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A juvenile right whale breaches against the backdrop of a ship in one of the 

Seasonal Management Areas implemented by NOAA Fisheries to reduce 

the likelihood of deaths and serious injuries to these endangered whales 

that result from collisions with ships. Photo credit: Florida Fish and Wildlife 

Conservation Commission, NOAA Research Permit #775-1600-10 

https://www.flickr.com/photos/tags/775-1600-10
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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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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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Figures 2c and S2
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Figure 2d

Figures 3 and S3

Figure 3

Figure 3

Figure 4

 
DISCUSSION 

 
 
 
 
 
 
 
 
 

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. 
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Figures 1b and 2a

Figure 1b

Figure 1b
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Figure 1b

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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Figure 2d

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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