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Anthropogenic greenhouse gas emissions are triggering changes in global climate and

warming the ocean. This will affect many marine organisms, particularly those with high

site fidelity and habitat temperature preferences, such as humpback whales on their

breeding grounds. To study the impacts of a warming ocean on marine organisms, large-

scale projections of climatic variables are crucial. Global models are of 0.25 - 1° (~25-100

km) resolution, and not ideal to predict localized changes. Here, we provide 0.05°

resolution (~5 km) sea surface temperature (SST) projections, statistically downscaled

using the delta method. We illustrate the shifting isotherms of the critical 21 and 28°C

boundaries, which border the climatic envelope that humpback whales prefer for their

breeding grounds, over the course of the 21st century on a decadal temporal resolution.

Results show by the end of the 21st century, 35% of humpback whale breeding areas will

experience SSTs above or within 1°C of current thresholds if present-day social,

economic, and technological trends continue (‘middle of the road’ CMIP6 greenhouse

gas trajectory SSP2-RCP4.5). This number rises to 67% under the scenario describing

rapid economic growth in carbon-intensive industries (‘fossil-fueled development’ CMIP6

greenhouse gas trajectory SSP5-RCP8.5). These projections highlight the importance of

reducing global greenhouse gas emissions and minimizing further SST increases to

preserve ecological integrity of humpback whale breeding areas. In this context, our

results emphasize the need to focus on protection of critical ocean habitat and to provide

high-resolution climate data for this purpose.
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INTRODUCTION

Anthropogenic greenhouse gas emissions are impacting the global

climate and are projected to cause irreversible ocean temperature

increases on centennial to millennial time scales (IPCC, 2021).

Throughout the 21st century, climatic changes in the oceans are

projected to have consequences across all ecological levels, from

individual organisms to ecosystems (Sunday et al., 2012; Vergés
et al., 2019; Pinsky et al., 2020). In response to changing conditions

in the oceans, free-swimming marine organisms will adapt

physiologically as far as their tolerance limits allow or will avoid

unsuitable conditions by following the geographic shifts of their

environmental niche (Donelson et al., 2019; Pinsky et al., 2020).

While small, short-lived organisms may adapt fast enough to
climatic changes to remain in their current geographic ranges,

large long-lived mammals will likely not be able to adapt in time,

instead responding with poleward shifting geographic ranges or face

increased risk of extinction (Learmonth et al., 2006; Hastings et al.,

2020). Climate-driven species distribution shifts have progressed

four times faster in marine taxa compared to terrestrial taxa, leading

to the development of novel interspecific dynamics, changes in
ecosystem functions and large-scale redistributions of marine

resources (Stein et al., 2014; Pecl et al., 2017; Vergés et al., 2019).

To develop effective conservation management strategies, it is

important to anticipate potential habitat range shifts, especially

regarding long-lived, slow adapting species of high ecological and

economical importance.
Fitting in this category are humpback whales (Megaptera

novaeangliae), whose presence is of great ecological, economic,

and cultural importance within their seasonal habitats (O’Connor

et al., 2009; National Oceanic and Atmospheric Administration,

2020; Savoca et al., 2021). Humpback whale populations are

typically migrating between cold, polar foraging areas and

warmer tropical breeding grounds, utilized for calving and
mating. Reasons for such migrations are debated, but are likely

related to reduced predation risk and/or energetics, specifically in

relation to calves (Rasmussen et al., 2007; Avgar et al., 2014).

Lactating humpback whales accumulate 26 – 37% higher lipid

stores than non-lactating whales to offset elevated energetic

demands associated with reproduction (Irvine et al., 2017). Such
energetic stressors experienced by lactating females typically occur

while fasting on distinct breeding grounds to which they show

high site fidelity (Calambokidis et al., 2008; Christiansen et al.,

2016). Tracking environmental variables connected to habitat

suitability of these distinct sites is therefore crucial for effective

management and protection of the species (Dransfield et al., 2014).

While on a localized scale within breeding grounds, humpback
whale distribution is likely associated with bathymetry and does

not respond to minor sea surface temperature (SST) variations

(Cartwright et al., 2019), humpback whale breeding and calving

grounds generally seem to be associated with an envelope of

suitable temperatures ranging between 21 and 28°C (Rasmussen

et al., 2007; Derville et al., 2019). This temperature envelope could
be an important indicator for upcoming population shifts, and

humpback whale encounter rates were shown to respond to

variation in SSTs on the Oceanian and East Australian breeding

grounds, with greater encounter rates corresponding to cooler

temperatures within the 21–28°C range (Smith et al., 2012a;

Derville et al., 2019). Over the next century, SST increases are

expected for most ocean regions, even under implementation of

moderate global greenhouse gas mitigation efforts (Zhang et al.,

2016). Should the mean SST in respective humpback whale
breeding months rise above the optimal temperature range,

distribution shifts are the most likely response (Sydeman et al.,

2015; Silber et al., 2017). Such shifts could trigger substantial

changes in marine systems of the breeding areas with

consequences on ecological and economic levels (O’Connor

et al., 2009; Savoca et al., 2021).
To understand the trends of projected climate-driven SST

increases in humpback whale habitats, climatologic data needs

to be available on a spatial resolution suitable to detect changes in

these distinct areas that are often of small extent or along complex

coastlines. Global SST projections derived from the latest Coupled

Model Intercomparison Project (CMIP6; World Climate Research
Programme) are of 0.25-1° (~25-100 km at the equator)

resolution, encompassing crucial humpback whale breeding

grounds, such as the Hawaiian Islands, in just a few grid cells.

This is too coarse to draw conclusions on localized ecological

issues and depict the habitat affinities of these animals in such

coastal areas. Downscaling the data to a high resolution suitable to

represent climate on a regional scale is crucial in creating a solid
basis for understanding such studies. Statistical downscaling via

the delta method approach can be a robust yet relatively low

computational cost tool to produce high-resolution projections by

adding monthly low-resolution SST change increments derived

from general circulation models (GCMs) on present-day high

resolution SST fields (Pourmokhtarian et al., 2016). For example,
the delta method has been used to downscale global temperature

and precipitation models for Alaskan stakeholders (Walsh et al.,

2018), to downscale various global CMIP5 projections for climate

change impact assessment purposes (Navarro Racines et al., 2019),

and to downscale European climate data for studying regional and

local climatic effects (Moreno and Hasenauer, 2016).

Here, we downscale decadal 1-degree (~100 km at the equator)
SST projections to a 0.05-degree resolution (~5 km at the equator)

in order to track changes in the 21–28°C isotherm envelope in

relation to humpback whale habitats globally. This work compares

SST projections between two greenhouse gas concentration

trajectories (‘middle of the road’ and ‘fossil-fueled development’)

and visualizes the shifting isotherm lines of the thermal envelopes
bordering humpback whale breeding areas for each scenario. This

information could be used to anticipate possible distribution shifts

and consequent changes in the ecosystems on a finer scale than

previously possible, likely leading to more substantiated

conclusions. Furthermore, it can be fed into multivariate models

to allow for more accurate modelling of current drivers and future

trends in the distribution of various taxa. We focus on the example
of shifting thermal boundaries of humpback whale breeding

grounds, analyze our results from a conservation perspective,

discuss options for climate-flexible management strategies and

opportunities to use these results to inspire climate

mitigation measurements.
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MATERIALS AND METHODS

The future SST conditions were computed with a delta method

statistical downscaling approach (Ramıŕez Villegas and Jarvis,
2010). In this methodology, monthly SST warming increments

derived from CMIP6 projections (‘deltas’) are added to recent

high-resolution observational SST data to produce a high-

resolution map of SST changes over the upcoming century.

This downscaling method has the advantage of allowing

inclusion of the wide array of relevant climate variables and
modelling power of global CMIP models while effectively bias

correcting the projections through the usage of observationally-

based high-resolution reference data (Navarro-Racines et al.,

2020). The simplicity of the approach comes with a number of

limitations that will be discussed in detail in the limitations

section. The two scenarios that were chosen for this analysis are

Shared Socio-economic Pathway 2-4.5 (‘middle of the road’
SSP2-RCP4.5), describing a future of medium challenges for

mitigation and adaptation, and Shared Socio-economic Pathway

5-8.5 (‘fossil-fueled development’ SSP5-RCP8.5), describing a

future of high human development paired with high, fossil-

fueled economic growth (O’Neill et al., 2016; O’Neill et al., 2017).

R code to replicate the methodology is provided in an online
repository, allowing for further application of this method to

other climate variables, climate change trajectories, or time

scales. A workflow diagram can be accessed in the

supplementary materials (Supplementary Figure 1).

Deriving ‘Delta’ Values From
CMIP6 Projections
Global SST CMIP6 projections for the scenarios were extracted

from the CMIP6 data portal (https://esgf-node.llnl.gov/search/

cmip6/, World Climate Research Programme, 2019; see

Supplementary Table 1). This was done for the months with the

highest humpback whale abundance in breeding areas of the
Northern Hemisphere (February) (Jorge Urbán and Anelio

Aguayo, 1987; Kobayashi et al., 2016; Martin et al., 2021) and the

Southern Hemisphere (August) (Jenner et al., 2001; Trudelle et al.,

2018; Derville et al., 2019) for each year until 2100. Historical

CMIP6 data for the months of August and February from the same

model ensemble were extracted for years 1985 to 2001 (see
Supplementary Table 1). SST values were regridded with bilinear

interpolation to a rectilinear grid of 1° resolution on a WGS 1984

projection using Climate Data Operator v. 1.9.7.1 (Schulzweida,

2019). This interpolation was done to match the projection of the

CMIP data to the target high-resolution SST data. SST data was then

imported into R v.4.0.3 (R Core Team, 2020) using the ‘raster’ R

package v.3.4-5 (Hijmans, 2020). From the annual data, mean SSTs
were calculated for each of the two months for the historical time

period (1985–2001) as well as each future decade until 2100 for both

climate trajectories. SST change (‘delta’) was computed as the

difference between the projected mean monthly SST per future

decade in February and August and the 1985-2001 historical

CMIP6 data for February and August, for each of the 18 ‘fossil-
fueled development’ scenario and 19 ‘middle-of-the-road’ scenario

CMIP6 ensemble models, respectively. Multi-model medians of

‘delta’ values for each decade were then calculated. Mean and

median are both established summary statistics for multi-model

ensembles (Sillmann et al., 2013; Martre et al., 2015). A Taylor

diagram was used to visually compare the multi-model mean and

median to empirical SST data and, in this case, the multi-model
median proved to be a better fit. A list of these models as well as a

Taylor diagram showing the mean, median, correlation and

standard deviation among the ensemble models can be found in

the supplementary material section (Supplementary Table 1 and

Supplementary Figure 2). Using a multi-GCM ensemble in

downscaling approaches reduces uncertainty induced by
individual GCM simulations, allowing for a more robust

projection of future climate (Xu et al., 2019).

Adding Delta to
High-Resolution Climatologies
The ‘delta’ SST change increments were added to observational

high-resolution mean SST for February and August. For this

purpose, 1985-2001 monthly mean SST climatology for February

and August at 0.05-degree resolution was derived from the ESA

(European Space Agency) Sea Surface Temperature Climate

Change Initiative (Good et al., 2019). This data source was

chosen due to the high product resolution, suitable for a
variety of different uses and filling a gap that is unlikely to be

addressed by dynamical downscaling approaches in the near

future, the availability of a historical data timeframe matching

our needs, and the availability of monthly data needed for our

purpose. The 1985-2001 time period was chosen for best possible

overlap with the period in which the data for the thermal
envelope of 21-28°C was generated (Rasmussen et al., 2007), in

order to minimize possible error due to deviations of SST and

thus deviations from the basic assumption of the correlation

between SST and whale presence in breeding areas. By adding the

calculated CMIP6 SST ‘delta’ values to this current SST data, we

produced a 0.05° (~5 km) resolution raster of future SST

projections. This step adds a bias correction to the CMIP6
modelled data since the ESA high-resolution observationally

based SST data contains empirical information on small-scale

SST variations which are factored into the final product.

Processing times were optimized using the ‘doParallel’ v.1.0.16

and ‘foreach’ v.1.5.1 R packages (Microsoft Corporation and

Weston, 2020a; Microsoft Corporation and Weston, 2020b).

Visualizing the Data
The resulting 0.05° WGS 1984 projections were imported into

QGIS v.3.16.1 (QGIS Development Team, 2021) and mapped

with isotherm contours corresponding to lower (21°C) and upper

(28°C) isotherms associated with humpback whale breeding

grounds. Outer humpback whale breeding area coordinates

were derived from the compilation published in Rasmussen
et al., 2007 and classified as 14 Distinct Population Segments

(DPS) identified by NOAA (NMFS and NOAA, 2016). Numerical

population codes were assigned to these segments to simplify

their representation and comparability in figures and tables.
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RESULTS

Comparison of Coarse CMIP6 SST Data
and Downscaled SST Data
The downscaled data show clear improvements in resolution

when compared with raw mean values of the CMIP6 SST models
used in this study (Figure 1). Details of SSTs along the coastlines

are visible on a km-scale in the downscaled data, allowing for

better estimation of local changes in future SST patterns. SST in

DPS 6 (Central America) is displayed with only 31 grid cells in

the raw data (Figure 1A) and with 12,230 cells in the downscaled

data (Figure 1B). The bias correction step of the downscaling
approach is resulting in small-scale SST differences when

comparing coarse CMIP6 data and downscaled data (compare

Figures 1A, B). On a global level, the mean difference in SST

between coarse CMIP6 SST data and downscaled SST data is

-0.36°C (SD = 0.97) but varies by region. While the bias

correction leads to net decreases in SST in the low and high
latitudes, it leads to net SST increases in the tropics and

subtropics where most humpback whale breeding areas are

located. The differences in SST values between coarse CMIP6

data and downscaled data were mapped globally and can be

accessed in Supplementary Figure 3. These differences in SST

values have an impact on the number of humpback whale

breeding areas approaching the critical 28°C isotherm, with
this number being 8% higher according to the downscaled SST

data when compared to the coarse CMIP6 SST data. Tables with

detailed comparisons of SST increases in humpback whale

breeding grounds between coarse CMIP6 multi-model median

and downscaled data are available in the supplementary

materials (Supplementary Tables 2, 3).

Fossil-Fueled Development Scenario
SSP5-RCP8.5
Mean SST in 64% of humpback whale breeding habitats in the

Northern Hemisphere and 69% of humpback whale breeding

habitats in the Southern Hemisphere could rise beyond or near

(within less than 1°C of) the 28°C isotherm by the end of the 21st

century if global greenhouse gas emissions develop according to the
‘fossil-fueled development’ scenario (Figures 2B, C; Tables 1, 2).

The current 28°C warm-limit isotherm will shift poleward by ~10-

degree latitudes in the Northern and ~5-degree latitudes in the

Southern Hemisphere under this high emission scenario

(Figures 2B, C). The warmest humpback whale breeding area in

the Northern Hemisphere is located in the Eastern Tropical Pacific
and utilized by the endangered Central American Population

Segment. This area could reach unprecedented mean SST in

February, reaching up to 32°C by 2100, if no greenhouse gas

mitigation measures are implemented (Table 1). In the Southern

Hemisphere, the Southeast Pacific population segment is exposed to

the highest mean August SST, reaching ~30°C at the end of the 21st

century (Table 2). Animated decadal projections (2020-2100) can
be found in the supplementary materials.

Middle of the Road Scenario SSP2-RCP4.5
Following the ‘middle of the road’ emission trajectory, by the end

of the 21st century ~ 36% of humpback whale breeding areas in

the Northern Hemisphere and ~38% on the Southern

Hemisphere would experience SSTs above (or within a 1°C

range of) 28°C in the months most frequented by humpback

whales (Figures 2A, B; Tables 1, 2). End-of-century mean

monthly SST projections for February and August under the

‘middle of the road’ emission scenario show a substantially
weaker latitudinal shift of the suitable temperature envelope

compared to the ‘fossil-fueled development’ scenario. The 28°C

isotherm would shift poleward by ~5 degrees latitude in the

Northern and ~2 degrees latitude in the Southern Hemisphere

under such mitigation measures (Figures 2A, B). Global

implementation of moderate greenhouse gas mitigation
measures as outlined in the middle-of-the-road scenario could

prevent ~ 50% of the humpback whale areas pushed above the

28°C isotherm under ‘fossil-fueled development’ scenario from

reaching that threshold. The maximum temperatures under this

scenario are also far less pronounced. Central America, the

hottest humpback whale breeding area worldwide, could
experience SSTs up to 30°C by the end of the century. In the

Southern Hemisphere, the maximum mean SST in August 2100

are expected to be achieved in the Southeastern Pacific. With

~28°C, they are just touching on the maximum temperatures

currently recorded in humpback whale breeding areas. Animated

decadal projections (2020-2100) can be found in the
Supplementary Materials.

DISCUSSION

SSTs Throughout the 21st Century
and Beyond
Past analyses have shown that humpback whale breeding areas are

found worldwide in warm coastal waters restricted to a

temperature envelope of 21–28°C, irrespective of latitude

(Rasmussen et al., 2007). Notably, in the decade since these data
were published, the warmest breeding area (Central America) has

already risen above 28°C mean February SST. Population trend

estimates for this DPS are currently lacking (Sato andWiles, 2021)

therefore it is not known what population-level impacts may be

occurring as a result of this temperature change. Our results

indicate clear latitudinal shifts of the 28°C surface isotherm
throughout the 21st century, causing mean 2100 SSTs in up to ~

67% (‘fossil-fueled development’ trajectory) of humpback whale

breeding areas globally to rise above any historically utilized

thermal envelope. It also must be considered that SST increases

do not necessarily stop by the year 2100. While in the ‘middle of

the road’ trajectory, temperature increases may plateau at the end
of the 21st century, this is not the case if the global community

continues to follow a high-emission ‘fossil-fueled development’

trajectory. Continuing on the ‘fossil-fueled development’

trajectory would mean that all areas marked as within one

degree of 28°C by the year 2100 (as indicated in light grey in

Tables 1, 2) may well surpass this threshold in the first decade of

the 22nd century. Moreover, mean SSTs close to the tolerance limit
of organisms may reduce their capacity to cope with marine

heatwaves, which are projected to increase in frequency,

duration and intensity over the 21st century (Oliver et al., 2019).
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Humpback Whale Ecology Implications
In order to follow these latitudinal SST shifts and continue

wintering, breeding and calving in a 21–28°C temperature
range, humpback whales would need to relocate their breeding

habitats. Habitat range shifts are considered the most likely

response of large cetaceans to climate change (Sydeman et al.,

2015). These shifts could occur at differing rates depending on

the location. Along coastlines or far spread island groups,

gradual latitudinal population shifts matching the temporal

rate of isotherm shifts are possible, with areas along the higher
SST isotherms being affected more immediately. In contrast, in

isolated areas such as the Hawaiian Islands these shifts could

prove a difficult task as there are no suitable areas available in

proximity. Humpback whale distribution shifts require

availability of suitable habitats in proximity to the previously

occupied range, due to their reliance on social aggregations and
male song (Derville et al., 2019). Isolation is a restricting factor

for this process, as it prevents these continuous shifts guided by

social behavior. Remaining in suboptimal habitat conditions

however could induce chronic stress and impair fitness, which

can ultimately lead to population declines (Wright et al., 2011;

Tulloch et al., 2019). Shrinking population sizes due to

suboptimal habitat conditions could severely impact ecosystem
integrity and livelihoods in such remote breeding areas, as well as

in the associated summer foraging habitats in higher latitudes.

If suboptimal habitat conditions were to cause a decline of

humpback whale population sizes, there would be further

compounding effects on the global carbon budget and nutrient

cycle. Humpback whales are important ecosystem engineers;
they are known to accumulate carbon throughout their life and

sequester that carbon at the seafloor when whale carcasses sink to

the bottom of the ocean (Roman et al., 2014). Whales also cycle

nutrients throughout the ocean by feeding and defecating while

diving and migrating which, in turn, stimulates primary

production in the ocean (Roman et al., 2014). Therefore, to

mitigate anthropogenic climate change and sustain primary

productivity levels, it is important to maintain or increase

whale stocks around the world.

It is unclear whether there could be any possible positive

consequences associated with latitudinal distribution shifts in
those areas where shifts are an option. Shortened migration

routes could benefit energetic budgets of lactating humpback

whale cows (Braithwaite et al., 2015). However, this is dependent

on a variety of other environmental factors determining the

suitability of these alternative habitats, such as bathymetry or

anthropogenic activities. Another possible consequence of SST
increases are temporal shifts in migration patterns. However, the

timing of migration may be dictated by environmental

conditions in the summer feeding habitats rather than in the

winter breeding areas (Ramp et al., 2015). Apart from latitudinal

or temporal shifts in their migration, humpback whales could be

pushed into deeper waters further from the shores of their

breeding grounds to stay within habitable temperatures.

Interpreting Results From a
Conservation Perspective
In the Northern Hemisphere, four of the humpback whale

breeding areas of DPS that have a ‘threatened’ or ‘endangered’

conservation status under the Endangered Species Act (ESA)

would reach SSTs surpassing past thermal maxima in their

breeding areas by the end of the century under the ‘fossilfueled

development’ trajectory. This represents 50% of the humpback
whale breeding areas of DPS currently listed as ‘threatened’ or

‘endangered’ under the ESA globally. Under the ‘middle of the

road’ trajectory, only two breeding areas of the currently

threatened or endangered DPS would surpass that SST

threshold. Notably, one of the most vulnerable DPS, the

Central American DPS listed as ‘endangered’, utilizes the

A B

FIGURE 1 | Comparison of (A) non-downscaled mean CMIP6 SST data at a 1° (~100 km at the equator) resolution and (B) statistically downscaled CMIP6 SST

data at a 0.05° (~5 km at the equator) resolution. SSTs projections shown are for the month of February, scenario SSP5-RCP8.5 by the year 2100. Boxes outline

humpback whale DPS 5a (Mexico: Baja California), 5b (Mexico: Revillagigedos), 5c (Mexico: Mainland) and 6 (Central America).

von Hammerstein et al. Warming Humpback Whale Breeding Grounds

Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8377725

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


breeding area with the most extreme SSTs and has already

surpassed the 28°C isotherm within the last decade. In the

2016 NOAA Revision of Species-Wide Listing, this DPS

population size was estimated at ~411 individuals; vessel
collisions and entanglement in fishing gear were listed as the

greatest threats, and the Extinction Risk Analysis concluded a

moderate to high risk of extinction (NMFS and NOAA, 2016).

End-of-century breeding months temperatures as high as 30-32°

C, as shown for this area by our results, could add an additional

stressor to this vulnerable population segment and warrant a

reassessment of the Extinction Risk Analysis.
In order to protect vulnerable migratory species such as

humpback whales, spatially flexible conservation strategies

should be developed for areas along coasts that could facilitate

gradual distribution shifts, such as the Central American DPS

(Bonebrake et al., 2018). Some frameworks have been proposed in

the form of dynamic protected areas, aiming to meet shifting

conservation targets (Pressey et al., 2007; Reside et al., 2018;

D’Aloia et al., 2019). Detailed data on organisms’ physiological

and ecological responses to all relevant climate variables are
needed to develop accurate range shift projections that would

provide ideal baselines for such reserves. However, such data are

currently still lacking for many species, including humpback

whales. In order to prepare for these upcoming changes,

conservationists and management agencies have to plan

complex adaptive measures such as dynamic protected areas

based on information that is currently available (D’Aloia et al.,
2019). Simple metrics aimed at estimating shifts in species’

distributions without the need for detailed ecological models,

such as climate velocity (Brito-Morales et al., 2018) or shifting

isotherm boundaries as presented in this paper, can therefore be

important and readily available tools for decision-makers. These

A

B

C

FIGURE 2 | (A) Year 2020 mean monthly SST (in °C) for February (Northern Hemisphere) and August (Southern Hemisphere); (B) Year 2100 mean monthly SST

projections for February (Northern Hemisphere) and August (Southern Hemisphere) under the SSP2-RCP4.5 greenhouse gas concentration scenario and (C) Year

2100 mean monthly SST projections for February (Northern Hemisphere) and August (Southern Hemisphere) under the SSP5-RCP8.5 greenhouse gas concentration

scenario. Polygons correspond to humpback whale breeding areas colored according to the Distinct Population Segments’ (DPS) conservation status. Grey lines are

corresponding to 1°C isotherms. The 21°C isotherm is highlighted in blue and the 28°C isotherm in red. Northern and Southern Hemispheres (February and August

means) separated by a black bar. Numerical population codes correspond to DPS as listed in Tables 1 and 2.
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TABLE 2 | Southern Hemisphere humpback whale DPS names, numerical population codes (corresponding to Figure 2) and conservation status.

DPS Numerical population

code (Figure 2)

Status (as DPS) Current mean

August SST

SSP2-RCP4.5: mean

August end-of-century SST

SSP2-RCP4.5: decade SST

surpasses 28°C isotherm

SSP5-RCP8.5: mean

August end-of-century SST

SSP5-RCP8.5: decade SST

surpasses 28°C isotherm

Brazil 7 Not at risk 25.17 26.42 ND 27.59 2100+~1

SW Africa 8 Not at risk 25.30 27.37 ND 28.68 2070

East Africa 9a Not at risk 23.87 25.25 ND 26.71 ND

NE Madagascar 9b Not at risk 24.57 25.90 ND 27.30 2100+~2

S Madagascar 9c Not at risk 23.32 24.42 ND 25.98 ND

West Australia 10 Not at risk 25.83 27.31 ND 29.02 2080

East Australia 11 Not at risk 23.49 24.27 ND 26.10 ND

Vanuatu 12a Not at risk 26.43 27.87 ND 29.12 2070

New Caledonia 12b Not at risk 23.48 24.61 ND 26.16 ND

Tonga 12c Not at risk 24.71 25.49 ND 27.01 2100+~2

Cook Islands 12d Not at risk 25.17 26.02 ND 27.26 2100+~2

French

Polynesia

12e Not at risk 26.45 27.06 ND 28.56 2100

SE Pacific 13 Not at risk 27.10 28.18 2100 30.24 2050

Current SSTs and projected SSTs under greenhouse gas emission scenarios SSP2-4.5 and SSP5-8.5 are displayed together with the decade in which each DPS area could surpass the 28°C isotherm (otherwise ND, ‘not detected’). Light

grey cells indicate SSTs within 1°C of the 28°C threshold, dark grey cells indicate those SSTs where the threshold is surpassed. For areas reaching SSTs within 1°C of the 28°C isotherm by the end of the century, estimates for the decade they

may surpass this threshold are given as ‘2100+~ number of decades’ (only for the SSP5-8.5 trajectory, since SSTs are projected to further increase past the year 2100 under this scenario).

TABLE 1 | Northern Hemisphere humpback whale DPS names, numerical population codes (corresponding to Figure 2) and conservation status.

DPS Numerical population

code (Figure 2)

Status

(as DPS)

Current mean

February SST

SSP2-RCP4.5: mean

February end-of-century SST

SSP2-RCP4.5: decade SST

surpasses 28°C isotherm

SSP5-RCP8.5: mean

February end-of-century SST

SSP5-RCP8.5: decade SST

surpasses 28°C isotherm

West Indies 1 Not at risk 26.67 28.02 2100 29.32 2060

NW Africa 2 Endangered 22.48 24.03 ND 25.52 ND

Japan: Ryukyu Islands 3a Endangered 22.17 23.33 ND 24.54 ND

Japan: Bonin Islands 3b Endangered 22.21 23.58 ND 25.34 ND

Mariana Islands 3c Endangered 27.41 28.70 2050 30.33 2040

Hawai’i 4 Not at risk 24.81 26.25 ND 28.00 2100

Mexico: Baja California 5a Threatened 21.45 22.60 ND 24.17 ND

Mexico: Revillagigedos 5b Threatened 24.60 25.72 ND 27.38 2100+~2

Mexico: Mainland 5c Threatened 24.96 26.12 ND 27.71 2100+~1

Central America 6 Endangered 28.94 30.40 2010 31.91 2010

Arabian Sea 14 Endangered 25.16 26.47 ND 28.57 2090

Current SSTs and projected SSTs under greenhouse gas emission scenarios SSP2-RCP4.5 and SSP5-RCP8.5 are displayed together with the decade in which each DPS area could surpass the 28°C isotherm (otherwise ND, ‘not detected’).

Light grey cells indicate SSTs within 1°C of the 28°C threshold, dark grey cells indicate those SSTs where the threshold is surpassed. For areas reaching SSTs within 1°C of the 28°C isotherm by the end of the century, estimates for the decade

they may surpass this threshold are given as ‘2100+~ number of decades’ (only for the SSP5-RCP8.5 trajectory, since SSTs are projected to further increase past the year 2100 under this scenario).

vo
n
H
a
m
m
e
rste

in
e
t
a
l.

W
a
rm

in
g
H
u
m
p
b
a
c
k
W
h
a
le
B
re
e
d
in
g
G
ro
u
n
d
s

F
ro
n
tie
rs

in
M
a
rin

e
S
c
ie
n
c
e

|
w
w
w
.fro

n
tie
rsin

.o
rg

M
a
y
2
0
2
2

|
V
o
lu
m
e
9

|
A
rtic

le
8
3
7
7
7
2

7

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


metrics can be used to point out general recommendations for the

development of reserve networks, considering suitable corridors

for movement as well as the need for protected area establishment

in areas of new or future suitability (Bonebrake et al., 2018). In

spatially isolated breeding areas, where gradual distribution shifts

are not possible, other measures of preparation and protection
have to be taken. Whales will likely be exposed to suboptimal

thermal conditions, which can act as a stressor on the organism

(Chambault et al., 2018; Sanderson and Alexander, 2020). Given

their preference for coastal habitats, humpback whales are often

exposed to additional stressors such as anthropogenic noise and

approaches by vessels (Currie et al., 2021). Being subjected to
multiple stressors can have compounding negative effects on

organism’s health (IPCC, 2019) and consequently weaken the

fitness of a population segment (Pirotta et al., 2019). This

emphasizes the importance to rigorously target and reduce other

possible stressors through implementation of sector-specific

management strategies on a local level in current and projected
humpback whale habitats, for example through regulation of

vessel numbers and speed. Such actions would be even more

crucial if humanity cannot manage to reach sufficient emission

mitigation globally to keep temperatures within known thermal

tolerance ranges for humpback whales, especially in geographically

isolated breeding areas.

Lastly, the development of simple metrics such as shifting
isotherms as presented in this paper to track climatic changes in

the habitat of charismatic flagship species opens opportunities to

inspire climate mitigation measurements in policy and public

(Thomas‐Walters and Raihani, 2017). Large charismatic marine

mammals can invoke emotional responses in supporters,

stakeholders and donors which can benefit climate mitigation
advocacy, a prominent example being the plight of polar bears on

shrinking ice shields (Smith et al., 2012b). Humpback whales,

especially mother calf pairs in their breeding areas, a favorite

among whale watching tourists, could convey a similar message.

Humpback whales are an especially interesting flagship species to

advocate climate action, as their successful protection would

boost emission mitigation through the species’ ecological
function as a carbon sequesterer (Roman et al., 2014).

Developing easily understandable visual aids, such as the red

isotherm lines shifting across humpback whale breeding habitats

provided in this study (Supplementary Materials) can be

beneficial in disseminating the key message to a broad, non-

scientific audience. Furthermore, these visualizations of different
greenhouse gas emission scenarios provide a clear and traceable

trajectory, highlighting possible consequences of current global

policy efforts and provoking demands for more rigorous action.

Limitations of the Delta Method
Downscaling Approach
There are several limitations associated with statistical

downscaling of climatological data following the delta method.

The disaggregation of coarse grid values is based on the

assumption that the same temperature trends are prevalent in

the entire grid cell, which may not be the case. This makes the

delta approach less accurate than regional climate models, since

the approach assumes climate drivers act at coarse scales while

local-scale dynamics remain unchanged. This means, while

possible small-scale climate interactions are incorporated in the

model through the observational high-resolution baseline,

possible future changes in their dynamics are not captured.

Gradual SST downscaling starting at intermediate resolutions
to track these small-scale changes as they develop is not possible

with the delta approach, as the target resolution is determined by

the observationally based data layer. Other downscaling

methods, for example dynamical regional downscaling, would

be needed for such comparisons. However, a recent study testing

the delta method approach robustness and analyzing model error
found that this method produces reliable projections of climate

variables for use in impact assessment (Navarro-Racines et al.,

2020). Another possible limitation is that the modelling process

requires some transformations from curvilinear to rectilinear

coordinate systems in order to match the CMIP6 data to the

observational ESA SST data. Transforming projections, in this
case with bilinear interpolation, could always lead to information

losses or minor inaccuracies (Dobesch et al., 2013). However, the

achieved high resolution and the usage of a multi-model median

give the data a higher degree of certainty compared to individual

CMIP6 models at a low computational cost (Xu et al., 2019). The

results are easier to interpret than coarse projections and

therefore applicable tools for various end-users.

Limitations to the Humpback Whale
Case Study
It must be emphasized that this case study only aims to visualize

potentially critical SST increases in humpback whale breeding

grounds and does not claim to make projections on possible
future humpback whale population trends. In order to make

such projections and gain a more comprehensive perspective, it

is crucial to develop multivariate models and address other

climatic and ecological key variables within not only the winter

breeding but also the summer foraging areas (Meynecke et al.,

2020). This would include factors such as changes in climate
affecting primary productivity, with potential consequences

across the entire food web. Shifting ranges of a multitude of

species could affect predator-prey dynamics and intra- as well as

interspecific competition.

There are also other possibilities apart from geographic range

shifts in which humpback whales could respond to these climatic

and ecological drivers, for example shifts in the timing of
migrations or in their depth distribution during the breeding

season. In order to address these possibilities, it would be

necessary to assess SSTs throughout the year and not just

limited to the two months of current highest abundance in

breeding grounds. Furthermore, it would require including

temperatures in different ocean depth layers. Insights into
these possible dynamics could be gained by analyzing how

varying temperatures in the ocean and humpback whale

breeding grounds have corresponded in the past.

Focusing on mean SSTs within the 21-28°C range could

represent another limitation to this approach, as it disregards

potential hot or cold spikes. However, during recent heatwaves
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SSTs in some of the humpback whale breeding grounds

temporarily surpassed 28°C in the relevant months (Central

American DPS, Good et al., 2019), yet humpback whales have

returned to these areas in subsequent years. This could indicate

that temperatures need to consistently surpass the 21-28°C bands

to cause habitat shifts in a long-lived slow responding species such
as humpback whales. We would therefore argue that the usage of

mean SSTs is a suitable concept for the purpose of this study.

CONCLUSIONS

This study showcases the application of the delta method to
statistically downscale global SST data on the example of

shifting isotherm boundaries of relevance for humpback whale

breeding habitats, highlighting the importance of reducing

greenhouse gas emissions, implementing mitigation measures

and minimizing SST increases. The methodology produces high-

resolution visualizations of robust SST projections at relatively low
computational cost while adding a layer of bias correction which

refines further modelling or study outcomes. The results can be

used to create a sense of urgency in climate policy and

conservation and act as a guide to data-informed and timely

action. Climate strategies should be developed aiming to avoid

ocean warming above currently known temperature tolerance

levels of humpback whales, especially in light of remaining
uncertainties of their ecological responses to SST increases. The

results show that even with moderate mitigation measures it is

possible to keep temperature ranges in most humpback whale

breeding areas within the envelope of known tolerable

temperatures. To achieve this level of mitigation, United Nations

member states would have to meet all of the national determined
mitigation efforts outlined in the agreement of their 26th

Conference of Parties (COP26) in order to meet the nearterm

emission targets for 2030 (Meinshausen et al., 2021).

Unfortunately, recent reports on the state of these commitments

show that the member states with the largest economies (G20

states) are projected to fall short of achieving their emission

mitigation goals (United Nations Environment Programme,
2021). The possible compounding effects of humpback whale

relocations or population declines on ecosystem integrity and

ecosystem services are yet another striking example highlighting

the need to hold governments and emission-heavy industries

accountable to act and to implement effective greenhouse gas

mitigation measures with urgency.
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