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Introduction

False killer whalesRseudorca crassidepare longlived upper trophic levebdontocetes
that are found throughout the tropicslaubtropics. Until recently relatively little was known
about this species anywhendts range. Studiesf this speciesriginally begun around the main
Hawaiian Islandin 1999have provided the most detailed informatmnfalse killer whales
anywhee in the world (Bair2018a, 2018 Three populations of false killer whales have been
recognizedn Hawaiian watersan offshore (pelagic) population that ranges widely in the central
tropical Pacific, and two insular populations, one around the nortbimedawaiian Islands and
one around the main Hawaiian Islar{i¥#HI), with overlap of all three populations around
Kauadai a (Bdird &t al.c2018; 8nadford et al. 2Q1Baird 2016. False killer whales
from the main Hawaiian Islands insular popuatare known to eat a variety of pelagic and-reef
associated game fish as well as squid (Baird 2016; Table 1), most of which are the target of
commercial and recreational fisheries around the isl&radse killer whale depredation of catch
from fisheriesaround the islands has been documented for over 50 years. Pryor (1975) reported
false killer whales taking catch off longlines off the Kona coast in 1963, and Shallenberger
(1981) noted that depredation behavequentlyfii s

steal tuna of up to 70 Ibs., and sometimes take much largér fisE i mmer man ( 198 3)

group of false killer whalesonsuming most of an estimat2s kilogramhooked Pacific blue
marlin (Makaira mazara off Kona in 1983.

Evidence that th#&HI insular populatiorwas facing a variety of threats and appeared to
have undergone a largeale decline became apparent in the-tadate-2000s (Baird and
Gorgone 2005Baird 2009;Reeves et al. 2009; Ylitalo et al. 2008) respose to a 2009
petition from the Natural Resources Defense Council to list this population under the
Endangered Species A&SA), NOAA Fisheries convened a Biological Review Team in early
2010 to review the status tifie population. That effort recognizeldat Hawaiian insulafalse
killer whalesshouldbec onsi dered a fADistinct Population
thatthis DPS was under threat of extinction (Oleson et al. 2010). Based on that review, NOAA
Fisheriedistedthe DPSas endangered undime ESA in 2012.In 2014, NOAA Fisheries and the
State of Hawdi amended cooperative agreemeamder section 6 of the ESA include false
killer whales allowing the State and the federal governmenwtok cooperativelytoward
conservation of this gaulation.Under that cooperative agreement2D15 the State of Hawi
received a Species Recovery Grant from NOAA Fishéoessing on false killer whales)
orderto fill data gaps and begin oaachefforts in local communities

Cascadia RearchCollective (CRChas been undertaking reseaartfalse killer whales
i n Hasimee ithé@ early 2000s (Baird et al. 30Baird and Gorgone 2005)hese studies,
along with collaboramg researchers frolOAA Fisheriesand other organizationsave
included estimation of abundance (Bradford et al. 202&mination ofocial organization and
stock structure (Chivers et al. 20@B4ird et al. 2012Matrtien et al 2014in pres}, assessment
of evidence for fishery intections (Baird et al. 28, 2017), and examination of spatial use
(Baird et al. 2010, 201 Bradford et al. 2015 among other topic&vidence for fishery
interactions has primarily been indirect: individuals from this population have high levels of line
injuries on the dorsal fin (Baird et al. 2015) and mouthline (Baird et al. 2017) that are consistent
with being hooked in fishing gea@ne of theotherfindings from these studies was the existence
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of discrete social clusters within tMHI insular populaton, representingong-term social units

of highly-related individuals (Baird et al. 2012; Martien et24114,in press),analogous to the

highly-stable killer whalgOrcinusorcgipods 0 documented along the v
America (Baird 2000)Theinitial analysis recognizing these discrete social clusters identified

several peripheral clusters that were pooled with the three main clusters (Baird et al. 2012),

although it was unclear at the time of the analysis whether some or all of these plecipbenas

were sampling artifacts or represented real social entitieheSample size of photographic

identifications increased subsequent to those analyses, one of the three clusters was initially
considered tve composed dfvo subclusters (Baird2016), and later split with recognition of a

fourth cluster (Mahaffy et al. 2017).

Collection of samples and photographic data for these studiedtba been undertaken
opportunistically, piggybacking work with false killer whales on field studiesddnd work
with other species (see Baird 20H6)d benefiting frontommunitybasedscience contributions
(Bradford et al. 2018)Given their small population size (estimated at ~167 individuals in, 2015
seeBradford et al. 2018) and a range that extendsutfhout the main Hawaiian Islands and as
far as about 120 km from shore, sample sizes for analyses have been limited and subject to a
variety ofseasonal and geographi@ases (see e.g., Baird et al. 2012; Bradford et al. 2018).
Addressing these biasesddimitationshave beethe focus of most of theirected research
efforts with this population supportedder the Species Recovery Grant obtained by the State of
Hawaid in 2015 Contracts from the State to CRC supported dedicated field dff@teas with
relatively limited sample sizes and at times of the year when information was laaking|l as
analyses of data obtained during those effovtich werecombined with exdting CRC
photographic and satellite tag data sélss report summarizes field efforts and the results of
these analyses.

Developing solutions to marine mammal bycatch in fisheries is challenging at the best of
times. In the U.S., when bycatchisknoivo exceed a popul ationds Pot
(PBR) level (Wade 1998), Take Reduction Teams can be formed to bring fishermen, scientists,
conservationists and managers together to develop ways to reduce bycatch (Young 2001).
Determining whether loatch exceeds the PBR level requires information both on population
abundance and on bycatch rates, the latter usually obtained through fishery observer programs.
When there are no observer programs to determine bycatchasateshe case for nearshore
f i sher i e smanaging Hshenydycdiah is much more complicated, in part because
fishermen are often unwilling to recognize that a bycatch problem exists in the first place.

In the case of the endangemddil insular population of false killer whed, getting
fishermen to recognize that there may be a bycatch issue has been a slow process for a number of
reasons. Most importantly, there are a large number of commercial and recreational fishermen
around the main Hawaiian Islands (Pooley 1993; McG@}.€2018), while the false killer whale
population is small (Bradford et al. 2018), so any one fisherman may only infrequently encounter
false killer whales. Compounding this problem are three other similar looking species of
Abl ackf i s ho datmabaremath nmore eburidant treamand often confused with false
killer whales (Carretta et al. 201%ahn et al. 201p leading to a common distrust of the false
killer whale abundance estimates.
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Discussions with fishermen regarding false killer whale bycatch in nearshore fisheries in
Hawai di have been occurring in a variety of v
from the main Hawaiian Islands population have relatively high levdishary-related injuries
(Baird and Gorgone 2005; Baird et al. 2015, 2017). These discussions have included annual
meetings of the Pacific Scientific Review Grédp an advisory body to NOAA Fisheries;
various meetings of the Western Pacific Regionaldfishanagement Council and its advisory
bodies a recoveryplanning workshop held by NOAA Fisheries in Honolulu in October 2016;
and the annual meeting of the Marine Mammal Commission in Kona in May 2019. Fishermen at

these meetings have often commentedtth t hey 6ve never had interact
and expressed their belief that depredation by or bycatch of false killer whales in nearshore
fisheries in Hawai @i rarely, i f ever, occurs.

The ultimate goals of this effort are to understandtdnztors influence spatial use and
movement patterns of false killer whalead how they overlap amqmbtentially interact with
nearshore fisheries around the main Hawaiian Isléidse spatial use varies by social cluster
(Baird et al. 2012), which maalso influence th@robability of interacting with fisheries (Baird
et al. 2015), we first use thpdated full CR(hotoidentificationcatalogto reassess social
clusters within the main Hawaiian Islands insular populafi@examine overlap and potad
interactions with fisheries, weharacterizdoth false killer whale satellite tag data (Baird et al.
2012) andhe spatial and temporal trends in nearsltoremerciafisheries using data from the
ss ateds Commerci al Ma r i rygemlFishermmensvhorsgll théirCatdh)n r e p o
H a w aarefequiral to havea CML and have mandatory reporting requirements for catch and
effortin commercial fisheriestatistical areadVe use data from these fishing repdots2007
through 2017, a period that overlaps with almost all of thedlga tag data available for the main
Hawaiian Islands insular population of false killer whales (2B0¥8).We then combine these
two data streamdd]se killer whale satellite tag dagad information on fishingffort) to
identify areas whermdividual fishermen are most likely to interact with false killer whales. In
particular, we develop fishery overlap inditesassess thelative probabilityof an individual
fisherman having fése killer whales in their area when fishing. Such indices should allow for
identifying which fishermen likely have the highest interaction rates, and thus may be the most
gualified for assisting in the development of solutions to the depredation andhoigsate.

Finally, we explore movement patterns of false killer whales in relation to environmental

variables to attempt to assess what factors play the greatest role in describing and understanding
their spatial useCombined these efforts are meant tatcbute to ongoing efforts to create a
recovery plan and implement recovery actions for this endangered population.

Methods

Analyses obothfalse killer whale tag datand fisheries effort datandertaken in
rel ation t o seas on ansgraphac séasorsgldsedan average surfaiid waterc e
temperatures; Flament 1996): wintefebruaryApril; springi May-July; summei August
October; falli NovemberJanuaryCML commercial fisheriestatistical areas includerrow
stripsextending approxnately 34 km offshore along each of the main Hawaiian Islands,
contiguous blocks that extend the nearshore strips offshore approxima®iykad and a grid

L https://www.fisheries.noaa.gov/national/marmammalprotection/scientifiereview-groups
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system of blocks approximately-38 km per side in pelagic areas around the islands (Figure 1).
We used these fishesreporting areas for comparisons of satellite tag and fisheries effort data.

All analyses of satellite tag and fisheries data were completed using the program R 3.6.0 (R Core
Team 2019).

Field data collection

Photographs were ohited both from directed field efforts and frammmunitybased
science contributiongield efforts were primarily targeted to areas where previous tag data
suggested high probabilities of encountering different social graugading western @&hu(in
2016 and 2017),Lh a @ i (in 2017 and 20183grhoroandalwas &@&d ¢ U
2017). I n addition, field days were added to
effortswere undertaken with 7.3 mrigid-hulled Zodia¢ with five to seven observers scanning
360 degrees around the vessel as it transited typically at speed@®k#h. Prior to each field
project outreach efforts were directed to tour operattishermenand any other researchers
working inthearea requesg calls regarding false killer whale sightings. Prior to one of the
CRC field efforts (October 201,Ahe Pacific IslangFisheries Science Center satellite tagged a
false killer whale from the main Hawaiian Islanmtspulation and information on the ¢ation of
that tagged individual was used to locate the group during the CRC field effort. In the absence of
any current reports (from sightingsatagged individual)search effortivasspread as widely as
possible in areas of known high dendigsed ormprevious tag dataVe alsocoordinated with
other researcheendtour vessels that would report sightingsorderto minimizeanoverlap of
coverageDistribution of ®arch effort wasmfluencedby sea conditionswith the research vessel
searching irareas of Beaufort 3 or less wheossible

During each encountgnformation was recorded on the start and end location of the
group (recorded with a GPS), initial and end behavior and direction of travel, group size
(minimum, best and maximum), the Sphspread of the group, amdyobservations of
predationPhotographs were takéxy two to four photographeteroughout each encounter of
all individuals with attempts to obtain series of both head and body/dorsal fin photos
perpendicular to the body. Mgn sea conditions and individual behavior were conducive to
satellite tagging, we attempted to deploy one or more LIMPET satellite tags on individuals
within the group, unless there were already two or more tags deployed on individuals within the
group. Tags used were primarily locatiammly SPOT 6 tags (Wildlife Computel@edmond,

WA), although one SPLASH1B tag was also deployed. Tags were deployed with a pneumatic
projectorand attached with two 6.7 cm titanium dak¢hen a second tag deployment was
attemptedwe would target individuals away from the first tagg@imalto minimize the

likelihood that tagged individuals would act in concert. Larglew-movingadults were chosen

for tagging.

After tagging or if no suitable individuals were avai&afor tagging, biopsy sampling
was attempted. Biopsy samples were collected with a crossbow using a stainless steel biopsy tip
8 mm in diameter that penetrated approximately 15 Biopsy samples were stored on ice
immediatelyafter collection until processing. Skin samples were subdivided with 1/3 of the skin
frozen to be sent to the Southwest Fisheries Science Censexfdetermination and population
geneticgMartien et al. 2014) and for contribution to a study on epitgeaging and 2/3 of the
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skin and attached blubber storedhreUniversity of Hawaii in a-80 freezer for later
analysesTagging and biopsy samplingeneundertaken under NMFS Scientific Research
Permits No. 15330 and 20605 and was conducted purguanimal care and use protocols
approved by the CRC Institutional Animal Care and Use Committee.

Photographic matching and association analyses

Photographsbtained from smmunity-basedscience contributics) other researchers,
and directed CRC field pjects werdirst sorted within encounters by individual atign
matched to a lonterm photeidentification catalog (Baird et al. 2008). Each individual was
given a distinctiveness rating frorsdl 1=not distinctive; 2=slightly distinctive; 3=distinctive
4=very distinctive. The best photo quality for each individual was rated based on the focus,
contrastsize and angle of the fin relative to the photographic frame, categorized-#om 1
1=poor; 2=fair; 3=good; 4=excellent.

Association analyses to dat@ne social cluster (see Baird et al. 2012; Mahaffy et al.
2017) were undertaken using the individual sighting histories fromptatedull CRC photoe
identification catalog, using photos obtained from 2000 thréygii 2019. Analyses were
conductedn Socprog 2.9Whitehead 2009and illustrated in Netdraw 28 (Borgatti 2002)
Previously recognized social clusters constructed using eigeriasded modularity (Newman
2004, 2006) were revaluated in the expanded da#d using the same methodology to
determine whethaanychanges in cluster membership occurred and to resolve associations for
socially ambiguous individuals. Division of the population into social clusters was considered
meani ngful when net wo (Newmano2604,2@G065odialyclugte€d werava s
then visualized as a social network using a spring embedding Gt et al. 2008)and
association strength (calculated using a-hadight association index) was used to evaluate
whether associations within and among all dtstvere weak or robufurrell et al. (2004)
noted that preferential associations among dyads are those with association indices more than
twice that of the study population. In our case, the mean association(liesiicted to
individuals that were atsidered distinct or very distinct, with good or excellent quality photos
and seeffive or more timesyvas0.12 (SD = 0.(®, unpublished datayVe useddyadic
associ at i o ninasdessiagcigstefdiahafty @t.al32017)and considered groupings
persisting above this threshadsocially meaningful clusters of individuaknalyses were run
both on the complete data set (i.e., no restrictions by photo quiiditinctivenessor the number
of times seenas well as on restricted versions (e.gthywhoto quality 2+ and distinctiveness
2+, and photo quality 3+ and distinctiveness &-well as those seen 3+ tiemd differences
in cluster assignments were compared among tBeaial clusteassignmenof tagged
individuals was used in analysafstagdata.

Tag data analyses

Methods related to the false killer whale satellite tagging data set have been published in

detail (Baird et al. 2010, 2012ndso are only briefly summarized here. Analyses included tag
data obtained during field efforts under this contract combinedtagtata obtained during
previous CRC field efforts. In addition, data from one tag deployed on an individual from the
main Hawaiian Islands insular population by the Pacific Islands Fisheries Science Center were

00
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used in these analys@$is combined datset included Wildlife Computers SPOT5 (through
early 2016) and SPOT6 (in 20P618) locatioronly tags as well as a small number of
SPLASH10 locatiordive tags (in 2010)Location data were first processed by Argos using a
leastsquares method, and subsently filtered with a Douglas Argefdter using a distance
anglerate filter (Douglas et al. 2012), with user defined parameters as noted in Baird et al.
(2012).We used the default rate coefficient for marine mammals (Ratecoefe?a)ed

locations wih location class 2 and 3, and used a maximum rate of movement of20Fkm
cases where thereammore than one satellite tag transmitting at a time, we assessed potential
coordination of individuals by measuring the strailyint distances between alirs of

individuals when locations were received during the same satellite overpass. To avoid
pseudoreplication, when mean distances between a pair were less than 5 km and maximum
distances were less than 25 km, we used only one of each pair (the thrrgéen track) in
analyses.

We first comparedeveral metrics to determine false killer whale use of different
commercial fisheriestatistical areas, following the approach of Baird et al. (20/2)assessed
density of whale use based on: 1) number of filtered Argos locations in each area, 2) the total
amount of time (i.e., total visit duration) in each area; and 3) the numbemokeuwags. While
the Baird et al. (2012) analysis used a 5 km x 5 km grid overlaid on the false killer whale satellite
tag tracks, théisheriesstatistical areas vary in size from 56 to 2,44% kmedian=1,007 kr).
Becauselte interpretation of whalesemeasures may vary by area size (e.g., a 100ath 10
unique tags should be ranked higher tharp@d kn? area with 10 unique tagsye calculated
densityby dividingeach measure lifae size of each fighies statistical aredo provide a
common basifor visualization of different measures, we plotted each measure of whale density
for fisheriesareas as standard deviations above or below the mean value. We interpret values
from 1 to 2 SDs above the mean as high density areas, and values of >2 Sbihalmean as
very highdensity areas.

For the total visit duration analysesspatial join was used to associate locations for each
area. Tracks were developed by connecting the locations in temporal sequence and intersecting
tracks within each figdries statisticalarea, allowing for an assessment of the time spent by each
tagged whale in each ardar each of these metrics, we generated maps both with and without a
flate stardo i exckidng an initial period of timgosttaggingfor each individubto reduce any
potential biagelated to the islandff which the animal was tagged. To do this we calcultted
time needed to travel to the farthest point of the known range of the popugatbremoved that
periodof time. This calculation was based where the animal was tagged and the average
travel speed for that individual. For example, for an individual tagged off idatina farthest
pointof therangeswe st o f a distarite spasmnirggmost the entire range of the
population. Calcul&d periods of time excluded ranged from 2.54 to 9.66 days (median=4.72
days) representing from 3.6% to 53.4% (median=9.6%gawhtag recordFollowing Baird et
al. (2012), for subsequent comparisons of spatial use by social elndsrasowe used the
total visit duration with a late start.

Fisheries data analyses

Commercial marine license data were obtained from the HaR&partment of Land and
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Natural Resources Division of AquatResource$DAR). To address confidentiality concerns,

data were summarized for all presentations such that there were no less than three licensees
reporting landings in any data strata, or the number of licenses were intentionally obscured by
presenting summarized data products as standard deviations albbel@wthe mean. We

restricted analyses of DAR data to years that overlapped with the main Hawaiian Islands insular
false killer whale satellite tag data (2007 through 2017). Although there were satellite tag data
available for February and March 2018, DARta was not available for the entire year at the

time of these analyses, thus partial data for 2018 were excluded. Cattir éaieh fisheryvere
examined to assess whispecieof fish with the highest levels of catch (i.e., the species
responsibledr the greatest weight of catohgre known to be part of the diettbe MHI insular

false killer whalegpopulation(Table 1) Utilized gear types (as defined in the DAR reporting
database) include aku boat, dexga handline, float line, hybrid (troll/h@ime/other), ikashibi,

kaka line, paleahi, rod & reel/cast/jib, short line, troll, troll bait, troll lure, troll stick, vertical
longling a n d . Ainumblerefrother gear types (e.g., inshore handline) did catch species that
are false killer whaleney (e.g., ahi), but catch of those species was lower than for other species,
and thus these fisheries were excluded from analpsedyses were also undertaken restricted

to the troll fishery, as preliminary analysis revealed the troll fishery as thimaoinfishery
throughout the whalesdé range. Gear types incl
troll bait, troll lure, troll stick, and hybrid (troll/handline/other).

Annual, seasonal, monthly, and overall (i.e., entire study periodhdisifort metrics
were computed. Fishing effort metrics were also summarizétiddime period wha the
greatest number of false killer whale tags were transmitting: October 2009 through March 2010.
This was undertaken @ssessvhether patterns over shigeriods are similar tthe overall
trends seen in the larger datt. Fishing effort was assessed using several metrics, including
total number of vessels, total number of days of fishing effort, and total catch, both within each
fisheriesstatisticalarea and over the entire study area (i.efjskleriesstatistical areas within the
insular false killer whale range). The total number of vessels was computed as the sum of unique
fishing licenses reporting catch in afigheriesstatistical area ovehé 1tyear period of interest
(2007 through 2017). Total number of days of fishing effort was calculated as the sum of days
fished by each unique licendeotal catch was calculated as the surkilafgramsof fish caught
over the entire period of interests per the false killer whale density mafishing effort
metrics were adjusted fdine sizeof each fishing arehy dividing the effort metric by thigshing
areasize To provide a common basis for visualization of different fishing efferisity
measures, we plotted each measure as standard deviations above or below the mean value.
Following the analyses for whale density, we interpret values from 1 to 2 SDs above the mean as
high density areas, and values of >2 SDs above the mean dsgredensity areas.

Fisheries overlap indices

The primary goal of the indices is to represent the perspective of the fishermen in a way
that reflects th@robability of interactionswith false killer whalesuch aslepredation of catch
For example, ithere is a single vessel fishing in an area with a large number of false killer
whales, therobability of having a false killer whale overlapping in space and time when the
vessel hooks a fish would be relatively high. By comparison, if there were a ftsg killer
whale in an area with multiple fishing vessel
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probability of having that false killer whale overlap in space and time when a fish is caught is
relatively low. These indices presuppose thateis some probability thdtlse killer whals

will actively approach fishing vessels or attempt to depredate catch if they are nearby when a fish
is hooked.

Fishery effort was restricted tbe saméiook-andline fisheriesancluded in the fishery
effort analyses above, restricted2007 through 202, andexcluding areas where there were
fewer than three licenseas well asareas with less than the equivalent of one day of fishing
effort per month over the djlear periodWe also examined a subset of &sies effort data
corresponding to the period with the largest number of false killer whale satellite tag
deployments (i.e., October 2009 through March 20A8)with the computations for fishing
effort metrics, lhe purpose of this restricted period waassess whether tiveoadertrends in
overlap between false killer whales and fisheries also applide peeriod where we had the
most comprehensive false killer whale location data set.

Satellite tag datavererestricted to the same datet as usedithe false killer whale
analyses above.¢€., controlled for pseudoreplication), usitajal visit duration witha late start
to minimize any bias associated with where the individuals were taDgéafrom individuals
from all social clusters (Baird at. 2012; Mahaffy et al. 2017) were pool&dr any given
amount of time spent in an area, grebability of overlap between a false killer whale and a
fishing vessel in that area will vary according to the size of the area.Wéualculatedhe time
spentper unitarea:

Time spent per undrea =

False killer whale time spent per uareawas calculated both fahe entire period (2007
through March 2018) and for the restricted time period (October 2009 through March 2010)
matching the restricted fishery effort data

Three measures of fishing effort were used in fishery overlap index ¢af@llations1)
total catchin each area; 2) number of days fished in each area; and 3) number of unique licenses
in each area. To provide a basis for comparison among areas with a reference value that could be
broadly relevant to fishing communitiesimiivai ¢i , we scaled the FOI s
Kona (area 121). This area had the largest catci%d@f all fish caughby weigh), number of
licenses (a combined 2&over the 1lyear period), and days fished (a combib&g42over
the 1tyearperiod) of anyof thefisheriesstatistical arem This area also receives a lot of
attention throughout Hawai @i as the premiere
fishermen throughout the state may be able to relate to this area when makingsmmapath
other areas where only a smaller number of fishermen have experience. Three separate Kona
FOIls were calculated (each using a different measure of effort, see above) as:

Kona FOI = z z

The scaled FOls for each area (using each of the three measures of effort) were thus calculated
as:
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— *
FOI = z z

Thus the scaled FOI values for Kona (area 121) were all 1, and all other areaalaideted
relative to this. For visual comparisons indetues were graphically represented relative to
Kona in bins (e.g., < 5 times,i510 times, 10 50 times, 50 200 times, etc).

False killer whale spatial use in relation to environmental variables

The influence of environmental factqesg., chloropyll-a concentrationpoon
illuminated fractionsea surface temperatui) false killer whale spatial useasanalyzedas
this couldindicateconditionsthatmay increase the likelihood of individuddeingin close
proximity to fishing efforts and thereforancreasedusceptibility taoycatch Of particular
interest were environmental conditions associated with nearshore or offshore false killer whale
locations (i.e., distance from shorEnr these analysefiltered tagdaa wereprocessed with R
packagebsamv. 1.1.2, a Bayesian switching staspace modelJonsen et al. 2005hat
produces equally spaced timsteps (i.e., locations). Locations were generated for every four
hours This reduces bias associated with lomasi due to tag programming and variable satellite
overpasses in low latitude aredsag locations derived from the switching statgace model
(SSSM)were annotated with distance (kilometersghore, defined ake nearest projection
from the water, inalding islands, atolls, reefs, and rocks.

Linear mixed effects models were used to model distance to shore in respanse to
number ofenvironmental factor€Table 2)through the R packageme® (Pinheiro et al. 209).
Individual/tag ID was inludedas a random effect to account for pseudoreplicatiberent
amongserialobservationsvithin eachtaggedanimal.Prior to modelling, data exploration was
carried out following the protocol described in Zetial.(2010). Briefly, univariate analyses of
each covariate (i.e., environmental variable) with respect to the response \disthlece to
shore)was undertaken to examine potential relationships that may arise in multivariate analysis
and to determine if any variable transformations may be wed&aDorrelation analysis was
carried out to identify multicollinearity among continuous variables. Where two variables were
collinear, the variablenore stronglycorrelaedwith the response variable was retained.

Following data processing, the remamwariables were fit to a mixed effects moadl.
continuous variables were standardized to account for differing measurement scales and to avoid
imprecision in parameter estima{&nney et al. 2017)A backwards stepwise selection process
was used toleninate negligible variablethroughthe packag®ASS (Venables and Ripley,
2002).Variables retained from this process were used in several combination models and tested
for best model fitAll models were assessed for presence of temporal autocamelat
correlation structures weeglded tanodels as needeModel fit was based on corrected
Akai kedébs I nformation Criterion (Al Cc) and ass
squared valuedNakagawa and Schielzeth, 2012he relative importancgRl) of predictor

2 https://cranaproject.org/web/packages/bsam/index.html
3https://cran4project.org/web/packages/nime/nime.pdf

4 https://cran4project.org/web/packages/MASS/MASS. pdf
5 https://cran4project.org/web/packages/relaimpo/redgo. pdf
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variables was calculated using tleéaimpo packagealthough this function does not account for
random effects and therefore these values were not given significant weight in interpretation, but

rather provided ndi cati on of relative importance (Gr ™ n

ensemble of these critamwas selected as the best fit model in accordance with model
assumptions.

Results
Sightings and individual photiolentification

Field effortsundertaken in 2016, 201&nd 2018 had a combined 10,022 km of search
effort resulting in 22 false killer whale sightingsthree of the four areas studied (Fig@re
Table3). During those sightings 14 LIMPET satellite tags were depl¢yatile4) and 24
biopsy samples were collected.

From the encounters 214 identifications were obtained, and of those 171 were good or
excellent photo qualityrepresenng 114 individualsldentificationsare beingprovided to
collaborating researchers with the Pacifilahds Fisheries Science Center for madapture
abundance estimatioAll encounters were with individuals from the main Hawaiian Islands
population.Forassociatioranalyse$o determine social cluster of individuals present
identificationswere combined witlhecent (2018018)communitybasedscience and other
researcher contributiorisom the main Hawaiian Islands populatid@389 identifications with
good or excellent quality photos3 well as good/excellent quality photos from this pojparain
the CRC photdD catalog from 2000 through 20H5d encounters from mi2018 (after the end
of thefield effort supported by this grant) through April 2019244 identifications)

Association analysder the combined datsetwithout restrictios revealedine social
clustersmodularity G=0.66). Four of thesainewere the clusters previously recogniZed.,
Clusters 1, 2, 3and 4 see Mahaffy et al. 209. Four of the remaininfive clusterswere small
clustersperipheral teeitherCluster 1(one cluster) oCluster2 (three clustersmostly composed
of younger individuals seen2times(Figure 3) For example, one of these peripheral clusters
was composed of two calves of Cluster 1 individuals that have only been seen with Cluster 1
individuals. Thusthese fourclusters wereonsidered artifacts of sangdizeand were lumped
with either Cluster 1 or Zpllowing the approach of Baird et al. (201Zje remainingluster
identifiedby modularitywasintermediate betwee@lusters 1 ad 3and included many
individuals seen over longéme spangi.e., >8 yearg, and was designated as ClustePBor
association analyses had identified this as a possible cluster, but a number of sightings of this
group during field efforts in 201&017, and 2018&rovided a large enough sample size to clarify
cluster identityWhen visualized as a social netwevkhout restrictionsall five clusters are
inter-connectedHowever restricting analyses to individuals seen on three or more occasions
andremoving associations among dyadth association index values ©0.3 fractures the
social network in several locatiortStuster 4 is no longer associateih themain networkand
Clusters 12,and 3 are only indirectly connected throughster 5(Figure 3) Restrictions
placed on the social network demonstrate that although associations among clusters are
extensive, they are also weak and likely represent casual assaciation
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We tested the sensitivity of cluster assignments to various levels of restriotiqguioto
quality and distinctiveness as well as number of times $eaf.cases modularity values were
high (0.651 to 0.688), with from five to seven clusters identifiedases of 7 (distinctiveness
2+, photo quality 2+) or 6 (distinctiveness 3+, photo quality 3+) clusters, small peripheral
clusters were lumped with one of the five main clusters (Tabl@ev@rall, few changes (i.e., two
percent of individuals or less)ere assigned to a different cluster than those they were assigned
to in the analysis without restrictions (Tab)e One of the individuals that was assigned to a
different cluster was one of the tagged individuals (PcTag031), who was assigned toSCluster
(with no restrictions) or Cluster 1 (with restrictions). For the purposes of mapping spatial use of
fisheniesstatistical areas by cluster (see below) we did two iterations, one with PcTag031 in the
Cluster 1 sample, and one with PcTag031 in the Classample.

False killer whale patial use in relation teommerciafisheriesstatistical areas

After restrictions for pseudoreplication, data frofsatellite tag deployments from 2007
through 2018 were used in false killer whale density analpsts late start analyses (i.e.,
removing the initial period of each deploymeimyividual trackingdata used ranged from
periods of 6.1 to 180days (meian=45.0 days)for a cumulative total of 2,205.7 dayscation
data were obtained from all years over theygar span, although with substantial gaps
throughout that period (Figure 4jagsused inanalyseser e depl oyed of f Kauad
(n=13),LUn a & i (n=2), Maui ,@miwebelleploya ondndividaalsdront i (n=2
all five social clustersQluster 1, n=22Cluster 2, n=3Cluster 3, n=5Cluster 4, n=3Cluster 5,
n=5). For Cluster 1, the 22 deploymenmtsolved 20 individuals, wih two individuals each
tagged twicdone individual tagged in 2008 off Hawiaand 2009 off @ahu (sed-igure 3A &
3B in Baird et al. 20121nd one tagged in 2008 off HaW@aindin 2016 off Gahu) A
comparison of movement patterns for each patteploymentsr{ot shown)ndicated the
individuals hadrery different spatial use patterns for each of their two deploymantsthus
both deployments for each pair were used in analygbge there were tag location data from
throughout the yeathere vere strong seasonal biases by cluster (Figure

Plots of density of number of individudise., number of unique tagdpcumented in
fisheriesstatistical areas indicated that the only areas with high or very high density were
nearshore areas around®u and Maui Nui, with or without a late start (Figure 5). The other
two metrics of false killer whale spatial usee(, number of locations, total visit duration)
revealed high or very high use primarily in offshore aresih and without a late starfEigure
5). In all sixmetrics low density areas (frorl to 1 SDs around the mean value) were found off
Kaudl, Nithau, and the southern half of Ha@aDifferences in spatial use with and without a
late start, to reduce bias associated with taggiedagation, were apparent for all three metrics
Using a late start only resulted in changes in areas that were considered high density in the case
of total visit duration, with nearshore areas off Waae(areas 402 and 40@nhd Kohalgarea
103)no longer being considered high density in the late ateatyses (Figure SEach metric
provides a slightly different perspective on area use. The number of unique individuals
emphasizes areas that are travel corridors, over those whernduati\spend extensive periods
of time. The number of locations and total visit duration were similar, but the former may be
more subject to biases associated with satellite tag programming regimes (e.g., temporal

SWhen PcTag031 is assigned to Cluster 5.
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clustering of locations in certain hourstbe day). Of the various metriosed (number of
individuals, number of locations, total visit duratiowe used total visit duration with a late start
for subsequent comparisons of spatial use by cluster and by saslois,approach should
minimizebiases associated both with tagging site location and with satellite tag programming
regimes.

Very high-density areas (defined as >2 SD above the mean) varied by cluster (Figure 6)
Cluster 3 and Cluster 5 had the greatest overlap in verydagsity aras, sharing E &@hu
(offshore) and NW Moloka (offshore), with Cluster 3 also having a very higgnsity area off
K U n e goffshaze), and Cluster 5 off NE Molo&idoffshore).Cluster 2(SE Maui (nearshore),
N Kona (offshore)andN end Hawdi (nearshoe and offshore)) and Cluster 4 (SEaBu
(offshore), NW Moloka (offshore), Penguin Bank (nearshore and offshamj\W and S of
LUthad (offshore)) had no overlap in very higlensity area<Cluster 1 had overlap in high
density areas with Cluster 2 (W&l H a (wearshdpre and offshgjeand Cluster 4 (Penguin
Bank (offshore)andS E OaGa hu ( o f fhadheryhighdgnsity dreas not aharedoby
any other soci al cluster (northern Wai danae (
(nearshore)andN Maui (offshore)).Comparisons of spatial upatternsoy cluster were largely
unaffectedor Cluster 1 whePcTag031 was considered part of Clustealthough there were
some small changes f@uster 5 Figure 7.

Very high-density areas also varied seasonally (Fi@yevith fall (Novembeii January)
and winter (February April) havinghi ghest density areas off east
broadening of high density areas in spring (Mayu | y) f r o mu etaos tneorrnt hCetranh H :
and with highest density areas conga@®©aober)at ed o
Because of the potential interaction between social cluster and $Eagme 4) we also
examined seasonality using information onlynir€luster 1, the group with the largest number
of tag deployments (n=22; Figud® Seasonal patterns for Cluster 1 were broadly similar to the

overallpatter( e. g. , a shift from Hawai ai 9tbataldo!| ok adai
showed some patrns that were obscured when examining the largerséai@.g., higitensity
areas off nearshore Kona and HUmUkua in sprin

Variability in fisheries effort

Data from 14 fisheries as noted in the CML database were includaalyses of fishing
effort (Table6) based on overlap of primary catch species with false killer whale diet (Table 1)
Of the 125 commercial fisheries statistical areas with overlap by false killer whale satellite track
lines, 1T had fishing effort during the 202017 period. Three of the Zivere excluded with
fewer than three licenses, anglaiditional areas were excluded as they had less than an average
of one day per month of fishing effpresulting in calculation of fising effort statistics for 90
areasWi t h the exception of area 307, an area al c
is generally restrictea nd area 312, al on g altexcededNar¢ascweraimt o f
offshore areas.

The troll lure fshery was by far the largest fishery based on number of licenses, total

days fished, and weight of primary catch species caught (Tald three measures of fishing
effort (i.e.,catch number of days fished, number of licenses) were highly corrgledectlation
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coefficients 0.840 0.95. Regardless of the measure of fishing effort  Jedble7), or density

of those measures (i,@ffort divided by area size; Figuté), there was broad similarity among
the islands in terms of relative fishing @t Based on density (effort per unit area), a number of
areas had high or very high levels of fishing effort with one or more metrics (RiQueastern
Kauadai ( NMVeitanaesandithe sguth and northeast shorgmfi(nearshore and
offshore),Kona (nearshore and offshorsputh Kohala (nearshore), South Point (nearshore),
Puna (nearshore), and Hilo (nearshore and off$heighing effort did vary slightly over the 11
year period, with a gradual increase in the number of licarsaumber oflays fishedip until
2012, and a slow decrease from 2013 through 2017 (Figlr&ishing effort peaked in May
through July (Figure 1). Patterns for troll fisheries (including troll lure, troll stick, troll haihd
troll) were similar (Figure 2), butwith a stronger seasonal decline, with lowfesting efforts in
November through Januargpatial distribution of fishing effort also varied seasonally (Figure
13).

Fishery overlap indices

Fishery overlap indices were calculated 30 areas. Thee90 areas accounted for 986
of all of the false killer whale time from satellite tag data analyses. In the excusts.e.,
those withfewerthan three licenses or an average of one day of fishing effort per rieth)
percentage ofitne spent by false killer whales ranged from 0.001% to 0.748%
(median=0.036%). For théd@reas, the percentage of time spent by tagged false killer whales
ranged from 0.007% to 14.89% (median=0.17%). There waeets where false killer whales
spent lesshan half of one percent of their time, and five areas where theyrapes than five
percent of their time (a combined 44.8% of their time). None of these five areas were in the top
10 areas fokilogramsof fish caught, although one of them (area I2Kona offshoresee
Figure J ranked fifth for number of days fished and fourth for number of licefisdde7).

Of the @ areas for which FOIs were calculated, FOI values for Kona (area 121) were
ranked the % lowest using catch™" lowest using days fished, aB#l lowest using number of
licensesFOls were highly correlated for the three effort measures used (correlation coefficients
0.790.90).Regardless of the effort measure uskde wererelatively low FOI valuesffshore
araund Kauadi and of f t(learshaesand ofisbgrenterrmedidtdto of Hawa
high FOI values off parts of Odahu, Ma u i and
southern Waitdanae Emesdr sharee)of a@dasdifMaviandi s o me
LUnadi, and off the 14, 0able8h9).end of Hawai ai (Fig

For the restricted period (October 2009 through March 2010), we used data from eight
tagged false killer whales (four tagged in October 2009 &h@ and four tagged December
2009 off Hawaii), representing individuals from three of the five social clustusters 1, 4,
and 5). Tag data used in analyses covered periods ranging from 11.0 to 97.2 days, for a
combined 485 days of false killer whale movements. Tones, the entire skmonth period we
had tracks from the equivalent of 2.67 individual false killer whales eactitdlgree measures
of fishing effort and the amount of time false killer whales spenunit areavere highly
correlated in comparisonstheeen the complete data set and the restricted dateoselétion
coefficientsranging from 0.2 to 0.9). It shouldbe notechoweverthat the restricted data set is a
subset of the complete data,sdthough only covémng ~5% of the time span of the complete
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data setThere were some differences amongadbmplete and restricted data s@$the 125

areas where false killer whales spent time in the complete data set, there were 18 with no false
killer whale usage in the regtted time period. In the complete data set these 18 areas accounted
for only a combined 0.3% of all false killer whale time. Of these, 12 were excluded in the

complete analysis as they had fewer than three licenses or less than one month per day of fishin
effort on average. The remaining Ssix areas we
Ni @i hau. For ¢ o mp alraieas omwhichrF@Is wereicaictlaged fortthe t he 9
complete data set, false killer whales were recorded aréasandfishing effort was

documented in 89 areas in the restricted data set. For the areas with no false killer whales
documented in the restricted data set, the FOI based on catch in the complete data set were
relatively low for allof them (<100 times the KonkOl). FOI values between the two data sets

were strongly correlateatgtch = 0.59, days fished = 0.81, licenses =)aAd geographic

patterns were similar (Figuré)l although again the restricted data set is a subset of the

complete data ssb some leel of correlation is expecteRegardless, these resustgggest that
thefishery effort and false killer whale spatial yssterns seen in the complete data set are

relatively robust over shorter time periods.

False killer whale spatial use in relatiada environmental variables

A total of 21 environmental variablesnd 3 demographic variablegreconsideredor
analyses (Tablg). Individual ID and sex were not included m®delcovariates, as the former
would cater to intemdividual variation not of interest for our objectives and the |artes
incomplete for several tagged individuals (i.e., sex unknol@pth is inherently strongly
correlated with distance from shore anould likely dominate the predictive power of the
model, muting detections of influences from other covariates, and therefore was excluded.
Distance to eddy edge was considered to be related to other variables included in the model (e.g.,
current velocity) so was excluded as a covariate to simplify the model. Categorical variables
windward/leeward, year, island where tagged, and nearest island were also excluded as they
would add a level of complexity that would lessen the statistical interpretabilitg ofdte| but
could beconsideredn additional analysed.ag locations with incomplete environmental data
(missing variables) were removed prior to analysis. The final analyticasefatantained 9,641
SSSM observations, constituting 83% of the origdahset (11,488 SSSM observations).

The response variable, distance to shore (km), wasdangformed to meet model
assumptions of normality. Univariate analyses revealed that most continuous environmental
variables did not have a linear relationshipghvthe response variabéend were logransformed
These variables includedrrain roughness indegea surface temperature, surface chloroghyll
concentration, current velocity, and total significant wave hekgitowing correlation analysis,
the final set of variables included season, cluster, day/riginginroughnessndex sea surface
temperature, surface chlorophgl moon illuminated fraction, PDO index, wind speed, sea
surface salinity, current velocity, and total significant wave height.

The backwards stepwise selection process removed sea surface, saldrigynaining
variables were fit to a linear mixed effects model. A continuousdndr autoregressive
correlation structure was included in models to account for temporal autatormeBecause
there is unequal sample representadioongall five social cluster§Cluster 1, n = 22; Cluster 2,
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n = 3; Cluster 3, n = 5; Cluster 4, n = 3; Cluster 5, n,aBY significant findings related to
social cluster would be biased and drivgrrelatively limited observatiorn($or clusters 25).
Therefore, avariance covariance structurgridentweight, was added to the model and
covariate for cluster was excluded. This structure allowed us to model different residual
variances per socialusterand broadly describe environmental drivers of spatiahuseng
false killer whaledrom our study populatian

The best candidate model explained approximately 40% of the variance (condifienal R
0.396) in distance from shore locations (Talig Covariates included, in decreasing
importance, were current velocisyrfacechlorophylka, total significant wave heighsea
surface temperaturevind velocity, day/nightPacific decadal oscillation (PDO) index
roughness, anchoonilluminated fraction(Table 11). Quantilequantile and standardizeensis
fitted residual plots revealed a slightly skewed trend towards lower @oeshown) albeit not
tremendously. This may reflect further complexity in relationships among predatables or
factors influencing movements closer to shore.

All covariates included in the top model were significant predictors yet differed in their
relative contribution to the model (Taldl#). Strong positive relationships with distance from
shore(i.e., increase in distance from shore with increase of predictor variable) were seen for
current velocity (Rl = 38%), total significant wave height (Rl = 12%), and sea surface
temperature (Rl = 6.3%). Wind velocity and moon illuminated fraction shoveesktine positive
trend with increased distance from shore, yet were relatively unimportant compared to other
model covariates (RI = 4.2%, 0.76%, respectively). Results showed a strong negative
relationshipbetweerdistance to shorandsurfacechlorophylta levels (Rl = 32%) indicating
nearshore locations are associatétth increased chlorophyh levels Covariates day/night
(nighttime compared to daytime), PDO, and roughness exhibited the same trend, however were
relatively unimportant compared to other variables driving the model (Rl = 4%, 3.6%, and 1.2%,
respectively).

Discussion

Overall, thefield efforts supported under the Species Recovery Program grant were
extremelysuccessful in terms de number ofalse killer whale encounters, photos and biopsy
samples obtained, amsdtellitetags deployed (Figure 2; Tablgs4), helpingaddress some of the
biases in data available for this population praliding a much stronger basis for understanding
and managing. Unlike the majority oforior CRCfield efforts that have been funded primarily
for working with a broad range of speci#ee success of these field effortasiargelydue to
the ability to target timeandlocations where encounter rates with false killer whales were
expected to be relatively higRalse killer whales were encountered in all five of the field efforts
thatwere targeted to areas with expected high encounter rates; the only field effort where false
killer whales were not encountered was off K@uan area that is not a high density area for this
population (Figuré). Photographs obtained, particularly otgl groups for which sample sizes
were relatively small, have been critical in the assessment of previously unrecognized social
structure within this population. When social organization was first assessed, it was thought that
there were three social sliers (Baird et al. 2012), and as sample sizes increased it became
apparent that there were probably four or five social clusters (Baird 2016; Mahaffy et al. 2017).
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Analyses of the larger data set available, including pHzatdsfrom our encounters andoim
encounterdy otherresearchers armbmmunitybasedscience contributionsow reveals five
distinct social clusters within this population (FigurelB)portantly, obtaning photosof
individuals from all five social clusters this effort will reduce uncertainty in maiecapture
abundance estimation (see Bradford et al. 2018).

We undertook sensitivity analyses to assess how restrictions on the data set by photo
quality, individual distinctiveness, or the numbetinfes seen influence cluster assignments
(Table 5). Both photo quality and distinctiveness play a role in terms of the likelihood of missed
matches or mismatches (Baird et al. 2008), and cluster assignments are dependent on association
values. Thusconfidence in association patterns increases with restrictions on both photo quality
and distinctiveness, and the sample size of the number of times individuals are seen. These
analyses indicated thdtdre is some uncertainty regarding cluster membershipro&t s
proportion of the individuals in the popul ati
particularly of Cluster 5, are needed to help clarify the association patetreduster
affiliations of those individuals.

In terms ofsatellite taging, tagswere deployed widely throughout the islands, including
deployments off @hu (in 2016 and 2017andHawaii (in 2017),as well aghe first
depl oyments of tags on fierMaue(nbothkQleand28l8)al es o f
helping reducehe bias associated with the majority of tags previously deployed on individuals
in this population off Hawé (Baird et al. 2012). Although there are still strong seasonal biases
and small sample sizes for four of the five social clusters (Figueeeldyses of spatial use
reveal considerable variability in spatial use by cluster (Figure 6). Based on data available to
date, three of the five social clusters have relatively restricted high dengit @D above the
mean) and very high density (>2 Sboae the mean) aredsorCluster 2these areas are off
Hawaii and SE Maui, for Cluster 4 they are off eastetalD, Molokdi, L Lhadi, Kahotblawe
and W Maui, and for Cluster 5 they are ofla@u, Molokdi, and NW Maui (Figure 6). By
comparison, botClusterl and Cluster Bave high density areas that range frotat to
Hawail. Given the seasonal patterns documented for Cluster 1, the group with the largest
number of tag deployments (Figu8k it will be important to assess whether seasonal patterns in
high density areas also exist for social clusters with smaller sample sizes. Regardless, such
clusterspecific and seasonal variatgin spatial use have implications for overlap with
nearshore fisheries iHawad.

Our development of fishery overlap indices to reflect the relgtigbability of overlap
between false killewhales andndividual commercial fishermen showed that the area off Kona
(area 121) is one of the areas in the main Hawaiian Islahese a fisherman may be least likely
to experience false killer whale depredation of his catch. Regardless of which measure of fishing
effort wasused(total catch, days fished, or the number of licejygésna was in the bottom 10%
of the D areas for with FOIs were calculated. This finding has important implications for
discussions going forward with fishermen on how to address both depredation by and potential
bycatch of false killer whales in nearshore fisheries. Despite the fact that Kona is t@sgonsi
the greatest levels of catch, licenses, and days f{§tade 7), fishermen off Kona likely have
little experience with depredation or false killer whale bycatch, particularly in comparison to
areas with high FOIs. From the perspective of idemtgffishermen that may have the most
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frequent interactions with false killer whales, those that fish off the north and east si@hof O
Molokad, the north side of Maui, and the north end of Hdinae all likely to have interaction

rates many times gher than those that fish in areas off the southern half of idawanff

Kaudi (Figure H4). Depending on the fishery effort measure used, the highest FOI values are up
to several hundred (based on licenses) or several thousand (based on catch or days fished) times
higher than that off Kona (Tab$). For the restricted data set, including tagadrom eight
deployments and fishery data over-m6nth period, there were broad similarities in FOIs in the
area ranging from northwest Moldkaast to Hawdi (Figure B). There were a number of areas

in the complete datset with high FOI values ., >100 x Kona) that had low values in the

restricted data set (i.e., <15 x Kona), primarily arousgh@. Most of these were relatively small
nearshore areas (e.g., areas 400 through 409). These differences could reflect seasonal variation
in fishing efbrt, the limited number of social clusters tagged during the restricted time period
analysis, or seasonal or irk@nnual variability in false killer whale spatial use.

Our findings have important implications for how to address depredation and bykcatch o
false killer whales in nearshore fisheries in
interviews of fishermen in Hawaifound that many had difficulty discriminating among species
of A b l.o&ishkrinen shht regularly fish in areas with high Fa@les could be the focus for
targeted outreach efforts to aid in improving identification skills and generally raising awareness
of the behavior of different species, particularly as it relates to the likelihood of depredation of
catch. For example, meldreaded whale@eponocephala electyand shorfinned pilot whales
(Globicephala macrorhynchiyystwo other similar looking species, feed primarily at night and
deep in the water column on squid or small fish (West et aB; ZDden et alin presg that ae
unlikely to overlap with the catch of most nearshore fisheries.

Our results also suggest that measures to gather additional information on interactions
between fishermen and false killer whales, such as observer efforts or electronic monitoring,
shoutl be focused on fishing that occurs within these high FOI areas. Given the large number of
fi shermen with CMLs in Hawai di and the small
any sort of observer program or electronic monitoring would requuestantial investment if
applied uniformly across the fishing fleet. As noted however, fishermen in some areas (e.g.,
offshoreoauadi or the southern half of Hawai ai) |
comparison to those fishing in areas such &sf Mol ok a i , e a Sdleetively OG a h u
targeting such areas for monitoring would reduce costs and increase the likelihood of obtaining a
usefulsample size of interactions.

There area number ofimitationsor potential biases witbur fishey overlap indices
These includefishing methods that were excluded from our anatysetential heterogenous
false killer whale (or fishery) spatial use of the larger offshore fishing statisticaj bresas
associated with islands whearglividuals were tagge@nd the restrictioof our analyseso
commercial fishing effort. False killer whales in Haiwaiave a diverse diet that includes both
pelagic and reessociated game fish (Table 1), and fishing methods included in the analyses
were those that had pelagic game fish as the primary catch species. Many other fishing methods
in Hawalfi catch both pelagic and rea$sociated game fish that are known to be part of the diet
of this population of false killer whales, but these species wet the primary species caught. In
addition, recreational fishing effort in Hawias likely responsible for a much greater total catch
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than commercial fisherieparticularly of reefassociated fish (McCoy et al. 2018), but the lack

of comprehensive peeational fishing statistics (i.e., effort metrics by area) &inhié ability to
assess how recreational fishing effort might influence such indidesttempted to address
tagging site (i.e., island) bias by removing the initial portion of each tdgyaeent period
equivalent to the amount of time needed for that tagged individual to travel to the periphery of

the population range. That said, there is a p
the small number of tags (n=1) deployetitbt island. Ironically, for the one individual tagged

of f Kauad@ai, the ani mal had moved away from Ka
were excluded, reducing the amount of time f a
analyses. Regr dl ess, additional tag deployments in t

of the range of this population would be of value for addressing this potential bias. Lagdy, w
the nearshore fighiesstatistical areas were relatively sm@ail00-250 kn?), the contiguous

offshore areas are much larger (~80B00 kn?). Both large and small areas were ranked high in
terms of FOIs (Table 9, Figuré)l However, ar indices implicitly assume that false killer

whales use these areas randomly or unifpravhen in fact satellite tag data examined on a

small spatial scale show higher densities in some @Baaisl et al. 2012)and spatial patterns

may vary due to a wide range of environmental factors (Table 1L0GiEn the spatial

resolution of the fisery effort data we are unable to address this potential bias, but it could have
some influence on the probabilities of overlap between false killer whales and individual
fishermen.

We also attempted to assess what enviromahenother factors may befluencing false
killer whale spatial use, to try to get a better idea of whether certain environmental conditions
might be more likely to influence spatial use in a way #fatts the probability of fishery
interactionsMixed effects models revealedatHocations relative to distance from shore are
strongly influenced by current velocity, surface chloroplytioncentrations, total significant
wave height, and sea surface temperature. Other variables found to influence distance from shore
locations intuded wind velocity, moon illuminated fraction, time of day, PDO index, and
roughness, although their contribution to the model did not match those of the more influential
predictors based orvilues, coefficient estimates and confidence intervals, dauiil/e2
importancg Table 11) Results indicated that nearshore locations were associated with higher
surface chlorophyla concentrationsuggesting a shift imamal space use to nearshore areas is
associated with increased cldphyll-a levels Conversely, locations farther offshore were
strongly correlated with increased current velocity, sea surface tenmgeiatd total significant
wave height. These variables are associated with rougher sea conditions (e.g., storms), where
turbulence and nutrient mixing may oc¢Rumyantseva et al. 201L8Both negative and positive
relationships were associated with cdimhis indicative of increased productivity potentially
associated with upwelling and mixing processes. Thus, the remaining variables may provide
underlying context as to when individuals are located in productive offshore or inshore locations.
For instancegreater fractions of illumination of the moon were correlated with increased
distance from shore, suggesting that during full and waxing/waning gibbous moon phases
individuals may tend to be farther offshore. This could be related to changes in prapihelsa
has been suggested by Owen efialpresg for shortfinned pilot whales in Hawéi Further,
locations during the night were negatively correlated with distance from shore. This indicates
that insular false killer whales may tend to move closer to shore during the nighttime, which
could alsabe associated with prey behavyitifalse kiler whale prey were following the inshore
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movements of organisms associated with the mesopelagic boundary community (Reid et al.
1991) Similarly, higher PDO indices were correlated with locations closer to shore. A positive
PDO index describes condition$ere sea surface temperatures are anomalously cool in the
interior North Pacific and warmer around the Pacific coasts, as well as when sea level pressures
are below average over the North Paqjiitantua and Hare 2002)hese conditions have been
linkedto shallow upwelling processes, which may help explain why individuals may tend closer
to shore during periods with higher PDO indi¢€shak and DiLorenzo 200.7/However,

metrics such as the PDO index explain changing conditions ovetifoagcales, antherefore

may not be as informative in predicting fine scale movements as more frequently occurring
environmental processes, such as lunar phase and time of day.

Although our models incorporated a weight to allow residuals to vary among social
clustersjnvestigating differences in what environmental conditions dtfifferences among
distance to shore or high use areasdwyas cluster would be valuable. Because these social
groups differ in their higluse domains which are often characterized by diffestatic
environmental features (e.g., bathymetry, depth, slope, roughness, etc.), we might expect these
groups to respond to varying dynamic environmental conditions differémhyexample, spatial
use of Cluster 1 appears to vary seasonally amongaine Hawaiian Islands (Figure 8),
suggesting the need for subsequent analyses investigating seasonal drivers of spatial use.
Recently applied methods in dynamic habitat suitability modeling, such as random forest
analysis (Kinney et al. 2017), generalizattlitive models, and boosted regression trees
(Abrahms et al. 2019) could potentially be useful for such analyses. With a more comprehensive
tag data set for all clusters, future statistical analyses could be undertaken to decipher
confounding factors dring spatial use in this population (e.g., social cluster and season) and
how those relate to nearshore fishing effontreased sample sizes of tag deployments of some
of the less frequently tagged groups could be obtained by additional targeted re§eascn
areas and at times of the year where these social clusters are known to concentrate.

Acknowledgements

Funding for this effort originated with a Species Recovery Grant from NOAA Fisheries
(Award NA15NMF4720015)0 the State of Hawdj and wasadministered through contracts to
CRC. We thank the many contributdosour photeidentification catalogluring the period of
this grant including the Pacific Islands Fisheries Science Center, Wild Side Specialty Tours,
Dolphin ExcursionsPacific WhaleFoundationOcean Joy Cruise§aptain ZodiacCaptain
St e v e 0 sJinRAalf, Chuck Babbitt, Sierra Bertinkaul Johnson, Lynn Opritoulylie
SteelmanpDeron Verbek, and Kimberly WoodFor assistance in the field we thank Colin
Cornforth, Annie Gorgone, Btiany Guenther, Jordan Lerma, Elle Walters and Kimberly Wood.
From the Division of Aquatic Resources we thank Reginald Kokubun, Brian Neilson, Earl
Miyamoto, Kristen Kellyand Darla White for discussions and feedback throughout the duration
of this study We thankthe followingfor reviewing all or part of this repbiJason BakeKeith
Bigelow, Annette Harnishand LynnOpritoiu.

19



Baird et al. False killer whales in Hawd

Literature Cited

Abrahms, B., H. Welch, S. Brodie, M.G. Jacox, E.A. Becker, S.J. Bognstd Irvine, D.M.
Palacios, B.R. Mate, and E.L. Hazen. 2019. Dynamic ensemble models to predict
distributions and anthropogenic risk exposure for highly mobile species. Diversity and
Distributionsdoi/101111/ddi.12940

Baird, R.W. 2000. The killer whaleforaging specializations and group hunting. Pages1B&%
in Cetacean societies: field studies in behavior. Edited by J. Mann, R. Connor, P. Tyack
and H. Whitehead. University of Chicago Press, Chiclgo,

Baird, R.W. 2009. A review of false killer whales in Hawaiian waters: biology, status, and risk
factors. Report prepared for the U.S. Marine Mammal Commission under Order No.

E40475499.
Baird, R.W. 2016. The | i v e sturabHistoy and/eonsérvatios. d ol p
University of Hawai Oi Press. Honol ul u, HI.

Baird, R.W. 2018. Pseudorca crassidens. The IUCN Red List of Threatened Species 2018:
€.T18596A50371251. ddi0.2305/IUCN.UK.2018.RLTS.T18596A50371251.en

Baird, R.W. 201B. Fdsekiller whale. In Encyclopedia of Marine Mammals. Edited by B.
Wiirsig, J.G.M. Thewissen, and K. Kovacs. 3rd edition. Elsevier Inc.

Baird, R.W., and A.M. Gorgone. 2005. False killer whale dorsal fin disfigurements as a possible
indicator of longline fishery interactions in Hawaiian waters. Pacific Science 59:593
601.

Baird, R.W., A.M. Gorgone, D.L. Webster, D.J. McSweeney, J.W. Durban, A.D. Ligon, D.R.
Salden, and M.H. Deakos. 2005. False killer whales around the main Hawaiian islands:
an assessment witer-island movements and population size using individual photo
identification. Report prepared under Order No. JJ133F04SE0120 from the Pacific
Islands Fisheries Science Center, National Marine Fisheries Service.

Baird, R.W., A.M. Gorgone, D.J. McSwesn D.L. Webster, D.R. Salden, M.H. Deakos, A.D.
Ligon, G.S. Schorr, J. Barlguand S.D. Mahaffy. 2008. False killer whal®s¢udorca
crassidensaround the main Hawaiian Islands: letegm site fidelity, intefisland
movements, and association patteMarine Mammal Science 24:5%11 2.
doi:10.1111/j.1748692.2008.00200.x

Baird, R.W., G.S. Schorr, D.L. Webster, D.J. McSweeney, M.B. HaasohR.D. Andrews.
2010. Movements and habitat use of satetagged false killer whales around the main
Hawaiian Islands. Endangered Species Research 1021107

Baird, R.W., M.B. Hanson, G.S. Schorr, D.L. Webster, D.J. McSweeney, A.M. Gorgone, S.D.
Mahaffy, D. Holzer, E.M. Olesgrand R.D. Andrews. 2012. Range and primary habitats

20


https://doi.org/10.1111/ddi.12940

Baird et al. False killer whales in Hawd

of Hawaiian insular false killer whales: informing determination of critical habitat.
Endangered Species Research 1&%.60i:10.3354/esr00258.

Baird, R.W., D.L. Webster,.M. Aschettino, G.S. Schorr, and D.J. McSweeney. 2013.
Odontocete cetaceans around the main Hawaiian Islands: habitat use and relative
abundance from smaltloat sighting surveys. Aquatic Mammals 39:22:0.
doi:10.1578/AM.39.3.2013.253.

Baird, R.W., S.DMahaffy, A.M. Gorgone, T. Cullins, D.J. McSweeney, E.M. Oleson, A.L.
Bradford, J. Barlowand D.L. Webster. 2@l False killer whales and fisheries
interactions in Hawaiian waters: evidence for sex bias and variation among populations
and social groups. Mame Mammal Science doi: 10.1111/mms.12177.

Baird, R.W., S.D. Mahaffy, A.M. Gorgone, K.A. Beach, T. Cullins, D.J. McSweeney, D.S.
Verbeck and D.L. Webster. 2017. Updated evidence of interactions between false killer
whales and fisheries around the main Hawaiian Islands: assessment of mouthline and
dorsal fin injuries. Document PSRZD17-16 submitted to the Pacific Scientific Review
Group.

Borgatti, S.P., 2002. NetDraw Software for Network Visualization. Analytic Technologies:
Lexington, KY.

Bradford, A.L., E.M. Oleson, R.W. Baird, C.H. Boggs, K.A. Forney, and N.C. Young.
2015.Revised stock boundaries for false killer whalsgudorca aissidengin
Hawaiian waterdNOAA Technical Memorandum NMFBIFSGA47.

Bradford, A.L., R.W. Baird, S.D. Mahaffy, A.M. Gorgone, D.J. McSweeney, T. Cullins, D.L.
Webster, and A.N. Zerbini. 2018. Abundance estimates for management of endangered
false killerwhales in the main Hawaiian Islands. Endangered Species Re36&18#
313.doi: 10.3354/esr00903.

Carretta, J.V., K.A. Forney, E.M. Oleson and 13 others. 2019. U.S. Pacific marine mammal
stock assessments: 2018. NOAA Technical MemorandunNM#ES-SWFSCG617.

Chhak, K. and E. Di Lorenzo. 2007. Decadal variations in the California Current upwelling cells.
Geophysical Research Lett&4:1.14604 doi:10.1029/2007GL030203

Chivers, S.J., R.W. Baird, D.J. McSweeney, D.L. Webster, N.M. Hedrick, and J.CsSalina
2007. Genetic variation and evidence for population structure in eastern North Pacific
false killer whalesRPseudorca crassidepnsgCanadian Journal of Zoology 85:7894.
doi:10.1139/Z07059.

Costa, D.P., P.W. Robinson, J.P.Y. ArnouldiLAHarrison,S.E. Simmons, J.L. Hassrick, A.J.
Hoskins, S.P. Kirkman, H. Oosthuizen, S. Villegaatmann, and D.E. Crocker. 2010.
Accuracy of ARGOS locations of pinnipedssa&a estimated using Fastloc GPS. PLoS
ONE 5(1): e8677d0i:10.1371/journal.pone.0008677.

21



Baird et al. False killer whales in Hawd

Croft, D.P., R. James, and J. Krause. 2008. Exploring animal social networks. Princeton
University Press.

Douglas, D.C., R. Weinzierl, S.C. Davidson, R. Kays, M. Wikelski, and G. Bat0#&p.
Moderating Argos location errors in animal tracking data. Methods in Ecology and
Evolution3:999 1007.d0i:10.1111/j.20419210X.2012.00245.x.

Durrell, J. L., |l . A. Sneddon, N. E. O6Connel |,
associatioa? Applied Animal Behaviour Science 89:82.
doi:10.1016/j.applanim.2004.05.003.

FI ament , P . 1996. The oceandatl as of Hawai ai
http://www.pacioos.hawaii.edu/education/ocexdias/

Gr " mpi ng, uU. 2006. Rel ative importance for |
Journal of Statistical Software 17(12¥.

Jonsen, I.D., J.M. Flemming, and R.A. Myers. 2005. Ro$iattspacemodeling ofanimal
movemenidata. Ecology 86:2872880. doi:10.1890/04852.

Kinney, M.J.,D. Kacev,S.Kohin, and T. Eguchi. 2017. An analytical approach to sparse
telemetry dataPLoSone12(11):e018866010i:10.1371/journal.pone.0188660.

Madge, L. 2016. Exploratory study of interactions between cetaceans andbsatdithing
operations in the Main Hawaiian Islands. Pacific Islands Fisheries Science Center
Administrative Report HL6-07.d0i:10.7289/V5/ARPIFSGH-16-07.

Mahaffy, S.D., R.W. Baird, A.M. Gorgone, T. Cullins, D.J. McSweeaeg D.L. Webster.
2017. Group dynamics of the endangered insular population of false killer whales in
Hawai'i. Abstract from the 22nd Biennial Cordace on the Biology of Marine
Mammals, Halifax, Nova Scotia, October-22, 2017.

Mantua, N.J. and S.R. Hare. 2002. The Pacific Decadal Oscillation. Journal of Oceanography
58:3544.

Martien, K.K., S.J. Chivers, R.W. Baird, F.I. Archer, A.M. Gorgdd&,. HancockHanser, D.
Mattila, D.J. McSweeney, E.M. Oleson, C. Palmer, V.L. Pease, K.M. Robertson, G.S.
Schorr, M.B. Schultz, D.L. Websteand B.L. Taylor. 2014. Nuclear and mitochondrial
patterns of population structure in North Pacific false killealeb Pseudorca
crassidenks Journal of Heredityt05:611626.doi: 10.1093/jhered/esu029.

Martien, K.K., B.L. Taylor, S.J. Chivers, S.D. Mahaff:M. Gorgoneand R.W. BairdIn press.
Fidelity to natal social groups and mating both within betiveen social groups in an
endangered false killer whalegeudorca crassidehpopulation. Endangered Species
Researcluoi:10.3354/esr00995.

22


http://www.pacioos.hawaii.edu/education/ocean-atlas/

Baird et al. False killer whales in Hawd

McCoy, K.S., I.D. Williams, A.M. Friedlander, H. Ma, L. Teneaad J.N. Kittinger. 2018.
Estimating nearshoretal reefassociated fisheries production from the main Hawaiian
Islands. PLoS ONE 13(4):e0195841®i:10.1371/journal.pone.0195840.

Nakagawa, Sand H. Schielzeth. 2012. A general and simple method for obtaidifigrR
generalized linear mixedffectsmodels. Methods in Ecology and Evolution 4(2):133
142.doi:10.1111/j.2042210x.2012.00261.x.

Newman, M. E. J. 2004. Analysis of weighted networks. Physical Review E 70:056131.

Newman, M. E. J. 2006. Modularity and community structure in networks. Proceedings of the
National Academy of Sciences of the United States of America 103:858Z.

Oleson, E.M., C.H. Boggs, K.A. Forney, M.B. Hanson, D.R. Kobayashi, B.L. Taylor, P.R.
Wade, and G.M. Ylitalo. 2010. Status review of Hawaiian insular false killer whales
(Pseudorca crassidepsinder the Endangered Species Act. NOAA Technical
Memorandum NMFSPIFSG22.

Owen, K., R.D. Andrews, R.W. Baird, G.S. Schamd D.L. Webster. In press. Lunar cycles
influence the diving behavior and habitat use of sfioned pilot whales around the
main Hawaiian Islands. Marine Ecology Progress Series doi.org/10.333=6123

Pinheiro, J.D. Bates,S.DebRoy and D. Sarkar. 2019. NIme: linear and nonlinear mixed effects
models. R package version 3.39. R Core Team. URluttps://CRAN.R
project.org/package=nlme

Pooley, S.G. 1993. Hawai i 6 dgernmeemnds, and redents her i es:
developments. Marine Fisheries Revig®7-19.

Pryor, K. 1975Lads before the wind diary of a dolphin traineiSunshine Books, North Bend,
WA.

R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URLtips://www.Rproject.org/

Reeves, R.R., S. Leatherwqgashd R.W. Baird2009. Evidence of a possible decline since 1989
in false killer whalesRseudorca crassideparound the main Hawaiian Islands. Pacific
Science 63:25261.d0i:10.2984/049.063.0207.

Reid, S.B., J. Hirota, R.E. Young, and L.E. Hallacher. 1991. Mesopdlagrdary community

in Hawaii: micronecton at the interface between neritic and oceanic ecosystems. Marine
Biology 109:427440.

23


https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme
https://www.r-project.org/

Baird et al. False killer whales in Hawd

Rumyantseva, AN. Lucas,T. Rippeth,A. Martin, S.C.Painter,T.J.Boyd, and S. Henson.
2015. Ocean nutrient pathways asated with the passage of a storm. Global
Biogeochemical Cycles 29:11719.89.d0i:10.1002/2015GB005097.

Shallenberger, E.W. 198The status of Hawaiian cetaceaRgeport No. MMG77/23 of the
U.S. Marine Mammal Commission.

Wade, P.R. 1998. Calculating limits to the allowable hugsused mortality of cetaceans and
pinnipeds. Marine Mammal Science 1-487.doi:10.1111/j.1748692.1998.tb00688.x.

West, K.L., W.A. Wer, R.W. Baird, D.L. Websteand G.S. Schorr. 2018. Stomach contents
and diel diving behavior of melemeaded whalePgponocephala electyan Hawaiian
waters. Marine Mammal Scien84:10821096.doi: 10.1111/mms.12507

Whitehead, H. 200680CPROG programs: analyzing animal social structures. Behavioral
Ecology and Sociobiology 63: 76578.

Venables, W.N., and B. D. Ripley. 2002. Modern applied statistics with S. Fourth Edition.
Spring, New York. ISBN €87-954570.

Yahn, S.N., R.W. Baird$.D. Mahaffy,and D.L. Webster. 2019. How to tell them apart?
Discriminating tropical blackfish species using fin and body measurements from photos
taken at sea. Marine Mammal Science doi:10.1111/mms.12584.

Ylitalo, G.M., R.W. Baird, G.K. Yanagida, D.Webster, S.J. Chivers, J.L. Bolton, G.S. Schorr,
and D.J. McSweeney. 2009. High levels of persistent organic pollutants measured in
blubber of islaneassociated false killer whaleBgeudorca crassideparound the main
Hawaiian Islands. Marine PollutionuBetin 58:19321937.
doi:10.1016/j.marpolbul.2009.08.029.

Young, N.M. 2001. The conservation of marine mammals using a-pautyr approach: an
evaluation of the Take Reduction Team process. Ocean and Coastal Law Journal 6:293
364.

Zimmerman, B. 1983. Mer whale pack attacks. Hawaii Fishing News 8(3):25.

Zuur, A.F.,E.N.leno, and C.S. Elphick. 2010. A protocol for data exploration to avoid common

statistical problems. Methods in Ecology and Evolution14.3d0i:10.1111/j.2041
210X.2009.0000x.

24



Baird et al.

False killer whales in Hawd

561

454

361

362

360

332

359 158

333
322

357

352

Figure 1.

reporting system. Only those areas where satellite tagged individuals from the main Hawaiian

421
420\ 439 F o 323
449 450 451 3
452 328 3
351 20‘
327 324 197
445 444 443 350 >
325
326 123
10 124
442 345 346 347 248 196
122 4 125
343 342 187 188
186 185 184 1 1067} 126
121
177 178 127
120 128
Commerci al f i s her iGCommeriblMéarinesLicensea |

Islands insular false killer whale population have been recorded or have passed over on
interpolated tracks from satellite tag locati@ame shown.

25

ar



Baird et al. False killer whales in Hawd

Google Earth

I

D

Figure2. Survey effort and false killer whale sightings during fieldwork supported under the
Species Recovery Grant in 2016, 2047d 2018. See Tab&for details of field efforts.
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Figure 3. Social networks of falgéler whales from the main Hawaiian Islands insular
population using data from 2000 through April 2019, color coded by cluster: 1) pink; 2) light
blue; 3) black; 4) white; 5) green. T.dgetwork with no restrictions with nine clusters identified
through nodularity (note the five peripheral clusters are olive green, plum, teal and dark blue)
Middle: Network after collapsing individuals frofour peripheral clusters into adjacent primary
clusters. BottomNetwork restricted to individuals seen thmeeor more occasions witdyadic
association indices (lines) shown of 0.3 or greater.
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Figure 4.Top: A heatmap showinthe number of tagged false killer whales from the main
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PcTag031 is included in this graph as a member of Cluster 5.
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Figure 5.Comparison ofalse killer whale metric&all clusters combined)sed to assespatial

useoftheHawai @i c o emgsstatisticalreas ddjussetl for the size of each ar€ap:
number of unique individuals. Middlaumber of locations. Bottom: total visit duration. Plots in
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Figure 6.False killer whaleusefHa wa i Gi c o emesestatisticakreas byisacibl
cluster, using the total visit duration Wi late staradjusted for the size of each arEar this
analysis, PcTag031 was included with Cluster 5.
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