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ABSTRACT: Cookie cutter sharks Isistius spp. (nahunaiki) are a small shark species that act as a
micropredator for large pelagic organisms. Little is known about these sharks due to their cryptic be-
havior, resulting in most inferences about their distribution coming from patterns in the wounds they
leave on prey. Here, we used documentation of these cookie cutter shark bites on fish caught in the
Hawai'i longline fishery, coupled with catch location and timing, to better understand how fisher be-
havior and environmental conditions are associated with cookie cutter shark bites. Specifically, we
analyzed patterns in cookie cutter shark bites for the nighttime shallow-set sector targeting
swordfish Xiphias gladius (a'u ki) and the daytime deep-set sector targeting bigeye tuna Thunnus
obesus (‘ahi po‘onui). Our results indicated that cookie cutter shark bites primarily occurred on
hooked fish when operations extended longer into nightfall, during low lunar illumination, and
along the edges of the North Pacific subtropical gyre. Bites were more common on average in the
shallow-set fishery than the deep-set fishery, likely due to the nearly full nighttime operational win-
dow. The frequency of cookie cutter shark bites on fish caught in the deep-set sector has increased
over time due to fishing extending further into nighttime hours. Our findings provide insight into the
ecology of cookie cutter sharks, context for the increasing frequency of cookie cutter shark bites in
the deep-set Hawai'i longline fishery, and important information for fishers regarding the potential
costs of increased effort leading to fish damaged by cookie cutter shark bites.

HO'ULU'ULU MANA'O: He mano li‘ili'i ka nahunaiki (cookie cutter shark; Isistius spp.), a he
po'ii‘ali‘ili'i ia o na mea ola o ka moana nui akea. Kaka'ikahi loa ka 'ike e pili ana i ia mano o ka 'ike
kaka'ikahi 'ia, a kuhi 'ia kahi o ia mano e noho ana ma na poaleale nahuna i waiho 'ia ma ona mau
luapo'i. Ma kéia pepa nei, ua kalailai 'ia ka 'ike i loa'a mai no na poaleale nahuna a ia po‘e nahunaiki
ma luna o na i‘a mai ka ‘oihana lawai'a aho loa o Hawai'i me ke kalailai pt ‘ia o kahi a me ka wa i
lawai'a ai i mea e ho'omaopopo ‘ia mai ai ka pilina o ka ‘oihana lawai'a, ke 'ano kaiapuni, a me na na-
huna o ka mano nahunaiki. Ua kalailai 'ia n6 na lauana nahuna a ka po'e mano nahunaiki ma ka
mahele lawai‘a aho loa kau pili ‘ilikai o ka po no ka i‘a a'u ku (swordfish; Xiphias gladius), a me ka
mahele lawai‘a aho loa kau hohonu o ke ao no ka i'a ‘ahi po'onui (bigeye tuna; Thunnus obesus). Ma
ia kalailai 'ana, ua 'ike 'ia ka nui o na nahuna ma luna onai‘aikalawai'a ‘ana ma na ahiahi a aumoe
paha, ka wa ho'i i ‘emi loa mai ai ka ma‘'ama‘’ama ‘ana o ka malama, a ma ka'e ho'i o ke au lalo
kopikala o ka Pakipika ‘Akau. Ua 'oi a'e ka ma‘'amau o na nahuna i ‘ike ‘ia ma ka mahele lawai'a aho
loa kau pili ‘'ilikai ma mua o ka mahele lawai'a aho loa kau hohonu, a péela no paha no ka lawai'a 'ana
ma ke au pouli loa o ka po, aua 'oi a'e no ka nui o ka manawa i ‘ike 'ia ai na nahuna manai'ailawai‘a
‘ia i ka lawai'a aho loa kau hohonu ma ke au 'ana o ka manawa i loko o na hola ahiahi a aumoe paha.
He waiwai loa kéia ‘ano noi'ina no ka ‘ike kaiaola o ka po‘'e mano nahunaiki, ka po6'aiapili o ka nui o
ka manawa o na nahuna a ka po‘e mano nahunaiki i ka ‘oihana lawai'a aho loa kau hohonu o Hawai'i,
ame ka 'ike nui a ko'iko'i no ka po‘e lawai'‘a e pili ana i na kumu lilo o ka lawai'a ‘anainai‘aipoaleale
inanahuna o ka po'e mano nahunaiki o ka po.

KEY WORDS: Cookie cutter shark - Mesopelagic - Longline * Distributions

*Corresponding author: jsuca@hawaii.edu © The authors and outside the USA, The U.S. Government 2025

Publisher: Inter-Research - www.int-res.com




120 Mar Ecol Prog Ser 775: 119—135, 2025

Muku ka malama, nanahu ka nahunaiki? o ka po. *

‘When the new moon arises, the cookie cutter shark
bites.

!Summary of a key finding as told through an '6lelo
no'eau, a new proverbial saying from an indigenous
Hawaiian worldview.

2Etymology: There are no known traditional Hawaiian
names or Polynesian cognates for the cookie cutter shark
(Isistius spp.), nor are there any surviving stories that
recorded historical observations of the shark by the
Native Hawaiian people. Due to its elusiveness, the
authors theorize that Native Hawaiians rarely or never
encountered cookie cutter sharks. However, it was likely
that this ocean nation saw the characteristic bites of
these sharks on the bodies of some of their seafood
catches. 'Nahuna' meaning ‘bite," and 'iki' meaning
'little, small' are combined to form 'nahunaiki,’ the new
name offered to describe the cookie cutter shark in the
Hawaiian language. The authors advocate that Indi-
genous Ecological Knowledge is not stagnant and
fixed in the past. Rather, this new Hawaiian name, as
well as the new proverbial saying offered in this
paper — 'muku ka malama, nanahu ka nahunaiki o ka
po' —represents a living, breathing, and thriving
Hawaiian language and culture, that when paired in a
complementary manner with Western science, be-
comes a true representation of meaningful engage-
ment and collaboration.

1. INTRODUCTION

Cookie cutter sharks Isistius spp. (nahunaiki) are a
small (<1 m) circumtropical and subtropical meso-
pelagic to bathypelagic shark species. The most
notable feature and behavior of this shark is its feed-
ing mode as a micropredator of many large marine
taxa (Benz & Bullard 2004). These small sharks re-
move nearly circular sections of flesh from species
ranging from large pelagic fishes (Papastamatiou et
al. 2010) to cetaceans (Best & Photopoulou 2016,
Feunteun et al. 2018), and even humans (Honebrink
et al. 2011, Minaglia & Liegl 2024). Although cookie
cutter sharks also consume micronekton directly
(Jahn & Haedrich 1988, Carlisle et al. 2021), it is the
damage left by their bites on larger creatures that has
inspired numerous studies on these species.

The cookie cutter shark comprises 2 species: the
common cookie cutter shark Isistius brasiliensis and
the bigtooth cookie cutter shark I plutodus. Most
work and interactions are presumed to originate from
common cookie cutter sharks, as bigtooth cookie
cutter sharks have only been recorded in a dozen
instances around the globe (Stehmann & Kukuev
2015). Cookie cutter sharks are thought to be vertical
migrators, as human interactions with these sharks
only occur at night, and fresh bites occur near the sur-

face at night on captured fishes, with little to no direct
observations of cookie cutter sharks during daylight
hours (Papastamatiou et al. 2010, Minaglia & Liegl
2024). As a largely mesopelagic to bathypelagic spe-
cies, the cookie cutter shark is thought to have
evolved a unique method of attracting prey —a lure
generated from the lack of bioluminescence around
their gills. The bioluminescence on their ventral side
is used for countershading, but one small section
lacks this coloration, and this gap may look like a prey
item to larger taxa (although this is hypothesized and
yet to be confirmed in situ; Widder 1998). Cookie
cutter sharks are then presumed to attack the pred-
atory animal they have attracted.

The distribution of cookie cutter sharks largely
remains undescribed. This lack of data is in large part
due to their ability to avoid most net gear when towed
at depth and the rarity of the species being caught by
hook and line gear. Distributional patterns of cookie
cutter sharks have been inferred based on the bite
marks on large organisms such as cetaceans and large
pelagic fish catches (Papastamatiou et al. 2010, Best
& Photopoulou 2016, Feunteun et al. 2018). In and
around Hawai'i, the distribution of cookie cutter
sharks has not been assessed, but patterns in the spe-
cies they prey on have been documented in fishery-
dependent data from the Honolulu fish auction (Papa-
stamatiou et al. 2010). This study found that certain
species, such as swordfish and opah Lampris spp., are
more often preyed upon by cookie cutter sharks than
are epipelagic predators, such as blue marlin Makaira
nigricans (a'u). These species may provide insight
into the relative distribution of cookie cutter sharks
(e.g. the habitat of cookie cutter sharks may overlap
more with swordfish than with blue marlin).

The Hawai'i longline fishery is the highest-value
fishery in Hawai'i, generating over $110 million in
2024 (WPRFMC 2025). The fishery is divided into 2
sectors: the Hawai'i deep-set longline fishery (DSLL),
targeting bigeye tuna Thunnus obesus (‘ahi po‘onui),
and the shallow-set longline fishery (SSLL), targeting
swordfish Xiphias gladius (a'u ku; He et al. 1997, Gil-
man et al. 2012). The Hawai'i SSLL is the largest
swordfish fishery in the USA in terms of landings and
revenue, primarily targeting swordfish near the North
Pacific Transition Zone with hook depths of ~50 m
(Fig. 1) (He et al. 1997, Sculley & Brodziak 2020). The
market for this SSLL fishery is driven by demand in
the continental USA. This fishery primarily fishes in
the winter months, with typically 15—20 boats partici-
pating in the winter each year and 0—5 boats operat-
ing in the summer (Sculley & Brodziak 2020). The
SSLL is heavily monitored due to a history of sea tur-
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A) Deep-Set
tle interactions in the fishery, result-
ing in 100% observer coverage for
SSLL trips (Howell et al. 2008, 2015, 40°N

Ito & Childers 2014). In the early
2000s, the SSLL was closed by court
order due to sea turtle interactions
and reopened with the required use of =~ 30°N
fish bait (as opposed to squid) and
large circle hooks to mitigate sea tur-
tle interactions (Chan & Pan 2016).
The SSLL is also restricted to setting
after dark to mitigate seabird interac-
tions, typically fishes 4—6 hooks per
float, and fishes ~1000 hooks per set 10°N
(Ito & Childers 2014).

The DSLL targets bigeye tuna, with
maximum hook depths from 200—
400 m, fishing closer to the Hawaiian

20°N

0°N

,\:\

Num. of
Sets

archipelago (Hawai'i Pae 'Aina), both
to the north and south, than the SSLL B)

Shallow-Set

High

throughout the year (He et al. 1997,
Gilman et al. 2012). However, the
2010s saw an increase in effort by the
DSLL to the north and east (Chan
2023). The fishery typically has ~125
active boats and operates year-round 340y
(Ito & Childers 2014, Woodworth-

Jefcoats et al. 2018). Due to lower

rates of interaction with protected

species (e.g. sea turtles and marine  20°N
mammals) compared to the SSLL, the
DSLL has historically maintained ap-
proximately 20% observer coverage
(Ito & Childers 2014). Time of setting is
not regulated for this fishery; a set
typically has 20—35 hooks float™!, and
often has 2500—3500 hooks set™! (Ito 0°N

40°N

10°N

Low

& Childers 2014).

The DSLL is a low-volume, high-
value fishery in which individual fish
are auctioned daily in Honolulu, with
many of these fish sold for local con-
sumption. The nature of this process
leads to the price of individual fish being sensitive to
appearance, which can be hurt by cookie cutter shark
bites (Papastamatiou et al. 2010, Chan et al. 2025).
Indeed, the auction records whether an individual
fish has a cookie cutter shark bite (1—3 bites) or
cookie cutter shark damage (4+ bites) on the individ-
ual tags to let buyers know of the damage (M. Goto
pers. comm.). This leads to a deleterious economic
impact of cookie cutter sharks for both fisheries, but it
is more pronounced for the DSLL due to the selling

170°W
Fig. 1. Relative fishing effort by sets from 2005—2022 for the Hawai'i (A) deep-

set longline fishery and (B) shallow-set longline fishery. Data are from the Paci-
fic Islands Region Observer Program. Exact number of sets not displayed to

160°W 150°W 140°W 130°W 120°W

maximize confidentiality

process involving individual fish (Papastamatiou et al.
2010) rather than pallets of individuals grouped
together (common for swordfish from the shallow-
set). Cookie cutter shark bites on longline-caught fish
have become more prevalent, with nearly 25% of fish
on the auction having a cookie cutter shark bite or
damage in recent years, including exceptional cases
in which >50% of fish sold had a cookie cutter bite
(Chan et al. 2025) (Fig. 2). The increasing trend in
cookie cutter shark damage in this fishery has led to
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Fig. 2. Daily incidences of cookie cutter shark bites recorded in daily sales at the United Fishing Agency in Honolulu, the
largest fish auction in Hawai'i, for fish with minor damage (1—3 bites) and more serious damage (>4 bites) between 2011 and
2023. Data from Chan et al. (2025)

concerns and questions about why this may be hap-
pening.

Here, we used information collected by fishery
observers on both the SSLL and DSLL sectors of the
Hawai'i longline fishery to better understand the
environmental and operational (fishing gear and
fisher behavior) associations of cookie cutter bites on
fishes caught in these fisheries. Specifically, we aim to
answer the questions of how cookie cutter damage
on fish varies between fishery sectors, how it varies
throughout space and time, and how gear configura-
tion and fishing duration relate to the probability of a
fish on a given set being bitten by a cookie cutter
shark. This will allow us to better understand whether
the recent spatial changes in fishing effort and
increases in fishing duration — particularly for the
DSLL —have contributed to the increased incidence
of cookie cutter shark damage on fishes caught in this
longline fishery.

2. MATERIALS AND METHODS
2.1. Cookie cutter bite data

Cookie cutter shark bite information came from
the Pacific Islands Regional Observer Program. This
program records information at the species level for
each set (a single full deployment of a longline from
setting of gear through haulback) on a given Hawai'i

longline trip, with coverage based on the set type of
the trip. SSLL trips (hook depth of 20—50 m) have
100% observer coverage, while DSLL trips (hook
depth of 200—400 m) have approximately 20%
observer coverage. Since 2004, whether a trip is
SSLL or DSLL must be declared before making the
trip. In addition to species-level catch data for each
set, the observer program records the number of
hooks, branchline length, floatline length, mainline
lengths, light devices used (for SSLL trips), number
of floats per set, bait type, set positions, and set and
haul times (Table 1). Until 2015, the presence of
fresh cookie cutter shark bites was also recorded at
the individual fish level. However, due to some
inconsistencies in the format of recording (e.g. using
a specified column per fish or commenting in the
notes), we were unable to confidently trace back all
bites to individual fish. This means that a total count
of bites per set could not be identified reliably. We
thus used information at the set level for our analy-
ses, focusing on whether any fish caught on a given
set had a bite or not (presence—absence at the set
level). Consistent recording of cookie cutter shark
bites at the set level by observers ended in 2016. Due
to the restart of the SSLL fishery in the mid-2000s
after a bycatch-induced closure, we decided to use
the observer program data between 2005 and 2015
for modeling analysis. Note that observer data exists
after 2015; it is only the recording of cookie cutter
shark bites that ceased.
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Table 1. Variables used in boosted regression tree models to assess the patterns in cookie cutter (CC) shark bite occurrence on

fish caught in the Hawai'i longline fishery. SSLL: shallow-set longline fishery; PIROP: Pacific Islands Regional Observer Program;

GLORYS: Global Ocean Physics Reanalysis; ESA OC-CCI: European Space Agency Ocean Color—Climate Change Initiative;
JMA: Japanese Meteorological Agency; NOAA: National Oceanic and Atmospheric Administration

Variable type Variable Units Hypothesis Source
Operational Floatline length m Depth of fishing gear PIROP
Branchline length m Depth of fishing gear PIROP
Hooks per float Count Depth of fishing gear PIROP
Light devices per hook Count Effectiveness of fishing and potential PIROP
(SSLL only) attraction of CC sharks
Night hours h Longer soak times at night could lead to PIROP
higher interactions with CC sharks
Day hours h Longer soak times generally could lead to PIROP
higher interactions with CC sharks
Temporal Year yr Interannual variability not attributable to PIROP
other variables
Day Day of year Seasonality PIROP
Lunar cycle Radians  Vertical migration and visibility of CC ‘lunar’
sharks at night package in R
(Lazaridis 2022)
Environment—  Sea surface temperature °C Thermal preference GLORYS
Ocean state (SST)
Spatial standard deviation in sea °C Anomalous warm or cold waters in a region GLORYS
surface temperature (SST SD) leading to patterns departing from typical
spatial pattern
Sea surface height (SSH) m Indicator of divergence and convergence GLORYS
at gyre scales
Spatial standard deviation of sea m Indicator of boundaries between gyres and GLORYS
surface height (SSH SD) indicator of eddy activity
Sea surface salinity (SSS) None Indicator of water masses GLORYS
Spatial standard deviation in sea  None Indicator water mass boundaries GLORYS
surface salinity (SSS SD)
Current speed ms~! Preference for strength of current regimes ~ GLORYS
Mixed layer depth (MLD) m Depth of thermocline affecting vertical GLORYS
migrating behavior of CC sharks
Chlorophyll concentration mg m~ Productivity-driven aggregation of prey or ESA OC-
CC sharks CCI
Atmosphere— Meridional El Nifio—Southern Broader-scale phenomena that may change ~ JMA
Ocean Indices Oscillation Index SST, MLD, and productivity on longer time
scales
Pacific Decadal Oscillation Broader-scale phenomena that may change NOAA
SST on longer time scales
North Pacific Gyre Oscillation Broader-scale phenomena that may change NOAA
SSH and MLD on longer time scales

2.2. Environmental data and other predictors

Environmental data were paired to the center of
each set at daily resolution (sea surface temperature,
sea surface height, sea surface salinity, current speed,
mixed layer depth, and chlorophyll a [chl a] concen-
tration). Except for chl q, all environmental predictors
were paired using the Global Ocean Physics Rean-

alysis model as part of the Copernicus Marine Envi-
ronment Modeling system (Jean-Michel et al. 2021)
(our Table 1). We chose to use this model output due
to its accurate representation of ocean state variables
(Jean-Michel et al. 2021, Amaya et al. 2023) and for
consistency in variable sourcing, mitigating issues
that occur from using multiple data sources that mea-
sure properties through different methods. Spatial
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standard deviations of sea surface temperature, sea
surface height, and sea surface salinity were calcu-
lated approximately within one degree latitude and
longitude of the center of the set as a proxy for ther-
mal fronts, pressure gradients, and water mass vari-
ability, respectively (Abrahms et al. 2019, Becker et
al. 2020). Atmosphere—ocean—climate patterns were
also added as predictors in the model to determine
whether large-scale processes influence variability in
cookie cutter shark interactions that are not explained
by other environmental covariates in the model,
including multivariate El Niio—Southern Oscillation
Index, Pacific Decadal Oscillation, and North Pacific
Gyre Oscillation (Table 1). We included the lunar
phase as a predictor using the ‘lunar’ package (Lazari-
dis 2022) in R v.4.2.2 (R Core Team 2022). We repre-
sented the lunar cycle using radians (0—2n) to allow
for maximum flexibility in identifying which aspect of
the lunar phase may correspond to bite probability, as
lunar illumination alone prevents discrimination
between waning and waxing phases. We also in-
cluded the number of day hours (hours from sunrise
to sunset) and night hours (sunset to sunrise) that
occurred over the full course of a set. If a set lasted
multiple days, these day and night hours were
summed across those days to generate a cumulative
number of day and night hours across the full set.
Sunrise and sunset times were gathered using the
position of the set and the date using the ‘suncalc’
package in R (Thieurmel & Elmarhraoui 2019).

2.3. Model formation and fitting

We modeled the occurrence of a cookie cutter
shark bite event on any fish on a given set using
ensemble boosted regression trees (BRTs) with the
‘dismo’ (Elith et al. 2008) and ‘gbm' packages in R
(Ridgeway et al. 2022). BRTs are a machine learning
approach formed from many decision trees and have
the advantage of dealing with missing predictor vari-
ables, a moderate amount of predictor collinearity
(although we do not include environmental variables
with >0.7 correlation coefficients; Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m775
p119_supp.pdf), and can be used to model complex
non-linear relationships and predictor interactions
(Elith et al. 2008). However, machine learning ap-
proaches are susceptible to overfitting, which can
lead to unstable response curve shapes and attribute
variable importance to noise. We attempt to reduce
overfitting using a hybrid cross-validation ensemble
approach whereby the data set was iteratively split

into 50 different training sets comprising 75% of the
data, with model skill performance assessed on the
remaining 25% of the data for each iteration (test sets;
cross-validation). All 50 individual models are retained
to develop estimates of relationships between cookie
cutter bite probabilities and predictor variables, re-
sulting in smoothed response curves for each rela-
tionship (ensemble). The number of trees was selected
using the ‘gbm.step' function within the 'gbm' pack-
age. The tree complexity was set as a maximum of
5 (to allow for fish count [number of fish caught on a
given set]), day of year, and operational timing to
interact with environmental variables), a learning rate
of 0.005, and a bag fraction of 0.75. Learning rate was
set to 0.005 as the slowest learning rate possible that
did not result in greater than 10000 trees (Elith et al.
2008). A bag fraction of 0.75 was selected following
Hazen et al. (2021), although it falls on the upper end
of the range used in a number of studies (Elith et al.
2008, Scales et al. 2017, Welch et al. 2023).

We modeled the occurrence of cookie cutter shark
bites for the SSLL and DSLL fisheries independently.
Variable importance was calculated to identify the
most influential predictors for each fishery. Variable
importance measures the frequency at which a vari-
able is used for tree splitting and is weighted by how
much this variable improves model fit. Note that lati-
tude and longitude were not included as predictors
to avoid artificial stickiness to the models, allowing
cookie cutter interaction rates to be connected to
environmental conditions rather than forcing a spatial
structure on the pattern. A normally distributed ran-
dom number was included as a variable for each fish-
ery sector model (SSLL and DSLL), and an ensemble
of 25 models was initially constructed to obtain an
estimate of mean variable importance for the random
variable. Any variable with a mean importance less
than that of the random variable was removed from
consideration for that fishery sector before generat-
ing the 50-model ensemble for the fishery sector. The
random variable was also removed before fitting the
50-model ensembles.

Model skill for each sector was measured using the
area under the curve (AUC) of the receiver operating
curve for the 25% test set (Huang & Ling 2005). This
metric represents an aggregate measure of classifica-
tion model performance across all possible classifica-
tion thresholds, integrating true positive rate and false
positive rate (ranging from 0 to 1, with 0.5 being equiv-
alent to random). We also assessed model skill through
the true skill statistics (T'SS), a separate measure of
classification model performance that is less sensitive
to low occurrences, representing the difference be-
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tween the true positive rate and false positive rate
(ranging from —1 to 1, with 0 being equivalent to ran-
dom; Allouche et al. 2006). We present the mean AUC
and TSS across the 50-model ensembles for each sector.

Estimates of the occurrence of cookie cutter bite
events were made at the set level, and then set-level
estimates were binned at the monthly level or spatial
level (1° x 1°). Estimates were calculated using all
available sets from the observer program data. Each
of the 50 individual models was used to generate a
prediction for each set, and the average of these prob-
abilities was used as the point estimate. For each
month or spatial bin of BRT-modeled probability of
cookie cutter bites on a set, correlations (R?) were cal-
culated by relating the proportion of sets that had a
fish with cookie cutter shark damage (observations)
to the mean modeled probability of cookie cutter shark
damage on each set within that month or spatial bin.
We recognize that these metrics are not measuring
the same quantity, but they are similar enough to be
relatable and thus provide a sense of model perform-
ance. We further recalculated bite probabilities, fixing
a specific set of predictors based on those to which
the models were sensitive. Specifically, due to the im-
portance of night hours, fish count, and seasonal
cycle for the DSLL, we made model estimates of cookie
cutter damage probabilities over each set from the
observer program from 2005—2022 with (1) fish count
per set held constant at the mean (53.5 fish set™!) and
fishing day set as the mode of day of operation
(Day 292; i.e. night hours allowed to vary), (2) fish
count per set held constant at the mean (53.5 fish set™!)
and night hours held constant at the mean (10.1 h; i.e.
day-of-the-year of fishing allowed to vary), and (3)
night hours held constant at the mean (10.1 h), and
fishing day set as the mode of day of operation
(Day 292; i.e. fish count allowed to vary). These param-
eters were held constant in simulations to evaluate (1)
the impact of overnight operations, (2) the degree to
which the seasonal cycle influences bite probability,
and (3) the influence of catch rate shifts on the prob-
ability of a cookie cutter shark bite on a set.

3. RESULTS
3.1. Model fit and trends in DSLL

The DSLL had a moderate bite incidence per set
(69.2% of sets). Model skill for cookie cutter shark
damage on a fish at the set level for the DSLL was
passable, although not strong (AUC = 0.76, TSS =
0.39). Retrospective fit at the spatial level was also

moderate for the DSLL sector (R? = 0.54). Modeled
bite probability and proportion of sets with a bite were
highest to the east in the DSLL (Fig. 3A,B), with an
additional hotspot west of the main Hawaiian Islands.
Monthly fit was stronger than spatial fit, with R? =
0.93. Both the observed and modeled cookie cutter
shark bite probability showed evidence of a seasonal
cycle in the DSLL (Fig. 4A). Model estimates of
cookie cutter bite probabilities between 2016 and
2022 (after cookie cutter damage was no longer re-
ported by the observer program) showed a continued
seasonal cycle and a slight decline in the probability
of bite in recent years in the DSLL.

3.2. Model fit and trends for SSLL

Overall bite incidence was highest on a per set basis
in the SSLL (81.5% of sets). Model skill for cookie
cutter damage on a fish at the set level for the SSLL was
also passable (AUC = 0.78, TSS = 0.42). Retrospective
fit at the spatial level was strong for the SSLL (R? =
0.75). Modeled bite probability and proportion of
sets with a bite were high throughout the SSLL fishing
domain except for the eastern portion of effort near
the California Current (i.e. east of 130° W; Fig. 3C,D).
Monthly fit was also strong for the SSLL (R? = 0.89;
Fig. 4B). Model estimates of cookie cutter bite prob-
abilities between 2016 and 2022 showed little pattern
as the high bite probability remained consistent during
the winter months when the fishery is most active.

3.3. Variable importance and partial
dependence plots

Variable importance metrics indicated the relative
role of the numerous drivers contributing to cookie
cutter bite incidence by fishery sector (Fig. S2). Fish
count was important for both fisheries, although much
more so for the DSLL (Fig. S3). For the DSLL, night
hours, day of year, sea surface temperature, lunar
cycle, and sea surface height were the next 5 most im-
portant predictors (Fig. 5). Partial dependence plots
for the DSLL indicate that probability of cookie cutter
damage on a given set is highest after 10 night hours,
during the winter, at sea surface temperatures less
than 22°C, during the new moon (near 0 and 2x), and in
higher sea surface heights (>0.4 m) (Fig. 5).

Outside of fish count for the SSLL, sea surface salin-
ity, lunar cycle, sea surface height, sea surface tem-
perature, and day of year were the 5 most important
predictors (fish count was second most important
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after sea surface salinity; Fig. 6). Partial dependence
plots for the SSLL indicate that the probability of cookie
cutter damage on a given set is highest at sea surface
salinity values higher than 33.5, peaks during the dark-
est phases of the lunar cycle, at elevated sea surface
heights (>0.4 m), above 17°C sea surface temperature,
and is highest during the winter and spring (Fig. 6).
The time series of the predictions over the DSLL data
set with fish count and day of year held constant (i.e.
night hours left to vary) resulted in an asymptotic in-
crease in probability of a fish being bit on a set (Fig. 7A).
Predictions over the DSLL data set with fish count and
night hours held constant (i.e. day of year allowed to
vary) resulted in a notable seasonal oscillation in the
probability of a bite on a set, with increases in the
winter months (November—April) and decreased in
the summer (Fig. 7B). Predictions over the DSLL data
set with night hours and day of year held constant (i.e.
allowing fish count to vary) resulted in high frequency
oscillations in bite probability with a peak in the mid-
2010s and a subsequent decline in recent years (Fig. 7C).
Average number of night hours operated per set for
the DSLL indicated a continued increase from 2005—
2022 with a persistent seasonal cycle (Fig. 8A). The
increase in night hours per set appears to be linked to
an increase in the number of hooks per set (Fig. 8B).

The mean night hours per set in the DSLL increased
from ~8 h in 2005 to ~11 h in 2022 (Fig. 8A). This also
corresponds to an increase in the number of hooks per
set in the DSLL, rising from ~2000 in 2005 to ~3000
in 2022, with an average increase of about 50 hooks
set™! yr~! (Fig. 8B). The monthly mean number of
hooks per set and the monthly mean number of night
hours were highly correlated (Pearson correlation co-
efficient = 0.80, t = 19.227, df = 214, p<0.001; Fig. 8C).
Positive residuals (i.e. greater than expected night
hours per number of hooks) in this relationship
occurred primarily in the winter (1 November—
31 March), while negative residuals primarily oc-
curred in the summer (1 April—31 October; Fig. 8C).

4. DISCUSSION
4.1. Darkness and cookie cutter shark damage

Our model results indicated that the occurrence of
cookie cutter shark damage on fish in the Hawai'i
longline fishery is tightly linked to the duration of
darkness during operation (e.g. higher probability of
bites during longer night operations, new moon, and
during winter months). Notably increasing trends in
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cookie cutter damage seen in the fish sold at the
Honolulu fish auction appear to be primarily linked to
operational patterns in the DSLL fishery, namely in-
creased duration of sets leading to increased number
of night hours for a given set, as this was the only
parameter that resulted in an increase in predicted
bite probability on its own. The already high frequency
of cookie cutter shark damage on a given set in SSLL
(~81%) and restriction to only set during night hours
means damage in this fishery has much less potential
to increase in the coming years. The DSLL fishery,

however, is not restricted by hour of the day, allowing
the fishery to operate throughout the night. Limits are
likely to occur in the coming years, however, as the
mean operational time of a single set has neared a full
day, even exceeding one day at times, limiting the
amount of time a set could increase without further
compromising catch quality.

The pattern of increased bites during winter is con-
sistent across studies of cookie cutter shark bite inter-
actions with their prey species (Papastamatiou et al.
2010, Best & Photopoulou 2016, Feunteun et al. 2018).
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Papastamatiou et al. (2010) found that bites on sword-
fish occurred less in the summer than in the winter
months. While they did not clarify why, our study
indicates this may simply be due to the longer nights
during this period. Another study in Martinique
found that cookie cutter shark bites on cetaceans
were more common during winter (Feunteun et al.
2018). This indicates that the pattern is not unique to
the Pacific Ocean or to species caught in the Hawai'i
longline fishery. It is noteworthy that the cookie
cutter bite probability by day of year did not corre-

spond directly with day length. Specifically, higher
bite probabilities were observed in late fall and early
winter (i.e. October—December, day of year >300)
compared to January—March, despite similar day
lengths. The fall peak relative to late winter has been
noted for the DSLL using auction observations (Papa-
stamatiou et al. 2010) and bites from pilot whales in
west Hawai'i (Walker-Milne et al. 2025). This may be
linked to a combination of the movement of cookie
cutter sharks, as hypothesized by Walker-Milne et al.
(2025), or the movement of the fishers relative to the
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movement of cookie cutter sharks. Two reasons to
support the latter hypothesis are (1) seasonal move-
ment of fishers in the DSLL (Woodworth-Jefcoats et
al. 2018) and (2) the observation that bite probability
was highest in the spring for the SSLL (which operates
north of Hawai'i), as observed both in this study and
Papastamatiou et al. (2010). Thus, seasonal movement
or feeding behavior changes in cookie cutter sharks
seem probable, as suggested by Carlisle et al. (2021),
but this likely interacts with fishery movements in
complex ways.

In the domain of the Hawai'i longline fishing
grounds, particularly for the SSLL, the areas where
fishing occursin cold (<17°C) and relatively low salin-
ity (<33.5) surface conditions are connected to the
subpolar gyre, and in the case of salinity, the upwel-
ling shadow of the California Current Ecosystem

(although note that this salinity can vary due to
source water variability; Gomez-Valdes & Jeronimo
2009, Bograd et al. 2015, Ren & Rudnick 2021). These
cold and fresh waters provide an important con-
straint, indicating that cookie cutter interactions are
limited to tropical and subtropical water masses, as
suggested in previous work (Nakano & Tabuchi 1990,
Menezes et al. 2022, Santos et al. 2024). Indeed,
cookie cutter bite probabilities peaked at elevated sea
surface height values for both fisheries, an indication
that bites occurred in subtropical gyre waters rather
than the subpolar gyre, eastern Pacific upwelling
zone, or near equatorial waters (sea surface tempera-
ture, sea surface height, and sea surface salinity are
all moderately correlated; Fig. S1). However, the
peak bite probability at temperatures just above 17°C
may have as much to do with prolonged nights at
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these high latitudes in addition to true thermal prefer-
ence at these temperatures for cookie cutter sharks
(although note these are not strongly correlated
throughout the data set; Fig. S1). The increased inter-
actions in areas of moderate temperatures may be a
product of their high productivity and large prey bio-
mass. Cookie cutter sharks are known to not only eat
chunks of large animals, but also directly consume
mesopelagic micronekton (Carlisle et al. 2021). The
boundaries of the subtropical gyre are known to
have elevated biomasses of these prey items in
waters that may remain warm enough for cookie
cutter shark thermal habitat (Wetherall 1991, Brodeur
et al. 1999).

Increased interactions in the small pocket of DSLL
fishing at high temperatures and low latitudes com-
plicate the relationship between bite probability and
moderate sea surface temperatures. These areas,
roughly ~5° N, are much warmer than other areas of
high cookie cutter shark interactions. This area corre-
sponds to the Intertropical Convergence Zone (ITCZ),
an area where the trade winds from the Northern and
Southern hemispheres meet, leading to enhanced
cloud cover. It is plausible that the enhanced cloud
cover of the region could dim lunar illumination,
leading to relatively darker conditions that are prime
for cookie cutter shark interactions with longline-
caught fish. Indeed, cloud cover has been shown to
modulate the vertical migration of mesopelagic organ-
isms in other systems (Omand et al. 2021). Further
assessment of how the ITCZ influences these interac-
tions and vertically migrating species is warranted.
However, there is a notable dip in the probability of
cookie cutter shark bites around warm water outside
of these few sets near the ITCZ. Decreased bite prob-
ability at temperatures >27°C was apparent in our
results, as well as those of Nakano & Tabuchi (1990)
and Walker-Milne et al. (2025). Collectively, this sug-
gests that cookie cutter sharks may have an upper
thermal limit in their distribution. However, occa-
sional interactions with cookie cutter sharks may oc-
cur in warm surface temperatures during times of pro-
nounced darkness.

4.2. Potential future of cookie cutter damage
in the DSLL and SSLL

Trends and the probability of the future of cookie
cutter shark interactions are likely to vary notably by
fishery sector in the Hawai'i longline fleet. The SSLL
fishery is capped in terms of time-of-day operations,
and thus its ability to extend sets is limited by regula-

tions imposed to mitigate seabird and turtle interac-
tions. The only mechanism by which rates of cookie
cutter shark interactions on a per set basis would
increase is through changes in the timing of seasonal
operations and catch composition. The fishery pri-
marily operates in the fall and winter, with minimal
operations occurring in the late spring and summer.
Thus, fishing primarily occurs during the time of year
with the highest probability of cookie cutter shark
interactions. However, in the early years of the fish-
ery, more fishing did occur in the summer months,
when there was larger fleet involvement (McCracken
2018). This likely would have resulted in a lower inter-
action rate per set due to the shorter amount of dark-
ness. The SSLL also primarily operates during the full
moon, as this corresponds with the lowest likelihood
of cookie cutter shark interactions. The fishery has
become increasingly focused on the full moon for effi-
ciency, with the mean proportion of sets conducted
duing the full moon (between the first and third
quarter) increasing from ~55% in 2005—2007 to ~70%
in 2020—2022 (Fig. S4), likely leading to a relative
decrease in the interactions compensating for the
slightly increased night hours. If fishing operations
were to extend to larger windows again or if fishing
becomes less targeted on the full moon, bites may
increase, but this is generally unlikely. The DSLL
does not typically target a specific lunar phase, with
~50% of sets occurring between the first and third
quarter moon (what one would expect if fishing on
the lunar cycle is random). Therefore, lunar phase is
unlikely to have major implications for the future of
this fishery.

For the DSLL, operational characteristics have
much more of an opportunity to change moving for-
ward, as this fishery is not constrained by the same
time of day and light limitations as the SSLL. Hooks
per set have increased nearly 50 hooks set™! yr~!, and
operational times have increased ~10 min yr—! set™!
to about 2900 hooks set™! currently. Other fisheries,
such as the Japanese longline fleet, started exceeding
3000 hooks set™! in the 1990s, suggesting there re-
mains an opportunity for growth (Tuck et al. 2003). It
is worth noting that there may initially be a relatively
small increase in the likelihood of bites from in-
creased operation times moving forward. The mean
set times from start to finish encompass more than
20 h, often occupying the entirety of a night. This sug-
gests that extended soak times may initially lead to
increased soak during the day, given that a full night
is already being occupied.

Catch composition may play a role in the likelihood
of cookie cutter shark bites on a set, given noted dif-
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ferences in bite probability by species (Papastamatiou
etal. 2010). The SSLL focuses on a single species, with
relatively consistent bycatch patterns in the winter-
time during their highest effort. The primary catch,
swordfish, is also a species that has been recorded to
have the highest rates of cookie cutter bites of all spe-
cies documented in the fish Honolulu auction (Papas-
tamatiou et al. 2010). This high bite rate is likely
linked to the diel vertical migration patterns of sword-
fish following those of cookie cutter sharks, resulting
in high overlap throughout the diel cycle (Carlisle et
al. 2021, Santos et al. 2024). The DSLL, however, tends
to have more variable catch composition, with the rel-
ative portion of yellowfin to bigeye tuna shifting in
space, in addition to highly variable catch of meso-
pelagic taxa (e.g. lancetfish Alepisaurus ferox, mon-
chong Taractichthys steindachneri, and opah Lampris
spp.) and epipelagic catch (e.g. mahimahi Coryphaena
hippurus, ono/wahoo Acanthocybium solandri, aku/
skipjack tuna Katsuwonus pelamis, and a‘u/blue mar-
lin Makaira nigricans). Past work has indicated that
cookie cutter shark bites are much more common on
swordfish, opah, and bigeye tuna than on epipelagic
species such as marlin, yellowfin tuna, and skipjack
tuna (Papastamatiou et al. 2010).

Thus, changes in the relative composition of these
taxa will lead to variability in the likelihood that fish
on a given set will be bitten by a cookie cutter shark.
Indeed, the spatial pattern of the relative proportion
of vertically migrating bigeye tuna compared to yel-
lowfin tuna on a given set indicates that the areas to
the north and east, where cookie cutter bites are most
prevalent, are also where bigeye dominate the rel-
ative tuna catch composition (Fig. S5). If the DSLL
fishery increases its fishing effort in the north and
east of the main Hawaiian Islands, the incidence of
cookie cutter bites is likely to increase.

4.3. Future considerations

Our study was able to accurately replicate cookie
cutter interactions on longline sets for both sectors of
the Hawai'i longline fishery, but we did not specifi-
cally answer how total bites per set varied through
time or how bites vary by hooked species (i.e. target
vs. bycatch), leaving opportunity for future research
on this topic. Future studies could look specifically
into a subset of high-quality data (i.e. remove a sub-
stantial number of observations that lacked fish-level
information) to identify patterns in the bite rates
among target species. Auction data could also be ana-
lyzed to incorporate relative damage to individuals

and compare this to past research (Papastamatiou et
al. 2010). The Honolulu fish auction keeps records of
the cookie cutter bites on individual fish sold, includ-
ing those that have a high number of bites (=4). This
information could be linked back to trip number to
identify environmental and operational conditions in
scenarios where many sold fish from that trip are
highly damaged. However, it is worth noting that the
signal will need to be strong and, ideally, the trip will
need to have sets closely collocated, as set-level infor-
mation on bites is not available to pair with these data.

In addition to inquiry using existing data streams,
future work could examine how other fisheries inter-
act with cookie cutter sharks. Specifically, in Hawai'i,
several small boats target bigeye and yellowfin tuna
using ‘ika shibi' and ‘palu ahi' fishing, a form of hand-
line fishing targeting tuna at depth (~50—150 m). Ika
shibi fishing occurs at night, which may lead to
cookie cutter shark interactions if patterns in this
fishery are consistent with our observations from the
DSLL and SSLL fisheries. Shortline fisheries targeting
bigeye and swordfish near Hawai'i Island and Cross
Seamount are also likely to interact with cookie cutter
sharks due to the nature of the fishery having partial
nighttime operations and longer soak times than
handline fisheries. Collaborating with fishers across
fishery sectors will be beneficial to better understand
the timing of bites, species that are typically bitten,
and whether interactions with cookie cutter sharks
vary by fishery for reasons beyond the effort at night.

Finally, an important consideration for cookie
cutter shark interactions is how shifting environmen-
tal conditions due to climate change may affect the
distribution of cookie cutter sharks and, thus, interac-
tions with target species. Our models do include a
suite of environmental variables that could be used in
climate change projections. However, more research
is needed to better understand whether the associa-
tions identified in this work are truly tied to those
environmental parameters or whether they are proxies
for other factors, such as catch composition, night
hours fished, or lunar phase. Once mechanistic envi-
ronmental relationships are determined, a modeling
effort comparing how target species distributions
are likely to shift relative to cookie cutter sharks is
warranted.

Data availability. Due to the sensitivity of the information on
fishing locations, we cannot share raw data used for this
study. Code is available at https://github.com/jsucal8/
Cookie_ Cutter_Damage.
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