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1. Introduction

In the United Statesiational laws protecinarine mammalsThe Marine Mammal Prtection Act(MMPA)
prohibitsintentional or incidentdilling, injuring, ordisturbancef marine mammaland specifiethe circumstances
and rulesunderwhich permits may be issued for activitidsat have the potential to incidentally injure or disturb
marine mammalsThe Endangered Species A&SA) prohibits harm tospecies threatened with extinction and
requires conservation tiieir habitat. The National Environmental Policy AEPA) specifes a process by which
U.S. federal government agencies ntusvaluate the potential environmental effects of their actions, consider
alternatives, and conduct public reveewFor certain actions this may culminate in the development of an
Environmental Impct Statement (EISAgency actions that involve decisiottsissue permitsinder the MMPA or
ESA areoftensubject to this process.

The US. Navy is responsible for compliance with a suite of federal environmental and natural resources laws and
regulations that apply to the marine environment, includiregMMPA, the ESA the MagnusoiBtevens Fishery
Conservation and Management Act, the Marine PrioiecResearch and Sanctuaries Act (MPR3#gClean Water
Act (CWA), Executive Order 13089 on Coral Reef Protection, and NEPA/Executive Cttigd IEO 12114).
Additionally, federalactivities that have the potential to affect the state coastal zonecprieed to be consistent with
respective state coastal zone management plans mandated by the Coastal Zone Management Act (CZMA).

To evaluatethe potential effects of proposedtraining, testing, and marine constructiantivities onmarine
mammal populatiors, the Navy requires adetailed understanding of the spatiotemporal distributions of these
populationsTo facilitate development of thié a v YAtéastic Fleet Trainig and Tating (AFTT) Phase Il EIS, the
Navy fundedus the Duke Marine Geospatial Ecologgb, or MGEL) to develop density surface modétedley &
Buckland 2004 ;Miller et al. 2013)or all cetacanand seapecies sighted in the AFTT stuaya Figurel) during
scientific surveys conducted with protocols compatible with density surface modeling methodology. This culminated
in the devopmentand publiation of regional models for the U.S. Atlantic coast and northern Gulf of Mexico
(Roberts et al. 2016@nd the wider AFTT Study Argdannocci et al. 2017b)

" Option Year 3 oftiis Cooperative Agreement spanned 2@089, but the work reported here extended into 2020, part of Option Year 4. We plan
to issue a separate report covering the remainder of Option Year 4, when that eariplete.
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Figure 1. U.S. NavyAFTT Study Area with major current systems. Reproduced Wamnocg et al.(2017b)

The regional Phase Il modglRoberts et al. 2016&panned areas aaent to the continental U.S. for which
sufficient survey data were available to avoid large geograektrgpolations, while the AFTHwide models
(Mannocci et al. 2017bdddressed thébroad unsurveyed areas of the AF3tlidy aea where extrapolations were
required.We deliveredall of those resultso the Navy for use ia new \ersionof the Navy Marine Species Density
Databas€NMSDD), the authoritative source of marine spsailendly data maintained by the Navipr the AFTT
Phase Il EISRoberts 2015; Roberts et al. 2015; U.S. Departroéthe Navy 2017)The Navy then developed the
EIS and obtained from the National Marine FiseeiSence (NMFS) an MMPA Letter of Authorization (LOA) to
conduct testing and training activities for the period of November 14, 2018 through Novemi2é23383 FR
57076).

In 2015 afterwe completedhe Phase Ilimodelsand theNavy began developintpe EIS, the Navy initiated the
project AMarine Mammal Density Gap A sasCeoapearatie Agreemeatnd Upd
(#N6247015-2-8003 with us toprepare revised modalsing newly available data and methodolofye s e fisecond
gene at madeldwoulbeused in the AFTPhase IV EIS, supplanting those from PhaseAidcordingly, n the
Base Year (201-2016) Option Year 1(2016:2017), and Option Year 2 (202018)of the Cooperative Agreement
we acquired and integrated a largeuatity of additionalmarine mammagurvey data and updated models for 22 taxa
for the Atlantic coasknown as the East Coast (EC) region in mahgur report§Roberts et al. 2016b, 2017, 2018)

The surveys used for these models extended into 2016 and mostdupuatés were based on data spanning the
period 1998016, with models for several infrequentlighted species extending into earlier yed's.updated the
NMSDD with these new models and released them to NMFS for review and use in other contexts.



Attha time,the Navy planned to utilize the 22 updated models to develop the Phase &loBtswith additional
updates to be made during Option Yeedrand 4However, n summer of 2018, near the end of Option Yeah@,
John S. McCain National Defense Aatlzation Act for Fiscal Year 2018mended the MMPA anextencd the
maximum time period for regulations related to military readifress five to seven years. The Navy subsequently
obtained a revised LOA for the AFTT Phase Ill analysis with a new eedfidbvember 13, 2025 (84 FR 70712).
Given tleseadditional two years, the Navy requested thatprepare a new set of updated modteds$ incorprated
additional marine mammal surveylseyond what we hadtilized so far. Accordingly, in Option Year 3 ohis
Comperative Agreemer{spanningAugust 20180 August 2019, we suspended production of updated models and
canvassed our collaborators for gidehal data. Then, in Option Yean#hich started in August 20)9ve completed
the integration of these datinto our modeling infrastructure, and as a test of the new data and associated
methodological improvements, we preparedipdatedmodel fortheNorth Atlantic right whale for the EC region.

2. Timeline for Phase IV Density Models

The Navy indicated theiPhase V environmental analysis was likely to begin in early 2022 and that all density
models to be used within it must be completed by that flimey requested updates to all models developed for Phase
11, including the regional East Coast (EC) and GiflMexico (GOM) models originally published by Roberts et al.
(2016ap some of which were updated in Option Years 1 ar{fRdberts et al. 2017, 201B)nd the AFTFwide
models published by Manndast al (2017b)

Working backwards from that deadline, accounting for the timenesgjitoupdate all these modeise developed
the following timelinein collaboration with Navy Facilities Engineering Command (NAVFA@antic:

1. In Option Year 3 (2012019), we would incorporate new survey data that waxpdand spatial
coverage of keyraas ad extend ourdatabasehrough the end of 2018Ve would alsareprocss a
number of older surveys timmplement severaimprovements to our data preparation methodology
identified in Option Years 1 and 2rhis planned work ended up extending intoi@ptYea 4 (2019
2020), as not all of the new data we desired was avadaipieg Option Year 3, and some collaborators
proactively contributed data extending i2@19, so we went ahead and processed those data.)

2. In Option Yeas 3 and 4 (201:2020), wewould alsoimplement variousmprovements to our modeling
methodolog identified during OptiorYears 1 and 2, and then update a single density model as a means
to test out the newata ananethodsand fix any problems we discover&de selectetheNorth Atlantic
right whale(NARW) as the species to be updated, asdhe of the species of most critical conservation
concern within the AFTT study areghis effort dovetailed with a strong interest from NOAA, who
sought specific model improvementsassiswith their efforts in managing right whales.

3. In the first part (2020-2021) of a new cooperative agreement, we would update the regional GOM
model s, usi ng new GalfoffMexcp MarifierAssassni¢i@ Rrégdam for Protected
Species (GOMMAPPSId the Natural Resources Damage Assessment (NRDA) program thaefibllo
the 2010Deepwater Horizoroil spill. Several of these surveys were incorporated into our database
during Option Year 3; the remainder would be incorporated in 2020.

4. In the second paK20212022) of the new cooperative agreement, we would update the regional EC
models for species other than NAR®hdthe AFTT-wide modelsSubject to available time and data
we would incorporate a final tranche of new survey dafarehand, and upddtee NARW model again.

This report documents work done for item 1 and part of item 2, above.

3. Improvements Requested to the Right Whale Model

As noted above, a primary objective of the modeling exercise documented in this reportegsasie data we
addel and methods we changed after Option Year 2 by completing a full update to ongMaotheAtlantic right
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whale and fix any problems we discovered. This full tbrough of the modeling workflow would facilitate rapid
production ofthe remaining models therunu p t o t hssesshent of asine mammal exposures for the

AFTT Phase I\EIS. Beyond that goal, we had a number of other goals specific to the right whale model itself. These
were mainly based on feedback we receivetthéoprior iteration®f that model known as v@ which was a major

update to the Phase Ill model, completed in 2017 and documented by Robert@Gdt7d. and v& which was a

mi nor update undertaken i n 2 0dvdlable abundande lestimai€antey ea.pe Cod
2019)and correct some minor edge effects present in v7 v8haodel was utilizethy NOAA for development of

regulations designed to reduce the risk of right whale entanglements in trap and pot fishing gear, and through that
process we received a lot of feedback from right whale experts on how the model mighprbeed. The
improvemaets requested for the new model included:

1. To account for recent changes to right whale distributions, the model should be based on survey data
that extend through 2018r later if possibleln addition to updates from existing coldaators, data
should e solicited from two survey programst used in our prior models:

a. Aerialsurveys of the Massachusetts and Rhode Island Wind Energy Areas led by New England
Aquarium(Kraus et al. 2016)spanning 201-2015 and 207-2018.

b. Recent surwes of New York waters, either traditional aerial survieysatedby the New York
State Department of Environmental Conservation (NDESC)in 2017, or digital aerial surveys
initiatedby theNew York State Energy Research and Develept Authority(NYSERDA) in
2016 or both.

2. To reflect a view in the right whale communityat spatiotemporal patterns in right whale density
changed around the time the species entededline in approximately 2010, we should consider basing
the new mdel only onrecentyeas. NOAA specificallyr equest ed that we build c¢
and Aafterd models that might illustrate shifts
specifically consider which model would best represent ugtale density in theear future.

3. To facilitate better application of the model to nshore management questions, NOAA and others
requested that we extend the spatial extent of the model fartbleotia, particularly north of New York.

4. Many interestegharties requested thae increase the resolution of the mdaeyondl0 km, if possible.

The new model, known as v9 (or version 9), addealiehese requests, as well as various other minor requests
not noted here.

4. Survey Data Integrated or Reprocessed
4.1. New survey data integrated

In preparation for completing this analysis, we canvassetinuing collaborators for incremental updates to
ongdng survey programs and solicitatew collaborations with organizations conducting important surveys
compatible with our methodologye sectiorb.1) butthatwe had not previously utilizedablel summarizes the
extant survey data included in our prior models and the additional data that was incorporated for this analgkis. In tot
we added 474,000 km (2416 h) of aeaHbrt to the extant 2,271,000 km (11,800 h) previously available, and added
12,000 km (691 h) of shipboard effort to the extant 56,000 km (3162 h), boosting the data available for each platform
by 21%. Most of th adled data were collected in 262619. All continuing collaborators contributed additional data
except NJDEP, whictid not have an active survey program. Notably, NEFSC, SEFSC, and the NARW EWS teams
submitted data through spring of 2019, allowingausctend the model through that season (see segtBof). Several
new collaborators joined, providing new coverage in critical areas. These included: New Egglandm, which
previously contributed data in the southeast andemntributed the NLPSC and MM&EA surveys of the northeast,
where right whales have been aggregating to feed;-NEGS, which contributed two years of monthly baseline
monitoring surveysfo New Yor k waters; and HDR, whHNorfadkiCangooardar i but ed

4



Table 1. Summary of survey effort available for this analysis, 20039.Surveys conducted before April 2003 were
not included in this analysis (see sect®8.1.]) .
was usd by us for the first time in the model presented Hene.l y
this effort (e.g. collected at high Beaufort scales) was subsequently excludeddeomalitsis (see secti@n?2). Table
2 definesacronyms andable3 lists publicationsdocumentingeach survey prograngection5.3 includesmapsof

AEX ttavms O i
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n

our
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survey

theaggregatesurveyeffort.
Survey Effort
Years Length (1000 km) Duration (h)
Platform | Organization| Program Extant Added Extant | Added | Extant | Added
Aerial FWRI NARW EWS 2003/042015/16| 2016/172018/19 531 114 278 599
HDR Navy Monitoring: Norfolk Caryon 2018 6
NEAq NARW EWS 2003/042009/10 236 1259
NLPSC 20112015 43 227
MMS-WEA 20172018 19 101
NEFSC Pre AMAPPS 20042008 35 170
AMAPPS 201062014 20162019 42 48 220 247
NARWSS 20032016 20172019 431 41 2248 214
NJDEP NJEBS 20082009 11 56
NYS-DEC NYBWM 20172018 57 291
SEFSC MATS 20032005 14 71
AMAPPS 20162015 20162019 67 44 347 229
UNCW Navy Monitoring: Cape Hatteras | 20112016 2017 35 3 173 12
Navy Monitoring: Jaclsonville 20092016 2017 88 5 422 22
Navy Monitoring: Norfolk Caryon | 20152016 2017 11 4 55 19
Navy Monitoring: Onslow Bay 20072011 49 240
Right Whale Surveys 20052008 115 575
VAMSC MD DNR 20132015 16 83
VA CZM 20122015 21 102
Navy Monitoring: VACAPES 20162017 20 94
WLT/SSA/ NARW EWS (Skymater) 2004/052012/13 279 1473
CMARI NARW EWS (Twin Otter) 2003/042015/16| 2016/172018/19 290 70 1517 361
Aerial Total 2271 474 | 11800 2416
Shipboard| NEFSC Pre AMAPPS 2004,207 4 2 224 112
AMAPPS 2011,2013,2014 | 2016 12 4 682 240
NJDEP NJEBS 20082009 14 728
SEFSC Pre AMAPPS 20042006 15 873
AMAPPS 2011,2013 2016 11 6 656 339
Shipboard Total 56 12 3162 691

or m
trans



Table 2. Acronyms of collabrating organizations and survey programs used in this analysis.

Type Acronym Meaning
Organization = FWRI Fish and Wildlife Research InstitueWRI) of the Florida Fish and
Wildlife Conservation Commission (FWC)
HDR HDR, Incorporated
NEAqQ New England Agarium
NEFSC NOAA Northeast Fisheries Science Center
NJDEP New Jersey Depanent ofEnvironmental Protection
NOAA National Oceanic and Atmospheric Administration
NYS-DEC New York State Department of Environmental Conservation
SEFSC NOAA SoutheasFisheries Science Center
UNCW University of North Carolina Wilmington
VAMSC Virginia Aquarium & Marine Science Center
WLT/SSA/CMARI | Wildlife Trust / Sea to Shore Alliance / Clearwater Marine Aquarium
Research Institute
Survey AMAPPS Atlantic Marine Assessment Program for Protected Species
Program MATS Mid-Atlantic TursiopsSurvey
MD DNR Maryland Department of Natural Resources Surveys
MMS-WEA Marine Mammal Surveys of the Wind Energy Areas
NARW EWS North Atlantic Right Whale Early Warning Sgsn
NARWSS North Atlantic Right Whale Sighting Surveys
NJEBS New Jersey Edogical Baseline Study
NLPSC Northeast Large Pelagic Survey Collaborative
NYBWM New York Bight Whale Monitoring Surveys
VA CZM Virginia Coastal Zone Management Surveys
VACAPES U.S. NavyVirginia CAPES Operations Area




Table 3. Publicationsdocumenting thesurvey programs used in this analyd¢here possible, a peesviewed

scientific journal publication is givel@ne or more relevant technicelports, not subject to formal peer review, may
additionallyor alternativéy be given.

Organization Program Publications
FWRI NARW EWS (Gowan & OrtegeOrtiz 2014)
HDR Navy Monitoring: Norfolk Canyon | (Cotter 2019)
NEAq NARW EWS (Gowan & Orteg-Ortiz 2014)
NLPSC (Kraus et al. 2016; Ledtr et al. 2017; Stone ef
al. 2017)
MMS-WEA (Quintana et al. 2018)
NEFSC Pre AMAPPS (Palka 2006)
AMAPPS (Palka et al. 2017; Chawdosales et al. 2019
NARWSS (Cole et al. 2007)
NJDEP NJEBS (Whitt et al.2013, 2015)
NYS-DEC NYBWM (Tetra Tech & Smultea Sciences 2018; Tetr
Tech & LGL 2019)
SEFSC MATS None available
PreAMAPPS (shipboard) (Garrison 2006; Garrison et al. 2010)
AMAPPS (Palka et al. 2017; Chawdosales et al. 2019
UNCW Navy Monitoring: Cape Hatteras | (McLellan et al. 2018)
Navy Monitoring: Jacksonville (Foley et al. 2011)
Navy Monitoring: Norfolk Canyon | (McAlarney et al. 2018)
Navy Monitoring: Onslow Bay (Read et al2014)
Right Whale Surveys (Torres et al. 2005)
VAMSC MD DNR (Barco et al. 2015)
VA CZM (Mallette et al. 2014, 2015)
Navy Monitoring: VACAPES (Mallette et al. 2017)
WLT/SSA/ICMARI | NARW EWS (both aircraft) (Gowan & OrtegeOrtiz 2014)
4.2. Reprocessing of NARWSS surveys

For the surveys utilized in our analysis, the large majority of right whale sighpgstednorth of 40°N were

from the North Atlantic Right Whale Sighting SunssfNARWSS) conducted by the NOAA Northeast Fisheries

Science Center (NEFSC). Right whalendiges estimated for the northeast depstrdngly on these datao in each

modeling cycle, we try toet aside some time to improve our handling of them. During this iteration, we were able to
implement four key improvements:

1. Perpendicular sighting destcesa r e

now est.i

mat ed

from NARWSS

flact ua

than vertical angles, when tA® records are collected sufficiently quickly after the aircraft breaks from

the trackline to circle the sighting. This reduced the amount of heapthg perpendicular distances,

and probably their accuracy as well, yielding a better detection function.
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2. Immediate resightings of animals that were just circled are now better recognized and dxaindied
analysis The NARWSS database does not mairdefield specificallyflagging such sightings, but they
can be identified by searching the sightiogmments for specific phrases. After this change was
implemented, approximately 180 right whale sightings reported between2P063vere excluded;
these represented sightings that were counted twice in our prioelsoahd thus biased density upward
(probably by less than 10%{We did not run our old code on the 2620719 data that were used for the
first time in the analysis documented in this repartwe do not know how many sightings from 2017
2019 it would have failed to exclude.)

3. Valid sightingsreported at the end of transect lines are now better recognized and included in the
analysis. For these sightings, the NARWSS team decided beforerfgrtradti they would not return to
effort after circling, and logged a sequence of events that madédtltito automatically determine
whether the sightings reported during circling were prompted by the break, and thus should be retained,
or were maden response to cues observed while off effort, and thus should be discarded. After this
change was impieented, as many as 30 right whale sightings between2@03were included; these
were sightings that were mistakenly excluded from our prior model$has biased density downward
(probably by less than 5%(\We did not run our old code on the 262719 data that were used for the
first time in the analysis documented in this report, so we do not know how many sightings frem 2017
2019 it would have fééd to include.)

4. To boost survey coverage of inshore areas, as requested by right whale expertslelngers, we
includedorwat ch fAtransito effort, in which the NARWSS
transiting to or from a designated sunagea.

Implementing these improvements, particularly #1, required a complete overhaul of our NARY¢ESSIng
code. After completing this, we reprocessed the entire NARWSS database and manually reviewed every day of
surveying (a veryime-consumingprocess. In the following section, we describe the details of improvement #1, for
the purpose of documengjrournew approach to estimating perpendicular sighting distaimpsovements #2 do
not require further documentatidfinally, we note that for all atysis presented in this report, we excluded all effort
and sightings made in the Gulf of St. Lawrenalthough NARWSS conducted some surveying there in recent years,
most flights were directed surveys of known right whadgregations, and the Gulf of. $awrence is currently
outside t he Nav wWesemdnFhighly intetested yn indudidiga Gulf of St. Lawrence in future
models, but this must be done in collaboration with experts from Canada and a disoti®@rospects for such an
effort is beyond the scope of this report.

4.2.1. New algorithm for estimating perpendicular sighting distances for NARWSS

Under the NARWSS survey protocol, after an observer calls out a sighting, the aircraft continues onlitiee track
until the sighting is perpelicular to theaircraft. The observer thdngs an inclinatiorangle measuretfom hatch
marksonth@bser ver 6s bubble window. The protocol calls for
when the angle isithin 1 degree of the horizon, which case it should be estimated to theesiz0.1 degree. After
this is done, the aircraft breakem the trackline and circles the sighting to confirm the species identification, group
size, and collect photographs.

In prior models, all perpendiculdistances were estimated using ih@ination angles (and the altitude of the
aircraft). This resukd in several problems that complicated the fitting of detection functions. A substantial fraction
of angles were roundetd the nearest Sor 1¢°, necessating the binning of distances when fitting the detection
function (Buckland et al. 2001 Although the binning was less figent at inclinations > 75(i.e. less than 15° down
from the horizon)adifferenceof 1° at hese angles can correspond to 100s of méterdifference in perpendicular
distance. Because NARWSS sighted many distaales, this resulted in a distributiohdistances with spikes at the
1° rounding pointgFigure2). Thisdi st ri buti on di d halbab erd ¢ s shapgitvehichthee c 1 as s
count of sightings monotonically decreases as distance incrédsas commay expected when modeling detection
functions Indeed, the highest number of sightings were recorded abxapately 2600m, corresponding t@an
inclination angle oB85° at the target altitude of 7%€et (t) (Figure2).
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Figure 2. Perpendicular distances estimated from inclination angles fowtlgdiles sifted on NARWSS Twin Otter
surveys, 2002016.Red labels show spikes &t tbunding intervals. (The small, neaero numbers of sightings on
either sile of these spikes results from variation in altitude, not from observers reporting angleindrdgrees.)

A second problem was an apparent falloff in detections close to the traEktinee 2). This was not expected
beca se NOAAO6s Twi n windowsandobderaevseepdst that latgeewhales close to the tracldine ar
easy to see. However, the NARWSS protocol directs observers to focus attemdioticél mile §mi) out from the
tracklineto not miss distant rigt whales (T. Cole, persomm.). This could conceivably lead to missing whales close
to the trackne, so in prior models whkadinterpreted the falloff in detections as missdohlesand applied left
truncation (Buckland etal. 2001)at an inclination angle of 25 corresponding to a perpendicular distance of
approximately 62 niFigure3). This resultedn a loss of about 1% of the sightings.

Left trucated sightings (in red)
1493 used (92%), 23 left trunc. (1%), 109 right trunc. (7%)
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Figure 3. Sightings of right whles that were left truncated (red bar) from the NARWSS Twin Otter syi2@93
201§ in prior models.



To address the spikgsadwe binned the data usingdaks halfway between the heaping anfBeeckland et al.
2001) either at5° or 10° increments for inclinations <08, and at 1 increments foinclinationsO80° and fitted a
hazardrate detection functiofFigure 4). This exhibited a low CV Huother diagnostics indicated goodneddit
problemsFitting a detection function without the binning schemadyielded avery similar resit (Figure5).

Right whale [old code with bins)
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Figure 4. Hazardrate detection function fitteih the NARWSS right whale sightings showrFigure3. A detection
function (not shown) similar to this, but with covariates, was used in pgbt vihale models.
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Figure 5. Alternativedetection function fittedo the NARWSS right whale sightings showrFigure3, but without
the binning scheme stvnin Figure 4 designed to address the heaped detection angles.

Starting in 2003, NARWSS b e0@A®s)of gravgds $ightedtduringgcircting, &y fiact u
recording GPS coordinates when the aircrafs wiose to each grogpigure6). To avoid disturbing the animals, the
aircraft would not flydirectly over the whales at low altitude, but instead cottee coordinates while passing nearby
(C. Khan, pers. comm.). When obsessbelieved the coordinates were especially acairgteically, when they
reached the sighted group quickiyheywouldad i t i onal | y | og a[distanomestémmationyhgmo od f or
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they believed the coordinates were especially likely to be inacéufateexample, when a large amount of time

elapsed between making the sighting and collecting the coordindtegwouldl 0o g t he comment fAnot ¢
1. Observers sight animal, collect 2. Plane circles for photos and to 3. When done, observers record
inclinationangle to it when confirm group size. Observers log “final estimate” of group size and
perpendicular, and break to circle. “actual position” with GPS. resume surveying
Direction of travel -
(.//
- “Actual
“ 4 position” =
. :
\ R
\_\ 0
Location estimated
from inclination
angle
Figure 6. Example sequence of events showing NARWSS observers collelsgnigdiination angle and actual
position ofa right whalesighting. This example is from the 20 June 2014 flight of T@fter N57RF at 11:41 AM.
Green lines are periods when ohsgswerei on wat cho. Gr ay | i newereaircliegtheer i ods

sighting, focused on documenting and photographing the animals there.

Although the actual positions were not always codlécand sometimes insufficient data were logged tovailo
actual position to be matched with the original sighting cue, there wificeesut data to allow perpendicular distances
to right whales to be derived from actual positions for a majority bfisgs, if we wanted to do so. However, whales
were often not stationary and sometimes a long delay occurred before an AP record veds lsggally because the
whale was far from the trackline. This raised the possibility that whatessd substantidy from their original
position before their locations wenbtained, leading to a larger error in positiomthauld be obtained by irg the

inclination angle instead. After discussing these complications with the NARWSS team, we developed the following

algorithmfor estimating perpendicular distan@esd applid it to all NARWSS dataollectedin 2003or later.

1. Find the AP record reported duritige circle that matches the cue. First match by sighting number. If

that is not possible (e.the sighting number wa®t recorded in the commera§the AP recor}] use
the first APreportedduring the circle that was of the cued speciesofca more pecise taxonomic

identification e.g.an AP of RIWH following acue of UNLW).

2. If we could not find an AP record, ortben e we f ound was mar kedtan@en ot goo

estimate based on the inclination angle.

3. Otherwise, ifthe AP recordwas m& e d A g o osdthefABlrasedidéstance estimate.

4. Otherwise, compare the error that would plausibly refsaih using the Afbased estimate to the

inclinationbased estimateand choose whichever is lower:

a. First estimate the error in the actualitios that would plausibly result from the animal moving
before the AP record was logged. Assume that whales diectly toward or away from the
trackline (the worstase scenario) at a constant speed of 3.3 kenfllausible speed for a

travelling whalg(C. Khan, pers. comm.gluring the entire time between the logging of the cue

and the AP. As sAPwasdisplaced from its eriginahl@ctiendsthisaunt,

which therefore represents the error in perpendicular distance.

b. Then estimate thplausibleerror in anglébased distance. Assume that observers might err by

1° in either direction (toward or ay from the horizon), a conservative amount baseden t
NARWSS teambs assertion that 0 b s & recoedngs

11

are h



accurateangles (C. Khan, pers. comm.). Calculate the mean difference in perpendicular
distance that wouldesult from the two possible errors (1° toward the hotipori® away from
the horizon and use that as the error.

c. If the inclinationbased ermis lower, use the inclinatiebased perpendicular distance.
Otherwise use the ABased perpendicular distanc

For sightings close to the trackline (e=ggure7), thisalgorithmoften selected the inclinatidvased distance, as
the error in perpendicular distance resultiregrf a T inclination error is very small for inclinations to animals directly
below the plane. Conversely, for sightirfgs from the trackline (e.dzigure8), thealgarithm often séected the AP
based distances, owing to tlege errors in perpendicular distance that result from a 1° error for distant animals. For
distant sightings, even when tA® was logged several minutes after the initial cue, the assumed mowrtieat
whalewas usually still much smaller than the assumed error in the-bagéal perpendicular distance (Eigure8).

Across the 2002016 periogdwhich was used to developighalgorithm we found that the presw errors in
perpendicular distances estimated from inclination angles were usually smaller than those estimated fromsAP record
for perpendicular distances of abou8@ m(Figure9). For distances of about 8a800m, errors wee lower for
each method about half of the time. For distances greater than 1800 m, there was usuallyesmmiadhe angle
based estimates that APs were logged in sufficiently shortfeinfeP-based estimates to exhibit smaller errors.

.

21 RIWH

Figure 7. Estimation of perpendicular distances for the example sliowigure6. The initial cue (purple star) was
sighted at an incliation of60° while the aircraft was at 750 ft, yielding an inalion-based distance (b) of 132 m,
with anerror of 5 m based on a presumed inclination angle error of Hié. actual position (blue dot) was logged 74
s after the initial cue at a perpeadiar distance (a) of 107 m, with an error of 68 m, based arpp®un that the
whale travelled at 3.3 km/h geendicular to the trackline for the 74 s. Because the inclindtised error was lower,
we used the inclinaticbased distance for this sigtgin
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Figure 8. Estimation of perpendicaf distances for a humpback whale sighted on the 28 June 2014 fligvirof
OtterN57RF at 10:1M. The initial cue (purple star) was sighted at an inclinatio@76fwhile the aircraft wast

750 ft, yielding an inclinatiofasel distance (b) 04362m, with an error 0fL369m, based on a presumed inclination
angle error of +1°The actual position (blue dot) was logged 204 s after the initial cue at a perpendicular distance (a)
of 5014 mwith an error of 673 m, basech a presmption that the whale tvalled at 3.3 km/h perpendicular to the
trackline for the 204 s. Because the-B#sed error was lower, we used thel#dBed distance for this sighting.
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Figure 9. Pependicular distances estimated by oawralgorithm for right whalesightings fromNARWSS Twin
Otter surveys, 2003016, with a target altitude of 750 ft.
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A histogram of perpendicular distances derived by the new algorithm showed shorter spikes gtaregpn
and a more even distributionditancesKigure10), characteristic of what is expected theoretic8lyikes were not
completely eliminated, as inclination angles were still occasionally used for distant sightingghengbservers
markedactual positonsa8 not good f or dchtime elapset eveen theslogding of thennitial cue
and the AP record. The histograiso showednuch less of @rop-off in sightings close to the trackline, supporting
the NARWSS t eambs as s ®wereriotanissing bightings abperpendamatiistance approactheero,
andobviatingthe need to use left truncatiamen fittingthe detection function.

A preliminaryhazardrate detection functiofitted to perpendidar distances estimated with the nelgorithm
showed better performance in@analysis Figure1l) and in other goodnesd-fit diagnostics (hot shown) tham
similar function fitted to distances estitad only from inclination agles. Thereliminarydetectionfunction fitted to
the new algorithm yielded significantly smaller effective strip halfi dt h ( ESHW) and d&hismarrowe |
effect persisted even after the covariates were aduaktha full detection function ktion procedure was performed
to obtain the final detection functideectin 5.2.1.1.5. We suspect this may result fraatendeny for NARWSS
observers to overestimate the inclination angle for distant sightings. We haaeahated this systematically, but
Figure12 gives seeral examples. For large inclination angles our algorithm estimates large errors Wbasegle
perpendicular distances, as much as hundreds or thousands of meters. In dseseecalgiorithm will usually select
AP-based distances, making d@erant o this problem and able to correct a bias toward overestimating inclination
angles, if it exists. For this reason, and the other improvements noted above, the new right wélalecnotknted
in this report uses the new algorithm for estimatingpeedicubr distance to right whale sightings reported by
NARWSS Future modelipdate for other taxdéor which NARWSSregularly reported AP recordsll likely do the
sameThisislikey t o i nclude all il argeodo whal es pdrmWHalesplor een wh
other taxawe will likely have to rely solely on inclination angles. However, these smaller species (e.g. dolphins) tend
not to be as detectablar from the tackline. For these closer distances, our algorithm would preferentiallyt selec
inclinationbased distances over ARsed distance3his tendency would be further enhanced when we accounted
for the higher speed of the smaller species, whichld increas¢he assumed error in AlBased distance$hus,we
do not anticipate the reliae on inclinatiorbased distances for these smaller taxa will be the problem that it has been
for the large whale species.

Right whales, all Twin Otters 2003-2016 Right whales, all Twin Otters 2003-2016

All distances estimated from inclination angles Angle-based and AP-based distances, selected by algorithm
120

> >
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c c
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3 3
o o
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b b
w o

40
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0 2000 4000 6000 o 2000 4000 6000
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Figure 10. Pependicular ditances for right whale sightings reported#g-ft NARWSS surveysstimated \th
inclination angles for all sightings (left), as was done for our prior right whale models, and estimated with the new
algorithm (right), as was done for the neght whalemodel documented in this report. Sightings used for the new
algorithm (right)reflect those now excluded or includbed our other improvements tmur NARWSS processing
procedure describeat thebeginning of this section, resulting in roughl9% fewer sigtings than those previously

used (left).In both cases,ghtings made in th&ulf of St. Lawrence were excluded
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Figure 11 Preliminaryhazardrate detection functions fitted to the right whale sightings showigurel0. The top

row shows the function in whicHl @erpendicular distances wagstimatedrom inclination agles (data fronfrigure
10left). The bottom row shows the function in whighrpendicular distances were estimated wighrtew algorithm
(data fromFigure10right). To facilitate comparison between the two functions, the top function did not use binning
and neither function used covasat(The final detection functiofsection5.2.1.1.5, did use covariatesNote the
decreased heaping (bottom left) and improve® @lot performance (bottom right) that resulted from the new
perpendicular dishce algorithm, as well as the smaller mE&HW (bottom left vs. top left).
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Figure 12. Examples of possible overestimatsmf inclination angledor sightings of right whales reported during
NARWSS surveys. For these, the Iboa of the sighting cue (purple star) estimated from the inclination avege
substantially farther from t he matchadddtheisiging cue, lara nsudlyh e A act

farther than even the area traversed by the aircraftiglaircling. Although these examples are all from 2012 and
2014, we do not suggt that this phenomenon is limited to or concentrated within trezss
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5. Updated North Atlantic Right Whale Model

The model utilized the twetage approach known @snsity sirface modelindDSM) (Hedley & Buckland 2004;
Miller et al. 2013)implemented as described by Roberts 281163 and subsequent MGEL reports to the Navy. In
general, the same approach was used Urdess otherwise noted, and readers should consult those pubdatio
methodological details. We provide an overview in the first section below, and addititeid, des they pertain to
this specificanaysis in following sections.

5.1. Methods overview

In the first stag®f the modelcalleddetection modelingve usedraditionaldistance samplingBuckland et al.
2001)to mockl thedetectability of observed objects (whales, in this casd)carect the survey data for imperfect
detection. To account for substantial differences in deteityahdross survey platforms and programs,firgt split
the data into subsets accomglito platform, survey altitude, and otheportantfactors and fittedletection functions
to each subsethen using findings from the literature, we applied additlamarections to account for the possibility
that observers may miss sightirdigectly on the tracklineeither becausghales were submerged and unavaddbt

detection (favailability biasd) or berauser tdey Weper c

bi aso). Fi n asunvey transects inte pepnesisd dppiexl the detection functions and correctidios
producethe record used to fit the second stage of the model.

In the second stageie usedgeneralized additive mobs(GAMS) (Hastie & Tibshirani 1990; Wood 2006
model thecouns of individuals sighted on thesurvey segmerg from environmental covariates observed at the
segmerg, as well as, occasionally, spacel éime. Toallow speciesenvironment relationships to differ regionally or
seasoally (e.g. for right whales that migrated to southern calviragigds vs. those that overwintetatdhe northern
feeding grounds), we split the data into independent regammbseasonal modelsased onvhatwasknown of right
whale ecology andvhatpattens we observed ithe data. After selecting theest candidatenodelsfor each region
and seasqgndetermined by examiningoodnessf-fit statistics diagnostic plots, totsabundanceestimates and
spatiotemporal patterns in density predictions predcted them across a timerges of gridded maps of covariate
(e.g.,images of sea surface temperature, and so on), to produce a corresgaregggies ofmaps ofright whale
densityand model uncertaintyVe then summarized the maps accordingtotheyNes needs f od t he
NOAAds needs for other management applications.

To facilitatethe propagation of uncertainty between modeling stages using the statisticalchpgesaribed by
Bravington et al . (in revi ew) and oup | (ads:Osynergyesid by

NI

t

andrews.ac.uk/denmgd/ Mi | | er et al ., in prep), tweasf orramud cart seadd t ap

described by Miller et al2013) Under this approach, detection ftiooswerefitted to detectabilitycovariateqe.g.
Beaufortwind force scalerecordedat survey segmentand then used to estimate an effective strip width (ESW) for
each segment from the covariate valoeserved ther. The ESWivasmultiplied by the sgment length to estimate
the area effectively surveyed at the segment, whviabused as m offsetvariablein the GAMs. For the response
variable we used theount ofanimals sightedinflated by availability and percepn bias corrections.

This approal differed from our prior modelé whichwe fitted detection functions tdetectabilitycovariates
recordedat the sightingssensuMiller et al. (2013) ADSM widgsh acto vtahrd aadb s domulaedi o n
the modéwith a HorvitzThompsonstyle esimator. Under that formulatiomye usedhe right truncation distance of
thedetection functions in place of the ESMdenestimating the modaeiffset andnflatedthe ®unt of animals sighted
by detection probability inead.The change in formulatiowasprompted by our impressidhatthe new uncertainty
propagation approach, which the DenMod Working Gmyag developing at the same time we were developing our
mode| would be substantially easirimplement when detéability covariates could vary di¢ segment level rather
than the observation levalVhether this is true remains to be seen, bury case, both formulations are effective
approaches to density sutamodelingMiller et al. 2013) and we will have opportunity to investigate this ferth
in the remainder of Option Year 4yncesamty propagatiomethad omp t
the modelsee6.3.4.
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5.2. Detection modeling

Detection modeling consisted of two main steps: 1) developing det&atictions that modeled how detectability
varied with distance from the trackline and other covariates, and 2) estimating and apphgicipcsrfor perception
andaval abi l ity biases, in which ani mal s heywearechardtbseeam | ong t
were unavailable while diving.

5.2.1. Detection functions

To fit an effectivedetection function, a sufficient numbersightings are needed. A commpractice is to obtain
at least 680 sightings, based onvédely-cited recommendatioiy Buckland et al(2001). However, this is not a
strict requiremer@ more or fewer may be necessary or sufficient, depending on thesg(Roberts eal. 2019)
When few sightigs are availableisuallythemost effectivaemedy is to collect more data. When tisatot feasible,
it is often possible to pool the sightinigem similar surveys or species into a single detection fundfifith sufficient
data acategorical covaatecan be usetb account for differences between surveys or spddmsever, this mat be
done with care; pooling surveys or species that exhibit substantial differcgield detection functions with high
variance or other problems.

To guide poolng decisions, we followed the approasffRoberts et al(2016a) We organized thesurveysinto
two hierarchied one for aerial, and anfor shipboard based orihe similarity oft h e s protecelsy Wethen
fitted detection functins to branches of the hierarchfes which sufficient gghtings wereavailable, ascending to
higher nodesvhen there were too fewndpooling in sighting®f similar species/hen so few sightings were available
that we would otherwise be forced pmol strongly incompatible surveyg/hen pooling species, ordvce of
colldbor ators who executed the surveys, eegewhalasexceptinmke ot her
whales, plus sperm whales. (We excluded minke whales because they are harder to detect than the larger species
(HeideJgrgensen et al. 2000When possible, we used covariates to account for differdretegeen surveys or
speciesTo boostsighting couts, we also included compatible surveys from 12002, which predated the period
spanmed by thespatial model, which started in 2003

We fitted detection functions in R with timerds package version 2.2.However, he large majority of sumys
availablefor our analysis used a single observer team. Accordingdysed a singleeam modehg approach for all
detection functionsFor surveys that collected data with two teams, we uatdahly from the primary team.

For nearly alldetection functions, wdeveloped a set of candidate functions that used a variety of formulations
andselectedne as fibesto. Uswually, this waa ktehbes d arf dbirdreatt e otnh
(AIC) (Akaike 1974) discounting those that exhibited problems in goodoédis statistics, QQ plots,or other
diagnostics. W& developed candidates that used bothi@linal and hazardate forms, usingo-called conventional
distance sampling (CDS) formulations with adjustment terms recommendédwinas et al2010) andalsomulti-
covariate distance sampling (MCDS) formulatiasing all combinations of covariates that were availabtess all
surveys thatvere pooled into the detection function. Occasionally, we also tested uniform fignatitbncosine
adjustments, but these almost always scored poorly compared-tohalil or hazardate candidates.

For MCDS candidates, unlikeoRerts et al(2016a) we generally did not lilhthe number of covarias allowed
in a detection function according to the number of sightings availabteathsbased on advice froenllaborating
distance sampling experts at tbaiversity of St. Andrewswe eliminated candidates from contention wiilee
standard error ofiny covariate coefficient exceeded the estimate for the coefficient, indicatingehiafitlence of
that covariate was neupportedstatistically.

The following sections document the details of the detection hierarchies antiodefigructions developetbr
the model.
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5.2.1.1. Aerial surveys

Figurel3shows the detectiondrarchy developed for aerial surveys. ¥pét the surveyéirst by altitudebecase
of thestrong direct effectit hason sighting distance3hen, recognizingheimportantprotocoldifferences between
the NARWSS program and other survégse sectiod.2)d particularly that NARWSS directed observerddous
attention 1 nmi out from the tracklinehile others directed observers to guarthdre closelp we split the 2003
2016 NARWSS surveys flown at 750 ft into its own nodbegathan grouping it with the other surveys flown at 750
ft. The other 750 ft surveyayhich were mostly carried out in the southeast and/Atiahtic, reported sightigs of
only 5 graips of right whale¢Figure14), and19 groupsof largewhales of any specigfigure 15). In contrast, the
600 ft surveys spanned the entire study area and sigiaezlthan700groups of &rge whalesKigure15). Because
of this, we pooled the 750 surveys (other than NARWSSJjjth the 600 ft surveys and used the sightings ftlis
600-750 ftpoolfor the detection function used for the 750 ft survegs (sectios.2.1.1.4.

For the sirveys at 1000 fiwe splitthe survgs firstaccording to whether bubble or flat windows were wesedi
then according to the protocols that were §égurel3). Therightwhalefie ar | 'y warning systemo (E
the southeast sightdarge numbers aight whdes, allowing us to fitright-whalespecific detection functions, while
the other progams did natforcing us tdit functions that pooled in other large whale species.
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Figure 13. Detection hierarchy developed for aerial surveys
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1999 0 sightings
2002 4 sightings
2004 3 sightings
2006
2007 6 sightings
2008 1 sightings

— NEFSC Pre-AMAPPS 30 sightings

[ 2010 Summer 1 sightings
2011 Summer 1 sightings
2011 Winter 0O sightings
2012 Spring 2 sightlir
[—2012 Fall 0O sightir
—600 ft 62 sightings NEFSC 21 sightings [—2014 Spring 6 sightings
2014 Winter 4 sightl
2016 Summer O sigh
2017 Spring 0 sightl
— NEFSC Protocol 26 slghtings 2017 Winter O sigh
2019 Spring 7 sig
L2019 Fall 0 sightings

VAMSC and Riverhead MD DNR 5 sightings ——2013-2015 5 sightings

L AMAPPS 32 sightings [ 2010 Summer O sightings
2011 Summer 0 sightings
2011 Winter 2 sightings

2012 Fall 0 sighting

600-750 ft 2012 Spring 2 sightings
12 67 2013 Winter 1 sightings
— & L—SEFSC 6 sightings —2014 Spring 0 si gs
2015 Winter 1 sightings

0 200060006700 2016 Summer 0 sightings

2016 Fall 0 sightings

2017 Spring 0 sk gs
2017 Fall 0 sight
L2019 Spring 0 sightings
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SECAS 0 mghtngs E1995 0 sightings

1 0 sightings
T 0 sightings sigt
SEFSC Pre-AMAPPS 5 sightings MATS:1995'0 slghting
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2002 Winter 1 sight
——750 ft 5 sightings MATS 2002-2005 5 sightings il e

2004 Summer 0 sightings
2005 Winter 4 sightings

2008 O sightings

NJ-DEP 0 sightings
nEERS 2009 0O sightings

Figure 14. Sightings of right whale groups reported by surveys within the7&0ft branchof the detection hierarchy

for aerial surveysBecause of these small sighting counts, we fitted no-vigiiati e specific detection furtions to any

nodes in this branch of theerarchy. Instead, we fitted detection functions to pools that included other large whales
(Figure 15). In this figure and others like it below, thiglsting counts listeddr nonleaf nodes are the sum of the
counts for leaf nodes below them. Counts of at least 60 sightings are shown in green; less than 60 are shown in red.
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2002 63 sightings
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Figure 15. Sightings of large whale groups (all batewhale speciesxceptminke whalesplus sperm whales)
reported by surveys within the 6080 ft branch of the detection hierarchy for aerial surveys. The four histograms
show nodes here déection functions were fitted; we present the detailfiesé¢ detection functions belo

5.2.1.1.1 NEFSC Pre-AMAPPS detection function

Fr om NE F-8MAPPS nparine mammal abundance progralBFSC providedherial surveys extending
back to 1995. From these, we amit surveys from 1995998 after noticing an anomalospike in sightings at
approximately2090m (corresponding to a vertical inclination angle 086600 ft altitude)hat we cold not explain.
There were insufficient sightings to fit a rigivhalespecific detection function, so we pooled all large baleen whales
(minke whales excluded) and sperm whales, yielding 309 sightiofgerhich 30 were right whaledVe retained
sightingswith Beaufort stat€b and righttruncated at 1500 m, dropping 26 sighr(8%) and retaining 2&3ghtings
(92%). A scatterplot of perpendicular distance vs. Beaufort ¢fRtpire 16) indicated detection distance was
positively correlated with inefasingsea state, an illogical result. Because of,the excluded this covariate from
candidate detection functiof$EFSC did not provide detectability covariates othantBeaufort staféut sufficient
sightings were available to try species nama egvariate and it was retained in fhmal detection function (Figure
17). Explorabry analysis revealed similarities in detectability between several species; in the final detection function,
we grouped species into two categsrifin and sei whales, which were detected at shdigances, and humpback,
right, and sperm whales, whigrere detected at longer distances.
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Figure 16. Distribution of Beaufort state (left) and its relationship to perpeaticsighting distance (right) for

sightings used inhe aeriaNEFSC PreAMAPPS detection function. (Altholngthe Beaufort scale is a categorical

system consisting of wholeintegelsEF SCO6s sightings included meadaeaement s
the apparently increasing relationsbidistarce with Beaufort state (right). Because this relationship is not I@gical

we would not expect detectability to improve with inciegssea stat® we excluded this covariate from candidate

detection functios.
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Figure 17. Final detetion function applied to thaeriaNEFSC PreAMAPPSsurveys

5.2.1.1.2 AMAPPS: NEFSC Protocol detection function

All broad-scale marine mamal abundance surveys provided to us by NEFSC since 2010 were from &feR8Vi
program, which was jointly designed by NEFSC &itFSC such that data collected by the two organizations were
highly compatible and intended to be analyzed together. Howeveligvdiscover an important difference aerial
data collected by the tworganizations (see next section) and NEFSC itseléigdly developed separate detection
functions for the tw@rganizationgPalka et al. 207; ChavezRosales etal. 2019) s o we di d t he s ame.
aerial AMAPPS surveys we added the VAMSC and Riverhead &cat i on6s survey of Mar vyl
conducted with a protocol identical to the NEFSC AMAPPS survey by some of the same péRoDi@iovanni,
pers. comm.).
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There were insufficient sightings to &t rightwhalespecific detection function, so we pedlall large baleen
whales (minke whales excluded) and sperm whales, yiel&gsightings of which 26 were right whales. We
retained sightings with Beaufort sta@® and righttruncated at 1500 m, dsping 20 sightings 6%) and retainin®16
(94%). As wi t h NRAWMAPES aerialpsuneeys, scatterplot of perpendicular distance vs. Beaufort state
(Figurel8) indicated detection distance svaositively correlated with increasj sea state, an illogical result. Because
of that, we excluded this covariate from catade detection functions. The final detection function used species name
as a covariateHjgure19). Exploratory analysis revealed similargién detectability betweeseveral species; in the
final detection function, we grouped species into two categdsies; fin, andsei whales, which were detected at
shorter distances, and humpback, right, and sperateshwhich were detected at longestahcesThis effect was
not as pronounced as with the NEFSC-AMAPPS surveygFigurel?).
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316 used (94%), 20 right truncated (6%)
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Figure 18. Distribution of Beaufort state (left) and its relationshipp@pendicular sighting distance (righfor

sightings used in the aerial AMAPPS, NEFSC Protocol detection function. (Although the Beaufort scale is a
categorical system consisting of whole integesuch, NEFSC
as 2.4.) Note the apparenthcreasing relationship of distance with Beaufort state (right). Because this relationship is

not logica® we would not expect detectability to improve with increasing seastageexcluded this covariate from

candidate dtection functions.
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Figure 19. Final detection function applied to tleeria AMAPPSNEFSC Protocosurveys
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5.2.1.1.3 AMAPPS detection function (applied to SEFSC only)

The SEFSGerialAMAPPS program only reported 58 sightings of largaleh from the primary observer teams
from summer 2010 through spring 2019, six of which were right whales. In our judgement, this was enough to fit an
SEFSCspecific detection function for large whalbsit better precision might be obtained by poolingNE€SC and
SEFSC sightings, which wedesignedby the two organizationt® be compatible. However, the AMAPPS annual
reports released jointly bthe organizationslescribed a sule protocol differencebetween the two programs.
SEFSCds descdthemtt:i on i ncl ude

During on effort period¢e.g., level flight at survey altitude and speed), obsessargchedvisuallf r om t he tta ack | i n
approxi matel y .[Ef@phasiadddedle vertical

Incontast, NEFSC6s description stated:

The observers viewmfrom the front two bubble windows and the back side visa wirsiaschedrom straight down to the
horizon with aconcentration on waters between straight down (0°) and about 50° up from straightetopimasis added]

In the data we received, NOAA piided perpendicular distances that they had calculated from vertical sighting
angles but not the angles themselves. ISEFSC6s data, the farthest perpendi cl
to an incination angle of 72up fromvertical at the targetltitude of 600 ft. This was considerably closer to the
trackline than NEFSC6s si gmEiguralg) scorrespdnding toreimcknationangla c at ed ¢
of approximately83, dropping 20 sightings beyond this distar(at even larger inclination anglesAlthough
SEFSC6s maxi mum°was anhsideraaly largenthao theiocurdented target mamum of 50, the
overall pattern in the sighting distances from the two programs was consistent with their dodwappragach.

Given that SEFSC observeapparentlyhad maintained focus more directly under the airplane, or at least not
reportel sightings at the highangleseported byNEFSC observers,\itas notappropriate to naively pool the SEFSC
and NEFSC sightigs and fit a detection function at the truncation distance of 1500 m that was appropriate for the
NEFSC sightingsThe resultingletection function wodl be biased lowhased on the assumptitirat the probability
of SEFSC making a distant sighting was +z@mno, when in fact ivaszero.

To account for thiswvhile gairing the benefit of the NEFSC sightings, we pooldE F S C thingssvithg
SEFS® butt hen truncated at a distance appropriate for SEFS
maximum angle at 59 this corresponded to a perpendicular distancenlgf218 m, yielding the shortest truncation
distance amongll programs. We judged this approach too conservative, especially because whale sightings in the
southeast portion of the studyeamwererare and therefore very valuable fage inthe sptial model. Instead we
truncated at 565 m, the approximahaximum perpendicular distaneported by SEFSC

To test for differences between the taganizationswe included therganizatioras acategorical covariate in
candidatedetection functiog but the difference was statistically insignificant, andedgbn performance nearly
identical, at th&65 mright truncation distancd-{gure20). Although the ratio oflatawas heavily biased (6:1) toward
NEFSC, owing to the rarity of whal tendwiththeinfeRdeddE€sigsofsur vey
AMAPPS, which was that NEFSC and SEFSC surveys be as similar and compatible as possible.

For the finaldetestion function, as with the function that only incorporated NEFSC sightings, there were
insufficient sightings to fia rightwhalespecific detection function, so we pooled all large baleen whales (minke
whales excluded) and sperm whales, yieldingsgg4tings of which 32 were right whales. We retained sightings with
Beaufort stateds and righitruncated at 565 m, dropping 75 sightings (19%) which were all from NEFSC, and
retaining 319 (81%). As with the NEFSfly detection functiog) a scatterplotiperpendicular distance vs. Beaufort
state (not shown) indicated detection distames positively correlated with increasing sea stsdewe excluded
Beaufort, and the final detection function used species name as a covagiate1).
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Figure 20. Detection function used to test fiifferences in detectability of large whales between SEFSC and NEFSC,

over the distance range appropriate for SEtdbetdeen observ
two programs, as evidenced by tearly identical functions tracday the colorectircles in the left plot.Note that

this detection function was only used dAlgo,thsgestavaspl or at
performedbefore NEFSC and SEFSC had provided thaalfbatches of AMAPPS data for quioject, so the count

of sightings is smaller than was had for our final detection funcjions.
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Figure2l.Finald et ecti on f unct i AMAPP8umdys. Taid furtctmon pSdeBVR\RRG data from
both SEFSC and NEFS@eetext) butwas only applied t& E F S BMAPPSsurveysFor NEFSC6s AMAPP
surveys, ve appliedhe NEFSGspecificdetection functionKigure19) described previouslyséction5.2.1.1.2.

5.2.1.1.4 600-750 ft detection function
The detection functions deslmed above coveredll the surveys flown at 60@, but noneflown at 750 ft.

Unfortunately, the latter only reportd® sightings of large whales, 5 of which were right whales. We judged these
too few to fit a detection function, and the best course tbawasto pool in the 600 ft surveys (rather than pool in
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nonlargewhale speciesind a fit a detection functioorf all data fronthe600-750 ftpool The resulting pool had

722 sightings of lege whales §ll baleen whales except minke whales, plus spehales), of which 67 were right
whales. Because Beaufort state was not availabllftdre 750 ft surveys, we elkuded it as a covariate. We did test
altitude and species name; the former veasél not to be significant (there were only 19 sightirtgésa ft), but the

latter was significant. In the final detection functidfigre 22), we gouped species into three two categories, based

on exploratory analysis ohé daa: sei whales, which were detected only at relatively short distances; blue and fin
whales, which were detected at farther distances; and humpback, right, and sperm \iicdeseve detected at the
farthest distances. This pattern is consistenh Wit sizes and behavior patterns of these spetGieis. detection
function should be viewed cautiously, as most of the sightings were obtained from NEFSC surveys flown at 600 ft,
and then applied to NDEP and SEFS(preAMAPPS)surveys flown at 750 ft.
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Figure 22. Final detection functioapplied toaerialsurveys flown at 750 ft (other than NARWSS).

5.2.1.1.5 NARWSS 750 ft (2003-2016) detection function

IN2003, EFSC6s NARWSS program began flying adterarcraftsi vel y
abandoning the Grumman Goose and Widgeon that were used during the initial years of the progr00@)998
From 20032016, NARWSS flew a target altitude of 75@Gble et al. 2007)Because thNARWSS protocol directed
observers to focus attention 1 nmi out from taekine to not miss distant right whales (T. Cole, pers. comm.), we
did not pool NARWSS surveys with others flown at 750 ft.

After implementing the aforementioned changes to oocgssing of NARWSS data (see sectif) we
excluded survey effort made in Beaufort state 6 or higher, NARWSS qualityxqdel e f i ned as ofiunaccep
visibility < 3 nmi. This represented a wider range of observing damdi than we accepted for other surveys, which
we were willing todo for NARWSS because of the large number of right whaleisiggtavailable from the program,
which facilitated testing the effects of saptimal conditions via detection function covéeisa We also excluded
effort made in the Gulf of St. Lawrencthis maybe included in a future model, if we model right whale distributions
in Canada more comprehensiveljter exclusions, we were left with 1399 sightings of right whale groups, which
were sufficient to fit a rightwhalespecific detection function.

NARWSS, with a protocol designed specifically for large whales, reported many sightings at long distances,
allowing us to adopt a much larger truncation distance than for the afi#eh Murveys, which had protocols designed
to minimize the chance of missing snmakrine mammals such as harbor porpoises (e.g. by flying lower and focusing
attention at smaller vertical inclination angles). For our NARWSS-tidtatlespecificdetection functin, weused a
truncation distance of 5236 m, corresponding to a verticahiidiin angle of 87%5at 750 ft altitude. As discussed
above NARWSS rounded vertical angles less tB&h to the nearest degree. The argjie5 fully encompassed the
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range of rpendcular distances (3738236 m) likely to be represented by a reportedlerof 87°. At this
angle/distancea resulting52 sightings (4%) werdaght-truncated and 1347 (96%) were retainAd.discussedn
section4.2 after we inplemented the processing improvements for NARWSS surveys, we fouad itavonger
necessary to lefruncate NARWSS data, as we had done in prior anafiRszerts et al. 2016a)

The final detection functiorH{gure25) included two covariates. The first, Beaufortetavas best modeled as a
two-level categorical covariate, with Beauf@rshowing detectability at greater distances thamroBeaufort states
(Figure23). NARWSS observers isthdipeatdoe ¢ att hieg maderaiengdacstatesomasa b i | i t
plausible, assmoderate (butnet x cesstwuepofitexthe water surface helped
large whales. The second covariate, visibility, was modeled as continuous, with distant sightings beingordported
when visibility was high Kigure24).
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Beaufort state (rightfpr sightings usedh the 750 ft NARWSS (2002016) detection function.

Right truncated at 5236 m Right truncated at 5236 m
1347 used (36%), 52 right truncated (4%)

|
|
3
1
.

i

25
I
|
|
i
]
'
1
]
3
13
1
:
.

Visibility
20
|
)
.
1
1
]
H
1
]

Frequency

15

sme memerss mes e

100 200 300 400 500 600 700
|

S | = ese . -
1 H SR Wt . T
s “es'en .
W —| wem ses ss ss ses s -
= 1 H |_| - e * *
o .
I T T T T T 1 T T T T T T
5 10 15 20 25 30 35 0 1000 2000 3000 4000 5000
Visibility Distance (m)

Figure 24. Distribution ofvisibility (left) and its relationship to perpendicular sighting distance (right) for sightings
used in the 750 ft NARWSS (2028 16) detection funiin.

27



Right whale
HR key with Beaufort, Visibility

1347 sightings, right truncated at 5236 m Q-Q Plot
o
—— Mean ESHW = 2339 m —
@
> 2 4 S
%
— ©
e o 7 8 o 7
a g
e 9 _| ]
e o =
3 L oS
2 = |
D o
o o~
o~ o 7|
PR
o o
o o
T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 0.0 0.2 0.4 0.6 0.8 1.0
Distance Empirical cdf

Figure 25. Final detection function applieto 750 ft NARWSS survey&0032016).

5.2.1.1.6 NARWSS 1000 ft (2017-2019) detection function

Starting in 2017, NARWSS changed their protocol to fly at 1000 ftusuelly only record sighigs of large
whales. On certain surveys, minke whales were also recdfdedur analysis, the NARWSSteam contributed data
collected from 2017 through May 2018iven the strong, direct effect of altitude on perpendicular sighting distance,
we did not p@l the 20172019 surveys with those made earkr750ft. As we did with the eler surveys, we
excluded survey effort made in Beaufort state 6 or higher, NARWSS qualityxcédeé e f i ned as fAunacce
visibility < 3 nmi, or in the Gulf of St. Lawrece. After exclusions, we were left with 179 sightirdsight whale
groups afte right-truncating the sightings at 4984 m, corresponding to a vertical sighting angle Qftggfvay
between the 86and 87° bhins to which sighting angles were roundik wasa sufficient count of sighting® fit a
right-whalespecific detection function, but when we did so, the mean ESHWSs from candidate detection functions
(not shown hereyvere about 1700 m, which was substantially less than the mean ESHW (233¢heetection
function we selected ae#t for the ear surveys conducted at 750 ft. This result did not make 8enseexpected
that mean ESHW would increase, rather than decrease, after the survey raised its target altitude from 750 to 1000 ft.
(Note hat some of the decrease can be expthloy the use ad shorter truncation distance, but not all of it.)

To reduce the chance that this effect resulted frommthehlower quantity of dataurrentlyavailable for the
1000 ft. protocol, we pooled in othgpecies of largbaleenwhales(minkewhales excludednd sperm whalesnd
refitted the detection candidate functions. After exclusions, this left us with 897 sighttilagge whalesincluding
the 179 right whales. The final detection function uglizthree covariates: visibility, qualitode, and spéss name.
As with the earlier 750 ft surveys, detection distances increased as visibility inciéigsee2). Detection distances
were also higher whrethe quality of sightig condi ti ons were code,d fMmxdcer dteend,h0
i p o drigure27). Finally, humpback whales exhibited the farthest sightiistances, consistent with their behavior
and size, followed by bowhead, fin aright whales, and lastly by sei whal@Sgure 28). No sperm whales were
sighted.

The mean ESHW2068 m)of the final detection functiofFigure29) was closer to ESHW2339 m)of the 750
ft sur v eyfendiondhart were thé righthalespecifc detectio functions that we initially tried, but it was
still smaller. At this time, we cannot explain why this is the cli$e possible that as more sightings are collected at
the 1000 ft altitude, deteot distances will increase. We plan to rewisis qustion in future modeling efforts.
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Figure 26. Distribution of visibility (left) and its relationship to perpendicular sighting distance (right) for sightings
used in the 10068 NARWSS (20172019) detectiofunction.
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Figure 27. Frequency of sighting quality codes (left) and the distribution of perpendicular sighting distances by
sighting quality (right) for sightings used in the 1000 ft NARWSS (22010) detection function.
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Figure 29. Final detection function applied @00 ft NARWSS surveys (2042019).

5.2.1.1.7 NYS-DEC NYBWM detection function

The New York State Department of Environmental Conservation (NES) New York Bight Whale
Monitoring (NYBWM) program flew fromMarch 2017 through-ebruay 2020, but only the first two years of the
program (March 2017 through February 2019) were available for our an@lgsia Teh & Smultea Sciences 2018;
TetraTech & LGL 2019) Suveys were performed on a Partenavi&8 with bubble windowsNe restricted our
analysis to effort coll ected in Beaufort 5 or |l ess a
whi l e excluding fApoor 0. Elitioas) only & rig e whaléshvers sighted dse werpeoledjire o f
large baleen whales (excluding minke whales) and sperm whales, raising the sighting count to 126-tieazged
the data at 23Dm, dropjing 5 sightings (4%).

Despite the bubble windows, higtams of sighting distances showed a doffpin sightings cleeto zero
distance, suggesting some sightings close to the trackline were missed. The observer team confirmed this effect,
indicating thatt he Partenavi abés bubbl edeepinmking ivdifficwt ¢ornaintainoctose p ar t i
attention below th plane (D. Ireland, pers. comm.). To account for this, wetrleficated the sightings at 100 m,
corresponding to a vertical inclinationgle of roughly 18 at the target altitude of 1000 &nd dropping 6 sightings
(5%), leaving 115 (91%) available ftire detection function.

Exploratory analysis suggested possible influences (not shown here) from two covariates. Beaufort state displayed
a similar relationship to that seen with the 750 ft NB&S surveys, with farthest detection distances at Beaufort 3.
The sightings with quality levels of fAexcellento or
Aimoder at e 0 weavar, ddiettian fundtions thlabincluded these cowesidid not score as well on Al@nd
we ended up selecting atardrate detection function with no covariates or adjustments as [igstd 30). It is
possible that if the fhd year of sightings were included (in a future anialyshere would benougtthat the additional
precision afforded by the covariates would yield a bettering AIC. We plan to revisit this question in future
modeling efforts.
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Figure 30. Final detection function afipd tothe NYSDEC NYBWM surveys.

5.2.1.1.8 NEAqg New England detection function

The New England Aquarium (NEAQ) conducted twalti-yearseries of aerial surveys of waters off southern
New England, encompassing a regiorown as the Massachusetts and Rhode Islaimil \Bihergy Areas (Mass/RI
WEAS). The first program, known as the Northeast Large Pelagic Survey Collaborative (NKPEG)et al. 2016)
spanned 20:2015. The second program, known ashtagine Mammal Surveys of the Wind Energy As§MMS
WEA), was initiated in 2017Quintana et al. 2018)ndcontinued into at least 20260or our analysis, we had the
entire NLPSC corpus of surveys and the MM&EA surveys for 2017 and 2018. Given the similarities between the
program® MMS-WEA wasdesigned to be a direct follean to NLPS@ we pooled them togethdtor MMSWEA,
we retained the figeneral o and ficondensedod surveys, but
systematic and were directed to known aggregations ofwighles.

Between them, the two programeportedd7 sightings of ght whales Figure31), which we judged enough to
fit a rightwhalespecific detection function. However, under the survey protocol that was used, observers did not
collect vertical angles with a clinometer or derly precise méiod Instead, angles were rounded into several coarse
ranges, necessitating aBudkdand etrale 208). When fittindgy eaadpated detection al y s i s
functions, we used the bins defined specifically for the NLPSC surveys by K&0ES) (underhis section 8.98
STRIP).

This problem wasompoundedby the use o& flatwindowed aircraft (Cessrskymaster) that resulted irdeop-
off in sightings close to the tracklin@o try to improve the precisioof candidate detection functions, we opted to
pool in sightings of other Ige baleen whalggxcept minke whales) plus sperm whalggure32), with the idea that
it might enable additional covariates to be selected, even if it would natlgimitigate the heaping problem by
increasing the variety of perpendiculartdisce values.

We set thdeft truncation distancetd 1 m, based on prior research that me
aircraft for the NLPSC surveyas al42 m widestrip (Taylor et al.2014) No sightings were reported in bins closer
than thisWe set the rightruncation distance to 340n, corresponding to thauter limitof K e n n €018)%-2 nmi
bin, yielding five bins for the detection function. Wexcludedeffort madewhen the Beaufort state wgeeater than
4 or theweathercode (WX) was something other thafi c | e ar 0, hfag fElasyr@iajined 808 lgé whale
sightings, of which 97 were right whalé&he final detection functiofFigure 35) utilized two covariates: Beaufort
state and glare. Perhaps misingly, thelargest detection distances weepored at Beaufort 3 (Figure 33);
however, this peak was consistent with what we observed with the NARWSS program. For glageshditiances
were reportedn i s e v @omdigods (Figure 34), consistentwith observer comments that strong glaseklights
whale blows, making them visible lahg distance.
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2011 0 sightings
2012 9 sightings
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Figure 31. Sightings of right whale groups reported by the NLPSC aMBMVEA surveys.
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Figure 32. Sightings of large whale groups (all baleen whale species except minke whalespgrimswhales)
reported by the NLPSC and MMSEA surveys. These sightings were used to fit the detection function.

Left, right truncated at 71 m, 3704 m Left, right truncated at 71 m, 3704 m
291 used (94%), 0 left trunc. (0%), 17 right trunc. (6%)
3 -
3-4 o }» ————— o
o
z 2 =
c 2
Rl |
[ m
2
0-1 }» - o o
e - T T T T T
0-1 2 3-4 500 1000 1500 2000 2500
Distance (m)

Figure 33. Frequency of categized Beaufort state (left) and the distribution of perpendicular sighting distaypces
Beaufort state (right) for sightings used in the
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Figure 34. Frequency of categorized glare (Jefind the distribution of perpendicular sighting distances by glare
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Figure 35. Final detection function applied tthe NEAg New England sueys.

5.2.1.1.9 UNCW Protocol detection function

For more than 15 years, the Navy has fundegoup of organizationghat included the University of North
Carolina, Wilmington (UNCW), the Virginia Aquarium Blarine Science Center (VAMSC), and HDR, Inc. to surve
various Navyoperatingareas in the miditlantic and southeast U.S. These organizations adopted a common-closing
mode survey protocol flown at a target altitude of 1000 ft, usually withwiladowedCessna Skymaster aircraft, with
perpendicular distanseestimated for every mae mammal groupisually by overflying it and collecting a GPS
position Certain surveys measured declination angles instead, using marks on windows or wing struts

Collectively, between 2002018 these surveys sigtd only 36 rifpt whales Figure 36). We judgedthis
insufficient for fitting a detection function, especially because some protocol differences did exist between the earliest
surveys and thasthat came lateTo boost sighting counts, we pooliedarge baleen whales (except minke whales)
and sperm whales, yielding 198 sightings in tdd(re37), including the 36 rightvhales.
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——UMNCW Pre-Navy Surveys 25 sightings
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——HDR Mavy surveys 2 sightings —— Norfolk Canyon 2018 2 sightings

Figure 36. Sightings of right whale groups reported by surveitiiwthe UNCW Protocobranchof the detection
hierarchy for aerial surveys. Because of these small sighting counts, we fitted revh@@specific detetion
functions to any nodes in this branchtieé hierarchy. Instead, we fitted detection functitmpools that included
other large whaled=gure37).
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Figure 37. dghtings of large whale groups (all baleen whale species excepemihales, plus sperm whales)
reported by surveys witn the UNCW Protocolbranch of the detection hierarchy for aerial surveys. fhinee
histograms show nodedere detection functions wefitted; we present the details of these below.

Within this brarch of the hierarchy, we fitted three detection fundid-or the surveys conducted by UNCW and
VAMSC, we split what we called the UNCW PXavy Surveys from the more recent surveys conduigyeUNCW
and VAMSC. The Prélavy surveys were focusedore on moitoring right whales migrating through-shore areas
thanwerethe subsequent surveyshich focused on Navgperatingareas that spanned the shelf bregtke older
surveys alsdhad some potocol differences that appeared to yield shorter detection destafigure 37). We fit
separate detection functions for these pwols This left ony the HDR Navy surveys, for which we only had one
year of data, the 2018 survey of the Norfolk Canyon study area. From thigyvMeao 26 sightings, which was too
few to fit a detetion function. Being uncertain about which UNG@wbtocol surveys were thmst proxy to pool with
the HDR surveys, we pooled all of thébut applied the resulting detection function just to the HDRayg).

I n the current sectiomtowel dodemenrt i tome fUUNEWOR, dev
the HDR sweys. In the two following section.2.1.1.10and5.2.1.1.1), we docunent the two other detection

functions, developed fand applied to UNCW and VAMSC surveys, as showhigure37.
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For the UNCW Protocol detection function, we righincated at 2000 m, dropping 7 sightings (4%) and retaining
191 (96%) for fitting the detection functiorin the dataprovided to us, HDR did not include any detectability
covariategnot even Beaufort statdpaving species identification as the only covariate toErploratory analysis
suggested a strong diffei@min detection distances for right and sei whalepagpared to humpback, fin, and sperm
whales Figure38). This differed fromthenorthernsurveyswhereright whalesveremore simibr to humpback and
sperm whalesOne possiblénterpretationwas thatmany rght whales sighted on thesarveys of the midtlantic
and southeasivere migrating and perhaps migratory behaviors made them harder to detect than the behaviors
exhibited at the northern feeding grounds. Altékedy, we noted that most dfie right whale sightings &2of 36)
were reported by the UNCW RMavy Surveys, which exhibited generally shorter detection distances than the more
recent UNCW and VAMSC surveys. Perhaps protocol differences between thgsswere the cause for this
phenomenon. Still, the Pravy surveys only sighted 59 whales in total, making it hadfaw definitive conclusions.

Ultimately, we elected to include species hame as a covariate under the categorizatior-gho®88). The
Aibest o det e(Eigure®d) rethined this cowanate, confirming its strong correlation with detection
probability, and scored 9.8 AIC units better than the secankled candidate detection fdina, which included no
covariates. In general, if adding a covariate improves a mgdabbmore AIC units, then the addition of the covariate
is considered a good tradeoff in goodrekét vs. parsimony, so we selected thactionthat included theovariate.

We plan to revisit this in the futumnceHDR deliversmore data, which migtacilitate additional alternatives

Right truncated at 2000 m Right truncated at 2000 m
191 used (96%), 7 right truncated (4%)
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Figure 38. Frequency of species identifications (left) and the distribution of perpendicular sigidtagas by
species identification (right) for sightings used in the UNEftocol detection function.
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Figure 39. Final UNCW Protocol detection function, applied only to the HDR Navy surveys.
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It is worth noting thatsimilar to Robertset al.(2016a) we did notapply left tuncaton in the UNCW Protocol
detection function or the two that came below it in the hierarchy, despite these surveys occurring with Cessna
Skymaster aircraft that had flat windows. This differed from our treatment of some of the other surveys that used
Skymasers with flat windows, e.g. the NEAg New England surveys (sed&igri.1.8. It also differedrom McLellan
et al.(2018) who applied aleft truncation of 149, mithough thastudywas of beaked whale&sin our prior analysis
(Roberts et al. 2016ave detected no dregff in sighting counts close to the trackline. Givtbis lack of empirical
evidence that left truncation was needed, coupled with the raritiglaf whale sightings reported during these
programsand the mid-Atlantic generally(making themespeciallyimportant to retairfor use in the spatial model), we
again decided againapplyingleft-truncationin these detection functions

5.2.1.1.10 Navy and VA CZM detection function

For surveys conducted byNCW andVAMSC in Navy operatingareas, and by VAMSC in areas of interest to
the State of Virginia, we retained survey effort where Beaufort state was 4 or less, and weather conditions were
cl assifidipgaad |fyclcd mmua,y o, 0 co mtziewieu deuxsc |l vadyeedr forfa icr to,u disfoo,
Under these conditions, the pooled surveys reported 113 large whales, 9 of which were rightBExpkiestory
analysis (not shown) suggested that the Berasfate and visibility covariates might influerdegecability, but AICs
of candidate detection functions ranked them worse than a detection function with no covariates, indicating that effects
werestatisticallymarginal, probably owing to the relatlyesmall number of sightings available. We also stigaed
using a species name covariate, but the distributions of distances fogimewhale species were similar, and only 9
right whales were sighted, which we judged insufficient for defining aoate(We noted with some interest that the
distribution of distances for these 9 was lower than the other species.) For the final detection fligtice® (), we
sekcted the candidate which scored the best on AIC, which was-ladnaifil function with no covariates.
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Figure 40. Final detection function applied tbeNavy and VA CZMsurveys.

5.2.1.1.11 UNCW Pre-Navy Surveys detection function

On some of UNCWO6s earlier surveys,vericaanglesoldainedby ar di s

the closestl(® declinationbin marked on wing stretwhen the sighting was perpendicular to the aircrHftis

necessittda fAbi nnedo or (Bludkland ptald2001)d/e @aked sutpaints at the °lihtervals that

defined the edges dfie bins andised70° as the rightruncation angle, correspondingdperpendicular distanasf

~838 m, leaving 7 bins fofitting the detection function. At this truncation distance, only 59 sightings were available,

but 25 were right whales. Explorayoanalysis suggestetetection probability decreasedBsaufort staténcreased

(Figure41), which wasinconsistent with what we observed on surveys in the northeast but consistes mébi

the right whale Early Warning System (NARW EWS) surveys discussed in following setersdged that there
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were too few sightings to test for a speciesafimdetection probability, especially given that bins were used rather
than clinometers. The final detection function was a hamedfunction with Beaufort state as@tinuouscovariate
as opposed to a categorical covarifigure4?).
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Figure 41. Distribution of Beaufort state (left) and its relationship to perpetalicsighting distance (right) for
sightings used in thdNCW PreNavywSur veys 6 det ection function.
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Figure 42. Final detection function applied the UNCW PreNavy Surveys.

5.2.1.1.12 FWRI detection function

Since the 1990s;ollaborators participating in theght whale Early Warning System (NARW EWS8ave
surveyed the right whale calving grounds every winter, focusintpecore months of Decemb#farch, with some
effort coming outside this period, and tt@re regions in Florida and Georgia, with substantial but less intense effort
in the Carolinas. Most surveys occurred with-ladowed Cessna Skymaster aircrafithaflights in the vicinity of
Georgia made with bubbleindowed de Havilland Twin Otterin the 2003/04 calving season, the teams adopted a
common flight altitude (1000 ft) and protocol (two observers, closing mode, sighting distances estimated from GPS
locations of sightings). Based on recommendations from our collabgratbessemphasized ¢himportance of the
standardization that occurred starting in 2003/@& began our integration of the NARW EWS sunatythat season.
For the model presented iridhreprt, we included data extending through the end of the 2018/19 season.
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The NARW EWS ¢ams collectively reported over 2500 sightings of right whale groups for the modeled period
(2003/042018/19) which enabled us to fit righthalespecific detectiofunctions. (Indeed, the surveys sighted few
other large whales, so pooling them in offeaadery limited benefit for the purpose of modeling right whatgsvay)

To account for differences in team protocols, personnel, and aircraft, and regionahdi$areight whale behavior

(e.g. whales transiting in South Carolina vs. calving in &&rive fitted separate detection functions for each team.

Across all teams, we excluded effort made in Beaufort state 4 or higher, in keeping with our prior naddessl t

these datdRoberts et al. 2018)nd wih theanalysis approach historically taken by fish and Wildlife Research

Institute (FWRI), e.g. by Gowan et a{2014) This was aconservative criterion relative to what did with other

surves, but samuch effot wasavailable that we judged it @asonabléradeoff to excludsomemade in rougher

seas in order reduce uncertainty in the resulting detection fundfimalso excluded effort when visibility was less
than3nmiortewedh er code (WX) was somet hing other than dAclear

We also excludedrgg it v e r i f flight&dr efforhsegments that were directed towahtions where right
whales were recently reported, and retained effort only executedemsyist r ansect s. Occasional |
sightings were made during the course ofaystic transects. Starting with the 2010/11 season, FWRI systematically
tracked all such sightings, for all teams. We excluded all of these sightings but rteisgéematic transects the
occurred on (which often sighted other whales, not previdastyn). For seasons prior to 2010/11, we excluded
sightings we judged likely to be verifications, through a combination of manual review and classification modeling,
usingobserver comments logged with the sightings and checking parameters such aarthe digdl time taken to
reach the sightingFinally, some surveys executed a systematic sparalleling transect close to shore at the
beginning or end of the daBecaus these ran parallel to important ecological gradients (e.g. the seafloor depth), we
excluded them to minimize the chance of biasing in the spadidé] except in the south where effort was very sparse.

In this section, we document the detectionction for surveys conducted by FWRI, and document those for the
other NARW EWS teams ifollowing sections. After exclusions, surveys conducted by FWRI reported 818 sightings
of right whale groupgFigure43). FWRI used a flatvindowed CessnaSkymaster, and histograms of perpendicular
sighting distancedgure44) showed a characteristic droyff in sighting frequency close to the trackline indicating
that mor visibility of the area below the plane haly caused sightings to be missed. Accordingly, we applied left
truncation when fitting candidate detection functions. After exploratory analysis, we selectddlateftion distance
of 142 m, correspotidg to a vertical inclination angle of 2at 10 ft dtitude, coincidentally very similar to that
(149 m) used by McLellan et §2018)for the same aircraft type and altitude, albeit for beaked whales.

After left-truncation, which dropped 35 sightings (4%hdright-truncation, which was done at 4800 m and
dropped 20 sightings (2%), we were left with 763 sightings for fitting the detection function. Exploratory analysis
suggested that covariates for Beaustate, glare, weather, and cloud cavight correlatewith detection probability.
The final detection functiori-{gure47) included Beaufort state and the weathereddlX). Lower detection distances
were observed in higher sea states (Beauf8ijttBan in lower sea states @gort0-1) (Figure45). Highest detection
distanceswere b ser ved when the weather was c¢l| assi Figueds. as dcl e

[ "2003/04 32 sightings
—=2004/05 81 sightings
——=2005/06 44 sightings
—=2006/07 48 sightings
—2007/08 45 sightings
—2008/09 90 sightings

FWRI —2009/10 87 sightings
Hfg 818 ——2010/11 123 sightings
20 —2011/12 44 sightings

0 —2012/13 76 sightings

0 200040006000 L .5013/14 69 sightings

—2014/15 23 sightings
——2015/16 33 sightings
—2016/17 3 sightings
—2017/18 1 sightings
L.2018/19 19 sightings

Figure 43. Sightingsof rightwhale groups reported by NARW EWS surveys conducted by FWRI.
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Figure 44. Distribution of perpendicular sighting distandesright whale sightings reported by FWRI surveys. Note
the fall-off in detections close to 0 Ve let-truncated the sightings at 142 m, dropping the sightings shown in red.
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Figure 45. Frequency of categorized Beaufort state (left) and the distribution of perpendicular sighting distances by
Beaufort state (right) for sigimgs wsedin the FWRI detection function.
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Figure 46. Frequency of weather codes (left) and the distribution of perpendicular sighting distances by weather codes
(right) for sightings used in the FWRI detection function.
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Figure 47. Final detection function applied the FWRI surveys.

5.2.1.1.13 NEAgq NARW EWS detection function

The New England Aquariuronducted NARW EWS surveys of core calving habitat during the seasons 2003/04
through 2009/10Rigure 48). Owing to the large number of right whales that visited the calving grounds during that
period, NEAQ reported the largest number of right whale sightingsagthe EWS teams we analyzé&dgure 48).

Like FWRI, NEAgflew aCessna Skymaster with flat windows, but in contrast, histograms of sighting counts by
detectiondistases di d not show a reduced count close to the tr:
at very short distancébigure48, Figure51), which would suggeshat some sightings were rounded to a distance of
zero. We observed this phenomenon withMHE /SSA/CMARI Twin Ottersurveys and were able to track down the
root case (see sectinh.2.1.1.1%, but the effect was much less pronounced with fiFA surveys and we
identify a root cause. Ultimately, we could not explain WhE Aq 6 s s ur v ey soff midatestierdrates o dr o p
below the aircrafdesyte the flat windows, and speculate that perhaps the pilots were cueing observers to sightings
on the trackline.

We righttruncated at 4800 m, dropping 38 sightings (4%), lea®0¥gsightings for fitting the detection function.
Exploratory analysis sugdies! that covariates for Beaufort state, weather, and cloud awoiggnt correlate with
detection probability. The final detection functioRigure 51) included Beaufort state and cloud cover. Lower
detection distances were obseniadBeaufort state 3 than in Beaufort state (Figure 49). Higher detection
di stances were observed when the c|l obhhdncibreokermd aid aic
(Figure50).

2003/04 63 sightings

NEAq 2004/05 86 sightings
60 2005/06 94 sightings
—n W 2006/07 114 sightings
zﬁ 2007/08 168 sightings

0 200040006000 2008/09 305 sightings

2009/10 115 sightings

Figure48. Sightings of right whale groups reported by NARW EWS surveys conducted by New England Aquarium.
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Figure 49. Frequency of categorized Beaufort stasdt)land the distribution of perpendicukighting distances by
Beaufort state (right) for sightings used in the NEAq NARW EWS detection function.
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Figure 50. Frequency of categorized cloud cover code (left) and the distribatiparpendicular sighting distances
by clowd cove code (right) for sightings used in the NEAg NARW EWS detection function.
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Figure 51. Final detection function applied the NEAq NARW EWS surveys.

42



5.2.1.1.14 WLT/SSA/ICMARI Skymaster detection function

In South Carolina and, less dngently, North Carolina, the collaborator first known as Wildlife Trust (WLT), then
the Sea to Shore Alliance (SSAphdthen the Clearwater Marine Aquarium Research Institute (CMARI) conducted
aerialsurveys using a Cessna Skymaster. These surveys begar200d05 season and were discontinued after the
2012/13 season. They sighted substantially fewer right whales than the surveys to the south, but nonetheless played a
very important role in helpinto determine how densityariedapproaching the core dig caling grounds.

After applying the samexclusionswe applied to the FWRI surveys (sectibr2.1.1.12, we obtained175
sightings of right whale group&igure52). Similar to FWRI,histograms of p@endiaular sighting distancesigure
53) showed a characteristic drofff in sighting frequency close to the trackline indicating that poor visibility of the
area belowhe plane had likely caused sightings to be missed. Accdycding applied lefttruncation when fitting
candidate detection functionssing the same 142 m truncation distance as we did with FWRI

After left-truncation, which droppe@ sightings §%), and righttruncation, which was done 8500 m and
dropped11 sightings 6%), we were left withl55 sightings for fitting the detection function. The final detection
relationship
and sea state wabseved, with highest distances found at Beaufort stdfdlire54). Similar to the NEA| surveys

function Figure56) included Beaufort state argare A

in New Engl and,

hi ghest

Aih-amppedo

di stances

wer e

observed

bet wee

wi t h

fi mo d e (Figure®5y again supporting the suggestion that strong glare backlights whale blows, making them visible

at long distances.

Figure 52. Sightings of right wha groups reported by NARW EWS surveys conduate@esaa Skymasters by

WLT-SSA-CMARI
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Figure 53. Distribution ofperpendicular sighting distances for right whale sightings repoyt8tLiT/SSA/CMARI
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sightings shown in red.
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Figure 56. Final detection functioapplied tothe WLT/SSA/CMARI Skymaster surveys.
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5.2.1.1.15 WLT/SSA/CMARI Twin Otter detection function

WLT/SSA/CMARI also conducted surveys with a de Havilland Twin Otter, in the vicinity of Georgia, between
the FWRI and NEAg surveys conducted to the south anddatwirsurveys conducted with a Skymaster to the north.
Unlike the Skymater,the Twin Otter had bubble windows, which appeared to obviate the need for left truncation,
consistent with the Twin Otter surveys conducted by other collaborators farther hotrever, the
WLT/SSA/CMARI surveys exhibited a different problem: a ggik detections near distanceRiure57, Figure59).

In shipboard surveys, a spike in detections at very close distances can indicate an animal movement problem in
which animals approached the vessal, ddphins coming to bowide, before observers detected them. But this
explanation made no sense foraarmial surveyUpon further investigation, we trac#te spike to an unusual number
of sightings with a distance ekactlyO. In practice, a distarof exactly 0 should be impossible on these surveys, for
which perpendicular distanogas calculated trignometrically from the tracklingo a GPS point logged while
overflying the sighting. The probability of a GPS point being obtained precisely alertgatkline is vanishingly
small. It turned out that for these distance 0 sightings, the GPS point hatbgged while the plane was still on the
trackline, before it broke to circle, and manytioé observer comments ftivese sightings hagxclamationsimilar
t o fAwhHaaddki rsaeict |y under the plane! o

Technically, this practicef rounding to zer@iolated one of the assumptions of distaneapdang, that distances
be accurately estimatdBuckland et al. 2001) Al t hough it is |likelwnedohasti ghhengs:s
had distanceslose to zerathe roundingntroducing a small bias. We consulted with distance sampling experts at th
University of St. Andrews to determine the appropriate remedy. They reviewed our candidate detection functions and
notedwith approvalthat the hazardate modelii ¢ tpoepd t hr o u g Rigure%9haad psoyided & realfstic
shouldey so wekept this resultMost likely, the sightings at distance 0 would have been spread over a few hundred
meters on either side of the tracklimedicing the count in the lefihost distane bin and boosting the asieext to it.

After applying the same exclusions we applied to the FWRI surveys (sécfldhl.12, we obtained635
sightings of right whale groupBigure57). After right-truncation, which was done at 3500 m dnobped 13 sightings
(2%), we were left with 622 sightings for fitting the detection function. The final detection funEiiguré 59)
included Beaufort state as the lgncovariate. Detection distances increased as sea state increased, which was evident
in exploratory analysisHgure58) as well as the final detection function. Thelpat Beaufort state 3 was consigt
with what we observed with the NARWSS surveys

[ "2003/04 27 sightings
—=2004/05 43 sightings
—=2005/06 32 sightings
—2006/07 68 sightings
—=2007/08 118 sightings

NARW EWS WLT-SSA- —2008/09 121 sightings
CMARI Twin Otter —2009/10 36 sightings
;. ] 635 —=2010/11 26 sightings
30 —2011/12 28 sightings

0 —=2012/13 42 sightings

0 200040006000 ——2013/14 20 sightings

——2014/15 24 sightings
——2015/16 33 sightings
——2016/17 6 sightings
——2017/18 4 sightings
L ,2018/19 7 sightings

Figure 57. Sightings of right whale groups reported by NARW EWS surveys conductidHavillandTwin Otters
by WLT, SSA and CMARL
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Figure 59. Final detectio fundion applied tahe WLT/SSA/CMARITwin Ottersurveys.
5.2.1.2. Shipboard surveys

Figure60shows the detection hierarctgveloped foshipboardsurveys. We split the surveys first the visual
observation methogédestaimountedcbinocularsor n&ed eyes), then by organization, and then by survey program
Relatively few right whales were sightegéigure60), owing to most shipboard surveys having occurred far offshore
over the continental slope and abyss, whichoskmovn to be prime right whale habitat. There were three main
exceptionsall from NEFSC First,the HB 0709 cruise, provided by NEFSC to us for the first time in this analysis (it
was not available for our prior right whale models), was a sursom@eyof the northern Gulf of Maine that was
focused on harbor porpoises but alsdséd many right whales near the lower Bay of Fundy and along Nova Scotia.
HB 07-09 was a twdeam survey in which one team used naked eyes and the other used binocularst thre use
bi nocul ar t e a méalysisherg The QU402 crdisewas corfdueted in spring and included some
transects on the continental shelf, sighting a fair number of right whales. FAa®Bg02 was a naked eybarbor
porpoise surveyalsoin the northern Gulf of Maindut was performed in 1999, which was bef2083, the starting
year of our spatial model, so we endecexpluding it from our analysis.
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——HB 11-03 0 sightings
HB 13-03 2 sightings
HB 16-03 0 sightings

AMAPPS 20 sightings
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SEFSC 2 sightings L .GU06-03 0 sightings

Binocular Surveys
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L 2008 0 sightings
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——=Shipboard Surveys 68 sightings
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Figure 60. Detection hierarchy for shipboard surveysown here with counts ofightings of right whale groups.
Because of these small sighting counts, we fitted no-vigiia e specific detection functioris this hierarchylnstead,

we fitted detection functions to pools that included other large whigilggré61). Note that the detection hierarchy
included one naked eye survey, but this was not used as it occurred before 2003, the starting year of our spatial model.

AJ 99-02 10 sightings

PE 95-01 99 sightings
PE 95-02 28 sightings
—=AJ 98-01 33 sightings

Pre-AMAPPS 527 sightings

NEFSC AJ 98-02 29 sightings
usg 112 EN 04-395/396 100 sightings
40 L .HBO07-09 238 sightings
0
0 3000 6000 GU 14-02 125 sightings
Species covariate HB 11-03 101 sightings

6 species pooled AMAPPS 601 sightings

HB 13-03 118 sightings
HB 16-03 257 sightings

OT 92-01 2 sightings
Binocular Surveys GU 98-01 33 sightings

120 OT 99-05 12 sightings
— &0 SEFSC Pre-AMAPPS 207 sightings GU 02-01 12 sightings
0 30 GU 04-03 57 sightings
03000 6000 % GU 05-03 33 sightings
6 species pooled 10
0

GU 06-03 58 sightings
0 3000 6000

4 species pooled

GU 11-02 15 sightings
GU 13-04 36 sightings
GU 16-05 21 sightings

AMAPPS 72 sightings

——Shipboard Surveys 1547 sightings

i . 2008 21 sightings
NI-DEP 34 sight
sightings |::2009 13 sightings

Naked Eye Surveys
20 106
10

0
0 3000 6000
3 species pooled

AJ 99-02 106 sightings

Figure 61. Sightings oflarge whale groups (all baleen whale species except minke whales, plus sperm whales)
reported byshipboardsurveys. Théistograms show nodeshere detection functions were fitted; we present the
details of these dection functions below(As noted dove,Naked Eye Surveys were not actually used in this model.)
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Although 58 right whales were sighted on surveys that utilized pedastaitedbinoculars Figure 60), we
judged this a marginal number for fitting detection functions antepanother large whale species (all baleen whales
except minke whales, plus sperm whales). This yielded over 1000 sightings across the Biguey61), with a
large majority coming from NEFSC, owing to more baleen whalesnaegun the northern part of the U.S. Atlantic
EEZ, where they feedVe considered fitting detection functions at the swpmgram leveli.e. preAMAPPS vs.
AMAPPS, as we had done with aerial surveys,efound fewer differences in shipboard protlscio the pre
AMAPPS and AMAPPS erahan we didwith aerial surveysso we fitted detection functions at the organizational
level instead (NEFSC and SEFSC) and used a covariate to differentiate betweEheegas.covariate/as selected,
indicatingstatigically significant differencesfor both organizatios) detedon distances were higher for AMAPPS
We also tried survey vessel as a covariate, but found it did not perform as well as organizatiimatadyit was
not selected. Finally, becaaiSNJDEP did not report enough sightings for its own organizateal detection
function, we fitted a detection function to all binocular surveys and applied it justERJ

For all shipboard detection functions, we exclugfidrt made in Beaufort ate 6or higher.We describe the
details of each of the three firdiipboarddetection functions in subections below.

5.2.1.2.1 NEFSC detection function

After exclusions, the NEFSC binocular surveys reported 1128 sightings of large whale Brgup=6Q), which
included all baleen whales except minke whabhss sperm whalegfter right-truncation, which was done at 6500
m and dropped 39 sightings (3%), we were left wililB9 sightings for fitting the detection function. The final
detection function Figure64) included species identification and survey era as covariates. Detection distances were
higher for humpback and sperm whales than for blue, filnt,rigr sei whalesHgure 62), consisent with what
observers reported anecdotally about these species and with most results for aerial surveys. Detection distances were
higher for the AMAPPS surveys than those that came béFigerre 63), perhaps reflecting impved methods,
observetraining,or equipmenturingAMAPPS. Although Beaufort state was tested in candidate detection functions,
it tended to be dropped from the selection procedure, and exploratory plots (not shown) suggested a nearly flat
relationship between detection distance and Beaufort state.
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1089 used (97%), 39 right truncated {3%)
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Figure 62 Frequency of species identifications (left) and the distribution of perpendicular sighting distances by
species identification (right) for sightings used in leFSChinocular surveys detection function.
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Figure 64. Final detection function applied the NEFSC binocular surveys.

5.2.1.2.2 SEFSC detection function

After exclusions, the SEFSC binocular survesfsorted 279 sightings of large whale grougigi(re61), which
included all baleen whales except minke whgtess sperm whaleJ his was substantially lower th&EFSC, even
though SEFSConducted asnuchor moreshipboard effortas NEFSC Table 1). The reasonis simply thatthe
southeast U.9s not as suitable habitat for baleen whales as the northatalstas during the summer whemost
shipboardsurveys occurredAfter right-truncation, which was done at 6000 m and dropped 13 sightings (5%), we
were left with 266 sightings for fitting the detection function. The final detection functiigure 67) included
Beaufort state and survey era as covariates. Detection distances werddridgbwer sea statedigure 65), and
higher for the AMAPPS surveys than those that came bdfigare66), as occurred with NEFSC. We did not test
species identification, as over 90%tbé sightings were of sperm whal@he detection function may therefore be
biasedif sperm whales are not a reliable proxy for right whalldss can be tested or addressed in the fufure
additional norspermwhale sightings accumulate on future SEFSCeysv
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Figure 65. Frequency of categorizedeBufot state (left) and the distribution of perpendicular sighting distances by
Beaufort state (right) for sightings used in the SEFSC binocular surveys detection function.
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Figure 66. Frequency of sightings by survey era (left)d tre distribution of perpendicular sighting distances by
survey era (right) for sightings used in the SEFSC binocular surveys detection function. In this detection function,
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Figure 67. Final detection function applied the SEFSC binocular surveys.

5.2.1.2.3 Binocular Surveys detection function

To modeldetectability for the NNDEP surveyswe used all binocular surveys as a proxy, beimsurevhether
NEFSC or SEFSC would be more suitable. After exclusions, the combined binocular surveys reported 1443 sightings
of large whale groupd$-{gure61), most of which were from NEFSC. As above, this included all baleeles/agept
minke whalesplus sperm whalegfter right-truncation, which was done at 6500 m and droppesiditings (4%),
we were left with 1389 sightings for fitting the detection function. The final detection function was a-taeard
model with a 2 orderpolynomial adjustment and no covariatEg(re68). N}DEP did not provide any covariates,
so the only one we could try was species identification, which did not score as high in AIC or other statistics.
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Figure 68. Final detection function faheBinocular Surveys node, applied only to the[DEP surveys.
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5.2.2. Perception and availability bias corrections

An important assumption of distance sampling is tigectsthat occur at distance (@irectly alog thesurvey
trackine) arealways detecte@Buckland et al. 2001)This is known as thg(0)=1 assumptionsignifying that tke
probability of detection g, at distance 0 is 1. When this assumption is violatedyé®e&1, density will be biased low
(that is, the number of animals present will be underestimated).

Onsurveys for marine animals, this bias generally occurs in two \WRayseption biasoccurs when animals are
not detectedby the observer tearhecause they are hard to demg. because they are small or otherwise
inconspicuousAvailability bias occurs because the animals are not available to be seen, even though they are
presetd e.g. becausthey are submergéebhe two biases atenassumed to be independent, and modelers typically
estimatea g(0) for eaclt®d i.e. g(O)ercepiionas theprobability that an animal at the surface will be sighted if it is at
distance 0, and(0hwiabiity @S the probability that an animal along the trackline will be at the surface while it is within
visual rangd and then multiply theletection function by eaame,reducing the integrated probability of detection
and effective strip width acodingly. Alternatively, thecountsof detected animals can be divided &gch ong
inflatingthecountst o account f or an,iwhidhIswhatwe did for thie anaysiéi o fadlitate the
use of sightingspecific g(0) estimates.

To ensue thebiases are independent of the surveying process, appropriate field methods mustdbenseg
animals do not respond to the survey platfbefore they are sighted. On aerial surveys, this is achieved by flying at
sufficiently high speed or altide so that the animals do not have a chance to respond before obserctoseace
are not disturbed by the presence of the airtighh above On shipboard surveys, it is accomplished by enabling
observers to scan far ahead of the vessel, e.g. &ijignng them as high as possible and equipping them with
binoculars.

A recommended approach fassessingerception bias is to utilize an independent observeutiiple observer
teans andmatch up thesightingsreported by eacto characterizéow frequertly sightings were missedhe most
commonlyused variations of this approach &rewn generallyasmark recapture distance samplifgiRDS; Burt
et al.2014) Many of the shipboard surveys available for our analysis used one of these variations. Most of the aerial
surveys did not, owingp the logistical difficulty of carrying sufficient personnel in a small aircoafthe financial
challengeof affording a suitable ainaft and so many observersh& main exceptions were tiNOAA AMAPPS
aerialsurveys, whictcarriedtwo independent observer teams on de Hawill Twn Otters.Prior to AMAPPS, the
NEFSC broags cal e marine mammal a b u rmdarkoe meeu rhwaly st ou scehda raa c fi
probability using a single team by making multiple observations ofesigiroupgPalka 2006)

Because of this heterogeneity used a singkbeam approach for our analysigrill surveys we onlysed effort
and sightings from the team traaur collaborators designated as the primary team. Then, to correct for perception bias,
we consulted our collaborators and searched the literature for studies that had edttiselestied estimates that best
matched according to the platform, spec@s] sirveyor organization or locatipmand appliedhe various estimates
to the appropriate surveys after fitting detection functions using traditional ¢#agtemethodology (not MRDS).

To estimate availabiljtbias for aerial surveys, we surveyedlttezature for right whale dive data and used Laake
et 41P97)@simator to calculate regional, survespgramspecific corrections. For shipboard surveys w
assumed thaavailability bias would be negligible (i.6(0)aaianiiy = 1) due to the ships operating at slow speeds
during the surveysRight whales are known to undertake moderately long dives while feeding in dee@veaters
Baumgartner et a(2017)reported a mean dive duration of 13.4 min (SD=2.8) at Jeffreys Ledge, the longest duration
of six regions studied but even at the longedtiratons they would still surface within visual range of passing survey
ships, which all travelled at 10 knots or less. For example, at that speesthip would travel about 4.14 km in the
13.4 min of the longs diving whales at Jeffreys Ledge, whiclasMes than the right truncation distance on all
shipboard detection functions.

Below, sectiorb.2.2.1details the percejon bias corrections we used for shipboard surveys, and s&ciiéh?
the percepion and availability bias corrections we used for aerial surveys.
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5.2.2.1. Bias corrections for shipboard surveys

As discussed above, we assumed that availability bias was negligibleplooatd surveys for right whales. For
perception bias, we selected \sey-specific estimates when they were available, and otherwise used the NMFS
AMAPPS estimates as the best available pr@ap(e4). No rightwhalespecific estimates were available, owing to
few right whales being sighted on shigd sirveys, so we used estimates for other large whales. Thishandé
of AMAPPS estimates on nelMAPPS surveyslikely introduced arunknownamount of biasWe suspecte bias
resulting from using AMAPPS estimates on +AMAPPS surveyss likely to be snall, as those neGAMAPPS
surveys were conducted using similar protocols by many of the same persdterelon the ame vesselsWVe
anticipate that this potential source of bias may eventually be eliminated in future models, when it is préxticable
drop the preAMAPPS shipboard surveys from the analygi%e believeit likely that NEFSCand SEFSCwill
continue to estimate perdegmn bias on all future surveys using the AMAPPS method, or a method evolved jrom it.

Table 4. Perception kas esmates used for shipboard surveys.

SUI’VGyS g(o)perception (CV) Source

NEFSC EN 04395/396 0.940 (0.610) Palka(2006) Table 5: 2004, upper team, estimate
fin or sei whales (no right whale estimate availabl

All other NEFC 0.513 (0.136) Palka et al.(2017) Appendix |, Table 2: NE-
shipboard group INEFSC AMAPPS)

All SEFSC 0.472 (0.228) Palka et al.(2017) Appendix |, Table 3.2: SH
shipboard group 1 (SEFSC AMAPPS)

NJ-DEP 0.513 (0.136) NEFSCAMAPPS stimate as proxy

5.2.2.2. Bias corrections for aerial surveys

For aerial surveys, we estimated bp#rception and availability bias. This was considerably more complicated
than for shipboard surveyswing to theliversity of aerial survey programs.

5.2.2.2.1 Perception bias

For perception bias, the only relevant estimates available in the literaturPalleaet al.6 £017)estimates for
theNEFSC and SEFSC AMAPPS surveys conduatenhf20L0-2013 on de Havilland Twin Otter aircraft using two
team MRDS met hodol ogy, a theNEPSE pekAMAPPS u@dyDcbnpuctedsrom 1869t es f o
2004 on the same aircraft but using a single tedt circle-backs to estimate biad/e ued Paka et ald §€2017)
estimates for all surveys. We did this even for the NEFSeApWPA PP S survey s, rat h0é)r t han
estimates for them, fawo reasons. ist, the twoteam MRDS approach is a more modern method and is what NMFS
prefers to use now (presumably, they believe it to be better than thebaiolepproach, otherwise they would have
continued with that)Second, the circkback approach actual@stimaes both perception bias and availability bias as
a single g(0). Be ebacuestenatewmas foralispgecids af tu@ewhales, it was based on aggregate
diving behavior ofall those speciedVe preferred to base the availabilitynggonen of g(0) on rightwhale-specific
dive behavior, to account for known differences in diving in different regions (see next &@id?.2. The
following pseudocode describkew we assigned perceptiorbias correctiorio eah sighting.

If group size L 2
If itwasan NEFSC survey otherthan NARWSS:
Use NEFSC AMAPPS estimate for large whales  : g(0) percepon = 0.50 3 (CV=0.168)
Otherwise :
Use SEFSC AMAPPS estimate for large whales: g(0) perception = 0.898 (CV=0.091)
Otherwise :

Assume g(O) perception = 1
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The AMAPPS perception bias estimates were taken fratka et al(2017) Appendix I, Table 3.2The large
majority of sightings mde duing those surveys were of 1 or 2 whales, so we only applied the corrections to sightings
with those grap sizes. Our assumption @O)ercepior= 1 f or groups of 3 or(199Yr e was
finding that larger groups of right whales wstéstantiallyeasier to detect than smaller grougrsd hat a number of
other analyses of other species of large whales surveyed by air estimated @dgssteaption bias was negligible
for groups of any sizé~orney et al. 1995; Carretta et al. 2000; Heldegensen et al. 2012; Hansen et al. 2019)

Ourlogicappl i ed the NEFSC estamat mat onHEmM&8@éal babaddance
toall other surveys, including NEFSC6s NARWSS surveys.
low, not only because it is inconsistent witle stidies referenced above that found aerial perception bias to be
negligible for large whales, butab b ecause it i s (2006)estmate g@)eds3,ICV=8.54)tRat| k a 6 s
incorporated availability biasiad di t i on t o percep-baokobmash¢dysi nBethesaéac
difference, we believed the SEFSC AMAPPS estimate to be a brettgrfpr the remaining surveyalso, the SEFSC
estimate (0.898) was relatively high, which was sintdaanalyses noted above that estimated or assumed g(0)=1.

Finally, we caution that densityenerallyvaries directly with the inverse of g(0); for exaeyf g(0) is halved,
densityis doubleal. This highlights the importance of estimatipgrception biags accurately as possibkspecially
when abundance estimation is the primary goal of an analysis. We strongly encourage all collaborators to adopt
methods br estimatingoerception bias, which would allow us to use progsg@&cific estimates in the futirrather
than applying NMFS6s estimates to alll progr ams. That
traditional alternative, which i® asume that g(0)=1 and thereby underestimate density

5.2.2.2.2 Availability bias

Availability bias for aeriakurveys depends on a number of factors. Important considerations itreudiging
patterns of species of interetste speed and altitude of the aaft, andthe field of view available to the observer (as
determined by the aircraft windows, obstruetipetc.). Because availability bias can vary considerably based on these
factors, we attempted tccount for as many as feasible in the time availialthis project.

To do this we relied on the approach of Laake e(H97) as formulated by Robertson et(@015)

5[1 _ o™ J:]

S+d

a(x)= +

d

+ |l

K

Here,a(x) is theavailability biascorrection factort perpendicular distance; the valuea(0) is the g(Qvaiaviiyy that
we soughtto estimatei [andQare average surface and dive interfalghespeciesandt(x) is the time that a parcel

of water at distancg remains in view of the observer. Under this approach, the first fraction represents the

probability thatthe an i ma | is at the surface when dihe seeondtfractionn t he o
represents the probability that it is submerged but will surface while within the field of view as the observer passes
over. Please sdaake et al(1997)for further details.

We obtained surface and dive intervals from diving studies ititdrature.When feasible, we accounted for
difference in diving behavior based owerall geographic location (e.g. calvingaginds vs. feding grounds) and
group composition (e.g. singletons vs. motbalf pairs vssurface active groups (SAGsBecause these factors
could vary on a pesighting basis, we developesh availabilitycorrection for each sighting individuallywe were
interesed in availability ak=0, so we needed to estim&{@), the total timen-view on the trackline at perpendicular
distance zeroWe derived this parametéom the speed and altitude of the survBelow, we first discusshe
estimation ot(0) and therthe application o$urface and dive intervals anesultirg availability estimates

Estimation ot(0)
We based our estimates t{0) on results reported by Robertson et (2015) who estimated availability
corrections for bowhead whales sighted from de Havilland Twin Otters floventatget altitude a805 m (1000 ft)

altitude andspeed 0220 km/h (119 knots)lo do this, they fittedinear models to the tinsean object was in view
forward and aft of perpendiculas a function of perpendicular distance, using field data collected by trained marine
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mammal observers. To obtain this training data, they flew trial passes by a statigrsfplaced atrandomly

determined perpendicular distanc€bheyasked observeret e x ecut e their fAnormal 06 searc
timesthe object first came into viewassederpendicular, angassed out of view behind the plakinder these

conditions, theiprocedureestimated thaat the mean speed (62.31 m/s) and alti{@»® m) of the analysishe total

time-in-view on the trackling(0) was 37.78 shased on a search sector spandingl® forward to 121.2° gfalso

estimated by the motle

To adapt this result tthe surveys used in our analysis, which occurred ardift speeds and altitudes, we used
the expression:

whered 1 was the survegpecific value we sought to estimate,t wa s Ro b e r dfnwiewneSimatetai me
distance 037.78 s) andQ were tte speed@2.31 m/sor 121.1 ktyand altitude (305 fror 1001 f}, respectively,

of Ro b e r texpearimaéhts and and Qwere the speed and altitude, respectively, of our survey. This approach
assumed thai 1 would scale linearly with altitude (e.g.alaling altitude would double timim-view) and inverse
linearly with speed (e.g. doubling speed would halve-imeew). Table5 showsour results.

Table5: € estimates fosurveys used in our analgsi

Altitude (m) = Speed (kts) <« (S) Surveys
183 95 28.90 VAMSC and Riverhead Maryland DNR
183 110 24.96  NEFSC preAMAPPS; NEFSC and SEFSC AMAPPS
229 100 34.36  NARWSS 20022016
229 110 31.23 | SEFSC prAMAPPS
229 120 28.63 | NJ-DEP
305 87 52.60 | VAMSC VA CZM and Navy VACAPES
305 100 45.76 . NARWSS20172019, NEAQ, NYSDEC, all SEUS NARW, UNCW
305 110 41.60| HDR
We caution that our approach, al though based on emp
involved a specific organization, araft type, and survey protocol, wereemsonable proxy to use for our surveys
when scaled using the methoe describedAl t hough no empirical analyses simil

the literature for our surveys, we found two relevant apjidica of the Laake et a{1997)approach, to which our

results may be compared. Palkers. comn) developed similar availability corrections for the AMAPPS surveys,
which used similar aircraft to Robertson, and pdgsibme of the same personnel, but flatna lower altitude and

sl ower speed. Pal kabds an al Jasing field afviewanieasara estimates aiieh er i c al
maximum forward distance animals were sighted for the 2018 AMAPPS swreys (sometimes the maximum
perpendiculadistance was used instead). For fin, sei, and right whales, which were analyzed as a guild for the purpose
of derivingo 11, Palka reported a maximum distance of 1490 m. Under the assumed field of view, thaldsgh
trackdistance that a parcel of wathrectly below the plane would be sufficiently visible to an observer to allow them

to sight a large whale. To obtain this result, Palka assumed an altitude mfék&B105 kts For comparison, if we
rescaleRobert sonds r es ul tweohtand m g¢ @ hsand mdistahce af 1442mhivhdiffers

by |l ess than 7% of Palkads result.

1 Although Palka (pers. comm.) usedpeed of 105 kts for the AMAPPS surveys, in our analysis we used 110 kts, the speed consistently reported
in the AMAPPS anual reports. This discrepancy is currently unresolved but can be clarifiedforfat model s, wi th Pal kads as:
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The second relevant application of Laake et(H97)we identified was from McLellan et af2018) who
estimated availability corrections for beaked whales sighted on UNCW surveys that occurred near Cape Hatteras, NC
from May 2011tNovember 2015. These surveys were conducted at 305 m and 100 kts from Cessna Skimeasters.
similaranalys s t o Pal kabds, Mc L e | -traaknvisitdet distante. of 983s4tmi. Foa dorapdriscan al o |
rescal i ng Rob e roir method we obtaostu | Tt & ¢s arsl a disjance of 2354, approximately
2.4timesMc L e | | a nThis substangludisparitymay relate to thenarked difference in detectability between
beaked whales and baleen whales. For example, in our most aeedydis of beaked whaléoberts et al. 2017)
we estimated aBSHWof 478 mforbeeed whal es sighted on s u B8eofwhicht hat us
came from UNCWOs Navyrt(seations.2.l.1s10aboe)we estimatetl dniEBHOfr1@OM ro
for baleen whales sighted on those surveys, approximately 2.3 times that of beaked whales.

Surface and dive intervals, and estimation of availability corrections

To deermine the surface and dive intendalthe i [and Gl parameters ofhe availability bias correction factor
equation shown abodewe utilized estimates from the literature that considered geographic location, group size, and
group composition. The followingseudocode describes our approach.

If south of Cape Hatteras, use intervals from Hain et al. (1999):
If group size = 1:
Use mean intervals for single juvenile (s=2.14, d=3.17 min)

Otherwise, if group size = 2 and a calf was present (or presence was un known):
Use mean intervals for mother/calf pair (s=5.44, d=2.25 min)
Otherwise:

Use mean intervals for Surface Active Group (SAG) (s=7.76, d=1.45 min)

Otherwise, if between Cape Hatteras and Canada, use intervals from CETAP (1982):
If group size = 1
Use mean intervals for Lone (s=3.20, d=7.42 min)
Otherwise, if group size = 2 and a calf was present:
Use mean intervals for Calf (s=1.94, d=2.50 min)
Otherwise:
Use mean intervals for Group (s=1.81, d=3.69 min)

Otherwise, use intervals from Ba ungartner (2017) and Baumgartner and Mate (2003 ):
Use mean dive interval from Bay of Fundy and Roseway Basin (d=10.7 min)
If a calf was present:
Use surface interval for calves and females with calves (s=5.39 min)
Otherwise:
Use surface interval for all others excluding pregnant female (s=3.13 min)

In the literature we found sufficiently detailed studies of right whale diving behavior in the calving grounds near
Florida(Hain et al. 1999and in important feeding grounds in the Gulf of MgiGETAP 1982; Nieukirk 1992; Winn
et al. 1995 Baumgartner & Mate 2003; Baumgartner et al. 20dri®) Cape Cod BagGanley et al. 2019)Cape
Hatteras ishelocation where the Gulf Stream deviates away from the continental shelf out into the wider Atlantic,
and thusforms arecoregional border b&een the cold, nutrieatich waters to the north that flow from Canada, and
the warm, lessich waters to the south that are strongly influenced by the Gulf of Mexico. We surmised that right
whales south of Cape Hatteras would exhibit diving behavior siomiéar to thatobserved orhe calvinggrounds
than on the feeding grounds. Accordingly, we obtained estimates for this area from Ha{th33%9I We note that
these authors provided data for a single juvenile but not a single adult. Therefore, we are using the juvenile estimate
for all singletons. (Tare were two sightings of singleton calves; these were included in this category.) Also, their
SAG estimate is for groups of size 2 or more, and they did not provide estimates groups not classified as SAGs. Thus,
we used the SAG estimate for all paiisere a calf was knowmot to be presersind for all groups size 3 or greater.

North of Cape Hatteras, Baumgartner and M2@03) reported relatively long dive times for deep basins in
Canada compared to those reported fotl@lar basins in the southern Gulf of Maine, e.g. by CETA®82)
Consideringhis, we split the sightings approximately at the LC8nadaorderandappliedseparate dive datathe
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two regionsWe defined the split between them as the line that passes through 42.5 N, 66.0 W in the Northeast Channel
and 440 N, 67.5 W in the northern Gulf of Maine, so that all of Georges Bank would be aggregatkd suathern
region.

For the southern region, | abell ed in the pseudocode
from CETAP(1982) Speial Topic D, Table 5These authorseported mean durations of surface activity bouts and
inter-bout dives for right whales observed at Stellwagen Baakt of the elbow of Cape Cod, and the Great South
Channel in May of 1980 and 1981. These are alkandeere right whales regularly feed. We used CETAP's estimates
for Lone whales, Calves, and Groups to derive availability corrections.

CETAP reported thacows"closely attended" their calvesd exhibited similar but slightly longer dive intervals
than the calgs. From this, we believed it likely that the cows synchronized their diving with the calves, and therefore
used the calf intervals to represent thepairCETAP&6s group esti mate was for gr ot
than 3 were not tracked, owinig the difficulty in reliably identifying more than three individuals in a continuous
tracking scheme. We assumed that whales in larger groups wouldebgh@larly to groups of 2 or 3Finally,
CETAPG6s surface and di v e groaps.&allowed McLellan et a20E8yamd Palka @ni vi du al
prep.), weassumed that whales in groups dived alsyoreously, which increased the probability that at least one
would be on the surfag any given momenSo r groups of two or more, we estimated availabilifyhe group
itself usingthe following expressior{McLellan et al. 2018)

AT P p OT

For this region w also considered data frovdinn et al. (1995)who reported shorter mean inteout dive
durationghan CETAPof 4.76 min and 1.54 min favhales monitored with réaltags in the Great South Channel in
1989 and 1990, respectivelyowever, hey did not provide surface activity bout durations, so we could not estimate
availability corrections from these daimilarly, Baumgartner et al. (17) reportech mean dive drationof 2.7
minutesfor 22 whales tagged in Great South Channel but no surface int&uads. the variability in diving behavior
reported across these studies, we urge additional study of right whale diving to comprehensively characterize how
best toestimate availability bias an extremexample ohigh variability, Ganley et al(2019)conducted 87 focal
follows on 22 days in 2016 and 2017 Cape Cod Bayuringthe months of Janua##pril and reported thahean
monthly percent surface time ranged from 16% in January to 53¢rin

In the northernmost regipBaumgartner and Ma{@003)reportedmean surface ardive intervalsof 3.13 min
and 12.17 min for feeding right whales monitored with tegth recorders in the lower Bay of Fundy and Roseway
Basin in 200€2001. The auths also collecte@alanusfinmarchicusstage 5 copepoditdselieved to b¢he preferred
prey of rightwhales in this region, and reported right whales undertaking deep dives to the bottom mixed layer where
copepods were aggregated. NieuKtR92)reporteda similar estimate of 21.65% time spent at the surface for 8 right
whales tagged withatellite tags in the Bay of Fundy in 198990. Baumgartner et §2017)updatedtie 2003 paper
to provide meadiveintervals of all dives, not just feeding divesit did not update the surface intervals. Accordingly,
we used dive intervals from th2017 paper and surface intervals from the 2003 paper. As with the CETAP data,
Baumgam er 6 s data were for individual s, so for groups of
using the method described above.

Across all regions, the neing g(O)vaiabiity COrrection factors ranged from a high of greater than 0.99arge
feeding aggregations observed mainly in the Gulf of Maine and southern New Englaridw of 0.256 for single
whales observed in the northern region where diépg has regularly been observédross all 4162 sigletd groups
that were retained fdhe spatial model (rather than beingdeft righttruncated), the mean gtQniiry COrrection
factor was 0.737.

For this analysis, we did not attempt to estimateeutainty for availability bias correction factors. This is
something that should emially be done, howevdrmight not be possible without access to the original diving data
and acomplexcollaborative analysjsandfor such results to be useful, wksorequire a method to propagate these
uncertainty estimates to the spatial modgebtage, when they are estimated on an individual sighting basis. This is an
ongoing research topic f or NaayeliviigMarméResoorces program. henv e f u
suitable methodology becomes available from that initiatieecan cosider estimating and propagating uncertainty
in availability bias correction factors.
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5.3. Spatial modeling

In this section, we present timeethodological details of fitting and predicting the spatial model, the detailed
results, the final predicted density fages, and a comparison of those surfaces to passive acoustic monitoring data
collected independently.

5.3.1. Methods

In this section, we covéhe overall approach we took in creating this new right whale model, covering most of
the methodological details andaigons (some are left to regi@pecific sections that follow this one).

5.3.1.1. Addressing the recent substantial changes to right whale abundance and distribution

It is now widely recognized that the right whale population entered a sustained decline arstend ¢fi¢he past
decade. A comprehensive stapmace photdD capturerecapture analysis estimated a 99.99% probability that the
popd at i onds t2018 yas a tHeolin@pacepebat. 2017 Several other studies reported large changes in
distribution patterns around the same ti(@avis et al. 2017; Ganley et al. 2019; Record et al. 2019; Davies et al.
2019) In April Zeued we peesentdd A VerGisn 8 (v8) right whale nmiBabdderts et al. 201D
the Atlantic Large Whale Take Reduction Team (ALWTRT) to solicit feedback on its use for mitigating risk that right
whales would becomentangled in vertical fishing lines in U.S. trap and pot fisheries. ALWTRT members expressed
strong concerns that the v&del, which spanned 199816, did not sufficiently reflect presetiay abundance levels
and distribution patterns. They cited, as eghas, evidence that right whales were now occurring in large numbers
south and west of Nantucket Shoals, from winteridyesummer, and in lower numbers in the Gulf of Maine. These
patterns had not been seen in the 12089 period. The ALWTRT membersliea for a model update that included
data through at least the end of 2018, and that was tuned to give predictiongsearbling recent patterns than
hi storical patterns. Around this time, NOAReftegeesard
faftero predictions that summari zed densitycupaltterns b

In response to this request, we first considered how these changes might best be modeled. Right whales present a
particular chbenge, in that they have undergone large changes in abundance and distribution, but we currently lack
essatial componentmeeded tacomprehensively model thisVe suspectthese changewere initially driven by
changesd prey distributioror abundangeand then compounded by cumulative health effects (e.g. fewer females
obtaining sufficiat food resources to reproduce frequently) and new anthropogenic sources of injury and mortality as
whales relocated to new feeding ase(e.g. the Gulf of St. Lawrence, where many recent entanglements have
occurred). Fully accounting for these effects ldoequire comprehensive prey distribution data @tgmne series of
zooplankton densitgurfacesspanning the spatiotemporal extefitour model) and mechanisms for incorporating
cumulative health effects and anthropogenic impactsaantonodel. Thesare major research tasks that are beyond
the scope of our Navy modeling work. While we may eventually be able to progress on thismsproa other
initiatives, for the current update to the right whale model we required a simpler approach that alle irathe
time available. Accordingly, we utilized a methodology similar to that of the v8 model but adapted it represent changes
ina fibefored and fAaftero approach in |Iine with what NOA

First, we surveyed the literature and relevantunpobisd mat eri al s t o deter mine when
Afaftero peri @0)analysis, the peakefhewhalesabund@rece occurred in 2010, with 2011 slightly
lower. At the 2019 North Atlantic Right Whale Consortium (NARWC) annual mgetR. Pace and S. Kraus
presented an update to this model that extended it from 2015 to 2Qh8;uppdate, 2011 wasightly higher than

2010. I n [Ra1v)susnmagizatiom df rigldt svhale acoustic detections spanning-2004, to demonstrate
charges to spatiotemporal patterns in acoustic activity, the authors split their data into the perieg8120@dd
2011-2014 . I n D a (2018)analysis of @ght witaleightings in the Bay of Fundy, the authors noted in 2010

a marked increase in the percentage of survey days each year in which nhaightwere sighted, and a substantial
decrease in annual integrated encounter rate. Record(20E0)compared right whale sightings peritueffort to
prey abundance in three areas around the Gulf of Maideummarized results into twocontrastederiods, 2004
2008 and 201:2016.1 n Ga n | €2019)aralysis bf.mbérshly right whale abundance in Cape Cod Beagk
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seasonal abundance started regularly exceddiigvhales irApril 2008, andarge numbers of whalés50) started

regularly appearing at the beginning of the seasonrnadg2011. Large springtime feeding aggregations of right
whales were first reported off southern New EnglandApril 2010, near Rhode Island SounBigure 69;
https://nefsc.noaa.gov/press_release/2011/SciSpot/S$1102/and have been reported souf
Nantucket Island, or Nantucket Shoals every year since. Conversely, 2011 was the last year that whales were sighted
in substantial numbeis fall in the central Gulf of Maine by systematic surveyig(re70). Finally, for the calving
grounds by applying photo ID captureecapture methods fghotographed sightings fro80142015, Gowan et al.
(2019)documented higher calving rates in022011, younger age at first reproduction in 2@08.1, and a large
decreasdrom 2010 to 2011 in probability of photographic capture of-bmeeding females at the winter calving
grounds.Subsequentlya comprehensive analysis photo ID datafrom the 1997/98018/19 calving seasons
indicated that the total number of unique induals sighted south of the Virginia / North Carolina border between
DecembeiMarch peaked in the 2009/10 calving season, (T. Gowan, pers. céigore 71). The rate dunique
individuals per survey flown also peaked in 2009HiQure71).

Collectively, these reports show that the various changes in distribution did nenhamgisely in synchrony
with each other or the start of the declibat insead over several yeafSor our analysis, we selected spring 2010 as
thetempoal splitp oi nt bet ween the fibefored and fAafterd periods,
Paceds mol® being theacdlving Sedson with the largest number of individuals visiting the southeast, and
of 2010 being a year that jpa changes in feeding behavior occurred in both the Bay of Fundy and southern New
England. Spring 2010 was also roughly in thedigdf the other changes we discussed above.

A second major change to the model, made in response to calls to focus it@wdystorical years and more
on the present, was to shift it to start later in time. The v8 model started in 1998; we sta®eahdidel in 2003. This
was the first year that that there was fairly comprehensive surveying of both the southern calvidg igravinter
and the northern feeding grounds in spring and summer from programs that were sufficiently systematic to use under
our methodology. (On advice from T. Gowan, we elected not to use southeast right whale Early Warning System
(EWS) surveys prioto the 2003/04 calving season, as survey protocols and data collected prior to that season were
not standardized across the EV¢8rhs, making thoggior seasons difficult to use.) Hereafter in this report, we refer
to the @bef o20032009 erarconpiisingatie peridd ef spring 2003 through the end of the winter
2009/ 10 calving seas o n0102018dra, ¢coimprising the sprimg od 200 ehrough thhe eads t h e
of the winter 2018/19 calving season. (Thus the eraextendednto 2010, andhe2010-2018erainto 2019.)
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Figure 69. Survey effort and sightings of right whales in the southern New England area fe2@0B,ishowing the

first appearance of large numbers of sightinggping2010.Although systematic survey effort was relatively sparse

in this area prior to 2010, extsive shipping occurs in this area and we believe it is likely that if large aggregations
occurred in prior years they probably would have been noticed and surveyed.
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Figure 70. Survey effort and sightings of right whales in cahtgulf of Maine for 2008015, showing the regular
occurrence right whales in fall through 2011 (blue circles) and absence in years thereafter (red circles). Each map

showseffort andsightings from October of the year indicated through September afltbwihg year.
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Figure 71. Count of unique individual right whales (red and dark blue) and rate of unique individuals per survey
(yellow andlight blue), sighted on surveys south of the Virginia / North Carolina border duringribeeslarch.

Data courtesy of T. Gowan, compiled from the NARWC photo ID dataloasa Nlovember 2016) and right whale
Southeast Implementation Team presentations.

5.3.1.2. Study area, regions, and seasons

To meet the needs of the Navy and other model users, wedeeoffer predictions at a monthly timestep, where
sufficient data made this possible, and fall back to coarser temporal resolutions where data were sparsgaiin impo
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problemis that right whales in different seasons or locatiame likely to exhilit different relationships to
environmental conditions. For example, a pregnant female that has migrated to the calving grounds to give birth is
likely to associate vt a different range of water temperatures than a juvenile that is overwintering inlthef G

Maine or southern New England. Similarly, whales might associate with waters having different levels of productivity
during winter than during summer. To accbfar this, we split the study area spatially into regi@ffigure72), and

each region temporally into seasons, and model-ed each
environment relationships to be modeledédachone. Thiswas a similaprocedure to our prior mode{Roberts et

al. 20164, 2017, 2018xcept that here welddirst by region, therseason, to allow seasons to vaejweerregions.

We splitthe study area first at Hatteras Islalmdour previous model, we placed this split at Cape Fear, based on
it being designated by NOAA as the northernmost limit of the calving Critical Habitat area. Hosgewvemtioned
above (in sectio.2.2.2.2, Cape Hatteras is at the border between two major ecoregions. We proceeded under the
ecological assumption that whales that travel south of Cape Hatterds (eagh the traditional calving grounds) are
likely to correlate diffeently with the environment than those north of Cafsdteras even if calving does not
generally occur north of Cape Fe#lve first tested models that placed the split directly ateGdatteras but this
resulted in extreme edge effects (not shown) betwleemodels on either side of the split, so we moved the split
north to Rodanthe, North Carolina, the easternmost point of Hatteras Island, to mitigite#isluded the exéme
southern part of the study area from our analysis. Although we will eallgritovide predictions for this area for the
Phase IV models, the v9 model omits it. Right whales occasionally move into this area, even into the Gulf of Mexico
(Moore & Clark 1963)but thisis relatively rare, although it happenaghinvery recently, in March, 2020. We wlou
like to further consult with our collaborators before deciding how to address this area in Phase IV.
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Figure 72. Extents of regional models in thearall v9 right whale modeModels were fitted for three regions: South

of Hateras Island, Hatteras Island to Nantucket Shoals, North of Nantucket.Sharéttsof Halifaxand the extreme

southern part of the study area (unlabeleedeomittedfrom the analysi¢see text)Densities for Cape Cod Bay were

obtained basedon Ganleyeel . 6 s (2019) results. Ri ght whal es were as:
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North of Cape Hatterasve split the study aresgainat Nantucket Shoala very shallow area that separates the
Great South Channel, an area where right whales nebgjgregated to feed spring inthe 20032009 era, fronthe
socal |l ed 0 Sout h sauthoftlahtiecket IdahdadMas & haarbes.aRight winadegaiee now regularly
aggregatingn this arean winter and spring. We initiallyteempted to keep these two areas together in a single model,
but this resulted in extreme unrealistic preidits in one area or the other, depending on which covariates were
retained by the model. We found that more realistic models were obtained bingrthg South of the Islands area
with the midAtlantic, andthus placed the split at Nantucket Shoals. Hargwve ultimately concluded thahe South
of the Islands area Bcologically distinct from the midtlantic area to the south, am/estigating the best means
for modeling these areas is a top priority for us for future updates to this (aedetction6.3.1).

Within the region between Cape Hatteras and Nantucket Shoals, we split off Long Islanddetinadting the
inner shalloweragion using bathymetric maps, and excludedrggon from our model. The only systematic surveys
of Long Island Sound that we are aware of are from AMAPPS; the only cetacean reported in the area we excluded
was harbor porpoise, during winter. Opportugisightings of humpback whales and belugast@casionally been
reported since 2015, and a fin whale was reported in 1993. Based on the heavy boat traffic and lack of opportunistic
sightings, we assumed that right whale density was zero within thevareecluded.

North of Nantucket Shoals, we gpiie study area a final time on the Scotian Shelf near Halifax. Survey effort
was sparse northeast of Halifax in spring and sumpigue73) and did not reacheyond this point indl and winter
(Figure74). We are omitting the area northeast of Halifax from the v9 model but ultimately will include it in the final
model usedfor Phase IV, after we have had more time to study how better to model it. We pafel lthat
collaborations can be established with Canadian survey organizations that would allow us to introduce additional data
for Canadian waters, which would boost ability to model this area.

Finally, as we have done previously, we split Cape Cad(BCB)off from the region north of Nantucket Shoals
and used external abundance estimates from our collaborators to derive densities for it. For the y2as/20683
derived densities from the abundance estimates published by Ganleg2@fia). As we did with the v8 modelye
divided their monthly abundance estimates by the size of their stual{aaspecifed to usby L. Ganley) to obtain
monthly density estimates, then assitigs value uniformly to the cells of our grid that we designated as CCB. (In
total, these cells spanned 1600?°Rnfror the years 2018019, abundance estimates were not yet available from these
authors. Instead, on their advice, we obtained monthlywighte sighting counts from the Center for Coastal Studies
(B. McKenna, pers. comm.) and rescaled them to abundance using the correlative relationship published in Ganley et
al. (2019)that was intended for this purpose. Finally, because Ganley et al. onigigu@stimates for Januaay,
we set, for all years, the December density to that of January, the June density to that of [dmdieted the other
months from the wider density modé&br the region north of Nantucket Shoals.

5.3.1.3. Accounting for inter-era and interannual effects

To simplify model implementation and to facilitate comparison between the two eras2@i®and 201:2018),
NOAA suggested that we fit fully independent models to the eras and a third model to the enti28 1BP8riod.
We examned this possibility and found the idea of fitting two independent era models to be problematic, owing to
the spatiotemporal differences in effort between the &igsie73, Figure74).
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Figure 73. Comparison of survey effort and sightings available for this analysis for the two analyzed eré2)(@®03
20102018) for the months of ApHbeptember. Note that the recent era has lesssuzdel coverage in the Gulf of
Maine (rightinset) than the deer era (left inset), owing to NARWSS ending braadle surveys in 2007.

Figure 74. Comparison of survey effort and sightings available for this analysis for the two analyzed eré20(2®03
20102018) for themonths of OctobeMarch. As for ApritSeptemberRigure73), the recent era has less breadle
coverage in the Gulf of Maine (right inset) than the older era (leét)in€olored circles and text highlight other
important differencem effort or sightings
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