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INTRODUCTION

The North Atlantic right whale Eubalaena glacialis
population numbers <500 animals (North Atlantic
Right Whale Consortium Report Card 2010, available
at www.rightwhaleweb.org), despite international pro-
tection since 1935 and US federal protection since
1972. The coastal waters of the southeast US (SEUS)
supports the only known calving ground for this right
whale population (Kraus et al. 1986), with whales giv-
ing birth between December and March (Kraus & Rol-
land 2007). Human sources of mortality, primarily from
shipping and fishing, are known to be limiting the
recovery in this species (Kraus 1990, Knowlton & Kraus
2001, Kraus et al. 2005, Kraus & Rolland 2007).

Right whale population models suggest that this
species is declining because of human-caused mortali-
ties; however, reducing the number of mortalities each
year by only 2 female right whales can increase the
growth rate to a recovery level (Fujiwara & Caswell
2001). With vessel strikes as the leading cause of mor-
talities in right whales (Moore et al. 2007), the recovery
of this species is highly dependent on reducing the
number of lethal injuries from vessels. Lethal injuries
to right whales caused from vessel strikes are depen-
dent on the co-occurrence of whales and vessels as
well as the size and speed of those vessels during
impact (Laist et al. 2001, Vanderlaan et al. 2008). Most
lethal ship strikes occurred from vessels that traveled
at speeds >14 knots (>25.9 km h–1) and vessels >80 m
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in length (Laist et al. 2001), with probabilities of a mor-
tality event increasing from 20% at 8.6 knots (15.9 km
h–1) to 80% at 15 knots (27.8 km h–1; Vanderlaan &
Taggart 2007). Vessels traveling in the SEUS from 1999
to 2002 averaged 15 knots (27.8 km h–1; Ward-Geiger
et al. 2005), so if a vessel strike occurred, the whale
would most likely die from the encounter. In the SEUS
right whale calving area there are 3 shipping channels
that serve 2 naval bases and 3 commercial ports,
including the port of Jacksonville, FL, one of the
busiest in the USA. Of the 3 US critical habitat areas for
this species, right whales are most at risk in the calving
ground (Vanderlaan et al. 2009).

Aerial surveys for ship-strike mitigation have been
flown in the SEUS since 1988 in an attempt to curb ves-
sel strikes by informing vessel operators of near-real-
time right whale sightings during the months of calv-
ing. Messaging to vessels was improved in 1999 with
the implementation of the Mandatory Ship Reporting
(MSR) system, which required all vessels of ≥300 gross
tons entering either of 2 MSR areas, one off the New
England coast (encompassing 2 critical habitat areas:
Cape Cod Bay and the Great South Channel) and one
off the SEUS (encompassing the third critical habitat
area: the southern calving ground), to report to a cen-
tral server that sent an automated response to the ves-
sel operator of the most recent sightings and naviga-
tional cautions and requirements around right whales
(Ward-Geiger et al. 2005).

Despite the aerial surveys and the MSR system, right
whales continued to be killed by vessel strikes. Begin-
ning in 2004, NOAA proposed and implemented rules
aimed at reducing vessel strikes by re-routing and slow-
ing vessels when right whales are present off the east
coast of the USA (NOAA 2004, 2006, 2008). After NOAA
announced the ship strike reduction strategy in 2004,
NOAA implemented recommended voluntary slow
speeds of 12 knots (22.2 km h–1) in the calving ground. In
the subsequent year, NOAA decreased the recom-
mended speed to 10 knots (18.5 km h–1). The final speed
rule was implemented on December 9, 2008, making it
mandatory, not voluntary, for all vessels of length ≥65 ft
(≥19.8 m) to slow to ≤10 knots (≤18.5 km h–1) in desig-
nated right whale management areas called Seasonal
Management Areas (SMA), which follows the MSR
boundary in the SEUS but extends 15 nautical miles
(nmi) (27.8 km) further to the south (Fig. 1), but does not
have automatic messaging to the vessels as the MSR
area. In addition, NOAA added recommended routes to
the nautical charts for the SEUS in November 2006, with
the goal of minimizing transit time for vessels within the
critical habitat area and routing vessels to areas with
fewer right whales (USCG 2006).

The present study details the response of commer-
cial vessels to operational measures to reduce ship

strikes of right whales in the SEUS habitat area.
Specifically, we examined vessel compliance to speed
and routing  measures across years, and compared the
effectiveness of recommended (voluntary) versus
mandatory rules. Finally, we estimated the effective-
ness of current rules on reducing mortality rates in
right whales.

MATERIALS AND METHODS

Aerial surveys. The New England Aquarium (NEAq)
conducted systematic surveys on days suitable for aer-
ial surveys for right whales (winds <17 knots [<31.2 km
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Fig. 1. Eubalaena glacialis. Southeast USA right whale habi-
tat area, highlighting the critical habitat area, mandatory ship
reporting area (MSR), and seasonal management area (SMA)
offshore of Georgia and Florida, including the major ports,
recommended routes, and areas used to summarize the aver-
age speed of vessels offshore (dark gray area) and inshore

(medium gray area) of the MSR and SMA boundary
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h–1], visibility >2 nmi [>3.7 km], covering approxi-
mately half of the MSR area between December 1 and
March 31, from December 2005 through March 2009
(Fig. 1). Transects were flown in a Cessna 337 Sky -
master at an altitude of 1000 feet (305 m) during day-
time hours. The winter calving seasons will subse-
quently be referred to as Year 1 (2005–06), Year 2
(2006–07), Year 3 (2007–08), and Year 4 (2008–09).
The management area is hereafter defined as either
the MSR or the SMA depending on the year (MSR in
Years 1 to 3; SMA in Year 4; Fig. 1). Surveys in Year 1
corresponded with recommended speeds of 12 knots
(22.2 km h–1) for vessels in the management area with
no recommended routes for vessels transiting in the
area; Years 2 and 3 corresponded with recommended
speeds of 10 knots (18.5 km h–1) and recommended
routes; Year 4 corresponded with the new mandatory
ship speed limit of 10 knots (18.5 km h–1) for any vessel
entering the management area and continued use of
recommended routes.

Vessel data. Data on vessel type, speed, and location
were collected using the Automatic Identification
 System (AIS), which is a shipboard radio transpon -
der operating in the VHF maritime radio frequencies
for identifying and monitoring maritime traffic. As of
December 31, 2004, International Maritime Organiza-
tion (IMO) regulations require AIS on all vessels >300
gross tons on an international voyage and all tanker
and passenger vessels regardless of size (IALA 2004).
In the USA, AIS is required on all commercial vessels
>65 ft (>20 m) in length on an international voyage
other than fishing or passenger vessels <150 gross tons
(USCG 2003). AIS transponders send 2 different sig-
nals. One broadcasts every 2 to 10 s and includes the
vessel’s Maritime Mobile Service Identity (MMSI)
number, navigational status (i.e. underway using
engine, at anchor), rate of turn in degrees per minute,
speed over ground in knots, latitude, longitude, course
over ground, true heading, and time/date stamp. The
second message broadcasts every 6 min and includes
MMSI number, IMO number, radio call sign, name of
vessel, type of vessel, dimensions of ship, draught of
ship, destination, and estimated time of arrival. Static
information is entered manually by the operator at the
beginning of a voyage, while the dynamic data are
 primarily retrieved from the vessel’s navigational
instruments.

The aerial survey aircraft was equipped to collect
AIS data from vessels operating in the area using a Sea
Links Shine Micro Plus SL161 R dual channel AIS
receiver. Data from the AIS receiver were downloaded
to a laptop computer in the plane using ShipPlotter
software (www.shipplotter.com), which continuously
stored the data to a hard drive for the duration of the
survey. Data were collected from ships at a maximum

of 100 nmi (185 km) range only while the aircraft was
airborne, thus the volume of vessel data was depen-
dent upon survey time, which was governed, in part,
by weather conditions and the number of whales
encountered. The NEAq surveys were centered in the
management area, which allowed for signals to be
received well outside the management area (Fig. 1).

AIS data processing. The dynamic AIS data were
imported into GIS format using the latitude and longi-
tude for each location, and the static information for
each vessel was joined to these data based upon the
common MMSI attribute, and all data were projected
into Universe Transverse Mercator, Zone 17, North
American Datum 1983 coordinates.

During our surveys, the 3 major types of commercial
vessels entering the SEUS calving ground from off-
shore and broadcasting AIS were cargo vessels,
tankers, and tugs, and are used in the present study for
comparative analyses. Using the vessel type attribute
in the database, all of these 3 vessel types were
selected if traveling at >1 knot speed (>1.85 km h–1) to
eliminate vessels transmitting AIS signals while at
anchor or in port. If a record did not have an entry for
the type of vessel, vessel type was determined from the
MMSI number in the Maritime mobile Access and
Retrieval System (MARS) database (www.itu.int/cgi-
bin/htsh/mars/ship_search.sh). A vessel was excluded
if the vessel type information was not in the MARS sys-
tem or the AIS static database.

Vessel speed analysis. To evaluate the compliance
with either recommended (voluntary) or mandatory
vessel speeds in the area, we analyzed the vessels that
crossed the management boundary by converting the
individual point locations to linear representations of
each vessel track using a concatenated MMSI and date
field; only those transits that crossed the management
boundary were used in the analysis. Tugs were left out
of the speed analysis because they primarily travel at
speeds <10 knots (<18.5 km h–1; Hatch et al. 2008).

The response of vessels to the recommended and
mandatory speed regulations in the SEUS right whale
calving ground was measured using the change in the
average speed of a vessel from the offshore side of the
management area to the inshore side. The change in
vessel speed entering the management area was
determined by averaging the speed of each vessel in
10 nmi (18.5 km) wide zones (offshore and inshore of
the management area boundary) to accommodate the
time operators needed to slow the vessel down as they
entered the area and not be affected by vessels slow-
ing to pick up harbor pilots at entrance buoys (Fig. 1).
The average speed was calculated in each zone (off-
shore and inshore) for each vessel, and the difference
between these 2 average speeds was used to deter-
mine the change in the vessel speed entering the man-
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agement boundary. Each vessel had to have at least 3
positions in the offshore and 3 positions in the inshore
buffer zones to be included in the analysis. In Year 4,
only vessel data collected from December 9 or later
were considered, because that is when the mandatory
speed legislation was implemented.

We used 2 separate 2-way full-factorial ANOVAs to
analyze differences in the change of vessel speed and
the average speed inside the management boundary
between vessels types and across years under different
management measures. The change in speed variable
was transformed using a Johnson SU transformation
(Johnson 1955) to comply with the normality assump-
tion of an ANOVA. The average speed inside the man-
agement boundary dependant variable was normally
distributed. Significant main effects were analyzed
using Tukey’s honestly significant difference (HSD)
post hoc test for multiple comparisons to evaluate
which factors were statistically different (Zar 1996).

Some vessels return to the same port more than once
per year and were recorded in the database multiple
times in each year. To avoid violating the assumption
of independence for an ANOVA and pseudo-replica-
tion, subsequent trips from a vessel in a given year
were deleted from the data set. Consequently, there is
only 1 record per unique vessel in any given year, but
repeat vessels were examined across years to allow for
each vessel to respond to new measures.

In addition to measuring the magnitude of vessel
speed change after the vessels entered the manage-
ment area, we assessed the rate of compliance to the
recommended and mandatory speed regulations by
summarizing the number of vessels that slowed to the
recommended 12 knots (22.2 km h–1) in Year 1, the rec-
ommended 10 knots (18.5 km h–1) in Years 2 and 3, and
the mandatory 10 knots (18.5 km h–1) in Year 4. Since
the speed regulations are not defined as a fraction of a
knot, a vessel was considered compliant to the recom-
mended and mandatory rules if they slowed to within
1 knot (1.85 km h–1) of the speed regulation. For
 example, a vessel traveling at a speed of 10.9 knots
(20.2 km h–1) inside the management area was catego-
rized as compliant to the 10 knot (18.5 km h–1) speed
requirement.

Recommended route analysis. The recommended
vessel routes were established on November 15, 2006,
which allows for a control year (Year 1) prior to routing
measures and 3 evaluation years (Years 2, 3, and 4).
The vessel transits (including tugs) created for the
speed analysis were used to assess compliance with
the recommended routes and compare these to the
control year. However, if the distance between 2 AIS
signals was >5 nmi (>9.3 km) due to technical issues or
gaps in survey effort, these sections of the vessel’s
transit were deleted from this analysis. The vessel

tracks were clipped to a modified management bound-
ary (Fig. 2) that eliminated areas inshore of the re -
commended routes, such as precautionary areas and
shallow water areas. Precautionary areas are routing
measures where vessels must navigate with caution
(Allen 2005), and in the southeast management area
they are centered on a near-shore sea buoy where har-
bor pilots board incoming vessels. Compliance was
measured as the proportion of kilometers traveled
within the recommended routes to the total kilometers
traveled within the modified management boundary.
Change in compliance was measured by comparing
the difference in these proportions between the control
year and the evaluation years.
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Fig. 2. Study area boundary for recommended-route analysis.
The area was created by connecting the northern- and south-
ern-most points of the recommended routes, not including
the precautionary areas (gray circles). Eliminating areas that
are not used by vessels because of existing river channels
 allowed for a more direct comparison of the compliance of 

vessel operators to recommended routes



RESULTS

Aerial surveys

The NEAq aerial-survey team flew with an AIS re-
ceiver for 320, 387, 398, and 391 survey hours in Years
1, 2, 3, and 4, respectively; the average (±SD) daily sur-
vey duration was 5.48 ± 1.28 h (range: 0.4 to 8.8 h) for all
4 yr. During these annual surveys, 964, 1013, 1593, and
1114 unique vessel trips were tracked by the AIS re-
ceiver, of which 140, 114, 84, and 83 met appropriate
criteria and were selected in Years 1, 2, 3, and 4, re-
spectively. Cargo vessels dominated other vessels in
the survey area, making up 75% (331/421) of the total
vessels analyzed over the 4 yr of the present study.

Vessel operator response to recommended/
mandatory speeds

There were 82, 82, 59, and 56 cargo vessels and
tankers analyzed for vessel operator response to speed
regulations in Years 1, 2, 3, and 4, respectively. There
was a significant difference in the change in average
speed of vessels from outside to inside the management
area across years (F = 6.5443, p < 0.001) and by vessel
type (F = 4.6069, p = 0.032). Vessels slowed significantly
more in Year 4 (Tukey HSD with α = 0.05, q = 2.585) and
with more variation than other years as they entered
the management area (Fig. 3). In Year 4, the  average
decrease in vessel speed as they entered the manage-
ment boundary was 3.0 knots (5.6 km h–1), compared to
0.0 knots, 0.3 knots (0.5 km h–1), and 0.8 knots (1.5 km
h–1) in Years 1, 2, and 3, respectively. Cargo vessels
slowed their speed more than tankers, but only with
modest significance (p = 0.038), with an average de-
crease of 1 knot (1.85 km h–1) compared to tankers’ de-
crease of 0.14 knot (0.26 km h–1) over the 4 yr.

There was a significant difference in the average
speed of vessels inside the management area over the
years (F = 13.451, p < 0.001), with vessels in Year 4
under mandatory speed legislation traveling signifi-
cantly slower (Tukey HSD with α = 0.05, q = 2.585)
at 10.5 knots (19.6 km h–1) compared to an average
14.5 knots (26.9 km h–1) under voluntary recom-
mended speeds in Years 1 to 3 (Table 1).

Overall vessel compliance to voluntary recommen -
ded speeds remained low in the first 3 seasons: 23.2,
9.8, and 13.6% for Years 1, 2, and 3, respectively. How-
ever, during Year 4, when mandatory speeds were
implemented, 42 out of 56 vessels (75.0%) complied
with the speed legislation, with 48.0% of those vessels
actively slowing to the mandatory speed compared to
an average of 6.4% of the vessels actively slowing in
all other years (Table 2).

Recommended routes

There was an overall increase in use of the recom-
mended routes over the years from 42.6% in the control
year (Year 1) to 96.2% by Year 4, with the biggest in-
crease in the second year of implementation. There was
a 9.1% increase in use from the control year (Year 1:
42.6%) to the first year recommended routes were
placed on the nautical charts (Year 2: 51.7%). However,
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Fig. 3. Change in vessel speed across the years. Negative
speed change indicates slowing inside the right whale
 management area; positive speed change indicates increas-
ing speed when entering the management area. Change in
speed was calculated for each vessel by averaging the speed
of a vessel track inshore of the management boundary sub-
tracted from the average offshore speed calculated in 10 nmi
(18.52 km) zones. Year 4 is significantly different from all
other years. Each box shows the median (line in middle) and
is bounded by the lower and upper quartiles. The whiskers
represent data 1.5 times the interquartile range or the mini-
mum and maximum values, whichever is smaller. The small
dots are extreme values outside 1.5 times the interquartile

range



the second year of implementation (Year 3: 84.0%) saw
an overall increase of 41.4% from the control season,
while the third year (Year 4) of implementation in-
creased an additional 12.2% to 96.2% of use (Fig. 4).

DISCUSSION

Since the inception of the North Atlantic right whale
recovery plan in 1991, ship collisions have been identi-
fied as the most significant threat to the right whale
population and the leading cause of mortality (NOAA
2004, Kraus et al. 2005). To reduce vessel strikes, it is
necessary either to reduce the probability of a vessel-
and-whale encounter, reduce the impact of a vessel
strike by slowing vessels down, or a combination of the
two (Vanderlaan et al. 2008). NOAA has implemented
many actions since the 1990s to help protect right
whales from vessel collisions, including daily aerial
surveys of right whales and mariner notifications, the
MSR system, and educating mariners through publica-
tions and training. After the educational efforts and
surveys failed to eliminate vessel strikes, NOAA
implemented recommended routes and mandatory
speed restrictions to reduce both the probability of an
encounter and the lethality of the impact if a strike did
occur.

When AIS became available as a tool to monitor
 vessel traffic, NEAq recognized that using an aerial
survey platform to collect this information could sig -
nificantly expand and improve information on vessels
using this important right whale habitat. However,

there are limitations to using AIS data
collected this way. By using aerial sur-
veys to collect the data, we collect no
data during poor weather or at night.
Also, AIS data alone cannot assess the
total risk of all vessels to right whales,
because military and smaller vessels
are not required to broadcast AIS, and
are exempt from the mandatory speed
rule. Military traffic may represent a
significant portion of the vessels travel-
ing in the study area because of the 2
naval bases in the southeast. Yet, AIS
does collect information about each
individual vessel and speed, and this
technology has just recently begun to
be used by the National Marine Fish-
eries Service (NMFS) and the US Coast
Guard to enforce this mandatory legis-
lation. Enforcement has been found to
increase compliance to speed regula-
tion within manatee habitats (Gorze-
lany 2004, Laist & Shaw 2006).

Compliance with recommended voluntary routes in -
creased significantly over the present study, reaching a
96.2% level by the third year of implementation. The
large increase in compliance between Years 2 (51.7%)
and 3 (84.0%) of implementation could have been due
to enhanced educational efforts regarding these rout-
ing measures, and the timing of mariners updating
their nautical charts. Right whales still travel through
the entire management area, and an average of 18% of
the NEAq field-based sightings occurred within the
recommended routes during the surveys since imple-
mentation. However, alternative routing scenarios rel-
ative to right whale occurence probabilities were ana-
lyzed by Fonnesbeck et al. (2008), who found that the
option that most closely resembles the current recom-
mended routes reduces the potential encounter rate by
44% compared to no routing.

A total of 75% of vessel operators carrying AIS com-
plied with the mandatory speed restrictions compared
with 15% compliance with recommended speed
restrictions. The lack of compliance to recommended
voluntary speed restrictions is in stark contrast to the
compliance to recommended voluntary routes. The
discrepancy between these 2 voluntary measures
could be due to how the information was received or
how much the regulation affects vessel operations.
Course corrections can have limited effect on overall
vessel transit time, while slowing of vessels can sub-
stantially increase transit time (Vanderlaan et al. 2008).
Voluntary routing measures were placed on nautical
charts, while recommended speeds were communi-
cated through the MSR system and nautical publica-

Endang Species Res 14: 69–77, 201174

Year                     Cargo vessels Tankers
Offshore Inshore Offshore Inshore

1 14.6 ± 2.4 14.6 ± 2.3 13.8 ± 1.6 13.8 ± 1.6
2 15.1 ± 3.0 14.8 ± 3.2 13.7 ± 1.3 13.7 ± 1.3
3 16.0 ± 2.6 15.0 ± 3.5 13.8 ± 2.0 13.4 ± 1.6
4 13.9 ± 3.9 10.5 ± 2.5 11.7 ± 1.5 10.8 ± 1.5

Table 1. Vessel speed (knots, mean ± SD) by vessel type within the inshore
and offshore 10 nmi (18.5 km) areas of the management boundary for each year

(Year 1: 2005–06; Year 4: 2008–09)

Year Speed Total no. No. (%) of vessels
restriction of vessels Slowing to Continuing at Total in

analyzed R or M speed R or M speed compliance

1 R 82 4 (4.9) 15 (18.3) 19 (23.2)
2 R 82 2 (2.4) 6 (7.3) 8 (9.8)
3 R 59 7 (11.9) 1 (1.7) 8 (13.6)
4 M 56 27 (48.2) 15 (27.8) 42 (75)

Table 2. Vessels complying with the recommended (R) and mandatory (M)
speed restrictions each year (Year 1: 2005–06; Year 4: 2008–09)
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Fig. 4. Vessel traffic density relative to the recommended routes and management boundaries (dash-dotted line) before (Year 1)
and after (Years 2 to 4) the recommended routes were established. The percentage of use inside the recommended lanes
 increased from a baseline of 43% (1886 km inside/4427 km total) before implementation to 52% (1661 km inside/3212 km
total) in Year 2, 84% (1548 km  inside/1842 km total) in Year 3, and 96% (1692 km inside/1759 km total) in the final year of
the study and when the seasonal  management area was implemented extending the management area 15 nmi (27.8 km) to the

south. AIS: Automatic Identification System
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tions. Vessel operators could be accustomed to follow-
ing lanes on nautical charts and so complied with these
measures without assessing whether the lanes were
voluntary or mandatory.

From 1989 to 2008, there were 6 confirmed right
whale ship-strike mortalities in the SEUS, a rate of 0.32
mortalities yr–1 or approximately 1 mortality detected
every 3 yr. Using the baseline probability of a vessel
and whale encounter in the SEUS (0.57) from Vander-
laan et al. (2009), we can calculate the total effect that
speed restrictions, compliance rates, and routing had
on the right whale mortality rates. The relative risk
reduction from recommended routing was a function
of compliance (96.2%) and the decrease in the likeli-
hood of a vessel and whale encounter (44%; Fonnes-
beck et al. 2008) times the baseline probability of an
encounter (0.57). The relative risk reduction from the
recommended routes alone was 54.3%.

Applying the Vanderlaan & Taggart (2007) model to
the average speed of vessels inside the management
area prior to the mandatory rule indicates a 0.74 prob-
ability that a vessel collision would be lethal; after the
mandatory speed rule, the probability dropped to 0.36.
The relative risk reduction from mandatory speed
restrictions was a function of the reduction in the prob-
ability of a lethal event accounting for the compliance
rates during the final year of the study (0.46) times the
baseline probability of an encounter, reducing the rel-
ative risk by 38.5%. By combining both the recom-
mended routing and mandatory speeds the relative
risk was reduced by 71.9%. 

Applying these reductions of relative risk to the
annual mortality rate, ship routing reduces the annual
mortality rate to 0.15, or approximately 1 whale every
6.6 yr. The mandatory speed restrictions alone reduce
the annual mortality rate to 0.20 or approximately
1 whale every 5 yr. The combined effect of both recom-
mended routes and mandatory speed reduced the
annual mortality rate to 0.09 or approximately 1 whale
every 11 yr.

This assessment underestimates total mortality
because of low carcass-detection rates, and offshore
carcasses are infrequently necropsied to identify the
cause of death (Kraus et al. 2005, Moore et al. 2007,
Glass et al. 2009). Nevertheless, the current regula-
tions in place are reducing the known right whale mor-
tality from ships in the calving ground by more than
half, a significant step toward reducing mortality by
2 whales yr–1, the level needed to see population
increases (Fujiwara & Caswell 2001).

The effectiveness of the speed-restriction legislation
will be reviewed in advance of 2013 to determine if the
regulation should be extended beyond the 5 yr time-
frame it presently mandates. With right whale pop -
ulation growth hovering around the replacement rate

(1.8%; NOAA 2009) and the juxtaposition of the only
known calving ground with major shipping ports in
the SEUS, these results support long-term implemen-
tation of both speed reduction and restricted routes
for the survival and recovery of the North Atlantic
right whale.
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