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1. Management jurisdiction and ecological area 
mortality 

1.1 Methods:  
We analyzed the levels of mortality within a variety of spatial regions, including 

Biologically Important Areas (BIAs) for blue and humpback whales and National Marine 

Sanctuaries (NMSs) (Fig S1). Biologically Important Areas (BIAs) are established by 

expert input and are required for endangered species recovery plans to identify regions 

of ecological importance and elevated whale abundance [1]. Large portions of the BIAs 

for humpback and blue whales fall within the study area.  BIA polygons were retrieved 

from the NOAA Ocean Noise Strategy website (http://cetsound.noaa.gov/important) and 

NMS boundaries were from the National Marine Sanctuaries GIS data page 

(http://sanctuaries.noaa.gov/library/imast_gis.html). 
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1.2 Results:  
Current efforts to address ship strike mortality have focused within the shipping lanes off 

San Francisco where lane reconfigurations and VSRs have been implemented. Results 

from Rockwood et al. 2017 [2] and visualizations from our work here confirm this region 

to be of key importance to mitigating vessel strikes. We therefore calculated mortality 

statistics for each separate lane and area of the San Francisco TSS (Table S1). 

Fig S1. Jurisdictions used to assess the distribution of mortality. Biologically 
Important Areas (BIAs) for blue (A) and humpback (B) whales are from 
Calambokidis 2015. National Marine Sanctuaries (C) are important for regulations 
on ship traffic and management of whales. Ship traffic schemes (TSSs) for the San 
Francisco Bay Area are overlaid on 2013 ship density from Marine Cadastre (D). 
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Consistent with previous findings [3], the northern and western lanes intersect with high 

whale density areas. Our results show mortality intensity (mortality per 100,000 km2) to 

be highest in the western lane for both species. Blue whales experienced high mortality 

intensity in the northern and southern lanes as well, but low to moderate intensity in the 

bay lane and precautionary zone. Humpbacks, however, actually had the highest 

intensity in the bay lane with some elevated risk in the outbound northern lane. Of all 

lanes, the western and northern lanes (especially outbound) contain the highest 

percentages of total mortality for both species. 

 

Table S1. Mortality statistics for shipping lanes from 2014-17. Mortality per 
100,000 km2 and percent of total study area mortality are also reported for each 
region. 

      BLWH Study Period Mean   HUWH Study Period Mean 

TSS Area Name 
Area 
(km2)   

Area 

Mortality 

Mortality 

per 105 

km2 

Percent of 

total 

mortality   

Area 

Mortality 

Mortality 

per 105 

km2 

Percent of 

total 

mortality 

Northern, In 113 

 

0.1 110.73 5% 

 

0.5 416.80 7% 

Northern, Out 119 

 

0.3 237.70 11% 

 

1.1 937.98 16% 

Southern, In 69 

 

0.1 149.25 4% 

 

0.3 495.04 5% 

Southern, Out 70 

 

0.1 108.30 3% 

 

0.3 358.39 4% 

Western, In 52 

 

0.2 475.46 9% 

 

0.7 1,294.07 10% 

Western, Out 51 

 

0.3 528.10 10% 

 

0.7 1,406.06 10% 

Bay Lane, In 4 

 

<0.1 77.86 <1% 

 

0.1 1,493.19 1% 

Bay Lane, Out 4 

 

<0.1 63.17 <1% 

 

0.1 1,272.88 1% 

Precautionary 

Area 338   0.1 29.66 4%   0.6 177.16 9% 
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Biologically Important Areas (BIAs) identify regions of ecological importance and 
elevated whale abundance [1]. Two blue whale BIAs fall within the study region, though 
only the very northern tip of the Monterey Bay – Pescadero Pt. BIA is included. Only the 
Gulf of the Farallones – Monterey Bay humpback BIA was partially included. These 
areas showed moderate mortality intensity, with the highest intensity for the humpback 
BIA ( 

Table S2). The combined blue whale BIAs contained 70% of total mortality while the 

humpback BIA contained 74%. 

 
Table S2. Blue and humpback whale strike mortality within the Biologically 
Important Areas (BIAs) defined in Calambokidis et al. 2015. Annual mean 
mortality, mortality per 100,000 km2 and percent total mortality are reported for 
each BIA. 

BIA Name 

BIA 
area 
(km²) 

Months of 
peak 

abundance 
Mean area 
mortality 

Mortality 
per 105 

km² 

Percent 
total 

mortality 
BLWH – GoF 5,243 Jul – Nov 1.8 35.1 68.2% 

BLWH – MB - Pescadero Pt. 112 Jul – Oct 0.1 44.7 1.9% 

HUWH – GoF - MB 7,161 Jul – Nov 5.2 72.6 74.4% 
 GoF = Gulf of the Farallones, MB = Monterey Bay 

 

Finally, since the National Marine Sanctuaries (NMSs) have been instrumental in 

enacting the lane changes and VSRs to achieve the mitigation of strike risk to date, we 

calculated the mortality within each of the three NMSs (Table S3). The mortality 

intensity for both species was highest in Cordell Bank NMS (CBNMS) followed by 

northern Monterey Bay NMS (MBNMS). However, because the Greater Farallones NMS 

(GFNMS) area contained in the study region was over twice that of either other 

sanctuary, GFNMS had the highest total and percent mortality for all three species. 



Supplement to Rockwood et al. (2020) – Endang Species Res 43:145-166 – https://doi.org/10.3354/esr01056 
 

 

 5 

Table S3. Mortality within National Marine Sanctuaries. Mortality per 100,000 km2 
and percent of total study area mortality are also reported for each sanctuary. 

      BLWH 4-month Mean   HUWH 4-month Mean 

NMS 
Area 
(km2)   

Area 

Mortality 

Mortality 

per 105 

km2 

Percent 

of total 

mortality   

Area 

Mortality 

Mortality 

per 105 

km2 

Percent 

of total 

mortality 

Cordell Bank 2,781 

 

0.946 34.00 35.04% 

 

1.875 67.41 26.81% 

Greater Farallones 6,054 

 

1.184 19.55 43.88% 

 

3.161 52.20 45.20% 

N. Monterey Bay 2,683   0.550 20.51 20.40%   1.558 58.05 22.28% 

 

1.3 Discussion: 
We found that mortality within the designated BIAs for each species was significant, 

though mortality intensity was moderate compared to within the shipping lanes. The 

Gulf of the Farallones (blue whale) and Gulf of the Farallones to Monterey Bay 

(humpback whale) BIAs contained 68% (1.8 deaths) and 74% (5.2 deaths) of total study 

area mortality (Table S3). This highlights the contribution of ecologically important 

aggregation areas to strike risk, but also clarifies that, at least when it comes to risk 

from ship strikes, a large portion of the BIAs has relatively low risk because ships are 

mostly confined to a small subset of the areas. Therefore, more detailed information 

regarding fine-scale habitat use patterns (e.g., distribution models) may be of greater 

value in addressing ship strikes that broader area designations like BIAs. 

Mortality was relatively evenly spread across the three NMSs, with Greater Farallones 
NMS containing the most deaths, followed by Cordell Bank NMS and northern Monterey 
Bay NMS for both species ( 

Table S2). Since each of these sanctuaries contains a portion of the San Francisco TSS 

and a significant portion the mortality outside the lanes, engagement and cooperation of 

all three sanctuaries will be important for effective efforts to address ship strikes in the 

region. 
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2. Scenario mortality figures and tables 

Fig S2. Linear relationships between the simulated percent increase in 
cooperation and the percent reduction in mortality for blue whales within the TSS 
with curves fit separately to each year for blue whales (A, C) and humpback 
whales (B, D). Top panels (A, B) are for 10-knot speed limits and bottom (C, D) are 
12-knot. Each point represents a simulation for a given month and target 
compliance. Equations for each linear fit are displayed in the top right of each 
panel. 
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Table S4. Percent change in predicted mortality in the TSS relative to actual for 
12-knot cooperation scenarios ranging from 30% to 95% target cooperation. 

		 		 Blue	whale	 		 Humpback	whale	

		 		 2014	 2015	 2016	 2017	 		 2014	 2015	 2016	 2017	

Actual	year	cooperation	 44.8%	 51.8%	 62.5%	 63.4%	

	

44.8%	 51.8%	 62.5%	 63.4%	

Actual	Mortality	(active-VSR)	 0.80	 0.83	 2.16	 1.93	 		 4.90	 5.21	 7.46	 8.54	
		

	          

Si
m
ul
at
ed

	M
or
ta
lit
y	

(p
re
-V
SR
)	

50%	cooperation	 2.7%	 −	 −	 −	
	

2.7%	 −	 −	 −	

60%	cooperation	 6.0%	 2.3%	 −	 −	
	

5.9%	 2.6%	 −	 −	

70%	cooperation	 9.2%	 5.4%	 1.4%	 1.6%	
	

9.1%	 5.5%	 1.6%	 1.6%	

80%	cooperation	 12.8%	 8.3%	 3.8%	 3.8%	
	
12.7%	 8.5%	 4.1%	 4.1%	

85%	cooperation	 14.5%	 9.9%	 4.9%	 5.0%	
	
14.6%	 10.0%	 5.3%	 5.2%	

90%	cooperation	 15.8%	 11.7%	 6.1%	 6.1%	
	
15.8%	 11.7%	 6.6%	 6.2%	

95%	cooperation	 17.8%	 12.7%	 7.3%	 7.3%	
	
17.7%	 13.0%	 7.8%	 7.5%	
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Fig S3. Linear relationships between the simulated percent increase in 
cooperation and the percent reduction in mortality for within proposed SMAs with 
curves fit separately to each year for blue whales (A, C) and humpback whales (B, 
D). Top panels (A, B) are for 10-knot speed limits and bottom (C, D) are 12-knot. 
Each point represents a simulation for a given month and target compliance. 
Equations for each linear fit are displayed in the top right of each panel. 
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Table S5. Percent change in predicted mortality in the predicted SMA areas 
relative to actual for 12-knot cooperation scenarios ranging from 30% to 95% 
target cooperation. 
		 		 Blue	whale	 		 Humpback	whale	

		 		 2014	 2015	 2016	 2017	 		 2014	 2015	 2016	 2017	

Actual	year	cooperation	 39.5%	 40.8%	 45.1%	 43.0%	

	

39.5%	 40.8%	 45.1%	 43.0%	

Actual	Mortality	(active-VSR)	 1.00	 1.60	 2.03	 1.47	 		 1.72	 2.01	 2.51	 2.94	
		

	          

Si
m
ul
at
ed

	M
or
ta
lit
y	

(p
re
-V
SR
)	

50%	cooperation	 4.5%	 4.3%	 1.6%	 3.0%	
	

4.2%	 3.6%	 1.9%	 3.0%	

60%	cooperation	 7.7%	 8.2%	 5.2%	 6.7%	
	

7.5%	 7.3%	 5.2%	 6.6%	

70%	cooperation	 12.8%	 12.0%	 9.0%	 10.9%	
	
11.9%	 11.1%	 8.7%	 10.0%	

80%	cooperation	 16.3%	 16.6%	 12.0%	 14.6%	
	
14.9%	 14.7%	 11.8%	 13.4%	

85%	cooperation	 19.1%	 18.5%	 14.3%	 16.7%	
	
17.3%	 16.7%	 13.8%	 15.2%	

90%	cooperation	 21.6%	 21.3%	 16.0%	 18.3%	
	
19.5%	 18.7%	 15.3%	 16.9%	

95%	cooperation	 23.7%	 22.8%	 18.1%	 20.4%	
	
21.5%	 20.5%	 17.2%	 18.8%	

		 		 		 		 		 		 		 		 		 		 		

 

3. Putting scenario results in context of other VSR 
regulations 
 

3.1 Methods: 
To help understand how the relationship between speed and mortality within our model 

influenced the simulation results, we isolated the components of the model which 

depend on speed. These include the calculation of encounter rate, the probability of 

mortality given a collision and the probability of avoidance. We combined these model 

components into an equation which gives the proportional decrease in model mortality 

between an unregulated hypothetical vessel and one following a speed limit. We 

evaluated this equation separately for a 10- and 12-knot speed limit and for hypothetical 

vessels that travel at speeds up to 30 knots when un-regulated. 
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3.2 Results and discussion: 
There are several analyses that have used alternate approaches to estimate the decrease in 

mortality risk for whales after speed regulations were instituted in SMAs near eastern U.S. ports. 

Wiley et al. [4] estimated 56.7% reduction in risk, while Conn and Silber [5] estimated 80-90% 

reduction. By calculating the proportional change in mortality predicted with our model, we can 

compare our results to these other results from right whale SMA speed regulations (Fig S4). In 

the case of Wiley et al. [4], the estimate is based only on an earlier formulation of the probability 

of mortality equation later published in Conn and Silber [5]. The authors do not include speed 

effects on likelihood of collision and the 60% reduction is based on a simulation consisting of 

100% cooperation with a 10-knot speed limit where the true ship population had a mean speed 

of 13.5 knots. This agrees relatively well with our result, which predicts a proportional decrease 

in mortality of 50% for a change in speed from 13.5 knots to 10 knots. 

 

Fig S4. Percent decrease in model mortality between vessels traveling at “initial” 
(unregulated) speeds (x-axis values) and vessels in compliance with either a 10 
knot speed limit (red) or 12 knot speed limit (blue). Predictions include 
components of the mortality model that are functions of speed. 
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Conn and Silber [5] is the only effort to our knowledge that used observed strike data to 

estimate a decline in strike risk. The calculation included the effect of speed on both the 

probability of mortality and the probability of collision. In this case, the reduction in risk 

(~80-90%) was based on actual vessel speeds prior to vs during 10-knot speed 

regulations. Characteristics of the speed distributions in the reference and regulated 

periods were not published, so the difference in mean speeds is unknown. However, 

relative strike reductions of 80% or higher are only achieved within our model when 

unregulated speeds are 21 knots or greater. This suggests that our formulation of 

probability of strike may underestimate the magnitude of the effect of speed. If this is the 

case, our results should be taken as a conservative estimate of the decrease in 

mortality resulting from the simulated management actions. 

In addition to providing context to compare our results to other analyses, Figure S4 

shows the difference between mortality reduction for 10-knot versus 12-knot speed 

limits. Specifically, the difference between 10- and 12-knot proportional mortality 

decreases is greatest for a vessel that travels at 12 knots when unregulated (~35% 

difference) and least for high unregulated speeds (~5% at 50 knots). This highlights that 

a 10-knot speed limit can decrease mortality significantly more than a 12-knot limit, a 

result also shown in Wiley et al. [4].  
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