-
fied during the submission process to Happywhale, we visually
reviewed all fluke images of whales that were first sighted in
Hawai‘i to distinguish putative calves (these would be no older
than 100days per observed residency; Cerchio et al. 1998; Craig
et al. 2001) based on fluke characteristics such as pale or gray
coloration, small size, lack of barnacles (e.g., Coronula diadema),
and general floppiness (Cartwright and Sullivan 2009; Kaufman
and Forestell 1986, 2015; Ransome et al. 2022).

2.2.3 | Photo Quality

To reduce the probability of false negatives and minimize bias
that can arise from the inclusion of poor-quality photos (Urian
et al. 2015; Gabriele et al. 2022), we limited our analysis to
images that scored 3 or higher on a quality scale from 0 to 5
(ranging from no visibly useful photo-ID details to excellent)
that considered the proportion of the fluke visible, fluke angle,
the photographer's lateral angle, focus, and exposure/contrast
(Cheeseman et al. 2022). This quality threshold is similar to
what others have used for humpback whale fluke data analyzed
for capture-mark-recapture (Ashe et al. 2013; Barlow et al. 2011;
Curtis et al. 2022, 2025; Gabriele et al. 2022; Wade et al. 2021).

2.2.4 | Encounter Histories

To reduce heterogeneity from whales captured multiple times
during one breeding season, we pooled all sightings from indi-
vidual whales at the breeding-season level. We generated en-
counter histories of 1s (sighted) and 0s (not sighted) for each
unique whale per breeding season.

2.3 | Mark-Recapture Analysis

Demographic and geographic closure were unlikely through-
out the duration of our 21-year study (Otis et al. 1978; Teerlink
et al. 2015; White et al. 1982). Therefore, we applied open popu-
lation models (Jolly 1965; Schwarz and Seber 1999; Seber 1965)
to estimate the survival of and number of non-calf whales that
used the MHI region during each breeding season. Because cap-
ture heterogeneity is a known issue when analyzing breeding-
ground-only data (Smith et al. 1999), we employed open
population models that incorporated heterogeneity (Pledger
et al. 2010). Specifically, we used an open-capture recapture
model that extended the Schwarz and Arnason (1996) JSSA
model by including finite mixtures to model heterogeneity of
capture and survival probabilities to reduce bias in abundance
estimates for each session (i.e., JSSAN; Pledger et al. 2010). The
modeling approach was full likelihood-based (rather than con-
ditioned on the first capture) and thereby reduced bias in the
survival estimates by modeling the uncaught animals as well as
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those captured (Pledger et al. 2010). Such survival estimates are
also robust to random temporary emigration, though their vari-
ances may increase (Kendall et al. 1997). Pledger et al. (2010)
note that the finite “..mixtures are merely a device to incor-
porate heterogeneity into the model in order to reduce bias in
the population abundance estimates, and to make profile like-
lihood interval coverage more accurate” and one “need not as-
sume the animal classes actually exist, and if they do exist our
estimates may not accurately reflect the true proportions and
the within-class capture and survival probabilities” (Pledger
et al. 2010: 889). We implemented the JSSAN model using R ver-
sion 4.4.2 (R Core Team 2024) via package openCR version 2.2.7
(Efford 2024).

2.3.1 | Modeling Framework Assumptions

Open population model assumptions included: (1) identifying
marks were unique, not lost, and identified correctly; (2) all indi-
viduals had the same probability of capture, whether previously
captured or not; (3) all individuals had the same probability of
survival, whether previously captured or not; (4) capture and
survival of individuals were independent between individuals;
(5) the study area was consistent; and (6) sampling was instan-
taneous (Schwarz and Arnason 1996; Williams et al. 2002).
Our photo-processing and matching protocols ensured that vi-
olations to assumption 1 were minimal (Cheeseman et al. 2022;
Curtis et al. 2022). We reduced violations to assumptions 2, 3,
and 4 by using non-invasive photo-ID data, condensing repeat
sightings to the breeding-season level, excluding calves, and
incorporating covariates to test directly for heterogeneity and
effects from sampling effort. Our data were collected and sub-
mitted by researchers and members of the public that spanned
the MHI, and individual whales are known to move among
the MHI (e.g., Baker and Herman 1981; Cerchio et al. 1998;
Calambokidis et al. 2008; Mate et al. 1998), indicating violations
to assumption 5 were likely negligible. To address assumption
6, we reduced our sampling window to November-May and fil-
tered repeat sightings therein to a single sighted/not sighted for
each breeding season.

2.3.2 | Models Tested

The estimated parameters of the JSSAN model were capture
probability, survival, and annual abundance of non-calves.
Because mortality and permanent emigration are indistinguish-
able in open population models, survival estimates represent
apparent survival (hereafter, “survival”) and may underesti-
mate true survival if the probability of study area fidelity is not
one (Schaub and Royle 2014). We tested models that included
(1) constant, (2) fully time-varying, and (3) time-varying based
on periods related to potential PMH impacts (details below) for
survival and capture probabilities, along with the heterogeneity
covariate. We also evaluated research effort as a covariate on
capture probability (details below). To address unidentifiability
issues in time-varying models (Williams et al. 2002), we used
a factor that constrained the first two time sessions as equal
when applied to either capture or survival probabilities. The
use of the heterogeneity covariate allowed the resulting capture

probability and survival estimates to vary by finite mixture
class. Abundance was modeled as fully time-varying without
the constraint on the first two sessions. To help manage model
complexity and because preliminary analyses revealed the data
were too sparse to support interactions involving heterogeneity
in estimating survival, heterogeneity was only evaluated as an
additive effect.

2.3.3 | PMH Periods

In addition to evaluating constant and time-varying capture and
survival probabilities, we assessed whether temporal variation
in these probabilities could be described by three distinct periods
related to potential PMH impacts: pre-event, impact, and subse-
quent. This approach allowed the subsequent period to be mod-
eled as distinct from the pre-event period, permitting potential
lingering effects to be documented. Because the oceanographic
anomalies observed during the PMH were not uniform across
the North Pacific (Jackson et al. 2018), we evaluated a suite of
biologically plausible onsets and durations for the middle impact
period based on documented impacts (Cartwright et al. 2019;
Cheeseman et al. 2024; Gabriele et al. 2022). Specifically, we
tested 5 competing hypotheses regarding the timing of the mid-
dle impact period:

1. pmh13.18: Impact period from 2013/14 through 2018/19;
2. pmh14.18: Impact period from 2014/15 through 2018/19;
3. pmh13.14: Impact period from 2013/14 through 2014/15;
4. pmh13: Impact period restricted to 2013/14; and

5. pmh14: Impact period restricted to 2014/15.

We note that because capture probability is estimated at sam-
pling occasions (i.e., breeding seasons), whereas survival is
estimated between occasions, the years denoted in the PMH
suite apply to the breeding season for capture probability and
to the subsequent interval for survival probability, respectively.
We hypothesized that PMH-impacts to survival might be real-
ized via forage limitation (Arimitsu et al. 2021; Cornwall 2019;
Gentemann et al. 2017; Savage 2017; Suryan et al. 2021) and
were likely of shorter duration (given that we only included
non-calves and adult survival is typically high and constant in
long-lived mammals; Eberhardt 2002). We hypothesized that
PMH-impacts to capture probability could include temporary
emigration (e.g., skipped or altered migration due to nutritional
stress; Straley et al. 2018) and other impacts such as behavioral
that could affect fluking rates (e.g., we considered the possibil-
ity that nutritionally-stressed whales may exhibit fewer fluke-up
dives if such dives are energetically costly). Given our aim was
not to elucidate specific causal mechanisms of PMH-impacts,
but to document corresponding changes in survival and capture
probabilities—we assessed the potential 5 impact periods above.
Because PMH-related stressors may affect survival differently
than capture probability, we did not constrain the two param-
eters to the same PMH period within a single model. Survival
and capture probability were modeled independently; each able
to be configured with any single PMH period, a time-varying
structure, or a constant (null) structure.
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2.3.4 | Research Effort Covariate

We calculated research effort as a covariate (“effort”) by sum-
ming the number of photographic days per breeding season
across all research collaborators (Mizroch et al. 2004). We did
not include opportunistic observations from the public in our
effort calculations. Photographic days were tallied for each date
when at least one fluke was contributed to our dataset by a col-
laborating research organization (Mizroch et al. 2004). In cases
where multiple research organizations collaborated on the same
vessel and contributed fluke photos of the same whales on the
same day, only one day total was counted (not one day per or-
ganization). In cases where multiple independent research or-
ganizations contributed fluke photos on the same day but were
working independent of one another, one photographic day for
each organization was tallied for that day. Thus, total research
effort (photographic days) could exceed the total number of cal-
endar days in a November-May breeding season. To improve
numerical stability in modeling, the research effort covariate
was scaled to a mean of 0 and standard deviation of 1.

2.3.5 | Model Selection and Goodness-Of-Fit

We evaluated models using Akaike Information Criterion cor-
rected for small samples (AIC ; Anderson et al. 1994; Burnham
and Anderson 2002). Given the large initial candidate model
set (n =364 combinations), we employed a sequential screening
process. Because a primary research objective was estimating
survival, we first performed univariate screenings of survival
structures within the PMH suite, while holding capture prob-
ability at time-varying with additive heterogeneity; pmhl4
emerged as the most informative, outperforming other variants
by >29 AAIC_ units. Consequently, to minimize spurious cor-
relations (Burnham and Anderson 2002), we excluded other
PMH variations from the final survival model set. However, we
retained one instance of each excluded PMH variant in our final
model suite to provide a direct comparison of their relative per-
formance (Tables S1 and S2).

From our final model suite of 30 models (Tables S1 and S2),
we selected the model with the lowest AIC_ score as the top-
performing model. Models within <4 AAIC_ were considered
competitive, provided they did not differ from the top model
solely by the addition of a single uninformative parameter
(Arnold 2010). Following Arnold (2010), we identified uninfor-
mative parameters as those whose beta estimate 85% confidence
interval included zero. In the case of more than one competitive
model, we generated parameter estimates via model averaging
(Burnham and Anderson 2002).

Because goodness of fit tests are not available for JSSAN mod-
els in openCR (Efford 2024), we conducted a sensitivity analysis
of variance inflation factors (¢), replacing the default value of
1 with values ranging from 1.5 to 4 at 0.5 intervals, represent-
ing varying degrees of overdispersion in the data (Lebreton
et al. 1992; White and Burnham 1999), to assess the robustness
of model selection via quasi-Akiake Information Criterion cor-
rected for small samples (QAIC)) (Anderson et al. 1994). We
followed the same selection procedures and model averaging as
above for AIC...

2.3.6 | DPS Growth Rates

We derived average annual DPS growth rates (1) based on the
geometric mean with breeding season abundance point esti-
mates following the approach of Olson et al. (2025):

Average annual DPS growth rate = A = <%) W
t

where N, was the estimated abundance in the initial breeding
season of interest, N, ,  was estimated abundance in the final
breeding season for the period of interest, and x was the num-
ber of years spanning the period of interest. We assessed DPS
growth rates for the full study period and also internal periods
of growth, stability, and decline. Values of A=1.00 indicated
no change, values above 1.00 indicated growth (e.g., 1.05=5%
growth), and values below 1.00 indicated decline (e.g., 0.95=5%
decline).

3 | Results
3.1 | Whale Sightings and Associated Effort

A total of 27,698 individual whale photo-ID sightings with a fluke
image quality scoring 3 or above were recorded across 21 breeding
seasons from November-May 2002/03 to 2022/23. We identified
369 whale sightings as probable calves representing 367 unique
calves. Excluding calves, 10,371 unique whales were identified at
least once via photo-ID. The number of unique non-calves sighted
in each breeding season averaged 943 and ranged from a low of
217 sightings during 2008/09 to a high of 2517 during 2022/23
(Figure 1). Capture rates for individual whales pooled at the
breeding season level across all breeding seasons averaged 1.91
(SD=1.36) and ranged from 1 to 13 captures. Nearly half of the
unique non-calves identified (4731; 45.6%) were sighted in at least
two breeding seasons. The discovery curve (Figure 2) of cumula-
tive non-calves captured during the study indicated new individu-
als were captured each breeding season. Research effort averaged
153.14 photographic days per breeding season (SD=63.20), rang-
ing from a low of 71 during 2008/09 to a peak of 276 in 2005/06.

3.2 | Model Selection

The top AIC, model included time-varying capture probability
(with the first two sessions set as equal) with additive hetero-
geneity and survival composed of three periods related to the
PMH: pre-event from 2002/03 to 2014/15, impact during the
single interval from 2014/15 to 2015/16, and subsequent from
2015/16 to 2022/23 (Table 1). While the second model was
within 4 AIC, of the top model (0.957 AAIC, units), it differed
only by the addition of a single parameter (heterogeneity in sur-
vival) whose beta estimate 85% confidence interval included
zero (beta estimate =0.12; SE=0.12; 85% CI=-0.05-0.29), and
so was not considered a competitive model (Table S1). The top
model remained the top model under QAIC, model selection
across the sensitivity analysis of variance inflation factors from
1.5 through 4, at 0.5 increments, and there were similarly no
competing models that differed by more than only a single unin-
formative parameter (Table S2).
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FIGURE 1 | Bar plot of the number of unique non-calf humpback whales (Megaptera novaeangliae) photo-identified with a quality score of 3+
during each breeding season from November-May 2002/03 to 2022/23 in the Main Hawaiian Islands region. Research effort (photographic days) for

each breeding season is plotted as a line.
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FIGURE 2 | Discovery curve comparing cumulative total non-calf humpback whales (Megaptera novaeangliae) photo-identified with a quality
score of 3+ to the cumulative annual breeding season identifications during November-May 2002/03 to 2022/23 in the Main Hawaiian Islands re-
gion. The 1:1 linear trend represents the plot that would result if a new individual was added with each identification.

3.3 | Heterogeneity and Breeding Season
Recapture Rates

The selected model included two finite mixture classes with
estimated membership probability of 0.183 (class 1) associated
with higher capture probability and a second finite mixture
class with membership probability of 0.817 (class 2) associated
with lower capture probability. Recall that the finite mixture
classes are merely a modeling device to incorporate heteroge-
neity to reduce bias in abundance estimates and need not re-
flect any actual animal groups (Pledger et al. 2010). The class 1
mixture averaged 0.232 (SD=0.148) capture probability with a

minimum of 0.042 (SE=0.004) during 2008/09 and a maximum
of 0.549 (SE=0.015) during 2022/23. The class 2 mixture aver-
aged 0.062 (SD=0.050) capture probability with a minimum
of 0.008 (SE=0.001) during 2008/09 and a maximum of 0.188
(SE=0.010) during 2022/23.

3.4 | Survival
Apart from a single interval coinciding with the PMH, we es-

timated relatively high survival, a result generally expected
given calves were excluded from our analysis (Gabriele
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TABLE1 | Estimates (SE) of capture probability, survival, and abundance from the top performing model per AIC _ (Akiake Information Criterion
corrected for small samples) selection using breeding season sighting data of non-calf humpback whales (Megaptera novaeangliae) photo-identified

during November-May 2002/03 to 2022/23 in the Main Hawaiian Islands.

Class 1 Class 2
Breeding Capture probability Capture probability Survival Abundance
Season Estimate SE Estimate SE Estimate SE Estimate SE 95% CI
2002/03 0.292 0.026 0.073 0.009 0.987 0.003 4700 511 3798-5817
2003/04 0.292 0.026 0.073 0.009 0.987 0.003 9578 924 7928-11,573
2004/05 0.310 0.016 0.079 0.006 0.987 0.003 9711 533 8721-10,813
2005/06 0.357 0.014 0.095 0.006 0.987 0.003 10,728 446 9890-11,638
2006/07 0.244 0.011 0.058 0.004 0.987 0.003 11,398 471 10,511-12,360
2007/08 0.186 0.010 0.042 0.003 0.987 0.003 11,840 500 10,900-12,861
2008/09 0.042 0.004 0.008 0.001 0.987 0.003 15,067 1239 12,824-17,702
2009/10 0.108 0.007 0.023 0.002 0.987 0.003 13,443 715 12,112-14,920
2010/11 0.062 0.005 0.012 0.001 0.987 0.003 14,109 935 12,390-16,066
2011/12 0.056 0.005 0.011 0.001 0.987 0.003 12,904 847 11,346-14,676
2012/13 0.115 0.007 0.024 0.002 0.987 0.003 12,678 626 11,508-13,966
2013/14 0.083 0.006 0.017 0.002 0.987 0.003 14,714 878 13,091-16,539
2014/15 0.142 0.008 0.030 0.002 0.683 0.022 14,736 736 13,361-16,252
2015/16 0.082 0.007 0.017 0.002 0.956 0.006 11,537 761 10,138-13,129
2016/17 0.140 0.009 0.030 0.003 0.956 0.006 11,088 596 9979-12,321
2017/18 0.217 0.011 0.050 0.004 0.956 0.006 10,116 421 9324-10,976
2018/19 0.318 0.012 0.081 0.005 0.956 0.006 10,441 374 9734-11,200
2019/20 0.365 0.013 0.099 0.006 0.956 0.006 9554 318 8951-10,198
2020/21 0.386 0.013 0.107 0.006 0.956 0.006 9457 318 8855-10,101
2021/22 0.531 0.015 0.177 0.009 0.956 0.006 9311 306 8730-9931
2022/23 0.549 0.015 0.188 0.010 NA NA 9921 325 9304-10,578

Note: The top model, p (t+h2) @ (pmh14) N (t), included capture probability (p) that was time-varying with the first two sessions set as equal and an additive effect of
2 heterogeneous mixture classes (h2), apparent survival (9) described by three periods (pmh14; survival before 2014/15, survival between breeding seasons 2014/15
and 2015/16, and survival after 2015/16), and abundance (N) that was fully-time varying. The heterogeneous finite mixture classes were estimated with membership

probabilities of 0.183 (class 1) and 0.817 (class 2).

et al. 2001). Coincident with the PMH, survival declined from
a high of 0.987 (SE =0.003) observed during breeding seasons
prior to 2014/15, to a low of 0.684 (SE =0.022) during the in-
terval between breeding seasons 2014/15 and 2015/16, and did
not fully recover to prior levels thereafter (survival=0.956,
SE=0.006) (Table 1).

3.5 | Abundance

As is sometimes the case with population models that consider
time-varying capture probability, estimates from the first pe-
riod can be unreliable (e.g., Barber-Meyer et al. 2024; Courtin
et al. 2023; Teerlink et al. 2015). Our first non-calf abundance
estimate of 4700 whales (SE=511.2) during breeding season
2002/03 is one such example (Table 1). This non-calf abundance
estimate is likely underestimated by about half and is an artifact

of constraining the first two occasions in the time-varying proba-
bility of capture to be equal. Presuming the general trend of more
effort results in more whale sightings, rather than being equal,
the probability of capturing whales during the first occasion was
probably about half the probability of capture during the second
occasion (Figure 1). Excluding the first season’s estimate, breeding
season non-calf abundance estimates averaged 11,617 (SD=1914),
with the apex of 15,067 in 2008/09 and the nadir of 9311 during
2021/22 (Table 1; Figure 3). We note a striking 37% decline in the
point estimates of abundance from 2014/15 to 2021/22 (Table 1;
Figure 3).

3.6 | DPS Growth Rates

Excluding the first breeding season abundance estimate, the av-
erage annual DPS growth rate from breeding season 2003/04 to
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FIGURE 3 | Humpback whale (Megaptera novaeangliae) breeding season non-calf abundance estimates (filled circles) from November-May
2003/04 to 2022/23 in the Main Hawaiian Islands region. Error bars are 4+/—1 standard error. The line segments connect breeding season non-calf
abundance point estimates. Given the unreliability of the first abundance estimate sometimes observed in this family of population models when
considering time-varying capture probability, data from the second estimate onward are plotted.

2022/23 was 1=1.00, indicating a stable DPS over 20 breeding
seasons. However, that result only accounted for the early and
final estimates—not changes within. Therefore, shorter periods
within the study may reveal variation otherwise missed. From
2003/04 to 2008/09, the DPS growth rate (1=1.09) indicated
an average of 9% growth each season. During 2008/09 through
2014/15, abundance estimates were variable, but the overall tra-
jectory was generally stable with 1=0.996 or ~1.00. The steepest
decline was observed in a single breeding season change from
2014/15 to 2015/16 with 1=0.783 (i.e., 21.7% decline). During
a multi-year decline, the average annual DPS growth rate
from 2014/15 through 2021/22, was A=0.937 (6.3% annual de-
cline). From 2019/20 through the end of our study in 2022/23,
abundance appeared to stabilize with possible slight growth at
A=1.01.

4 | Discussion

Our findings across two decades fill the identified knowledge
gap of abundance, survival, and DPS growth rate dynamics
before, during and after the PMH (NOAA 2019). Although
humpback whales in the MHI rebounded following protec-
tions from industrial whaling, our results confirm a severe
recent decline, with abundance not yet recovered to levels
observed immediately prior to 2015/16. While we did not ex-
plicitly consider alternative hypotheses for the decline that
would have required additional or longer data streams (e.g.,
toxicants, natural variation, changes in habitat use from an-
thropogenic disturbances, etc.), our results demonstrate that
humpback whales in the MHI experienced this pronounced
decline coincident with the PMH (Frankel et al. 2022;
NOAA 2019). Our estimates of abundance from later years in-
dicate a period of stabilization and possibly slight growth fol-
lowing the precipitous decline, but whether that recent trend

will continue remains uncertain. After its removal from the
U.S. Endangered Species list, there is an ongoing need for ac-
curate monitoring of the Hawai‘i DPS (Schakner et al. 2022).

4.1 | Mitigating Heterogeneity and Other Potential
Sources of Bias

Given the importance of accurate DPS information, careful
consideration of potential biases and efforts to minimize them
were essential. Heterogeneity in capture rates can lead to bi-
ased abundance estimates (Barlow et al. 2011; Cerchio 1998).
While heterogeneity is anticipated in capture-recapture data
when using breeding-ground-only data (Smith et al. 1999),
our approach included multiple mitigations to help minimize
the impact of that and other sources of potential heteroge-
neity (Carroll et al. 2013; Cerchio 1998; Craig et al. 2001;
Hammond 1986, 1990; Herman et al. 2011; Smith et al. 1999).
We reduced potential capture heterogeneity in our data
by removing calves, excluding very poor- and poor-quality
photos, subsetting our sampling period to November-May, and
condensing sightings to one per unique whale per breeding
season. Further, our modeling approach directly incorporated
heterogeneity via finite mixture classes (Pledger et al. 2010),
and we evaluated varying research effort as a predictor of cap-
ture probability (Abadi et al. 2013).

Mismatching of individuals (misidentification) is another issue
that can lead to unreliable photo-ID estimates (Link et al. 2010;
Yoshizaki et al. 2009). Both false positives (i.e., a fluke image
is incorrectly matched to an existing whale in the photo-ID
catalog) and false negatives (i.e., failure to match a fluke
image to an existing whale in the photo-ID catalog) can occur.
False positives are likely to be rare in our dataset because all
matches in Happywhale require manual confirmation. False
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negatives were limited via the process for assigning a new
whale ID in Happywhale, whereby the assignment of new IDs
(i.e., no match is found, a new whale is declared) are restricted
to only fluke photos scoring 3 or higher on the Happywhale
scale of 0 to 5 (Cheeseman et al. 2022). Prior Happywhale test-
ing indicated this process resulted in false negative rates of
1%-3% (Cheeseman et al. 2022). Overall bias from misiden-
tification is expected to be minimal in our dataset given our
photo quality threshold, our exclusion of calves (with fewer
and more mutable fluke features), our use of Happywhale's
matching algorithm, and because all matches were manually
verified (Cheeseman et al. 2022; Curtis et al. 2022).

4.2 | Discovery Curve and Resighting Rates

As misidentification bias was likely minimal, our extensive
dataset provided a robust basis for examining DPS-level pat-
terns. Our analysis benefited from the largest ever assembly of
photo-ID data for the MHI across a 21-yr period (Cheeseman
et al. 2023, 2024). The slope of our discovery curve based on
our photo-ID sightings was less than the 1:1 line that repre-
sented each captured animal as a new animal, reflecting the
ongoing process of new individuals that were either recruited
into the DPS through birth or immigration or were existing
animals from the beginning of our study and sighted for the
first time (Figure 2). The continued decline in the slope of the
discovery curve as the study progressed in combination with
the ongoing process of new animals being added was not un-
expected for a DPS of this size with data spanning more than
20years.

Past studies have reported resighting rates of 25% during 1978-
1984 from 72 whales identified in Hawai‘i (Baker et al. 1987)
and 19% during 1977-1985 from 634 whales (Perry et al. 1988).
The earlier rates are not directly comparable with ours (45.6%)
given our study benefited from greater temporal (21 breeding
seasons) and spatial (many researchers and members of the pub-
lic across the MHI) effort, improved technology (high-resolution
digital cameras), and the central data repository of Happywhale
that greatly facilitated compilation and matching of images
(Cheeseman et al. 2023).

4.3 | Model Selection

Because resighting rates may vary with heterogeneous
detectability and fluctuating effort, we incorporated both
into our model selection process. Our AIC -selected model—
which incorporated time-varying capture probability with
additive heterogeneity and survival modeled as three periods
related to the PMH—had no competing models and was ro-
bust to variance inflation as per the QAIC_ results. Based on
our AIC, model rankings, incorporating heterogeneity into
the capture probability improved the top model by over 918
AAIC,, indicating a significantly superior fit that likely cor-
rected for much of the potential overdispersion (e.g., Péron
et al. 2010). The capture probabilities for each heterogeneous
finite mixture class were similar to those observed throughout
a long-term study of Eastern Australia humpback whales at a
migratory stopover site (Brooks et al. 2024, 2025). Although

we evaluated effort as another potential means to minimize
capture heterogeneity, effort was not included in the top
model. This likely stems from the apparent early positive cor-
relation between research effort and unique whale sightings
dissipating in later years (Figure 1) and may also reflect that
our research effort estimate was not an exact representation
of realized effort.

4.4 | Survival in the Context of the PMH

Our annual survival estimates generally reflected high and
consistent survival, an expected result for long-lived mammals
given calves were excluded from our analysis (Eberhardt 2002;
Zerbini et al. 2010). A significant one-year decline in survival
occurred between breeding seasons 2014/15 and 2015/16.
Because mortality is confounded with permanent emigra-
tion in open population models, this decline may represent
either animals that died or emigrated outside of the MHI re-
gion. This marked decline coincided with the PMH and aligns
with previously observed signals of demographic and be-
havioral changes in humpback whales (Arimitsu et al. 2021;
Cartwright et al. 2019; Cheeseman et al. 2024; Frankel
et al. 2022; Gabriele et al. 2022; Kiigler et al. 2020; Moran
et al. 2026; Neilson et al. 2025, 2026; Savage 2017). The abrupt
decline was likely related to the widespread marine ecosystem
disruption, including forage collapse (Arimitsu et al. 2021;
Cornwall 2019; Gentemann et al. 2017; Suryan et al. 2021)
in habitat critical to the whales we studied (Cheeseman
et al. 2024; Gabriele et al. 2022). Our results are reinforced
by the 2015 large whale Unusual Mortality Event that in-
volved high mortality rates (including humpback whales)
within the Hawai‘i DPS known feeding ranges (Savage 2017).
Overall, our results generally support the trend of non-calf
survival rates reported in southeastern Alaska as higher prior
to (0.982; 95% CI=0.976-0.987) and lower after (0.899; 95%
CI=0.876-0.918) the PMH (Gabriele et al. 2022). Excluding
our lower survival rate during the PMH, our results approx-
imated survival rates reported for humpback whales based
on annual sightings in Hawai‘i during 1979-1996 (0.963; 95%
CI=0.944-0.978; Mizroch et al. 2004).

4.5 | Abundance Dynamics

In their report on humpback whales in Hawai‘i, Young
et al. (2024) state that 11,278 individuals (95% CI =4049-31,412;
Becker et al. 2022) estimated for 2020 is considered the best
current estimate for Hawai‘i. Our corresponding 2019/20 abun-
dance estimate (9554, 95% CI=8951-10,198) was lower than
that estimate, but within the confidence interval. Differences
in the results between the studies may be expected, in part, be-
cause Becker et al. (2022) modeled the U.S. Exclusive Economic
Zone around the Hawaiian Islands, whereas our study focused
on whales using the MHI. Furthermore, the exclusion of calves
in our analysis introduced a known negative bias (Barlow
et al. 2011; Curtis et al. 2022). One study of North Pacific hump-
back whales estimated a —10.5% bias due to exclusion of calves
(Barlow et al. 2011), meaning our results reflect a conservative
subset of the true abundance of all humpback whales that used
the MHI each winter.
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Our breeding season abundance estimates peaked between
breeding seasons 2008/09 through 2014/15 before precipitously
declining—a trend consistent with other studies (Cartwright
et al. 2019; Cheeseman et al. 2024; Frankel et al. 2022; Kiigler
et al. 2020). This decline appeared to continue until at least the
2019/20 breeding season, after which the rate of loss slowed,
with the point estimate slightly higher in the final survey period.

Despite significant methodological differences, it is striking
that our results corroborate the general trajectory for Hawai‘i's
relative abundance from the most recent North Pacific basin-
wide assessment reported by Cheeseman et al. (2024). While
Cheeseman et al. (2024) utilized a broader dataset including
genetic matches, calves, and feeding ground data to report a
34% decline in relative abundance by 2021, our breeding ground
analysis detected a nearly identical 37% decline from 2014/15
to 2021/22. The alignment of the trajectory and percent decline
across different modeling approaches reinforces the reality of a
systemic DPS contraction following the PMH.

Variation prior to the PMH (Figure 3) may suggest, as others
have, that perhaps the DPS was near its then-carrying capac-
ity (Frankel et al. 2022; Gabriele et al. 2022; Kiigler et al. 2020;
Mobley Jr. et al. 2023). Density-dependent reductions in large
whale populations often occur via change in one demographic
parameter at a time (Fowler 1984; Williams et al. 2013), whereas
the evidence during and after the PMH was from simultane-
ous changes in multiple demographic parameters (Gabriele
et al. 2022), indicating a more systemic decline than might be ex-
pected merely from a density-dependent adjustment to a reason-
ably stable carrying capacity. Although the PMH caused forage
collapse and marine ecosystem disruption (Arimitsu et al. 2021;
Cornwall 2019; Gentemann et al. 2017; Suryan et al. 2021) and
demographic signals hypothesized as PMH-related had been ob-
served (Cartwright et al. 2019; Cheeseman et al. 2024; Frankel
et al. 2022; Kiigler et al. 2020; NOAA 2019), quantification of
DPS-level impacts to survival and abundance of the whales
using the MHI breeding grounds was limited prior to this study.
Our results demonstrate a clear PMH-associated decline in both
abundance and survival, underscoring the vulnerability of even
recovered large whale populations to extreme climate events.

4.6 | DPS Growth Rates and Association With
the PMH

Our DPS growth rates were derived from breeding season abun-
dance estimates and elapsed time. We attempted to model growth
rates directly in a Lambda growth rate model (e.g., JSSANI or
JSSANICL in openCR; Efford 2024), but we encountered prob-
lems of parameter identifiability, likely due to data sparsenessrel-
ative to model complexity. However, Olson et al. (2025) showed
close agreement between derived-growth rates based on abun-
dance estimates (the same approach we used) and Pradel model-
estimated Lambda growth rates (i.e., 1.10 and 1.11, respectively).
The period of maximum increase during our study occurred
from breeding season 2003/04 through 2008/09. Our growth
rate during this period (9%) was lower than that estimated from
a Pradel mark-recapture model using data from Hawai‘i for 1980
to 1996 (10%; Mizroch et al. 2004) but higher than that estimated
from distance sampling data of MHI humpback whales during

1993 to 2000 (7%; Mobley Jr. 2004). We consider our growth
rate estimate during the period of maximum increase reason-
able given it is within previously observed values for this DPS
(Young et al. 2024) and was within the 95% confidence intervals
of plausible rates of increase for humpback whales estimated via
multiple approaches (Zerbini et al. 2010). Our steepest decline
was observed between breeding seasons 2014/15 and 2015/16.
While there are competing, non-mutually exclusive hypothe-
ses for this decline such as nutritional stress, changing distri-
butions of whales, human impacts, natural cyclical variability,
and unknown factors (Hastings et al. 2020; NOAA 2019), this
decline coincided with the lowest survival during the study and
was likely related to PMH impacts. Evidence from a distance
sampling study during 2019-2020 indicated that whale densities
were at or above those observed using identical methods during
1993-2003 (Mobley Jr. et al. 2023). Comparable whale densities
across these two periods revealed that the rates of population
increase recorded in the earlier study did not persist throughout
the 17-year intervening period (Mobley Jr. et al. 2023). Likewise,
our overall growth rate demonstrates that the earlier, higher rate
of increase we documented was not sustained. Whether the DPS
will continue to grow as potentially indicated by the last breed-
ing season assessed and ultimately rebound to levels prior to the
PMH, will depend, in part, on future environmental conditions
and carrying capacity. Current and future carrying capacities
will depend on the rapidly changing climate, a dynamic ocean,
and shifting prey distributions.

4.7 | Resiliency

Our comprehensive survival, abundance, and DPS growth rate
analysis of the whales that visited the MHI before, during and
after the PMH substantiates the signals of harmful impacts
that were detected by other shorter or less spatially expansive
studies (e.g., Cartwright et al. 2019; Frankel et al. 2022; Kiigler
et al. 2020). Our results also support studies that demonstrated
post-PMH abundance levels comparable to some pre-PMH es-
timates observed in the early 2000s (e.g., Frankel et al. 2022;
Mobley Jr. et al. 2023). However, this does not necessarily con-
stitute resiliency to the PMH climatic event, as our findings also
confirm that the most recent abundance estimates have not re-
bounded to the highs observed in the years immediately prior
to the PMH (e.g., Frankel et al. 2022). Thus, defining what is
specifically meant by resiliency (e.g., a return to equilibrium,
the capacity to recover, reaching abundance levels documented
during a particular time; Wade et al. 2012; Wilbrink 2023), and
identifying the period of comparison is important. This is es-
pecially true for a historically decimated, k-selected species
with relatively low reproductive rates adapted for long-term,
relative population stability near carrying capacity (Estes 1979;
Tulloch 2025). Our study found stable abundance when com-
paring early and late periods, suggesting a degree of persistence.
However, ecological resilience includes future adaptive capacity
as well. The ability to recover from future stochastic events may
be compromised if demographics (e.g., survival, abundance)
have not fully recovered to pre-disturbance levels, as is also
the case in our study. If we define resilience as a return to peak
abundance observed in the early 2010's, our results indicate the
DPS remains in a state of vulnerability. The apparent stabili-
zation and possible slight increase in abundance in later years
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may be cautiously interpreted as nascent resilience-in-progress,
rather than full restoration, or alternatively, as a shift to a lower
post-PMH baseline, raising concerns about the DPS's long-term
resilience to subsequent climatic stressors.

4.8 | Future Research

While our study was the most comprehensive to date for Hawai‘i
humpback whales, our analysis focused on the MHI where pho-
to-ID effort is concentrated. If there are whales in the Hawai'‘i
DPS that, hypothetically, only visit the Northwestern Hawaiian
Islands (NWHI), they would not have been available for capture
in our MHI-focused study. Whales have been documented in the
NWHI, such as the 19 humpback whales documented during
March 2007 on 15 d research cruise across the NWHI (Johnston
et al. 2007). Similarly, a passive acoustic survey documented
humpback whale song at seven sites in the NWHI during 2008-
2009 (Lammers et al. 2011). Subsequent acoustic survey re-
search revealed nearly the entire Hawaiian archipelago is used
by humpback whales during winter and early spring, with the
possibility of two subpopulations existing (Lammers et al. 2023).
The interchange of whales among the MHI is well-documented
(e.g., Baker and Herman 1981; Calambokidis et al. 2008;
Cerchio et al. 1998; Mate et al. 1998), but the frequency and
patterns of interchange between whales in the NWHI and the
MHI remain unclear (Johnston et al. 2007; Kiigler et al. 2020;
Lammers et al. 2011, 2023). As climate change progresses, it re-
mains to be seen whether the NWHI will serve as additional
habitat for whales that have primarily used the MHI to expand
into and whether this process may already be underway (Allen
et al. 2021; Hastings et al. 2020; Lammers et al. 2023; Mobley
et al. 1999).

The uncertainty around the movements of whales between the
MHI and the NWHI further highlights the need for continued
refinement of approaches to better account for this, and other
sources, of capture heterogeneity. While many improvements in
minimizing the impacts of capture heterogeneity have been re-
lated to study design (e.g., Carroll et al. 2015) or analytical meth-
ods (e.g., Abadi et al. 2013; Brooks et al. 2025; Pledger et al. 2010;
Straley et al. 2009) - field techniques are also evolving to address
this issue, such as the use of aerial imagery to increase resight
rates of whales (Evans et al. 2025). Such research could uniquely
benefit breeding-ground-only studies by informing both the
availability for capture and the traditional fluke-image capture
probability given presence. Additional analytical improvements
allowing increased flexibility in how individual heterogeneity is
modeled and the incorporation of heterogeneity into more com-
plex models such as the Multi-state Open Robust Design (e.g.,
Brooks et al. 2024; Brooks et al. 2025) would similarly likely
improve population estimates in breeding-ground-only studies.

5 | Conclusion

During our two-decade study, the Hawaii DPS of hump-
back whales achieved no net growth, and most North Pacific
humpback whales lost protection under the ESA (U.S. Federal
Register 2016). The high abundance, survival, and population
growth rates that we document in the Hawai‘i DPS prior to the

status review (Bettridge et al. 2015) did not persist. Although we
observed robust growth during a period characterized by high
survival, this was followed by a major marine heatwave that
coincided with dramatic DPS-level effects, including a severe
decline in abundance. The final breeding season abundance es-
timate suggests a potential slight increase. Our results, based on
fluke images collected across the MHI over two decades, pro-
vide a timely update at a robust resolution never before achieved
for this DPS.

Our findings illustrate that even a DPS considered numeri-
cally recovered from historic lows may still require vigilant
monitoring to ensure conservation successes are maintained
(Schakner et al. 2022). In the case of the Hawai‘i DPS of hump-
back whales, as climate change ramifications are realized, di-
rect and indirect effects of climate change will likely negatively
impact reproductive success, survival, distribution, and other
DPS-level characteristics (Learmonth et al. 2006). Our results
demonstrate that, although a DPS may appear numerically se-
cure, resiliency to future environmental anomalies cannot be
assumed. The speed and extent of the DPS's recovery following
the PMH will help inform the management of other recovered
baleen whale populations that migrate great distances between
high latitude feeding grounds and low latitude breeding grounds
(Brooks et al. 2024; Smith et al. 1999; Tulloch 2025). Considered
a conservation success, humpback whales in the Hawai‘i DPS
remain an important sentinel, highlighting how climate-linked
ecosystem disturbances can levy significant impacts to even
previously thriving populations. Ongoing monitoring, fostered
by methodological and analytical advancements, will best in-
form the adaptive management of this ecosystem-indicator DPS
(Cheeseman et al. 2024; for example, Linsky et al. 2024), helping
to distinguish temporary, minor perturbations from more pro-
longed declines and supporting humpback whale conservation
far into the future (Schakner et al. 2022).

Author Contributions

S. M. Barber-Meyer: writing - original draft, formal analysis, data
curation, conceptualization, investigation, methodology, validation,
visualization, software, supervision, project administration, resources,
writing - review and editing. T. Cheeseman: data curation, funding ac-
quisition, methodology, investigation, project administration, resources,
software, supervision, writing - review and editing. J. Barlow: concep-
tualization, methodology, writing — review and editing. L. Bejder: data
curation, funding acquisition, project administration, resources, super-
vision, conceptualization, writing - review and editing. A. L. Bradford:
funding acquisition, project administration, resources, supervision,
writing — review and editing. R. Cartwright: data curation, funding
acquisition, project administration, resources, supervision, writing
- review and editing. M. Deakos: data curation, funding acquisition,
project administration, resources, supervision, writing - review and
editing. L. Evans: data curation, project administration, supervision,
writing — review and editing. R. Finn: data curation, resources, writ-
ing - review and editing. C. M. Gabriele: data curation, project admin-
istration, funding acquisition, resources, supervision, writing — review
and editing. B. Goodwin: data curation, funding acquisition, project
administration, resources, supervision, writing — review and editing.
C. Hayslip: data curation, funding acquisition, project administration,
resources, supervision, writing - review and editing. E. E. Henderson:
data curation, funding acquisition, project administration, resources,
supervision, writing - review and editing. M. Jones: funding acquisi-
tion, writing - review and editing, project administration, resources,

12 of 18

Marine Mammal Science, 2026

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI



supervision, data curation. M. Lammers: project administration, fund-
ing acquisition, writing — review and editing, conceptualization, data
curation, supervision, resources. E. Lyman: data curation, supervision,
resources, project administration, funding acquisition, conceptual-
ization, writing — review and editing. D. M. McSwain: data curation,
writing - review and editing. J. Mobley: data curation, funding acqui-
sition, project administration, resources, supervision, writing — review
and editing. M. Olio: data curation, writing — review and editing. A.
A. Pack: data curation, funding acquisition, project administration, re-
sources, supervision, conceptualization, writing — review and editing.
D. M. Palacios: data curation, funding acquisition, project administra-
tion, resources, supervision, writing - review and editing. H. R. Spears:
writing - review and editing, data curation. S. H. Stack: data curation,
funding acquisition, project administration, supervision, writing - re-
view and editing. F. A. Sullivan: data curation, validation, writing - re-
view and editing. M. van Aswegen: data curation, funding acquisition,
project administration, supervision, writing - review and editing. K. M.
Yano: data curation, project administration, writing - review and edit-
ing. S. Yin: data curation, writing - review and editing. A. Zoidis: data
curation, funding acquisition, project administration, resources, super-
vision, writing - review and editing. J. J. Currie: conceptualization,
writing - review and editing, funding acquisition, project administra-
tion, resources, supervision, data curation.

Acknowledgments

We thank Dr. James Nichols (retired U.S. Geological Survey), Dr. James
Hines (retired U.S. Geological Survey), Dr. Rachel Fewster (University
of Auckland), and Dr. K. Alexandra Curtis (NOAA) for helpful mod-
eling discussions. We are grateful to Adam Kurtz (NOAA), Dr. Jamie
Brusa (NOAA), and one anonymous reviewer for helpful suggestions
on an earlier draft that improved our work. We thank Akeamakamae
Kiyuna (Assistant Professor, Hawai‘i Community College) for the ab-
stract translation. The dataset we used would not exist without the
dedication, support, and trust of a very large community. Please see
electronic Supporting Information for full acknowledgements.

Funding

This work was supported by many more organizations and individuals
than can be listed here. Please see electronic Supporting Information
for the funding specific to each organization listed in the full
acknowledgements.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The photo-identification catalogs contributing to this study are archived
on Happywhale and are accessible in accordance with the data sharing
policies of the contributing organizations. Due to ethical agreements
and data-sharing restrictions, these catalogs cannot be downloaded
in bulk; however, data requests can be made through the Happywhale
platform.

References

Abadi, F., A. Botha, and R. Altwegg. 2013. “Revisiting the Effect
of Capture Heterogeneity on Survival Estimates in Capture-Mark-
Recapture Studies: Does It Matter?” PLoS One 8, no. 4: €62636.

Aki, K., R. Brock, J. Miller, et al. 1994. “A Site Characterization Study for
the Hawaiian Islands Humpback Whale National Marine Sanctuary”.
124. https://repository.library.noaa.gov/view/noaa/46822.

Allen, A. N., M. Harvey, L. Harrell, et al. 2021. “A Convolutional
Neural Network for Automated Detection of Humpback Whale Song

in a Diverse, Long-Term Passive Acoustic Dataset.” Frontiers in Marine
Science 8: 607321.

Anderson, D. R., K. P. Burnham, and G. C. White. 1994. “AIC Model
Selection in Overdispersed Capture-Recapture Data.” Ecology 75, no. 6:
1780-1793. https://doi.org/10.2307/1939637.

Arimitsu, M. L., J. F. Piatt, S. Hatch, et al. 2021. “Heatwave-Induced
Synchrony Within Forage Fish Portfolio Disrupts Energy Flow to Top
Pelagic Predators.” Global Change Biology 27, no. 9: 1859-1878.

Arnold, T. W. 2010. “Uninformative Parameters and Model Selection
Using Akaike's Information Criterion.” Journal of Wildlife Management
74, no. 6: 1175-1178.

Ashe, E., J. Wray, C. R. Picard, and R. Williams. 2013. “Abundance and
Survival of Pacific Humpback Whales in a Proposed Critical Habitat
Area.” PLoS One 8, no. 9: €75228.

Baker, C. S., and L. M. Herman. 1981. “Migration and Local Movement
of Humpback Whales (Megaptera novaeangliae) Through Hawaiian
Waters.” Canadian Journal of Zoology 59, no. 3: 460-469.

Baker, C. S., and L. M. Herman. 1984. “Aggressive Behavior Between
Humpback Whales (Megaptera novaeangliae) Wintering in Hawaiian
Waters.” Canadian Journal of Zoology 62, no. 10: 1922-1937.

Baker, C.S.,and L. M. Herman. 1987. “Alternative Population Estimates
of Humpback Whales (Megaptera novaeangliae) in Hawaiian Waters.”
Canadian Journal of Zoology 65: 2818-2821.

Baker, C. S., A. Perry, and L. M. Herman. 1987. “Reproductive Histories
of Female Humpback Whales Megaptera novaeangliae in the North
Pacific.” Marine Ecology Progress Series 41: 103-114.

Baker, C. S., D. Steel, J. Calambokidis, et al. 2013. “Strong Maternal
Fidelity and Natal Philopatry Shape Genetic Structure in North Pacific
Humpback Whales.” Marine Ecology Progress Series 494: 291-306.

Barber-Meyer, S. M., G. L. Olson, and J. J. Currie. 2024. “Pantropical
Spotted Dolphin (Stenella attenuata attenuata) Abundance Estimates
in Maui Nui, Hawai‘i Reveal Small Population in Need of Monitoring.”
Frontiers in Mammal Science 3: 1412415. https://doi.org/10.3389/
fmamm.2024.1412415.

Barlow, J., J. Calambokidis, E. A. Falcone, et al. 2011. “Humpback
Whale Abundance in the North Pacific Estimated by Photographic
Capture-Recapture With Bias Correction From Simulation Studies.”
Marine Mammal Science 27, no. 4: 793-818.

Becker, E. A., K. A. Forney, E. M. Oleson, et al. 2022. “Abundance,
Distribution, and Seasonality of Cetaceans Within the US Exclusive
Economic Zone Around the Hawaiian Archipelago Based on Species
Distribution Models.” U.S. Department of Commerce, NOAA Technical
Memorandum NOAA-TM-NMFS-PIFSC-131, 45. https://doi.org/10.
25923/9e50-d280.

Bejder, M., D. Johnston, J. N. Smith, A. Freidlaender, and L. Bejder. 2016.
“Embracing Conservation Success of Recovering Humpback Whale
Populations: Evaluating the Case for Downlisting the Conservation
Status in Australia.” Marine Policy 66: 137-141.

Bettridge, S. O. M., C. S. Baker, J. Barlow, et al. 2015. “Status Review of
the Humpback Whale (Megaptera Novaeangliae) Under the Endangered
Species Act.” U.S. Department of Commerce, NOAA Technical
Memorandum NOAA-TM-NMFS-SWFSC-540, 263.

Bradford, A. L., and E. Lyman. 2018. “Injury Determinations for
Humpback Whales and Other Cetaceans Reported to NOA A Response
Networks in the Hawaiian Islands During 2013-2016.” U.S. Department
of Commerce, NOAA Technical Memorandum NMFS-PIFSC-75, 24.

Bradford, A. L., and E. G. Lyman. 2019. “Injury Determinations for
Humpback Whales and Other Cetaceans Reported to NOAA Response
Networks in the Hawaiian Islands During 2017.” U.S. Department of
Commerce, NOAA Technical Memorandum NMFS-PIFSC-81, 18.
https://doi.org/10.25923/7csm-h961.

Marine Mammal Science, 2026

13 0f 18

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://repository.library.noaa.gov/view/noaa/46822
https://doi.org/10.2307/1939637
https://doi.org/10.3389/fmamm.2024.1412415
https://doi.org/10.3389/fmamm.2024.1412415
https://doi.org/10.25923/9e50-d280
https://doi.org/10.25923/9e50-d280
https://doi.org/10.25923/7csm-h961

Brooks, L., T. Franklin, W. Franklin, P. Harrison, P. Corkeron, and
K. H. Pollock. 2024. “Humpback Whales (Megaptera novaeangliae) in
Hervey Bay, Australia: A Stopover for Females Early in Their Southern
Migration.” Frontiers in Marine Science 11: 1426248. https://doi.org/10.
3389/fmars.2024.1426248.

Brooks, L. R., W. Fewster, T. Franklin, T. Cheeseman, K. Pollock, and
On Behalf of E1 Project Collaboration. 2025. “An Estimate of the Size
of the Eastern Australian Humpback Whale Population (E1): Report to
the DCCEEEW, 12.

Burnham, K. P, and D. R. Anderson. 2002. Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach.
Second ed, 488. Springer-Verlag.

Calambokidis, J., E. A. Falcone, T. J. Quinn, et al. 2008. “SPLASH:
Structure of Populations, Levels of Abundance and Status of Humpback
Whales in the North Pacific.” Final Report for Contract AB133F-03-
RP-00078, 57.

Calambokidis, J., G. H. Steiger, J. M. Straley, et al. 1997. “Abundance
and Population Structure of Humpback Whales in the North Pacific
Basin.” Final Contract Report 50ABNF500113 to Southwest Fisheries
Science Center, PO Box, 271, 72.

Carroll, E. L., L. Brooks, C. S. Baker, et al. 2015. “Assessing the Design
and Power of Capture-Recapture Studies to Estimate Demographic
Parameters for the Endangered Oceania Humpback Whale Population.”
Endangered Species Research 28: 147-162.

Carroll, E. L., S. J. Childerhouse, R. M. Fewster, et al. 2013. “Accounting
for Female Reproductive Cycles in a Superpopulation Capture—
Recapture Framework.” Ecological Applications 23, no. 7: 1677-1690.

Cartwright, R., and M. Sullivan. 2009. “Behavioral Ontogeny in
Humpback Whale (Megaptera novaeangliae) Calves During Their
Residence in Hawaiian Waters.” Marine Mammal Science 25, no. 3:
659-680. https://doi.org/10.1111/j.1748-7692.2009.00286.X.

Cartwright, R., A. Venema, V. Hernandez, C. Wyels, J. Cesere, and D.
Cesere. 2019. “Fluctuating Reproductive Rates in Hawaii's Humpback
Whales, Megaptera novaeangliae, Reflect Recent Climate Anomalies in
the North Pacific.” Royal Society Open Science 6, no. 3: 181463. https://
doi.org/10.1098/rs0s.181463.

Cerchio, S. 1998. “Estimates of Humpback Whale Abundance Off Kauai,
1989 to 1993: Evaluating Biases Associated With Sampling the Hawaiian
Islands Breeding Assemblage.” Marine Ecology Progress Series 175: 23-34.

Cerchio, S., C. M. Gabriele, T. F. Norris, and L. M. Herman. 1998.
“Movements of Humpback Whales Between Kauai and Hawaii:
Implications for Population Structure and Abundance Estimation in the
Hawaiian Islands.” Marine Ecology Progress Series 175: 13-22.

Cheeseman, T., J. Barlow, J. M. Acebes, et al. 2024. “Bellwethers of
Change: Population Modelling of North Pacific Humpback Whales
From 2002 Through 2021 Reveals Shift From Recovery to Climate
Response.” Royal Society Open Science 11, no. 2: 231462.

Cheeseman, T., K. Southerland,J. M. Acebes, et al. 2023. “A Collaborative
and Near-Comprehensive North Pacific Humpback Whale Photo-ID
Dataset.” Scientific Reports 13, no. 1: 10237.

Cheeseman, T., K. Southerland, J. Park, et al. 2022. “Advanced Image
Recognition: A Fully Automated, High-Accuracy Photo-Identification
Matching System for Humpback Whales.” Mammalian Biology 102, no.
3:915-929.

Cornwall, W. 2019. “In Hot Water.” Science 363, no. 6426: 442-445.
https://doi.org/10.1126/science.363.6426.442.

Courtin, B., C. Millon, A. Feunteun, et al. 2023. “Site Fidelity and
Population Parameters of Pantropical Spotted Dolphins in the Eastern
Caribbean Through Photographic Identification.” Frontiers in Marine
Science 10: 939263. https://doi.org/10.3389/fmars.2023.939263.

Craig, A. S., and L. M. Herman. 1997. “Sex Differences in Site Fidelity
and Migration of Humpback Whales (Megaptera novaeangliae) to the
Hawaiian Islands.” Canadian Journal of Zoology 75: 1923-1933.

Craig, A. S., L. M. Herman, C. M. Gabriele, and A. A. Pack. 2003.
“Migratory Timing of Humpback Whales (Megaptera novaeangliae)
in the Central North Pacific Varies With Age, Sex and Reproductive
Status.” Behaviour 140: 981-1001.

Craig, A. S., L. M. Herman, and A. A. Pack. 2001. “Estimating
Residence Times of Humpback Whales in Hawaii.” In Hawaiian Islands
Humpback Whale National Marine Sanctuary, Office of National Marine
Sanctuaries, National Oceanic and Atmospheric Administration, 22.
U.S. Department of Commerce and the Department of Land and Natural
Resources, State of Hawaii.

Currie, J. J., J. A. McCordic, G. L. Olson, A. F. Machernis, and S. H.
Stack. 2021. “The Impact of Vessels on Humpback Whale Behavior:
The Benefit of Added Whale Watching Guidelines.” Frontiers in Marine
Science 8: 601433. https://doi.org/10.3389/fmars.2021.601433.

Currie, J. J., S. H. Stack, J. A. McCordic, and G. D. Kaufman. 2017.
“Quantifying the Risk That Marine Debris Poses to Cetaceans in Coastal
Waters of the 4-Islands Region of Maui.” Marine Pollution Bulletin 121:
69-77. https://doi.org/10.1016/j.marpolbul.2017.05.031.

Currie, J. J., S. H. Stack, J. A. McCordic, and J. Roberts. 2018. “Utilizing
Occupancy Models and Platforms-Of-Opportunity to Assess Area Use
of Mother-Calf Humpback Whales.” Open Journal of Marine Science 8:
276-292. https://doi.org/10.4236/0jms.2018.82014.

Curtis, K. A., J. Calambokidis, K. Audley, et al. 2022. “Abundance of
Humpback Whales (Megaptera Novaeangliae) Wintering in Central
America and Southern Mexico from a One-Dimensional Spatial
Capture-Recapture Model.” U.S. Department of Commerce, NOAA
Technical Memorandum NMFS-SWFSC-661, 35. https://doi.org/10.
25923/9¢q1-rx80.

Curtis, K. A., J. Calambokidis, K. Audley, et al. 2025. “Harnessing
the Power of Photo-ID Data for Apportionment to Migratory Whale
Herds: U.S. West Coast Humpback Whale Stock Proportions by
Latitude for the Period 2019-2024.” U.S. Department of Commerce,
NOAA Technical Memorandum NMFS-SWFSC-723. https://doi.org/
10.25923/ah7d-sj35.

Darling, J. D., K. Audley, T. Cheeseman, B. Goodwin, E. G. Lyman, and
R.J. Urban. 2022. “Humpback Whales (Megaptera novaeangliae) Attend
Both Mexico and Hawaii Breeding Grounds in the Same Winter: Mixing
in the Northeast Pacific.” Biology Letters 18, no. 2: 547.

Darling, J. D., and S. Cerchio. 1993. “Movement of a Humpback Whale
(Megaptera novaeangliae) Between Japan and Hawaii.” Marine Mammal
Science 9, no. 1: 84-89.

Darling, J. D., K. M. Gibson, and G. K. Silber. 1983. “Observations on
the Abundance and Behavior of Humpback Whales (Megaptera no-
vaeangliae) Off West Maui, Hawaii (1977-79).” In Communication and
Behavior of Whales. American Association for the Advancement of Science
Selected Symposia Series, edited by R. Payne, 201-222. Westview Press.

Darling, J. D., and H. Morowitz. 1986. “Census of ‘Hawaiian’ Humpback
Whales (Megaptera novaeangliae) by Individual Identification.”
Canadian Journal of Zoology 64, no. 1: 105-111.

Di Lorenzo, E., and N. Mantua. 2016. “Multi-Year Persistence of the
2014/15 North Pacific Marine Heatwave.” Nature Climate Change 6:
1042-1047. https://doi.org/10.1038/nclimate3082.

Eberhardt, L. L. 2002. “A Paradigm for Population Analysis of
Long-Lived Vertebrates.” Ecology 83, no. 10: 2841-2854. https://doi.
0rg/10.1890/0012-9658(2002)083[2841: APFPA0O]2.0.CO;2.

Efford, M. 2024. “openCR: Open Population Capture-Recapture
Models.” R Package Version 2.2.7. https://CRAN.R-project.org/packa
ge=openCR/.

14 of 18

Marine Mammal Science, 2026

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://doi.org/10.3389/fmars.2024.1426248
https://doi.org/10.3389/fmars.2024.1426248
https://doi.org/10.1111/j.1748-7692.2009.00286.x
https://doi.org/10.1098/rsos.181463
https://doi.org/10.1098/rsos.181463
https://doi.org/10.1126/science.363.6426.442
https://doi.org/10.3389/fmars.2023.939263
https://doi.org/10.3389/fmars.2021.601433
https://doi.org/10.1016/j.marpolbul.2017.05.031
https://doi.org/10.4236/ojms.2018.82014
https://doi.org/10.25923/9cq1-rx80
https://doi.org/10.25923/9cq1-rx80
https://doi.org/10.25923/ah7d-sj35
https://doi.org/10.25923/ah7d-sj35
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1890/0012-9658(2002)083[2841:APFPAO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2841:APFPAO]2.0.CO;2
https://cran.r-project.org/package=openCR/
https://cran.r-project.org/package=openCR/

Estes, J. A. 1979. “Exploitation of Marine Mammals: R-Selection of K-
Strategists?” Journal of the Fisheries Research Board of Canada 36, no.
8:1009-1017. https://doi.org/10.1139/£79-140.

Evans, L. I., M. van Aswegen, S. Feinberg, et al. 2025. “Elevating
Photo-Identification: Aerial-Identification Improves Re-Sight Rates
and Supports Long-Term Monitoring of Humpback Whales.” Marine
Mammal Science 42: €70078.

Fowler, C. W. 1984. “Density Dependence in Cetacean Populations.”
Reports of the International Whaling Commission. Special Issue 6:
373-379.

Frankel, A.S.,C. M. Gabriele, S. Yin, and S. H. Rickards. 2022. “Humpback
Whale Abundance in Hawai‘i: Temporal Trends and Response to
Climatic Drivers.” Marine Mammal Science 38, no. 1: 118-138.

Friedlaender, A. S. 2026. “Marine Biology: Don't Call It a Humpback
Comeback!” Current Biology 36, no. 8: R335-R336. https://doi.org/10.
1016/j.cub.2026.03.028.

Gabriele, C. M., C. L. Amundson, J. L. Neilson, J. M. Straley, C. S.
Baker, and S. L. Danielson. 2022. “Sharp Decline in Humpback Whale
(Megaptera novaeangliae) Survival and Reproductive Success in
Southeastern Alaska During and After the 2014-2016 Northeast Pacific
Marine Heatwave.” Mammalian Biology 102, no. 4: 1113-1131.

Gabriele, C. M., J. L. Neilson, and H. K. Hoffbauer. 2024. “Trends in
Humpback Whale Calving in Glacier Bay and Icy Strait.” In Ecosystem
Status Report 2024: Gulf of Alaska, Stock Assessment and Fishery
Evaluation Report, edited by B. E. Ferriss, 99501. North Pacific Fishery
Management Council.

Gabriele, C. M., D. W. Ponirakis, C. W. Clark, J. N. Womble, and P. B.
Vanselow. 2018. “Underwater Acoustic Ecology Metrics in an Alaska
Marine Protected Area Reveal Marine Mammal Communication
Masking and Management Alternatives.” Frontiers in Marine Science
5:270.

Gabriele, C. M., J. M. Straley, S. A. Mizroch, et al. 2001. “Estimating the
Mortality Rate of Humpback Whale Calves in the Central North Pacific
Ocean.” Canadian Journal of Zoology 79: 589-600.

Gambell, R. 1976. “World Whale Stocks.” Mammal Review 6: 41-53.
https://doi.org/10.1111/§.1365-2907.1976.tb00200.x.

Gentemann, C. L., M. R. Fewings, and M. Garcia-Reyes. 2017. “Satellite
Sea Surface Temperatures Along the West Coast of the United
States During the 2014-2016 Northeast Pacific Marine Heat Wave.”
Geophysical Research Letters 44, no. 1: 312-319.

Gulland, F. M. D.,J. D. Baker, M. Howe, et al. 2022. “A Review of Climate
Change Effects on Marine Mammals in United States Waters: Past
Predictions, Observed Impacts, Current Research and Conservation
Imperatives.” Climate Change Ecology 3: 100054. https://doi.org/10.
1016/j.ecochg.2022.100054.

Hammond, P. S. 1986. “Estimating the Size of Naturally Marked Whale
Populations Using Capture-Recapture Techniques.” Reports of the
International Whaling Commission. Special Issue 8: 253-282.

Hammond, P. S. 1990. “Heterogeneity in the Gulf of Maine? Estimating
Humpback Whale Population Size When Capture Probabilities Are Not
Equal.” Reports of the International Whaling Commission, Special Issue
12:135-139.

Hammond, P. S., T. B. Francis, D. Heinemann, et al. 2021. “Estimating
the Abundance of Marine Mammal Populations.” Frontiers in Marine
Science 8: 735770. https://doi.org/10.3389/fmars.2021.735770.

Hammond, P. S., S. A. Mizroch, and G. P. Donovan. 1990. “Report
of the Workshop on Individual Recognition and the Estimation of
Cetacean Population Parameters.” Reports of the International Whaling
Commission, Special Issue 12: 1-17.

Hastings, R. A., L. A. Rutterford, J. J. Freer, R. A. Collins, S. D. Simpson,
and M. J. Genner. 2020. “Climate Change Drives Poleward Increases and

Equatorward Declines in Marine Species.” Current Biology 30: 1572-
1577. https://doi.org/10.1016/j.cub.2020.02.043.

Heenehan, H., J. E. Stanistreet, P. J. Corkeron, et al. 2019. “Caribbean
Sea Soundscapes: Monitoring Humpback Whales, Biological Sounds,
Geological Events, and Anthropogenic Impacts of Vessel Noise.”
Frontiers in Marine Science 6: 347. https://doi.org/10.3389/fmars.2019.
00347.

Herman, L. M. 1979. “Humpback Whales in Hawaiian Waters: A Study
in Historical Ecology.” Pacific Science 33, no. 1: 1-15.

Herman, L. M., A. A. Pack, K. Rose, et al. 2011. “Resightings of
Humpback Whales in Hawaiian Waters Over Spans of 10-32Years:
Site Fidelity, Sex Ratios, Calving Rates, Female Demographics, and
the Dynamics of Social and Behavioral Roles of Individuals.” Marine
Mammal Science 27, no. 4: 736-768. https://doi.org/10.1111/j.1748-7692.
2010.00441.x.

Higham, J. E. S., and L. Bejder. 2008. “Managing Wildlife-Based
Tourism: Edging Slowly Towards Sustainability?” Current Issues in
Tourism 11, no. 1: 75-83.

Jackson, J. M., G. C.Johnson, H. V. Dosser, and T. Ross. 2018. “Warming
From Recent Marine Heatwave Lingers in Deep British Columbia
Fjord.” Geophysical Research Letters 45: 9757-9764. https://doi.org/10.
1029/2018GL078971.

Johnson, J. H., and A. A. Wolman. 1984. “The Humpback Whale,
Megaptera novaeangliae.” Marine Fisheries Review 46: 30-37.

Johnston, D. W., M. E. Chapla, L. E. Williams, and D. K. Mattila. 2007.
“Identification of Humpback Whale Megaptera novaeangliae Wintering
Habitat in the Northwestern Hawaiian Islands Using Spatial Habitat
Modeling.” Endangered Species Research 3, no. 3: 249-257.

Jolly, G. M. 1965. “Explicit Estimates From Capture-Recapture Data
With Both Death and Immigration-Stochastic Model.” Biometrika 52:
225-247. https://doi.org/10.2307/2333826.

Katona, S., B. Baxter, O. Brazier, S. Kraus, J. Perkins, and H. Whitehead.
1979. “Identification of Humpback Whales by Fluke Photographs.” In
Behavior of Marine Animals, edited by H. E. Winn and B. L. Olla, 33-44.
Springer. https://doi.org/10.1007/978-1-4684-2985-5_2.

Kaufman, G. D., and P. H. Forestell. 1986. Hawaii‘'s Humpback Whales:
A Complete Whale Watchers Guide, 176. Pacific Whale Foundation
Press.

Kaufman, G. D., and P. H. Forestell. 2015. Hawaii‘s Humpback Whales:
The Ultimate Guide, 236. Island Heritage Publishing.

Kendall, W. L., J. D. Nichols, and J. E. Hines. 1997. “Estimating
Temporary Emigration Using Capture-Recapture Data With Pollock'’s
Robust Design.” Ecology 78, no. 2: 563-578.

Kiigler, A., M. O. Lammers, E. J. Zang, M. B. Kaplan, and T. A. Mooney.
2020. “Fluctuations in Hawaii's Humpback Whale Megaptera novae-
angliae Population Inferred From Male Song Chorusing Off Maui.”
Endangered Species Research 43: 421-434. https://doi.org/10.3354/
esr01080.

Kiigler, A., M. O. Lammers, E. J. Zang, and A. A. Pack. 2021. “Male
Humpback Whale Chorusing in Hawai‘i and Its Relationship With
Whale Abundance and Density.” Frontiers in Marine Science 8: 735664.
https://doi.org/10.3389/fmars.2021.735664.

Lammers, M. O., P. I. Fisher-Pool, W. W. L. Au, C. G. Meyer, K. B. Wong,
and R. E. Brainard. 2011. “Humpback Whale Megaptera novaean-
gliae Song Reveals Wintering Activity in the Northwestern Hawaiian
Islands.” Marine Ecology Progress Series 423: 261-268. https://doi.org/
10.3354/meps08959.

Lammers, M. O., B. Goodwin, A. Kiigler, et al. 2023. “The Occurrence
of Humpback Whales Across the Hawaiian Archipelago Revealed by
Fixed and Mobile Acoustic Monitoring.” Frontiers in Marine Science 10:
1083583. https://doi.org/10.3389/fmars.2023.1083583.

Marine Mammal Science, 2026

15 of 18

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://doi.org/10.1139/f79-140
https://doi.org/10.1016/j.cub.2026.03.028
https://doi.org/10.1016/j.cub.2026.03.028
https://doi.org/10.1111/j.1365-2907.1976.tb00200.x
https://doi.org/10.1016/j.ecochg.2022.100054
https://doi.org/10.1016/j.ecochg.2022.100054
https://doi.org/10.3389/fmars.2021.735770
https://doi.org/10.1016/j.cub.2020.02.043
https://doi.org/10.3389/fmars.2019.00347
https://doi.org/10.3389/fmars.2019.00347
https://doi.org/10.1111/j.1748-7692.2010.00441.x
https://doi.org/10.1111/j.1748-7692.2010.00441.x
https://doi.org/10.1029/2018GL078971
https://doi.org/10.1029/2018GL078971
https://doi.org/10.2307/2333826
https://doi.org/10.1007/978-1-4684-2985-5_2
https://doi.org/10.3354/esr01080
https://doi.org/10.3354/esr01080
https://doi.org/10.3389/fmars.2021.735664
https://doi.org/10.3354/meps08959
https://doi.org/10.3354/meps08959
https://doi.org/10.3389/fmars.2023.1083583

Learmonth, J. A., C. D. MacLeod, M. B. Santos, G. J. Pierce, H. Q. P.
Crick, and R. A. Robinson. 2006. “Potential Effects of Climate Change
on Marine Mammals.” Oceanography and Marine Biology 44: 431-464.
https://doi.org/10.1201/9781420006391.

Lebreton, J. D.,, K. P. Burnham, J. Clobert, and D. R. Anderson.
1992. “Modeling Survival and Testing Biological Hypotheses Using
Marked Animals: A Unified Approach With Case Studies.” Ecological
Monographs 62, no. 1: 67-118. https://doi.org/10.2307/2937171.

Lettrich, M. D., M. J. Asaro, D. L. Borggaard, et al. 2023. “Vulnerability
to Climate Change of United States Marine Mammal Stocks in the
Western North Atlantic, Gulf of Mexico, and Caribbean.” PLoS One 18,
no. 9: €0290643. https://doi.org/10.1371/journal.pone.0290643.

Link, W. A., J. Yoshizaki, L. L. Bailey, and K. H. Pollock. 2010.
“Uncovering a Latent Multinomial: Analysis of Mark-Recapture Data
With Misidentification.” Biometrics 66, no. 1: 178-185.

Linsky, J. M., R. A. Dunlop, M. J. Noad, and L. A. McMichael. 2024.
“Blubber Gene Expression and Cortisol Concentrations Reveal
Changing Physiological Stress in a Southern Ocean Sentinel Species.”
Marine Environmental Research 199: 106596.

Lomac-MacNair, K., A. M. Zoidis, M. Anderson, and M. Blees. 2018.
“Humpback Whale Calf Vulnerability to Small-Vessel Collisions;
Assessment From Underwater Videography in Hawaiian Waters.”
Journal of Coastal Sciences 5: 28-36.

MacLeod, C. D. 2009. “Global Climate Change, Range Changes and
Potential Implications for the Conservation of Marine Cetaceans:
A Review and Synthesis.” Endangered Species Research 7: 125-136.
https://doi.org/10.3354/esr00197.

Mate, B. R., R. Gisiner, and J. Mobley. 1998. “Local and Migratory
Movements of Hawaiian Humpback Whales Tracked by Satellite
Telemetry.” Canadian Journal of Zoology 76: 863-868.

Mizroch, S. A., L. M. Herman, J. M. Straley, et al. 2004. “Estimating
the Adult Survival Rate of Central North Pacific Humpback Whales
(Megaptera novaeangliae).” Journal of Mammalogy 85, no. 5: 963-972.

Mobley, J. R., G. B. Bauer, and L. M. Herman. 1999. “Changes Over
a Ten-Year Interval in the Distribution and Relative Abundance of
Humpback Whales (Megaptera novaeangliae) Wintering in Hawaiian
Waters.” Aquatic Mammals 25: 63-72.

Mobley, J. R., Jr. 2004. “Results of Marine Mammal Surveys on U.S.
Navy Underwater Ranges in Hawaii and Bahamas (Final Report Award
#N000140210841).” U.S. Office of Naval Research (ONR), 27. https://
www.navymarinespeciesmonitoring.us/files/2314/0840/1685/Mobley_
2004_mm_surveys_at_ PMRF_and_AUTEC.pdf.

Mobley, J. R., Jr., M. H. Deakos, A. A. Pack, and G. A. Bortolotto. 2023.
“Aerial Survey Perspectives on Humpback Whale Resiliency in Maui
Nui, Hawai‘i, in the Face of an Unprecedented North Pacific Marine
Warming Event.” Marine Mammal Science 39, no. 3: 842-857. https://
doi.org/10.1111/mms.13018.

Moran, J., and J. Straley. 2024. “Fall Surveys of Humpback Whales in
Prince William Sound.” In Ecosystem Status Report 2024: Gulf of Alaska,
Stock Assessment and Fishery Evaluation Report. North Pacific Fishery
Management Council.

Moran, J., J. Straley, J. M. Maselko, L. A. Wild, and R. M. Suryan. 2026.
“The Decline of Humpback Whales in Prince William Sound, Alaska,
Following the 2014-2016 Northeast Pacific Marine Heatwave.” Marine
Mammal Science 42: €70195. https://doi.org/10.1111/mms.70195.

Muto, M. M., V. T. Helker, B. J. Delean, et al. 2021. “Humpback
Whale (Megaptera novaeangliae) Central North Pacific Stock.” In
Alaska Marine Mammal Stock Assessments 2020. U.S. Department of
Commerce, NOAA Technical Memorandum NMFS-AFSC-423.

Neilson, J. L., C. M. Gabriele, and P. D. Bishop. 2026. Glacier Bay & Icy
Strait Humpback Whale Population Monitoring: 2025 Update. National
Park Service Resource Brief.

Neilson, J. L., C. M. Gabriele, and H. K. Hoffbauer. 2025. Glacier Bay
& Icy Strait Humpback Whale Population Monitoring: 2024 Update.
National Park Service Resource Brief.

Neilson, J. L., C. M. Gabriele, A. S. Jensen, K. Jackson, and J. M. Straley.
2012. “Summary of Reported Whale-Vessel Collisions in Alaskan
Waters.” Journal of Marine Sciences 2012, no. 1: 106282.

NOAA [National Oceanic and Atmospheric Administration]. 2019.
“Trends in Humpback Whale (Megaptera Novaeangliae) Abundance,
Distribution, and Health in Hawaii and Alaska: Report From a Meeting
Held on November 27-28, 2019.” NOAA National Ocean Service, Office
of National Marine Sanctuaries, Hawaiian Islands Humpback Whale
National Marine Sanctuary and NOAA National Marine Fisheries
Service, Pacific Islands Regional Office, Protected Resources Division, 46.

Olson, P. A, D. Kinzey, M. C. Double, K. Matsuoka, and K. Findlay. 2025.
“Capture-Recapture Estimates of Antarctic Blue Whale Abundance and
Population Growth Rate.” Marine Mammal Science 41, no. 3: e13215.

Otis, D. L., K. P. Burnham, G. C. White, and D. R. Anderson.
1978. “Statistical Inference From Capture Data on Closed Animal
Populations.” Wildlife Monographs 62: 3-135.

Péron, G., P. A. Crochet, R. Choquet, R. Pradel, J. D. Lebreton, and O.
Gimenez. 2010. “Capture-Recapture Models With Heterogeneity to
Study Survival Senescence in the Wild.” Oikos 119, no. 3: 524-532.

Perry, A.,J. R. Mobley, C. S. Baker, and L. M. Herman. 1988. Humpback
Whales of the Central and Eastern North Pacific: A Catalog of Individual
Identification Photographs, 230. University of Hawaii Sea Grant
Miscellaneous Reports UNIHI-SEAGRANT-MR-88-02.

Pledger, S., K. H. Pollock, and J. L. Norris. 2010. “Open Capture-
Recapture Models With Heterogeneity: II. Jolly-Seber Model.”
Biometrics 66, no. 3: 883-890.

Pukui, M. K., and S. H. Elbert. 1992. New Pocket Hawaiian Dictionary,
265. University of Hawaii Press.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Ransome, N., L. Bejder, M. Jenner, et al. 2022. “Observations of
Parturition in Humpback Whales (Megaptera novaeangliae) and
Occurrence of Escorting and Competitive Behavior Around Birthing
Females.” Marine Mammal Science 38, no. 2: 408-432. https://doi.org/
10.1111/mms.12864.

Rice, D. W. 1978. “The Humpback Whale in the North Pacific:
Distribution, Exploitation, and Numbers.” In Report on a Workshop on
Problems Related to Humpback Whales (Megaptera Novaeangliae) in
Hawaii. Marine Mammals Communications Report MMC-77/03, 29-44.

Rocha, R. C,, P. J. Clapham, and Y. V. Ivashchenko. 2014. “Emptying
the Oceans: A Summary of Industrial Whaling Catches in the 20th
Century.” Marine Fisheries Review 76: 37-48.

Rockwood, R. C., J. Calambokidis, and J. Jahncke. 2017. “High Mortality
of Blue, Humpback and Fin Whales From Modeling of Vessel Collisions
on the U.S. West Coast Suggests Population Impacts and Insufficient
Protection.” PLoS One 12: €0183052. https://doi.org/10.1371/journal.pone.
0183052.

Salden, D. R., L. M. Herman, M. Yamaguchi, and F. Sato. 1999.
“Multiple Visits of Individual Humpback Whales (Megaptera no-
vaeangliae) Between the Hawaiian and Japanese Winter Grounds.”
Canadian Journal of Zoology 77, no. 3: 504-508.

Savage, K. 2017. “Alaska and British Columbia Large Whale Unusual
Mortality Event Summary Report.” NOAA-NMFS, 42. https://repos
itory.library.noaa.gov/view/noaa/17715.

Schakner, Z. A., A. Chan, G. Kurtz, K. Young, and N. Teerlink.
2022. “Interim Report on Post-Delisting Monitoring of Nine
Distinct Population Segments of Humpback Whales (Megaptera
novaeangliae).”

16 of 18

Marine Mammal Science, 2026

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://doi.org/10.1201/9781420006391
https://doi.org/10.2307/2937171
https://doi.org/10.1371/journal.pone.0290643
https://doi.org/10.3354/esr00197
https://www.navymarinespeciesmonitoring.us/files/2314/0840/1685/Mobley_2004_mm_surveys_at_PMRF_and_AUTEC.pdf
https://www.navymarinespeciesmonitoring.us/files/2314/0840/1685/Mobley_2004_mm_surveys_at_PMRF_and_AUTEC.pdf
https://www.navymarinespeciesmonitoring.us/files/2314/0840/1685/Mobley_2004_mm_surveys_at_PMRF_and_AUTEC.pdf
https://doi.org/10.1111/mms.13018
https://doi.org/10.1111/mms.13018
https://doi.org/10.1111/mms.70195
https://doi.org/10.1111/mms.12864
https://doi.org/10.1111/mms.12864
https://doi.org/10.1371/journal.pone.0183052
https://doi.org/10.1371/journal.pone.0183052
https://repository.library.noaa.gov/view/noaa/17715
https://repository.library.noaa.gov/view/noaa/17715

Schaub, M., and J. A. Royle. 2014. “Estimating True Instead of Apparent
Survival Using Spatial Cormack-Jolly-Seber Models.” Methods in
Ecology and Evolution 5: 1316-1326. https://doi.org/10.1111/2041-210X.
12134.

Schwarz, C. J., and A. N. Arnason. 1996. “A General Methodology for
the Analysis of Capture-Recapture Experiments in Open Populations.”
Biometrics 52: 860-873. https://doi.org/10.2307/2533048.

Schwarz, C.J.,and G. A. F. Seber. 1999. “Estimating Animal Abundance:
Review IIL.” Statistical Science 14, no. 4: 427-456. https://doi.org/10.
1214/ss/1009212521.

Seber, G. A. F. 1965. “A Note on the Multiple-Recapture Census.”
Biometrika 52, no. 1-2: 249-260. https://doi.org/10.1093/biomet/52.1-
2.249.

Smith, T. D., J. Allen, P. J. Clapham, et al. 1999. “An Ocean-Basin-
Wide Mark-Recapture Study of the North Atlantic Humpback Whale
(Megaptera novaeangliae).” Marine Mammal Science 15, no. 1: 1-32.

Stack, S. H., K. R. Sprogis, G. L. Olson, F. A. Sullivan, A. F. Machernis,
and J. J. Currie. 2021. “The Behavioural Impacts of Commercial
Swimming With Whale Tours on Humpback Whales (Megaptera no-
vaeangliae) in Hervey Bay, Australia.” Frontiers in Marine Science 8:
696136. https://doi.org/10.3389/fmars.2021.696136.

Straley, J. M., J. R. Moran, K. M. Boswell, et al. 2018. “Seasonal Presence
and Potential Influence of Humpback Whales on Wintering Pacific
Herring Populations in the Gulf of Alaska.” Deep Sea Research Part II:
Topical Studies in Oceanography 147: 173-186. https://doi.org/10.1016/j.
dsr2.2017.08.008.

Straley, J. M., T. J. Quinn II, and C. M. Gabriele. 2009. “Assessment of
Mark-Recapture Models to Estimate the Abundance of a Humpback
Whale Feeding Aggregation in Southeast Alaska.” Journal of
Biogeography 36, no. 3: 427-438. https://doi.org/10.1111/j.1365-2699.
2008.01906.x.

Surma, S., and T. J. Pitcher. 2015. “Predicting the Effects of Whale
Population Recovery on Northeast Pacific Food Webs and Fisheries:
An Ecosystem Modelling Approach.” Fisheries Oceanography 24, no. 3:
291-305.

Suryan, R. M., M. L. Arimitsu, H. A. Coletti, et al. 2021. “Ecosystem
Response Persists After a Prolonged Marine Heatwave.” Scientific
Reports 11, no. 1: 6235.

Tackaberry, J., E. Dobson, K. Flynn, T. Cheeseman, and J.
Calambokidis. 2022. “Low Resighting Rate of Entangled Humpback
Whales Within the California, Oregon, and Washington Region Based
on Photo-Identification and Long-Term Life History Data.” Frontiers
in Marine Science 8: 779448. https://doi.org/10.3389/FMARS.2021.
779448.

Teerlink, S. F., O. von Ziegesar, J. M. Straley, T. J. Quinn, C. O. Matkin,
and E. L. Saulitis. 2015. “First Time Series of Estimated Humpback
Whale (Megaptera novaeangliae) Abundance in Prince William Sound.”
Environmental and Ecological Statistics 22, no. 2: 345-368. https://doi.
0rg/10.1007/s10651-014-0301-8.

Tulloch, V. I, E. E. Plagényi, C. Brown, A. J. Richardson, and R. Matear.
2019. “Future Recovery of Baleen Whales Is Imperiled by Climate
Change.” Global Change Biology 25, no. 4: 1263-1281.

Tulloch, V. J. D. 2025. “What Information Is Required to Inform
Management Decisions for Migratory Baleen Whales in Response to
Climate Change?” Journal of Cetacean Research and Management 26:
53-76. https://doi.org/10.47536/jcrm.v26i1.1080.

Tyack, P. L. 2008. “Implications for Marine Mammals of Large-Scale
Changes in the Marine Acoustic Environment.” Journal of Mammalogy
89, no. 3: 549-558. https://doi.org/10.1644/07-MAMM-S-307R.1.

Tyne, J. A., K. H. Pollock, D. W. Johnston, and L. Bejder. 2014.
“Abundance and Survival Rates of the Hawai‘i Island Associated

Spinner Dolphin (Stenella longirostris) Stock.” PLoS One 9: e86132.
https://doi.org/10.1371/journal.pone.0086132.

Urian, K., A. Gorgone, A. Read, et al. 2015. “Recommendations for
Photo-Identification Methods Used in Capture-Recapture Models With
Cetaceans.” Marine Mammal Science 31, no. 1: 298-321. https://doi.org/
10.1111/mms.12141.

U.S. Federal Register. 2016. “Endangered and Threatened Species;
Identification of 14 Distinct Population Segments of the Humpback
Whale (Megaptera Novaeangliae) and Revision of Species-Wide
Listing.” Federal Register 81, no. 174: 62260-62320 National Marine
Fisheries Service, National Oceanic and Atmospheric Administration,
Department of Commerce.

van Aswegen, M., A. Szabo, J. Currie, et al. 2025. “Maternal Investment,
Body Condition and Calf Growth in Humpback Whales.” Journal of
Physiology 603: 551-578.

van Aswegen, M., A. Szabo, J. Currie, et al. 2025. “Energetic Cost of
Gestation and Prenatal Growth in Humpback Whales.” Journal of
Physiology 603: 529-550.

van Weelden, C., J. R. Towers, and T. Bosker. 2021. “Impacts of Climate
Change on Cetacean Distribution, Habitat and Migration.” Climate
Change Ecology 1: 100009. https://doi.org/10.1016/j.ecochg.2021.
1000009.

Vivier, F., D. Lusseau, N. Hofmann, et al. 2026. “Drone Photogrammetry
Reveals Age-Structure Shifts With Potential Consequences for the

Viability of Spinner Dolphins in Hawai‘i.” Endangered Species Research
60: esr01512.

von Hammerstein, H., R. O. Setter, M. van Aswegen, J. J. Currie, and
S. H. Stack. 2022. “High-Resolution Projections of Global Sea Surface
Temperatures Reveal Critical Warming in Humpback Whale Breeding
Grounds.” Frontiers in Marine Science 9: 837772. https://doi.org/10.
3389/fmars.2022.837772.

Wade, P. R., T.J. Quinn, J. Barlow, et al. 2021. “Estimates of Abundance
and Migratory Destination for North Pacific Humpback Whales in
Both Summer Feeding Areas and Winter Mating and Calving Areas.”
In Paper SC/66b/IA21 Submitted to the Scientific Committee of the
International Whaling Commission, June 2016, 31.

Wade, P. R., R. R. Reeves, and S. L. Mesnick. 2012. “Social and
Behavioural Factors in Cetacean Responses to Overexploitation: Are
Odontocetes Less “Resilient” Than Mysticetes?” Journal of Marine
Sciences 1: 567276. https://doi.org/10.1155/2012/567276.

White, G. C., D. R. Anderson, K. P. Burnham, and D. L. Otis. 1982.
Capture Recapture and Removal Methods for Sampling Closed
Populations, 14. Los Alamos National Laboratory.

White, G. C., and K. P. Burnham. 1999. “Program MARK: Survival
Estimation From Populations of Marked Animals.” Bird Study 46, no.
Supplement 1: S120-S139.

Wilbrink, S. 2023. Social-Ecological Resilience and Whale Conservation.
Master Thesis, Environmental Law. Stockholm University.

Williams, B. K., J. D. Nichols, and M. J. Conroy. 2002. Analysis and
Management of Animal Populations: Modeling, Estimation, and Decision
Making, 817. Academic Press.

Williams, R., G. A. Vikingsson, A. Gislason, et al. 2013. “Evidence
for Density-Dependent Changes in Body Condition and Pregnancy
Rate of North Atlantic Fin Whales Over Four Decades of Varying
Environmental Conditions.” ICES Journal of Marine Science 70, no. 6:
1273-1280. https://doi.org/10.1093/icesjms/fst059.

Yoshizaki, J., K. H. Pollock, C. Brownie, and R. A. Webster. 2009.
“Modeling Misidentification Errors in Capture-Recapture Studies
Using Photographic Identification of Evolving Marks.” Ecology 90: 3-9.

Young, N. C., A. A. Brower, M. M. Muto, et al. 2024. “Humpback Whale
(Megaptera novaeangliae kuzira)—Hawai‘i Stock.” In Alaska Marine

Marine Mammal Science, 2026

17 of 18

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://doi.org/10.1111/2041-210X.12134
https://doi.org/10.1111/2041-210X.12134
https://doi.org/10.2307/2533048
https://doi.org/10.1214/ss/1009212521
https://doi.org/10.1214/ss/1009212521
https://doi.org/10.1093/biomet/52.1-2.249
https://doi.org/10.1093/biomet/52.1-2.249
https://doi.org/10.3389/fmars.2021.696136
https://doi.org/10.1016/j.dsr2.2017.08.008
https://doi.org/10.1016/j.dsr2.2017.08.008
https://doi.org/10.1111/j.1365-2699.2008.01906.x
https://doi.org/10.1111/j.1365-2699.2008.01906.x
https://doi.org/10.3389/FMARS.2021.779448
https://doi.org/10.3389/FMARS.2021.779448
https://doi.org/10.1007/s10651-014-0301-8
https://doi.org/10.1007/s10651-014-0301-8
https://doi.org/10.47536/jcrm.v26i1.1080
https://doi.org/10.1644/07-MAMM-S-307R.1
https://doi.org/10.1371/journal.pone.0086132
https://doi.org/10.1111/mms.12141
https://doi.org/10.1111/mms.12141
https://doi.org/10.1016/j.ecochg.2021.100009
https://doi.org/10.1016/j.ecochg.2021.100009
https://doi.org/10.3389/fmars.2022.837772
https://doi.org/10.3389/fmars.2022.837772
https://doi.org/10.1155/2012/567276
https://doi.org/10.1093/icesjms/fst059

Mammal Stock Assessments, 2023. U.S. Department of Commerce,
NOAA Technical Memorandum NMFS-AFSC-493.

Zang, E., and M. Lammers. 2021. “Estimated Density and Abundance
of Humpback Whales (Megaptera Novaeangliae) off Maui, Hawai‘i:
Results from 2018-21 Vessel-Based surveys.” In National Marine
Sanctuaries Conservation Series ONMS-21-09, 25. U.S. Department
of Commerce, National Oceanic and Atmospheric Administration,
National Ocean Service, Office of National Marine Sanctuaries. https://
repository.library.noaa.gov/view/noaa/31573.

Zerbini, A.N., P.J. Clapham, and P. R. Wade. 2010. “Assessing Plausible
Rates of Population Growth in Humpback Whales From Life-History
Data.” Marine Biology 157: 1225-1236. https://doi.org/10.1007/s0022
7-010-1403-y.

Zimmerman, G. S., B. A. Millsap, F. Abadi, J. V. Gedir, W. L. Kendall,
andJ. R. Sauer. 2022. “Estimating Allowable Take for an Increasing Bald
Eagle Population in the United States.” Journal of Wildlife Management
86, no. 2: e22158.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Model results from AIC,
(Akiake Information Criterion corrected for small samples) selection
using breeding season sighting data of non-calf humpback whales
(Megaptera novaeangliae) photo-identified during November-May
2002/03 to 2022/23 in the Main Hawaiian Islands. Table S2: Model
results from QAIC, (Quasi Akiake Information Criterion corrected for
small samples) selection using breeding season sighting data of non-calf
humpback whales (Megaptera novaeangliae) photo-identified during
November-May 2002/03 to 2022/23 in the Main Hawaiian Islands.
Appendix S1: Barber-Meyer_etal_2026_Acknowledgements.doc.

18 of 18

Marine Mammal Science, 2026

ASULII suoWWo)) danea1) dqeardde oYy £q pousaA0S aIe AR YO S9SN JO SN 10§ ATRIqIT AUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA}/ WO KA[IM " AIRIqI[UI[uo//:sdNy) SUONIPUO)) pue SWIa], oY) 9§ *[9707/80/1] U0 AIeIqr] dunuQ AS[IAN © Q1IN SUSf £q [€Z0L SWW/ | [ [*Q1/10p/wod KM Areiqujourjuoy/:sdny woiy papeo[umod ‘v ‘920T ‘T69LSPLI


https://repository.library.noaa.gov/view/noaa/31573
https://repository.library.noaa.gov/view/noaa/31573
https://doi.org/10.1007/s00227-010-1403-y
https://doi.org/10.1007/s00227-010-1403-y

	Humpback Highs and Lows Amid Shifting Seas and a Northeast Pacific Marine Heatwave: Whale Demographics in the Main Hawaiian Islands, 2002–2023
	ABSTRACT
	HŌ'ULU'ULU
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Area and Data Collection
	2.2   |   Data Selection and Preparation
	2.2.1   |   Study Period
	2.2.2   |   Screening of Calf Flukes
	2.2.3   |   Photo Quality
	2.2.4   |   Encounter Histories

	2.3   |   Mark-Recapture Analysis
	2.3.1   |   Modeling Framework Assumptions
	2.3.2   |   Models Tested
	2.3.3   |   PMH Periods
	2.3.4   |   Research Effort Covariate
	2.3.5   |   Model Selection and Goodness-Of-Fit
	2.3.6   |   DPS Growth Rates


	3   |   Results
	3.1   |   Whale Sightings and Associated Effort
	3.2   |   Model Selection
	3.3   |   Heterogeneity and Breeding Season Recapture Rates
	3.4   |   Survival
	3.5   |   Abundance
	3.6   |   DPS Growth Rates

	4   |   Discussion
	4.1   |   Mitigating Heterogeneity and Other Potential Sources of Bias
	4.2   |   Discovery Curve and Resighting Rates
	4.3   |   Model Selection
	4.4   |   Survival in the Context of the PMH
	4.5   |   Abundance Dynamics
	4.6   |   DPS Growth Rates and Association With the PMH
	4.7   |   Resiliency
	4.8   |   Future Research

	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


