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INTRODUCTION 
Ocean warming linked to anthropogenic 
climate change is impacting the migra-
tion and distributional patterns of many 
marine species around the world (Greene, 
2016; Scannell et al., 2016; Frölicher et al., 
2018; Smale et al., 2019). Poleward shifts 
in habitat use are increasingly common 
as species migrate from lower to higher 
latitudes in search of thermal refugia 
(Sunday et al., 2012; Pinsky et al., 2013). 

Even marine species that are less sensi-
tive to temperature may still be forced to 
migrate in pursuit of their prey (Sydeman 
et al., 2015). In an ocean undergoing rapid 
and occasionally abrupt warming, the 
management plans for protected species 
must be dynamic and capable of adapting 
on timescales comparable to the under-
lying changes in their ecosystems (Pinsky 
and Mantua, 2014; Pinsky et al., 2018).

During the past decade, the Northwest 

Atlantic’s Gulf of Maine and western 
Scotian Shelf have been warming more 
rapidly than most of the global ocean 
(Figure 1; Pershing et  al., 2015; Greene, 
2016; Scannell et  al., 2016; Seidov et  al., 
2021). As this region has warmed, the 
North Atlantic right whale, Eubalaena 
glacialis, began abandoning some of its 
traditional foraging grounds (Pettis et al., 
2020). Since 2015, increasing numbers of 
right whales have been observed foraging 
in the Gulf of St. Lawrence. Coinciding 
with this behavioral change, the right 
whale population has exhibited an unusu-
ally high mortality rate since 2017, cumu-
latively losing an unprecedented number 
of adult whales to ship strikes and fishing 
gear entanglement (Pettis et al., 2021). The 
population also has exhibited a reduction 
in its calving rate since 2010 (Pettis et al., 
2021). With an elevated mortality rate and 
depressed calving rate, the right whale 
population has declined by an estimated 
26% this decade and now is thought to 
number fewer than 360 individuals (Pettis 
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FIGURE 1. Maps of (a) the Atlantic Meridional Overturning Circulation (AMOC), and (b) changes in Northwest Atlantic circulation. In (a), deep-water 
currents of the AMOC are shown in blue, originating at the sites of North Atlantic Deep Water formation. Ascending warmer currents returning to the 
Atlantic, culminating in the Gulf Stream and North Atlantic Drift, are shown in orange. The box corresponds to the area in the Northwest Atlantic Ocean 
expanded in (b). In (b), changes in the trajectory of the Gulf Stream and the intrusion of warm slope water into the Gulf of Maine/western Scotian Shelf 
region are illustrated. The Gulf Stream’s trajectory is shown as an orange envelope containing a majority of its meanders during the decade 2010–2019. 
The lighter orange envelope contained within the dashed lines corresponds to the trajectory during the preceding decade, 2000–2009. The Gulf of 
Maine/western Scotian Shelf warming is attributed to subsurface advection into the region of warm slope water, shown in red, from the Slope Water Sea. 
BF = Bay of Fundy. GB = Georges Bank. GrB = Grand Banks. GOM = Gulf of Maine. GSL = Gulf of St. Lawrence. NEC = Northeast Channel. WSS = Western 
Scotian Shelf. (a) Adapted from Rahmstorf (1997) under Creative Commons BY-SA 4.0
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et  al., 2021). With the population fac-
ing its greatest threat since the cessation 
of commercial whaling, the International 
Union for the Conservation of Nature 
changed the species’ status from endan-
gered to critically endangered in July 2020. 
Understanding links between the Gulf of 
Maine and western Scotian Shelf regions’ 
abrupt warming and the subsequent right 
whale population’s demographic decline is 
critical to managing this species’ recovery. 

The North Atlantic right whale pop-
ulation first received protected status in 
1935; however, its recovery has been slow 
due to elevated mortality rates linked to 
anthropogenic sources, primarily ship 
strikes and entanglement in fishing gear 
(Kraus and Rolland, 2007; Knowlton 
et al., 2012; Henry et al., 2020). The popu-
lation increased during the 1980s, 1990s, 
and the initial decade of the 2000s, the 
first three decades after demographic data 
became available (Meyer-Gutbrod and 
Greene, 2014; Pace et  al., 2017). During 
this time, considerable interdecadal vari-
ability in the rate of increase was observed 
(Meyer-Gutbrod and Greene, 2014). This 
variability was linked to right whale calv-
ing rates that differed from one decade 
to the next in response to changing prey 
availability in the Gulf of Maine and 
western Scotian Shelf foraging grounds 
(Meyer-Gutbrod et al., 2015).

Older developmental stages of the 
lipid- rich copepod species Calanus 
finmarchicus are the right whale popula-
tion’s primary source of nutrition. Models 
driven by this prey species’ abundance in 
the Gulf of Maine and western Scotian 
Shelf region explain a significant propor-
tion of the right whale population’s calv-
ing rate variability observed from 1980 
to 2009 (Greene et al., 2003; Greene and 
Pershing, 2004; Meyer-Gutbrod and 
Greene, 2014, 2018; Meyer-Gutbrod 
et al., 2015). During these three decades, 
C. finmarchicus abundance in the region 
responded consistently to decadal-scale 
ecosystem regime shifts driven by remote 
climate forcing and freshwater export 
from the Arctic (MERCINA, 2012; 
Greene et al., 2013). 

During the 1980s, Arctic climatic con-
ditions favored less freshwater export 
from the Arctic Ocean into the Northwest 
Atlantic, and C. finmarchicus was abun-
dant due to a favorable combination of 
high local productivity and advective 
supply into the Gulf of Maine and west-
ern Scotian Shelf regions from upstream 
sources (MERCINA, 2004). The right 
whale population exhibited high calv-
ing rates and a rapid rate of increase in 
response to high levels of prey availability 
(Meyer-Gutbrod and Greene, 2014, 2018). 

During the 1990s, a reversal of cli-
matic conditions in the Arctic increased 
freshwater export into the Northwest 
Atlantic, and C. finmarchicus declined in 
abundance as the Gulf of Maine/ western 
Scotian Shelf ecosystem underwent a 
regime shift to conditions less favorable 
to the species’ older stages (MERCINA, 
2004). The right whale population exhib-
ited relatively low calving rates and a 
decline in its rate of increase in response 
to these lower levels of prey availability 
(Meyer-Gutbrod and Greene, 2014, 2018). 

During the initial decade of the 2000s, 
Arctic climatic conditions reverted back 
to those resembling the 1980s, fresh-
water export into the Northwest Atlantic 
declined again, and C. finmarchicus abun-
dance rebounded (MERCINA, 2012). 
With this return to higher levels of prey 
availability, the right whale popula-
tion once again exhibited relatively high 
calving rates and a rapid rate of increase 
(Meyer-Gutbrod and Greene, 2014, 2018).

The decadal-scale regime shifts 
observed in the Gulf of Maine and west-
ern Scotian Shelf prior to 2010 were 
linked to a natural mode of high-latitude 
climate variability, the Arctic Oscillation 

(MERCINA, 2012; Greene et  al., 2013). 
The Labrador Current system medi-
ated these downstream effects by advect-
ing variable amounts of cooler and less 
saline subpolar waters southwestward 
into the region. In contrast, a new eco-
system regime appears to have emerged 
since 2010. This new regime is not a con-
sequence of remote forcing from the 
Arctic. Instead, we explore the hypothesis 

that it is linked to the historically unprec-
edented warming that has been observed 
in the region for the past decade. Here, 
we analyze several long-term data sets 
to explore how changes in ocean circu-
lation processes and the ecosystem have 
altered the foraging environment and 
habitat use of right whales, reducing the 
population’s calving rate and exposing 
it to greater risks of serious injury and 
mortality from ships strikes and fishing 
gear entanglement. 

METHODS
To explore this hypothesis, we ana-
lyzed relevant physical oceanographic 
and ecological data sets collected from 
1980 onward, corresponding to the 
start of consistent right whale moni-
toring and data management by part-
ners of the North Atlantic Right Whale 
Consortium (Meyer-Gutbrod et al., 2018; 
https://www.narwc.org). Such time- series 
analyses are essential to providing an 
objective, climatological context for eval-
uating our hypothesis. The data sets ana-
lyzed in this study are described in Table 1.

The physical and ecological data were 
analyzed to detect statistically significant 
regime shifts using the Sequential t-test 
Analysis of Regime Shifts (STARS) algo-
rithm (Rodionov, 2004). Before applying 
the STARS algorithm, time-series data 
were pre-whitened using the ordinary 
least squares method with the Marriott-
Pope and Kendall “MPK” correction 

(Rodionov, 2006). Pre-whitening was 
conducted to correct for autocorrelation 
in the time-series data. For analyses of 
regime shifts, a 10-year moving window 
(L = 10) was applied. Regime shifts below 
the threshold of p = 0.10 are shown.

RESULTS
The Gulf of Maine/western Scotian Shelf 
region is situated in an oceanographic 
transition zone, one that is strongly influ-
enced by fluctuations in the Labrador 
Current system to the north and the Gulf 
Stream to the south. The Gulf Stream’s 
North Wall, as measured by the Gulf 
Stream Index (GSI; Joyce et  al., 2000), 

https://www.narwc.org
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provides a good indicator of these fluc-
tuations. The GSI underwent a signifi-
cant latitudinal shift to the north starting 
in 2010 (Figures 1 and 2a). Throughout 
the subsequent decade, the Gulf Stream’s 
mean path has remained further north 
than at any time during the previous 
three decades.

Coincident with this decadal-scale 
shift in the Gulf Stream’s mean path, 
the Gulf of Maine/western Scotian 
Shelf region’s slope waters underwent 

significant warming starting in 2010, as 
measured by the Regional Slope Water 
Temperature (RSWT) Index (MERCINA, 
2001; Figure 2b). Throughout the subse-
quent decade, the region’s slope waters 
have remained warmer than at any time 
during the previous three decades. This 
abrupt and persistent warming is consis-
tent with an increase in the Gulf Stream’s 
contribution to the region’s slope waters.

Coincident with the warming slope 
waters, the annual abundance of late- stage 

C. finmarchicus copepodites in the Gulf of 
Maine, as measured by the C. finmarchicus 
Abundance Index (MERCINA, 2001), 
also underwent a significant decline start-
ing in 2010 (Supplementary Materials 
Figure S1). The mean value of this 
Abundance Index during the subsequent 
decade was lower than during any pre-
vious decade in the time series. Because 
third-quarter abundances of these late-
stage C. finmarchicus copepodites in the 
eastern Gulf of Maine have been shown to 

TABLE 1. Long-term physical and ecological data sets analyzed in this study.

DATA SET DESCRIPTION REFERENCES

Gulf Stream 
Index (GSI)

The first mode derived from an empirical orthogonal function analysis of annual seawater temperatures at a 
depth of 200 m at nine points located along the mean position of the 15°C isotherm. The GSI characterizes 
the latitudinal position of the Gulf Stream’s North Wall, with positive values corresponding to a position 
north of the mean path, and negative values corresponding to a position south of the mean path.

• Joyce et al., 2000 
• Wolfe et al., 2019

Regional 
Slope Water 
Temperature 
(RSWT) Index

The first mode derived from a principal components analysis of annual slope water temperature anomalies 
collected at eight locations between 150 m and 200 m depth in the Gulf of Maine/western Scotian Shelf 
region, including Wilkinson Basin, Jordan Basin, Georges Basin, Emerald Basin, and four sectors along the 
inner and outer continental slope near the mouth of the Northeast Channel. The RSWT Index can be used 
to characterize the contributions of different water masses to the region’s slope waters. Positive values 
are associated with warmer conditions, when the Gulf Stream makes a greater contribution to the region’s 
slope waters; negative values are associated with cooler conditions, when the Labrador Current system 
makes a greater contribution to the region’s slope waters.

• MERCINA, 2001

C. finmarchicus 
Abundance 
Index

The mean abundance anomaly for late developmental stages—fifth copepodites and adults—of this species 
estimated from samples collected by the Gulf of Maine Continuous Plankton Recorder (CPR) survey. 
Although the CPR only samples near-surface waters, the CPR survey data have proven to be remarkably 
robust in revealing the spatial and temporal distributional patterns of this species in the Gulf of Maine/
western Scotian Shelf region when compared to large-scale survey data derived from samples collected 
deeper in the water column with plankton nets. Abundance anomalies for C. finmarchicus fifth copepodite 
and adult stages are calculated relative to an annual periodic spline function fitted to C. finmarchicus 
anomalies from the climatological mean abundances from 1991 to 2010 to account for seasonal variation. 
The C. finmarchicus Abundance Index was resolved both seasonally and annually in this study.

• MERCINA, 2001 
• Meyer-Gutbrod  
 et al., 2015

Right Whale 
Calving Index

The number of observed calf births divided by the number of reproductively available females each year. 
Reproductively available females include those that are at least nine years of age or have given birth to 
calves previously and have not given birth during the previous two years. 

• North Atlantic  
 Right Whale  
 Consortium, 2018 

Right Whale 
Sightings Per 
Unit Effort 
(SPUE)

The number of sightings made divided by the effort expended to collect the sightings. Effort is measured 
as the number of kilometers transited by a survey vessel or aircraft while making visual observations. In 
this study, SPUE is aggregated across geographic polygons corresponding to major known right whale 
foraging habitats: Cape Cod Bay, Great South Channel, Roseway Basin, Bay of Fundy, and southern Gulf 
of St. Lawrence (Figures 3, S3, S4). Within each polygon, SPUE was aggregated into two decadal time 
periods, 2000–2009 and 2010–2019, to demonstrate the difference in right whale foraging habitat use 
between the two decades. Right whale survey effort is not consistent across space or time, and therefore 
SPUE data are biased with more effort exerted in areas where researchers expect whales to occur. Effort 
can also be limited by funding, weather, and accessibility, contributing to this bias. 

Number of 
Observed 
Right Whale 
Calves

The number of calves reported each year in the sightings data from the North Atlantic Right Whale 
Consortium photo identification database. Because most calf births occur during December, January, and 
February, births are grouped according to the “right whale year” beginning in December of the previous 
calendar year.

• North Atlantic  
 Right Whale  
 Consortium, 2018

Number of 
Observed 
Right Whale 
Carcasses

The number of carcasses reported each year in the sightings data of the North Atlantic Right Whale 
Consortium photo identification database. Only the first sighting of each carcass is included in the time 
series. These data reflect only observed mortalities and are a minimal estimate of the total number of 
mortalities in a given year. Many mortalities are presumed and recorded only after individuals have not 
been sighted for five or more consecutive years. Because these presumed mortalities cannot be dated by 
year, they have not been included in this time series.

• North Atlantic  
 Right Whale  
 Consortium, 2018
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starting in 2010 (Figure 2d). Of adult females available to repro-
duce, the percentage that gave birth averaged just 15% each year 
during the decade of 2010–2019, compared to 47% during the 
preceding decade.

Sightings data analyzed from the North Atlantic Right Whale 
Consortium database reveal that the use of certain foraging 
grounds changed after the 2010 regime shift (Figures 3 and S3). 
Right whale sightings per unit effort (SPUE) declined during 
the subsequent decade on the traditional foraging grounds 
found in the Great South Channel, Bay of Fundy, and Roseway 
Basin during the summer and autumn. In contrast, a portion 
of the right whale population began using the southern Gulf of 
St.  Lawrence as a late spring to autumn foraging ground after 
2015 (Figure 3; Simard et  al., 2019). Right whale SPUE also 
increased in Cape Cod Bay during autumn, winter, and spring 
after the regime shift. Note that right whale SPUE data should 
be interpreted cautiously because effort is not distributed uni-
formly across either time or space, and animal behavior impacts 
sighting availability (Ganley et al., 2019). Nevertheless, effort is 
typically high in habitats and seasons in which right whales have 
been observed in high abundance historically (see 1,000  km 
threshold in Figure 3).

Two spikes in the annual number of observed right whale car-
casses occurred during 2017 and 2019 (Figure 4). These spikes 
above background levels, with 17 carcasses discovered in 2017 
and 10 in 2019, were driven by anthropogenic sources of mor-
tality in the southern Gulf of St. Lawrence after a portion of the 
right whale population shifted its late spring/summer foraging 
effort there.

DISCUSSION 
The analyses of long-term data sets reported here provide evi-
dence supporting the hypothesis that a climate-driven regime 
shift in the Gulf of Maine/western Scotian Shelf region occurred 
in 2010 and impacted the foraging environment, habitat use, 
and demography of the right whale population. Our findings 
are consistent with results from several recent studies (Meyer-
Gutbrod and Greene, 2018; Record et al., 2019; Sorochan et al., 
2019), and when the insights from all of them are combined, a 
more complete picture comes into view of the physical and eco-
logical processes involved.

In 2010, a new physical oceanographic regime emerged 
in the Gulf of Maine/western Scotian Shelf region. This new 
regime is linked to the advection of warm slope water into the 
region and may be associated with a weakening of the Atlantic 
meridional overturning circulation (AMOC; Figure 1a,b). The 
AMOC has been weakening since the mid-twentieth century 
(Rhamstorf et  al., 2015), a process indicated by the character-
istic sea surface temperature “fingerprint” of cooling in the sub-
polar North Atlantic and warming in the Gulf Stream region 
of the Northwest Atlantic (Caesar et  al., 2018). Although nat-
ural climate variability cannot be ruled out at this time, these 

FIGURE 2. Time series of (a) the Gulf Stream Index, (b) the Regional Slope 
Water Temperature Index, (c) the summertime (third quarter— July, August, 
September) eastern Gulf of Maine C. finmarchicus Abundance Index, and 
(d) the Right Whale Calving Index. Positive index values are shown in 
red, negative values in blue. Black solid lines indicate regime shifts in the 
time series detected using the Sequential t-test Analysis of Regime Shifts 
(STARS) algorithm. 

G
ul

f S
tr

ea
m

 In
de

x
Re

gi
on

al
 S

lo
pe

 W
at

er
 

Te
m

pe
ra

tu
re

 In
de

x
N

or
th

 A
tla

nt
ic

 R
ig

ht
 W

ha
le

 
Ca

lv
in

g 
In

de
x

Ca
la

nu
s fi

nm
ar

ch
ic

us
 

A
bu

nd
an

ce
 In

de
x

2

1

0

–1

4

2

0

–2

–4

1.0

0.5

0.0

–0.5

–1.0

–1.5

0.8

0.6

0.4

0.2

0.0

1980 20001990

a

c

b

d

2010 2020

be the most relevant in determining the probability of successful 
right whale pregnancies (Meyer-Gutbrod et al., 2015), that time 
series is presented in Figures 2c and S2.

The right whale population exhibited demographic changes 
consistent with a regime shift that resulted in a less favorable for-
aging environment. Coincident with the decline in prey avail-
ability, annual right whale calf recruitment declined significantly 
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observations are consistent with recent, 
high-resolution ocean circulation mod-
els that predict enhanced warming of the 
Northwest Atlantic in response to anthro-
pogenic climate change (Saba et al., 2016). 
Consistent with model predictions, the 
Gulf Stream has weakened, and its north 
wall has shifted to a more northerly posi-
tion (Figures 1b and 2a). In addition, the 
geographic location of the Gulf Steam’s 
destabilization point, where it transitions 
from a narrow jet to a widely meandering 
current, has shifted westward by ~25 km 
per year (Figure 1b; Andres, 2016), and 
there has been a significant increase in 
the number of warm core rings gener-
ated since 2000 (Gawarkiewicz et  al., 
2018). Each of these changes in the Gulf 
Stream can have important implica-
tions for the slope and shelf waters of the 
Northwest Atlantic.

The Slope Water Sea, situated between 
the continental shelf and Gulf Stream 
after it detaches from the shelf north of 
Cape Hatteras (Figure 1b), is the primary 
mixing zone where slope waters derived 
from the Gulf Stream and the Labrador 
Current system intermingle (MERCINA, 
2001). Multiple processes contribute to 
increased heat content in the Slope Water 
Sea and adjacent shelf waters. Heat flux 
from the atmosphere can lead to the 
development of marine heatwaves in the 
surface waters (Chen et al., 2015; Schlegel 
et al., 2021), and Gulf Stream warm core 
rings can intrude onto the shelf in the 
Mid-Atlantic Bight and Georges Bank 
regions (Gawarkiewicz et  al., 2018). 
However, the recent, decade-long warm-
ing event observed in the Gulf of Maine/
western Scotian Shelf slope water can be 
attributed primarily to the subsurface 
advection of slope water comprising a 
relatively large component of Gulf Stream 
water and a relatively small component 
of Labrador Current water (Figure 1b; 
Jutras et al., 2020; Neto et al. 2021; Seidov 
et al., 2021). These warmer and more 
saline slope water intrusions enter the 
deep basins and troughs of the Gulf of 
Maine and the western Scotian Shelf 
through various deep- water channels, 

Number of whale icons → Mean SPUE category

0 → 0.0 ≤ SPUE < 0.5 per 100 km
 1  → 0.5 ≤ SPUE < 2.5 per 100 km
2 → 2.5 ≤ SPUE < 5.0 per 100 km
3 → 5.0 ≤ SPUE < 7.5 per 100 km

4 → 7.5 ≤ SPUE < 10.0 per 100 km
5 → 10.0 ≤ SPUE < 12.5 per 100 km
6 → 12.5 ≤ SPUE < 15.0 per 100 km

FIGURE 3. Quarterly right whale sightings per unit effort (SPUE) for five key foraging grounds during 
the two decades of interest, 2000–2009 and 2010–2019. Each column corresponds to a decade; 
each row corresponds to a seasonal quarter (Q1 = January, February, March; Q2 = April, May, June; 
Q3 = July, August, September; Q4 = October, November, December). In each map, circles corre-
spond to the five major right whale foraging grounds: Cape Cod Bay (CCB), Great South Channel 
(GSC), Bay of Fundy (BOF), Roseway Basin (RB), and southern Gulf of St. Lawrence (sGSL). The 
number of whale icons in each foraging ground circle corresponds to the mean SPUE category, 
as defined in the key, observed for that quarter and decade. Circles drawn with a dashed line indi-
cate low survey effort (<1,000 km). Circle and icon colors during the second decade indicate a 
decline (red), increase (green), or no change (black circles, white whale icons) in mean SPUE from 
the previous decade. 
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FIGURE 4. Infographic reviewing the impacts of changing ocean conditions on the right whale population during 2000–2009 
(left) and 2010–2019 (right). Time series of observed numbers of right whale calves (green) and carcasses (red) observed 
each year. Extinction risk was low during 2000 to 2009, when ocean conditions were favorable, calving rates were relatively 
high, and mortality rates were relatively low. Extinction risk became moderate from 2010 to 2016, when ocean conditions 
were less favorable, calving rates declined, and many whales were not observed during surveys. Extinction risk became 
high in 2017 when ocean conditions remained less favorable, calving rates remained relatively low, and an unusual mortality 
event was initiated. GOM = Gulf of Maine. GS = Gulf Stream. GSL = Gulf of St. Lawrence. NARW = North Atlantic right whale. 
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with the Northeast Channel being the 
most prominent (Figure 1b; Saba et  al., 
2016; Sorochan et  al., 2019). The 2010 
regime shift and subsequent rising trends 
in the RSWT Index (Figure 2b) and 
regional salinities (Sorochan et al., 2019) 
provide strong evidence consistent with 
this interpretation. 

Coinciding with the regime shift in 
2010, annual C. finmarchicus abun-
dance declined significantly in the Gulf 
of Maine and has remained anoma-
lously low (Figure S1; Record et al., 2019; 
Sorochan et  al., 2019). This decline is 
likely due to a combination of reduced 
advective supply of this species into the 
region and an increase in deep-water 
temperatures. While the elevated tem-
peratures are not sufficient to cause 
mortality directly, they can impact the 
C. finmarchicus population negatively by 
increasing metabolic rates and curtail-
ing the duration of this species’ diapause 
period, potentially exposing it to greater 
predation risk or reduced overwinter-
ing survivorship (Record et  al., 2019). 
Although locally enhanced productiv-
ity has supported elevated abundances 
of C. finmarchicus in the western Gulf of 
Maine (Ji et al., 2017), the population has 
declined significantly in the eastern Gulf 
of Maine during the third quarter sum-
mer months (Figure 2c). This decline has 
had far-reaching consequences for the 
right whale population. 

Troubling signs for the right whale 
population began to emerge after the 2010 
regime shift and decline in C. finmarchicus 
abundance. In contrast to the record high 
39 calves born during 2009, right whale 
calving rates dropped significantly begin-
ning in 2010 (Figure 2d). During the 
summer of 2012, C. finmarchicus abun-
dance in the eastern Gulf of Maine fell 
below a previously estimated prey avail-
ability threshold found to trigger pre-
natal or neonatal calf mortality due to 
inadequate nutrition (Figure S2; Meyer-
Gutbrod et  al., 2015). For most of the 
decade, the calving rate remained compa-
rable to that observed during the 1990s, 
a previous decade of low C. finmarchicus 

abundance in the region (Figure 2c,d). 
Also beginning in 2010, the number of 

right whales returning to the species’ tra-
ditional summertime foraging grounds in 
the eastern Gulf of Maine and the Bay of 
Fundy declined rapidly (Figure 3; Davies 
and Brillant, 2019; Davies et  al., 2019; 
Record et  al., 2019). Despite consider-
able survey effort, the whereabouts of 
the majority of the population during the 
foraging seasons of 2010–2014 are largely 
unknown; however, sporadic sightings 
and acoustic detections in Canadian 
waters suggest a dispersed distribution 
(Davies et  al., 2019). Acoustic moni-
toring revealed a significant increase in 
the presence of whales in the southern 
Gulf of St. Lawrence beginning in 2015 
(Simard et  al., 2019). A visual monitor-
ing program was implemented in the 
region during 2015, and it revealed a rela-
tively large number of whales foraging in 
the southern Gulf of St. Lawrence during 
that year and subsequent years (Figure 3; 
Davies and Brillant, 2019). Because right 
whales spend the majority of their time 
during the summer season foraging 
(Goodyear, 1996; Parks et al., 2011), this 
distribution shift is likely motivated by a 
search for higher prey availability.

As right whale numbers visiting the 
southern Gulf of St. Lawrence foraging 
grounds rose, the risks associated with 
ship strikes and entanglement increased 
(Figure 4). With no management plan in 
place to protect it, the right whale pop-
ulation experienced an increasing num-
ber of serious entanglements and mortal-
ities in the southern Gulf of St. Lawrence 
beginning in 2015 (Figure 4; Davies and 
Brillant, 2019). During the summer of 
2017, the US National Marine Fisheries 
Service declared an unusual mortal-
ity event when 17 dead right whale car-
casses were discovered, 12 of them in the 
southern Gulf of St. Lawrence and five in 
US waters (Meyer-Gutbrod et  al., 2018; 
Davies and Brillant, 2019; Pettis et  al., 
2020). Ship strikes and fishing gear entan-
glement were the only sources of mortality 
for carcasses in which the cause of death 
could be determined (Pettis et al., 2020). 

In response to this unusual mortality 
event, the Canadian federal government 
collaborated with many provincial and 
nongovernmental organizations to imple-
ment a crisis management plan to protect 
right whales (Davies and Brillant, 2019). 
This plan appeared successful, reduc-
ing right whale mortalities to zero in the 
southern Gulf of St. Lawrence and three 
overall during 2018 (Figure 4; Davies 
and Brillant, 2019; Pettis et  al., 2020). 
However, the management plan proved 
ineffective the following year when 
10 right whale deaths occurred during 
the summer of 2019 (Figure 4; Pettis 
et al., 2020). The unusual mortality event 
has contributed to an observed cumula-
tive loss of ~7% of the total population 
during the past three years. After factor-
ing in model-estimated latent mortal-
ity, the true right whale population loss 
from the start of 2017 to the end of 2019 
may be closer to 17% (Pettis et al., 2021; 
Pace et al., 2021). This is the first multi-
year decline observed in the right whale 
population since post-whaling demo-
graphic data became available during 
the early 1980s.

Management Implications
The case of the North Atlantic right whale 
population provides a cautionary tale for 
the management of protected species in 
a changing ocean (Pinsky and Mantua, 
2014; Meyer-Gutbrod et al., 2018; Pinsky 
et al., 2018; Davies and Brillant, 2019). As 
anthropogenic climate warming emerges 
from a background of natural climate 
variability, ecosystem regimes will shift, 
and species ranges will both contract and 
expand (Greene, 2016). Rising global 
temperatures are causing poleward shifts 
in distributions already, yet most of our 
management policies are geographically 
rigid and lack the flexibility to respond 
to such shifts (Pinsky and Mantua, 2014; 
Meyer-Gutbrod et al., 2018; Pinsky et al., 
2018; Davies and Brillant, 2019). 

For the right whale population, it was 
anticipated that the species would seek 
out new foraging grounds to the north as 
C. finmarchicus abundance declined near 
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its southern range limit (Reygondeau 
and Beaugrand, 2011; Greene, 2016). The 
summertime decline of C. finmarchicus 
in the eastern Gulf of Maine and the 
Bay of Fundy came about more rapidly 
than expected, likely due to the inten-
sity and duration of the regional warm-
ing. As more right whales appeared in the 
southern Gulf of St. Lawrence, conflicts 
with the fishing and shipping industries 
seemed inevitable (Davies and Brillant, 
2019). However, it was only when a cri-
sis arose, after many whales were killed 
during the summer of 2017, that the 
Canadian government responded to the 
situation and implemented a manage-
ment plan. That plan coincided with an 
elimination of mortalities in the south-
ern Gulf of St. Lawrence during the sum-
mer of 2018. However, it failed to protect 
whales effectively the following sum-
mer, likely because scientists and man-
agers lacked a sufficient understanding 
of the population’s behavioral responses 
to further changes in ocean conditions 
within the southern Gulf of St. Lawrence. 
Ironically, birth rates remained low fol-
lowing the shift to summer foraging in the 
Gulf of St. Lawrence (Figure 2d), indicat-
ing that this habitat may not have ade-
quate prey to support successful repro-
duction (Gavrilchuk et al., 2021).

Climate-driven advection of dif-
ferent water masses into the Gulf of 
Maine/western Scotian Shelf region has 
impacted the recovery rate of the right 
whale population every decade since the 
early 1980s (Meyer-Gutbrod and Greene, 
2018; Davies et  al., 2019). Anticipating 
that similar processes will continue to 
unfold in the future, federal agencies 
in Canada and the United States will 
need to adopt more dynamic manage-
ment plans, ones that utilize continu-
ous monitoring of relevant ocean con-
ditions and whale sightings to inform 
models that can forecast right whale hab-
itat use. Historical whaling records and 
modern habitat suitability models may 
also be useful tools for identifying emerg-
ing high-use areas. Such habitat-use 
forecasts are only in their early stages 

of development at present. However, as 
their forecasting skills improve, they will 
eventually be able to provide a basis for 
regulating shipping, fisheries closures, 
and gear restrictions when whales are 
expected to be present. Failure to adopt 
such measures and significantly reduce 
anthropogenic mortality sources could 
commit the right whale population to 
extinction before the end of the century 
(Figure 4; Supplementary Materials). 

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at 
https://doi.org/10.5670/oceanog.2021.308.

DATA AVAILABILITY
Quality-checked Continuous Plankton Recorder data 
are available from the Marine Biological Association 
of the United Kingdom. Access to data can be 
found at https://www. cprsurvey.org/ data/ our-data/. 
Right whale population data are available from the 
North Atlantic Right Whale Consortium. Access to 
these data can be found at https://www.narwc.org/
accessing- narwc-data.html.
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