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Abstract. False killer whales (Pseudorca crassidens) depredate bait and catch in the Hawai‘i-based deep-
set longline fishery, and as a result, this species is hooked or entangled more than any other cetacean in this
fishery. We analyzed data collected by fisheries observers and from satellite-linked transmitters deployed
on false killer whales to identify patterns of odontocete depredation that could help fishermen avoid over-
lap with whales. Odontocete depredation was observed on ˜6% of deep-set hauls across the fleet from 2004
to 2018. Model outcomes from binomial GAMMs suggested coarse patterns, for example, higher rates of
depredation in winter, at lower latitudes, and with higher fishing effort. However, explanatory power was
low, and no covariates were identified that could be used in a predictive context. The best indicator of
depredation was the occurrence of depredation on a previous set of the same vessel. We identified spa-
tiotemporal scales of this repeat depredation to provide guidance to fishermen on how far to move or how
long to wait to reduce the probability of repeated interactions. The risk of depredation decreased with both
space and time from a previous occurrence, with the greatest benefits achieved by moving ˜400 km or wait-
ing ˜9 d, which reduced the occurrence of depredation from 18% to 9% (a 50% reduction). Fishermen
moved a median 46 km and waited 4.7 h following an observed depredation interaction, which our analy-
sis suggests is unlikely to lead to large reductions in risk. Satellite-tagged pelagic false killer whales moved
up to 75 km in 4 h and 335 km in 24 h, suggesting that they can likely keep pace with longline vessels for
at least four hours and likely longer. We recommend fishermen avoid areas of known depredation or
bycatch by moving as far and as quickly as practical, especially within a day or two of the depredation or
bycatch event. We also encourage captains to communicate depredation and bycatch occurrence to enable
other vessels to similarly avoid high-risk areas.
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INTRODUCTION

Many marine predators engage in depredation
by consuming bait or fish secured on fishing
gear. This behavior is very common and costly in
longline fisheries worldwide (Read 2008, Hamer
et al. 2012). Odontocetes, or toothed whales, are
particularly adept at depredation and can
remove large quantities of catch, often with sub-
stantial economic impacts (Tixier et al. 2020).
Depredation reflects a switch from natural forag-
ing behavior of prey pursuit to feeding on often
high-energy but restrained prey. This behavior
may reduce the energetic costs of foraging but
increases the risk of hooking or entanglement in
fishing gear. False killer whales (Pseudorca crassi-
dens) depredate catch in a number of pelagic
longline fisheries worldwide, including the
Hawai‘i-based, deep-set longline fishery that tar-
gets bigeye tuna (Thunnus obesus; Forney et al.
2011). False killer whales are the most frequently
bycaught cetacean in this fleet, and estimated
fishery-related mortality and serious injury of
this species has repeatedly exceeded allowable
levels under the U.S. Marine Mammal Protection
Act (MMPA; Carretta et al. 2009). In the present
study, we examine patterns of odontocete depre-
dation in the Hawai‘i deep-set fishery and the
behavior of tagged false killer whales to identify
predictive factors that could be used to poten-
tially reduce harmful interactions and the cost of
depredation to fishermen.

At a global scale, depredation and subsequent
marine mammal bycatch in longline fisheries has
been an exceedingly difficult problem to solve,
despite consideration of a wide range of mitiga-
tion strategies (e.g., Werner et al. 2015). The
incentives to feed on large, energetically dense
captured fish are likely high (Esteban et al. 2016),
making it very difficult to create disincentives to
this behavior. In addition, interactions are sel-
dom observed directly, as they often occur at
depth, at night, or far from the vessel (Werner
et al. 2015). Acoustic harassment devices have
been considered as a means of deterring marine
mammals from engaging in depredation and
reducing bycatch (Werner et al. 2015, Hamilton
and Baker 2019), although in the case of longline
depredation, odontocetes may habituate quickly
to these signals and even be attracted to

deterrents that notify whales of the location of
catch, an apparent dinner bell effect (Mooney et
al. 2009, Tixier et al. 2015a). Many strategies thus
focus on technological innovations that limit
impacts after animals have encountered fishing
gear. Gear modifications such as physical devices
designed to protect catch (Rabearisoa et al. 2012)
or weak hooks, designed to release hooked ceta-
ceans, are in use in some fisheries (Bayse and
Kerstetter 2010, Bigelow et al. 2012), including
the Hawai‘i deep-set fishery (weak hooks). How-
ever, these approaches can be costly and
unwieldy to deploy (catch protection) or ineffec-
tive in reducing the incidence of depredation
(weak hooks).
An alternative strategy is to adjust fishing

behavior or operations to allow fishermen to
avoid interactions with depredating species in
the first place (e.g., Stepanuk et al. 2018, Tixier
et al. 2019). Such an approach might be imple-
mented at two spatial scales: (1) predicting inter-
actions a priori from broad-scale environmental
drivers of overlap between fisheries and bycatch
and (2) understanding fine-scale behavior of
depredators around gear to avoid interactions
despite whale co-occurrence. Many pelagic
predators range widely and their patterns of dis-
tribution may be influenced by static (e.g., sea-
floor topography; Lindsay et al. 2016, Thorne
et al. 2017) or dynamic oceanographic features
(e.g., sea surface temperature [SST] fronts; How-
ell et al. 2008, Woodworth et al. 2011, Hazen
et al. 2017). Pelagic fishing vessels also range
widely, tracking specific oceanographic condi-
tions, and when the distribution of fishing activi-
ties converges with the distribution of
depredating species in space and time, interac-
tions may occur (Howell et al. 2008, Thorne et al.
2017, 2019, Stepanuk et al. 2018). Identifying the
ecological drivers of this co-occurrence could
help fishermen avoid overlap and subsequent
interactions.
Given broad-scale spatiotemporal co-

occurrence, depredation is further driven by the
depredator’s behavior in the vicinity of fishing
gear. The cues that depredating animals use to
locate gear and their behavior during and
around fishing operations are often species- and
fishery-specific and thus are important to under-
stand when developing mitigation strategies,
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such as limiting depredator access to gear or
avoiding acoustic detection by depredators. For
example, demersal longline fishing involves set-
ting gear directly on the seafloor, and due to the
extreme depths that this gear is fished (500–
2000 m), depredation interactions are thought to
occur mostly during the hauling phase (but see
Richard et al. 2020, 2021). In contrast, pelagic
longline gear is suspended in the water column
closer to the surface, and thus, the gear is poten-
tially accessible to depredation for the full dura-
tion of a fishing event (Rabearisoa et al. 2012,
Thode et al. 2016). Acoustic signatures from ves-
sels or gear are likely important cues for depre-
dating odontocetes in both fishery types,
although there are surely nuances in each case.
Sperm whales (Physeter macrocephalus) depredat-
ing demersal longlines in southeast Alaska
appear to respond to very specific acoustic signa-
tures from the cavitation of a ship’s propeller
when the engine is engaged to haul gear, detect-
ing these sounds from several kilometers and
arriving at a haul within minutes of a vessel
beginning to retrieve gear (Thode et al. 2007,
2015). Passive acoustic monitoring of pelagic
longline gear deployments detected false killer
whales most commonly during the hauling
phase, with whales moving along the mainline
away from the vessel as gear was being retrieved
(Bayless et al. 2017). Anderson et al. (2020)
observed satellite-tagged false killer whales ori-
enting their movements toward pelagic longline
gear most commonly during the hauling phase,
although they did not do so every time they were
within likely detection range.

False killer whale depredation and bycatch
False killer whales are social, highly mobile,

apex predators that occur in tropical and sub-
tropical oceans worldwide. Independently of
fisheries, they are known to feed on a range of
pelagic fish species, including tunas (Thunnus
spp.), mahi-mahi (Coryphaenus hippurus), and
wahoo (Acanthocybium solandri; Baird et al. 2008),
all of which are commonly captured in the
Hawai‘i deep-set longline fishery. Three partially
overlapping populations of false killer whales
are recognized around the Hawaiian Islands: an
endangered, insular population around the main
Hawaiian Islands (MHIs; Baird et al. 2008, Brad-
ford et al. 2018); an insular population closely

associated with the Northwestern Hawaiian
Islands (NWHIs; Baird et al. 2013); and a pelagic
population that ranges broadly within and
beyond the U.S. exclusive economic zone (EEZ;
Bradford et al. 2015, Anderson et al. 2020). Most
false killer whale bycatch in the Hawai‘i longline
fleet involves the pelagic population, as vessels
are restricted from fishing within the core range
of the MHI population and are not permitted to
fish in the Papahānaumokuākea Marine National
Monument, which includes waters surrounding
the NWHIs.
There are two distinct Hawai‘i-based, pelagic

longline fisheries. Most effort occurs in the deep-
set fishery, which targets bigeye tuna and oper-
ates year-round to the north and south of the
Hawaiian Islands, both inside and outside of the
U.S. EEZ. A smaller, shallow-set fishery targets
swordfish (Xiphias gladius), operating mainly
north of the Hawaiian Islands. Hawai‘i longline
captains must fish with the same gear configura-
tion (deep or shallow) for the duration of a trip.
Regulations have been adopted to reduce the
bycatch of several protected species in both fish-
eries. High rates of sea turtle bycatch led to the
closure of shallow-set operations in 2003–2004
(Gilman et al. 2007), and both fisheries have
enacted operational and gear changes to mitigate
sea turtle and seabird bycatch (Gilman et al.
2007, 2008), primarily in response to litigation.
Odontocete depredation and bycatch is a more
common problem for the deep-set fishery (For-
ney et al. 2011), which is the focus of the current
study. As in other pelagic longline fisheries expe-
riencing odontocete depredation (e.g., Secchi and
Vaske 1998, Rabearisoa et al. 2018), depredation
by toothed whales is rarely observed directly in
the deep-set fishery (Bayless et al. 2017), but
rather inferred by characteristic damage to indi-
vidual caught fish retrieved during the haul (For-
ney et al. 2011).
A variety of odontocete species have been

observed as bycatch in this fishery, including false
killer whales, short-finned pilot whales (Globi-
cephala macrorhynchus), and Risso’s dolphins
(Grampus griseus; Forney and Kobayashi 2007).
High levels of false killer whale bycatch led to for-
mation of the False Killer Whale Take Reduction
Team (TRT) in 2010, a multi-stakeholder group
charged with reducing mortality and serious
injury of false killer whales below levels stipulated
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by the MMPA. The U.S. National Marine Fisheries
Service (NMFS) published a final Take Reduction
Plan in 2012 (77 FR 71260) (Federal Register 2012).
The primary regulatory tool for mitigating
bycatch was a requirement for vessels to use a
combination of weak circle hooks (specified by a
maximum shank diameter of 4.5 mm) and strong
terminal gear (minimum 2.0 mm branch line
diameter) to allow release of hooked false killer
whales while retaining target catch. Recently, the
team has acknowledged that these measures are
not significantly reducing serious injury or mor-
tality of false killer whales and have recom-
mended studies to investigate the possibility of a
transition to even weaker hooks (i.e., narrower
diameter) and stronger (i.e., thicker diameter)
branch lines (False Killer Whale Take Reduction—
Key outcomes memoranda and summaries.
Accessed on 14 September 2020 at https://www.f
isheries.noaa.gov/national/marine-mammal-pro
tection/false-killer-whale-take-reduction). This
approach is designed to maximize the likelihood
of survival for animals that become hooked, but it
does not reduce the economic cost of depredation
to the fishery.

Avoiding interactions outright would benefit
both whales and fishermen, and there has been
long-standing interest from the false killer whale
TRT to identify patterns and proximate mecha-
nisms driving depredation. To this end, Forney et
al. (2011) conducted a multivariate analysis of
false killer whale depredation and bycatch
between 2003 and 2009 to assess the influence of
environmental and operational covariates on the
occurrence of interactions. The analysis identified
few clear environmental covariates of depreda-
tion and bycatch, except for a seasonal pattern of
lower depredation in summer when the fleet
fishes farther to the north, likely beyond the pri-
marily tropical and subtropical range of pelagic
false killer whales. The authors found evidence
that sets were more likely to experience odonto-
cete depredation if the preceding set was depre-
dated and that moving 100 km following
depredation led to a slight (~16%) decrease in the
risk of subsequent depredation. These findings
suggest either pursuit of fishing vessels by
depredators or clumping of whales in space and
time, although at the time there were insufficient
data to assess patterns in space and time simulta-
neously.

This previous work has provided important
insights into the processes driving false killer
whale depredation, but this behavior remains
poorly understood and unmitigated. Here, we
incorporate nine years of additional fisheries
observer data to expand the analysis of Forney et
al. (2011). This larger dataset provides more
power to explore environmental and operational
covariates and the ability to examine patterns in
repeat depredation in both space and time across
the fleet. We also analyze typical speeds and dis-
tances traveled by satellite-tagged pelagic false
killer whales, allowing comparison of depredator
movement behavior to the spatiotemporal pat-
terns of depredation observed from fishery-
dependent data. An improved understanding of
broad- and fine-scale patterns of depredation,
and the animal behavior driving these interac-
tions, will help inform efforts to reduce the nega-
tive consequences of depredation and bycatch
for both whales and fishermen.

METHODS

Study area and fishery-dependent data sources
Hawai‘i deep-set gear consists of a single

monofilament mainline (3.2–4.0 mm diameter)
suspended in the water column by a series of
floats (Appendix S1: Fig. S1). Individual branch
lines with a mackerel-type bait on a single hook
are regularly spaced along ~45–80 km of main-
line (Boggs and Ito 1993). The target depth for
bigeye tuna is around 400 m and a typical
deployment of fishing gear ranges from 1000 to
3000 hooks. Deep-set fishermen generally deploy
(set), their gear in the morning, allowing it to fish
(soak) until the retrieval (haul), begins around
sundown. The hauling process may exceed 12 h,
depending on the catch and amount of gear
deployed. We describe the full process of a single
fishing event (i.e., the start of a set to the end of
the haul) as a single deployment or event, unless
referring to a more specific step of the process.
Fishery-dependent data were derived from

two sources: logbook data recorded by vessel
captains and data collected by fisheries obser-
vers. For each deployment, captains are required
to record and submit to NMFS the times and
GPS coordinates of the start and finish of setting
and hauling of gear (i.e., four times and locations
per fishing event), the number of hooks
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deployed, and counts of caught fish by species.
By regulation, deep-set vessels are required to
carry a federal observer, if requested, with a
fleet-wide target coverage of 20% of all trips.
Observers collect more detailed data on fishing
effort, gear characteristics, and biological data
from both target and non-target catch, including
bycatch of protected species. Since late 2003,
observers have also been trained to classify and
systematically record depredation (i.e., damage
to catch). Of interest in this study is odontocete
depredation, which can be distinguished from
other sources of depredation, such as squid or
sharks, because toothed whales often predate the
whole fish up to the gill plates, leaving only the
head attached to the hook (e.g., Secchi and Vaske
1998). False killer whales are also known to
depredate bait (Thode et al. 2016), but this is not
systematically recorded by observers and is thus
not reported here. Based on covariate data avail-
ability and model formulations, the multivariate
analyses of depredation described below utilize
observer-collected data from 2004 to 2017, while
the spatial analyses utilize observer data from
2004 to 2018.

Derivation of covariates
We identified spatial, temporal, gear, opera-

tional, and environmental variables hypothe-
sized to influence odontocete depredation rate
(Appendix S1: Table S1). Space and time vari-
ables were associated with the start of the haul of
the focal fishing deployment, as recorded by the
onboard observer. Gear and operational vari-
ables were also based on observer-reported val-
ues for each fishing event, with the exception of
vessel density, which utilized logbook data to
calculate the number of all (i.e., not just
observed) vessels that began a haul within
200 km and �3 d of the observed (focal) haul.
Number of hooks represents the total number of
individual hooks deployed in the focal fishing
event. Soak was calculated as the time (h)
between the last piece of gear entering the water
(end of set) to the last piece of gear removed
from the water (end of haul). Minimum depth of
gear (m) is the sum of all vertical pieces of gear
(float line + branch line + leader), but due to
shoaling and concatenation of the mainline,
actual depth of gear varies widely throughout
the soak and haul (Bigelow et al. 2006). Hooks

between floats was used as a secondary indicator
of gear depth, as more hooks between floats gen-
erally means the gear sinks deeper. All catch and
catch per unit effort (CPUE) variables were
derived from observer-recorded counts of
hooked (not necessarily landed or kept) target
and non-target catch. CPUE (number of fish
caught per 1000 hooks) was based on all hooked
bony fish (i.e., not including sharks) in a haul. As
an indicator of catch on nearby vessels, we also
calculated the CPUE of tuna species (number of
tunas caught per 1000 hooks) caught on
observed vessels that began a haul within
100 km and �1 d of the focal haul. We further
identified, for each observed haul, whether odon-
tocete depredation or bycatch of a false killer
whale was recorded by the observer during the
previous haul of the same vessel, with the first
haul of each trip included but treated as an
absence of previous depredation.
Environmental variables included both static

and dynamic variables and most were associated
with haul-begin location, with any distances cal-
culated as the great circle distance (km) from the
haul-begin location to the feature. We acknowl-
edge that haul-begin location is only an approxi-
mate representation of fishing location as
longlines can be tens of kilometers long; how-
ever, we believe haul-begin location to be a rea-
sonable characterization due to false killer
whales evidently orienting most commonly to
the hauling phase (Bayless et al. 2017, Anderson
et al. 2020). The static variable depth and slope
were derived from GEBCO 30 arc-second bathy-
metry data; and distance to nearest seamount
was derived from the seamount database
described in Allain et al. (2008)
Sea surface temperature (SST) range was calcu-

lated as the difference between the highest and
lowest SST (°C) for all four recorded fishing loca-
tions per deployment, with SST derived from
Level 4 daily, nighttime interpolated SST pro-
vided by the Group for High Resolution Sea Sur-
face Temperature (JPL MUR MEaSUREs Project
2015). Chlorophyll-a concentration (mg/m3) was
Level 3 monthly, 9 km resolution from the Aqua
MODIS satellite (OBPG 2014). Absolute dynamic
topography (adt, m), which is a measure of sea
surface height, and total kinetic energy (tke, m2/
s2) were derived from the Archiving, Validation
and Interpretation of Satellite Oceanographic
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data group hosted by the Copernicus Marine
Environment Monitoring Service. Eddy distance
and amplitude of the nearest eddy were derived
from the database described in Chelton et al.
(2011). Distance to oceanographic fronts was the
distance to the nearest Cayula-Cornelius thermal
front (Cayula and Cornillon 1992). El Niño-
Southern Oscillation (ENSO) conditions were
considered based on the Oceanic Niño Index
(ONI; 3-month running mean of Extended
Reconstructed Sea Surface Temperature [v4]
anomalies in the Niño 3.4 region; 5° N–5° S,
120°–170° W). We also conducted a lag-
correlation analysis between the average
monthly rate of odontocete depredation (cen-
tered and with seasonal trend removed) and
monthly ONI, to assess whether there was a
delayed response to ENSO conditions. This iden-
tified a peak correlation in depredation
11 months following ONI (Appendix S1: Fig.
S2), and thus, we included a variable for the 11-
month lag value of ONI in addition to concurrent
ONI in models. We used various tools in the
Marine Geospatial Ecology Toolbox for extrac-
tion of many of the environmental variables
(Roberts et al. 2010).

Multivariate data analysis
We conducted a detailed data exploration and

analysis to examine the influence of potential
predictor variables on the occurrence of odonto-
cete depredation in the deep-set fishery from
2004 to 2017. We first assessed collinearity
among explanatory variables by calculating Pear-
son correlation coefficients for all pairwise com-
binations of continuous variables, retaining only
those with values <0.5. When two variables with
similar ecological meaning were correlated, we
retained the one with fewer missing values or a
clearer ecological relationship to the response.
After a first selection, we assessed the variables
considered in the full models (Appendix S1:
Table S1) using the variance inflation factor
(VIF), ensuring that none exceeded a threshold of
3. As the VIF of each variable depends on the
other variables present, we recalculated VIF after
model selection, ensuring that no correlated vari-
ables were retained in the final models either. We
also assessed concurvity (Wood 2006) among
variables in candidate final models to ensure that
no variables were nonlinearly related.

We then used generalized additive mixed
models (GAMMs) to examine the relationship
between retained variables and the occurrence of
odontocete depredation. GAMMs are a regres-
sion approach that calculate smooth functions to
estimate relationships between predictor and
response variables (Wood 2017). We chose
GAMMs as we were interested in exploring the
combined influence of a range of different vari-
able types in a single model. The GAMM
approach allows greater flexibility in specifying
different terms within a single model, with fewer
a priori assumptions on the nature of each rela-
tionship, than, for example, generalized linear
models (Wood 2017). A GAMM uses a link func-
tion g() to relate a univariate response variable Y
to a sum of smooth functions of the covariates Xi:

g E Yð Þð Þ¼ αþ∑ f i Xið Þ

where α is the intercept and f i is a smooth func-
tion of the covariate Xi.
We used a logit link function to model the rela-

tionship between covariates and the binomial
presence or absence of odontocete catch damage
on at least one fish during a single set. To
increase sample size, we also included the occur-
rence of a hooked or entangled false killer whale
as a presence, which added 29 observations.
Although other odontocetes likely engage in
depredation on Hawai‘i deep-set gear, we
included only false killer whale bycatch as this
species is the most frequently bycaught odonto-
cete, and we wanted the models to be as specific
to false killer whales as possible. We explored
two possibilities for a fully saturated model, one
with no interactions (Appendix S1: Eq. S1) and
one including several interactions informed from
exploratory analyses and a priori hypotheses
(Appendix S1: Eq. S2). These included interac-
tions between month and latitude, month and
ONI lag, and latitude and ONI lag. Following
Zuur et al. (2009), we began model selection
from the fully saturated models with penalized
thin-plate regression splines used for all univari-
ate smoothers and tensor product smooths for
any interaction terms. We modeled month using
a cyclic regression spline to ensure a smooth step
from December to January. We treated the pres-
ence or absence of depredation on the previous
set of the focal vessel as a categorical, parametric
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variable and vessel identity as a random effect to
control for variation within vessels and individ-
ual trips. Penalized splines incorporate a penalty
that drives the coefficients of non-contributing
variables to zero (Wood 2006). These variables
were removed after the first iteration, and then
backward, stepwise selection was used on
remaining variables using non-penalized splines,
removing the variable with the highest P-value
at each iteration until only variables with a P-
value <0.001 remained (Zuur et al. 2009). We
explored model structures in which individual
smoothed variables were constrained using
knots, as well as formulations leaving variables
unconstrained. Knots determine the complexity
and flexibility of the curve and can limit over-
fitting. Overall patterns and variable selection
outcomes were similar for both strategies, but
smooth terms were determined to be more realis-
tic and interpretable when constrained to five
knots, a common, conservative default. We pre-
sent results only from the constrained version.
Various other combinations of smoother types,
parameter settings, and model selection algo-
rithms were explored, without noticeable differ-
ences on the resulting inferences. The final, best-
fit models from both interaction model and non-
interaction model iterations were compared
using AIC. All analyses were implemented in the
package mgcv, version 1.8-31 (Wood 2006, 2007),
in RStudio statistical software, version 1.2.5033
(R Core Team 2018).

Scale-dependent spatiotemporal analyses
We explored spatiotemporal patterns of depre-

dation for all observed vessels simultaneously
across a range of relevant space and time scales
(maximum of 1000 km and 20 d). We first used a
variation of Ripley’s K function (Ripley 1977) to
identify whether the occurrence of depredation
exhibited spatiotemporal clustering across these
scales. The technique treats the positions of speci-
fic events (e.g., depredation) as marked point
processes to estimate the presence or absence of
clustering of the event while controlling for the
underlying distribution of all events (i.e., all fish-
ing sets), as these are not randomly or evenly dis-
tributed themselves. By removing the effects of
only space and only time, patterns of events due
to space–time interactions can be identified (i.e.,
events that are close in both space and time). We

also summarized the proportion of depredated
or marked fishing events among all vessels fish-
ing within specified times and distances from
where the focal depredation event occurred (us-
ing the same space and time scales as the K-
analysis). Space and time locations for these anal-
yses were based on the beginning of the haul for
all observed fishing deployments from 2004 to
2018.
For the clustering approach, we followed the

approach of Dunn et al. (2014) and Bjorkland et
al. (2015), applying the K function separately for
all observed fishing deployments (all points,
K̂ s, t, stð Þall) and observed depredated deploy-
ments only (marked points, K̂ s, t, stð Þmark), across
a range of space–time thresholds (Gardner et al.
2008, Dunn et al. 2014):

K̂ s, t, stð Þ¼AT
N2 ∑

N

i¼1
∑
N

j≠i

I k si� sj k ≤ d
� �

I k ti� tj k ≤ t
� �

w si, sj
� �

v ti, tj
� �

where N is the total number of events, A is total
area, T is total length of the time series, si is the
spatial location of event i, ti the time of event i, w
(si,sj)v(ti,tj) an edge-correction factor, and I a
function indicating events sj,tj within a distance s
and time t of event si,ti (Dunn et al. 2014). As the
fishery operates on a daily time scale (i.e., typi-
cally one full set and haul per 24-h period), we
used one day as our time interval, from a mini-
mum of one day to maximum of 20 d. Similarly,
as the gear can spread over tens of kilometers,
we used 50 km as a minimum distance step and
interval to a maximum of 1000 km. The maxi-
mum values for the distance and time steps were
chosen to include all scales that could reasonably
be considered actionable for mitigation purposes.
We implemented K̂ calculations in the Splancs
package, version 2.01-40 (Bivand et al. 2017) in
RStudio statistical software, version 1.2.5033 (R
Core Team 2018).
We calculated both K̂ s, t, stð Þall and

K̂ s, t, stð Þmark across each possible space–time
interval. Purely spatial and temporal effects
(K̂ sð Þ and K̂ tð Þ; Appendix S2: Eqs. S1 and S2) for
all fishing sets and depredated sets were then
subtracted from the respective K̂ s, t, stð Þ (Appen-
dix S2: Eq. S3) to isolate processes correlated in
both space and time only (i.e., space–time inter-
actions). Finally, the space–time clustering of the
full dataset was subtracted from that of the
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marked points K̂ stð Þmark� K̂ stð Þall, to identify
space–time effects of only the marked points (i.e.,
controlling for the nonrandom distribution of
fishing events).

We then used random-labeling permutations
to explore the spatiotemporal autocorrelation of
depredation relative to randomly permuted fish-
ing set events. This method builds envelopes of
K by taking 1000 random samples of the same
size as the number of marked points from the
overall dataset. These envelopes represent the
range of expectations of K if there were no
space–time structure to the data. We consider
observed Ks that exceed the highest 95% thresh-
old of these values at a particular space–time
threshold to exhibit clustering. We acknowledge
concerns of this method for assigning statistical
significance (Loosmore and Ford 2006), and we
considered this only as a data exploration exer-
cise to identify plausible scales of correlation. For
visualization purposes, at each space–time
threshold, we subtracted the value of the highest
95th percentile of permuted Ks from the
observed K and set all zero (random) or negative
values (overdispersed) to zero. We then divided
these subtracted K values by the highest K value
across all space–time scales to standardize on a
scale from zero to one, and we display this as a
heat map to visualize specific space–time thresh-
olds where aggregation is likely present (Gard-
ner et al. 2008, Dunn et al. 2014).

While the K function provides information on
the intensity of spatiotemporal clustering at dif-
ferent scales, it does not translate directly to a
quantitative understanding of the change in risk
of depredation relative to an observed depreda-
tion event. Thus, we also summarized the occur-
rence of depredation as a function of space and
time from an observed depredation event. Specif-
ically, we calculated the empirical proportion of
depredation (fraction of total sets that are
marked), within each space–time boundary, for
every observed depredation event. In other
words, when depredation occurs, what is the
average rate of occurrence of additional depreda-
tion on all other nearby vessels, within each
space and time window of the original event?
We note that this method does not isolate com-
bined space–time effects like the K-analysis, and
thus, independent time or space effects may be
aggregated here as well, such as seasonal or

static habitat correlates. To put these scales in
context, we also explored the typical behavior of
fishermen in response to interactions, calculating
distances moved and time elapsed between sets
(end of one haul to beginning of next set), follow-
ing the presence or absence of odontocete depre-
dation or false killer whale bycatch.

False killer whale movement analysis
Pelagic false killer whales were encountered

and tagged with satellite tags during ship-based
(Pacific Islands Fisheries Science Center, PIFSC)
and small-boat (Cascadia Research Collective,
CRC) cetacean surveys in 2013 (both), 2017
(PIFSC only), and 2020 (CRC only). See Appen-
dix S3 in this paper, Baird et al. (2010), Baird et
al. (2013), and Anderson et al. (2020) for further
details on encounter, sampling, and tagging pro-
tocols. To avoid pseudo-replication, when multi-
ple tags were deployed within a single group or
animals tagged on separate days joined later, we
included only the tag with the longest transmis-
sion time in subsequent analyses.
Filtered Argos data were further processed

using a Correlated Random Walk state-space
model (crw-ssm) using the foieGras package,
version 0.4.0, implemented in RStudio version
1.2.5033 (R Core Team 2018) as described in Jon-
sen and Patterson (2019). The Correlated Ran-
dom Walk model is a continuous time model
that accounts for the irregular time intervals
between positions available from Argos data. It
estimates true locations while accounting for
error in the Argos telemetry data and regulariz-
ing to consistent, pre-specified time intervals, in
this case 4 h. This allows data across multiple
individuals to be normalized and as comparable
as possible. False killer whale locations were reg-
ularized to four-hour intervals for up to the first
59 d after which tags began duty-cycling. We
then summarized horizontal distance moved and
average speed along four-hour interval tracks
and horizontal distance moved, speed, and total
displacement (straight-line distance from the first
location of each day to the first location of the fol-
lowing day) for daily time steps.

RESULTS

Between 2004 and 2018, a total of 267,231 sets
(mean 17,815 per year, standard deviation [SD]
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1357) were made on 20,262 trips (mean 1351 per
year, SD 97) by 187 unique vessels (mean 132 per
year, SD 7) in the Hawai‘i deep-set longline fish-
ery. Observers were present on 21.0% of trips
covering 20.7% of sets, providing a dataset of
55,247 sets (mean 3683 per year, SD 254) with
detailed data. Fishermen set an average of 13.3
sets per trip (SD 3.7) and 2355 hooks per set (SD
455.5) with an average soak time (end set to end
haul) of 15.2 h (SD 2.8). Odontocete depredation
on at least one captured fish was observed on
3478 (6.3%) of all observed sets. Approximately
half of trips (47.2%) experienced odontocete
depredation on at least one set and 21.2% experi-
enced odontocete depredation on two or more
sets. The number of fish depredated per set was
right-skewed, with a median of two and a maxi-
mum of 63 depredated fish recorded on sets with
depredation. Odontocetes depredated a variety
of fish species, mostly tunas (Thunnus spp., 68%),
followed by billfish (11%), mahi-mahi (6%), and
wahoo (5%). These species represented 28%, 4%,
8%, and 2% of total catch, respectively. Several
species were depredated infrequently relative to
their proportion of total catch. Notably, the most
frequently caught species in this fishery, the long-
nose lancetfish (Alepisaurus ferox), comprised
23% of fish caught by number but less than 2% of
fish depredated by odontocetes. This may be due
to avoidance by odontocetes or the gelatinous
nature of their flesh, which makes this discard
species easily damaged and difficult for obser-
vers to categorize the source of damage. In gen-
eral, odontocetes did not feed on captured
sharks. The blue shark (Prionace glauca) is the
third most frequently caught species (˜8% of total
catch), but only seven individual sharks of three
species had evidence of odontocete depredation.

A diverse range of cetacean species were
reported as hooked or entangled by observers,
but most were odontocetes in the family Del-
phinidae (152 of 158 total animals). The most
commonly caught cetacean was the false killer
whale, representing approximately 70% of all
bycaught cetaceans identified to species or genus
(122 total). In total, 85 confirmed false killer
whales were caught on 80 sets between 2004 and
2018, followed by 10 short-finned pilot whales
(Globicephala macrorhynchus), nine Risso’s dol-
phins (Grampus griseus), and seven common bot-
tlenose dolphins (Tursiops truncatus). There were

also 13 unidentified blackfish species, likely false
killer whales or short-finned pilot whales
(McCracken 2010). Depredation of catch was
observed on 51 of 80 (˜64%) sets in which one or
more false killer whales were hooked.

Multivariate analysis
We used GAMMs to predict the presence or

absence of odontocete depredation per set (oc-
currence of ≥ 1 depredated fish or false killer
whale bycatch event as a proxy for depredation)
as a function of variables hypothesized to influ-
ence interaction rates. The parameters included
in the best-fit final models, and their functional
relationships to depredation, were very similar
for each model type (i.e., with interactions and
with no interactions; Appendix S1: Eqs. S3 and
S4). The main differences were that the month ×
latitude interaction term was significant in the
interaction model and distance to seamount was
marginally significant in the no-interaction
model, but not kept in the interaction model. The
interaction model had the lowest AIC value and
highest deviance explained and thus was consid-
ered further. The final interaction model included
the interaction between month and latitude, 11
additional quantitative variables, one categorical
variable, and a random vessel identification
effect, although overall deviance explained was
still low at 8.11% (Table 1; Fig. 1). There was a
clear seasonal and spatial relationship, with a
decrease in depredation occurrence in the second
and third quarters of the year and at higher lati-
tudes. Of the ONI variables, only the 11-month
lagged version was kept in the final model and
was positively associated with depredation. The
only other significant oceanographic variable
was a positive relationship between depredation
and absolute dynamic topography.
Operationally, the probability of depredation

increased with the number of hooks set and more
time the gear spent in the water. Depredation
was also significantly more likely if the vessel
experienced depredation on the previous haul of
the same trip. These factors led to relatively large
shifts in the model-predicted probability of
depredation. For example, the predicted proba-
bility of depredation more than doubled when
fishermen set 3000 vs. 1500 hooks or when
depredation occurred on the previous set.
Finally, several catch-related variables were
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significant. There was a consistent, nonlinear
relationship between depredation and catch of
four of the most common target species (bigeye
and yellowfin tuna, mahi-mahi, and wahoo) in
which the likelihood of depredation decreased
with increasing catch and then leveled off or
increased again at high levels of catch. Overall
CPUE (number of bony fish per 1000 hooks on
the focal vessel) showed the same relationship,
while average, tuna-only CPUE on vessels set-
ting within 100 km and �1 d had a linear, posi-
tive association with the risk of depredation.
Number of sharks caught also had a linear, posi-
tive relationship with depredation occurrence,
and vessel ID was highly significant as a random
effect.

Scale-dependent spatiotemporal analyses
The GAMM results showed an increased prob-

ability of depredation when a vessel experienced
depredation on their prior set of the same trip.
The modified Ripley’s K method allows further
exploration of this pattern by considering the
occurrence of depredation across all co-occurring
vessels that are close in space and time. This
analysis showed a clear, spatiotemporal aggrega-
tion of depredation occurrence at most scales up
to 1000 km and 20 d (Fig. 2a). The peaks in this

surface indicate where clustering or aggregation
is most intense—these occurred over areas of
between 350 and 450 km and periods of 9–11 d.
Our summary of empirical, or observed, depre-
dation rates relative to distance and time since
previous depredation events is consistent with
the indicated spatiotemporal clustering. The
observed depredation rate was 18% for vessels
setting less than 50 km and 24 h from previous
depredation, but this rate dropped the farther
away a vessel fished from a previous encounter.
At the peaks from the Ripley’s K, roughly
400 km and 9 d, the empirical depredation rate
flattened to about 9% (a 50% reduction) and
there was little additional benefit from moving
farther (Fig. 2b). Empirical depredation rates
declined somewhat more rapidly with distance
than time from the observed event, such that
increased risk may be persistent for several days
or more.
The analysis of fishermen behavior showed

that, in the absence of odontocete interactions,
fishermen moved a median 35 km (interquartile
range [IQR] 16–64 km) with a median duration
of 4.3 h (IQR 2.9–6.1 h) from the end of that haul
to the beginning of their next set. If depredation
was experienced on a haul, they moved a median
46 km (IQR 24–83 km) in 4.7 h (IQR 3.2–7.3 h)

Table 1. Results for the best-fit GAMM predicting odontocete depredation rates in the Hawai‘i deep-set longline
fishery from 2004 to 2017.

Term Estimates SE edf χ2 P

Parametric terms
Intercept −3.04 0.03 <0.001
Depredation on previous set 0.90 0.06 <0.001

Smoothed terms
Latitude ×Month 14.0 302.10 <0.001
No. hooks set 1.91 110.93 <0.001
Soak time (h) 2.35 30.26 <0.001
Bigeye tuna (no. caught) 3.93 379.51 <0.001
Yellowfin tuna (no. caught) 2.85 54.08 <0.001
Mahi-mahi (no. caught) 3.46 32.25 <0.001
Wahoo (no. caught) 2.06 27.61 <0.001
Sharks (no. caught) 1.00 17.39 <0.001
CPUE (no. fish/1000 hooks) 3.89 73.69 <0.001
Nearby tuna CPUE (no. tuna/1000 hooks) 3.49 141.22 <0.001
ONI 11 months Lag 1.00 19.83 <0.001
Absolute Dynamic Topography (m) 1.00 28.71 <0.001
Vessel ID 65.95 124.16 <0.001

Notes: The abbreviation “edf” is the estimated degrees of freedom in GAMM fitting.
n = 49,579; R2 (adj.) = 0.048; Deviance explained = 8.11%; UBRE = −0.571.
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before starting the next set, and 61 km (IQR 34–
205 km) in 5.8 h (IQR 3.5–25.3 h) if a false killer
whale bycatch event occurred.

False killer whale movement analysis
Tags were deployed on eight pelagic false

killer whales during six encounters in 2013, 2017,
and 2020. CRC deployed three tags in a group of

approximately 16 individuals on 22 October 2013
and one tag in a group of 48 individuals on 14
May 2020 off of Hawai‘i Island. PIFSC deployed
one tag in a group of an estimated 23 individuals
on 15 May 2013 and one tag in a group of esti-
mated 15 individuals on 26 May 2013, both in
the NWHIs. PIFSC deployed an additional two
tags near the island of Kauaʻi, one in a group of

Fig. 1. Smooth and parametric functions for variable output in binomial GAMM of depredation occurrence.
Figures represent presence/absence of odontocete depredation as function of each variable when all others are at
their average value. Y-axis values are transformed from log-odds to probability scale and shifted by the model
intercept to represent expected probability when all other variables are at their average value. The overall model-
predicted probability (˜0.06) of depredation is indicated by a dashed line in each figure so that the influence of
each variable on probability of depredation can be directly assessed and compared. Distribution of observed val-
ues indicated by rug plot along x-axis. Shading reflects 2× SE curves. Interaction term indicated by topographic
perspective plot. Red/green indicate � 2 SE.
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approximately 32 individuals on 12 September
2017 and one in a group of approximately 19
individuals on 13 September 2017. Total tag
durations, geographic use, and potential direct
interactions with pelagic longline operations for
the whales tagged in 2013 are described in
greater detail in Anderson et al. (2020).

There were five independent tags, with two
(PcTagP02 and PcTag065) transmitting for about
two weeks and the other three (141702,
PcTag041, and PcTagP01) transmitting beyond
the 59 d of daily transmissions considered here
(Fig. 3). We included only full days of transmis-
sion, leaving 12 d for PcTagP02, 15 d for
PcTag065, and 57 d each for the longer three
(Table 2). Total distance traveled ranged from
1653 km in 12 d for PcTagP02 to 8099 km in 57 d
for tag 141702. Median distance traveled in 4 h
for all animals was 19 km (range 1–75 km),
translating to a median speed of 4.8 km/h (range
0.3–18.8 km/h; Table 2, Fig. 4). When considered
at the daily scale, animals moved a median dis-
tance of 117 km (range 64–335 km) and median
speed of 4.9 km/h (range 2.7–14.0 km/h). Median
displacement (straight-line distance from first
location of day to first location of following day)
was 81 km (range 2–333 km).

DISCUSSION

We used several complementary approaches to
explore patterns of odontocete depredation in
the Hawai‘i deep-set longline fishery. We first uti-
lized a large observer dataset to explore relation-
ships between odontocete depredation and
environmental and operational covariates con-
current with deep-set fishing activity. These
model outcomes largely corroborated those from
an earlier analysis (Forney et al. 2011), with the
larger dataset allowing for increased resolution
of several patterns. The model did not identify
environmental or operational covariates that
could be used in a predictive management con-
text, but it showed that the risk of depredation
doubled if the previous set on the same trip expe-
rienced depredation. We explored whether the
occurrence of depredation on other, nearby ves-
sels also influenced depredation risk and identi-
fied the space and time scales of such repeat
depredation to understand how risk changes
with proximity to observed interactions. We also
summarized false killer whale travel speeds and
distances derived from satellite tags to help con-
textualize these scales of depredation and under-
stand how movement of the depredating species

Fig. 2. (a) Spatiotemporal clustering of odontocete depredation in the Hawai‘i deep-set longline fishery from
2004 to 2018 represented by modified Ripley’s K. Colored tiles are relative strengths of clustering, with any color-
shaded tile (i.e., non-gray) representing spatiotemporal clustering above 95% random permutations at that
space–time scale. The highest values represent the strongest levels of spatiotemporal clustering. (b) Percent occur-
rence of odontocete depredation based on time and distance (begin of haul) from a previous depredation event
in the Hawai‘i deep-set longline fishery.
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contribute to the patterns we observed. Our anal-
yses provide specific guidance on how fishermen
can reduce the probability of repeated interac-
tions following a depredation or bycatch event.
Thus, our results have direct relevance to the
ongoing deliberations of the False Killer Whale
TRT and may inform management of other odon-
tocete–longline interactions.

GAMM analysis of environmental and operational
covariates

The overall explanatory power of the best-fit
model was low, but several clear patterns
emerged from the multivariate analysis of depre-
dation occurrence. There was a marked decrease
in interaction rates during the second and third
quarters of the year and at higher latitudes,
beyond around 18°–20° N (Fig. 1). This pattern
was also observed by Forney et al. (2011) and is
to be expected as the fleet extends north and east
in these months (Woodworth-Jefcoats et al. 2018)

into areas where false killer whale densities are
predicted to be the lowest for this region of the
Pacific (Forney et al. 2015, Bradford et al. 2020).
Depredation is generally lowest at the northern-
most extent of fishing effort, but it seemed to
decrease at all latitudes during the Northern
Hemisphere summer months (Fig. 1). False killer
whales likely move seasonally in response to
changes in sea surface temperature (Bradford et
al. 2020), and this could influence the intensity of
overlap with fishing activity across the fleet’s
range. We also note that, although bycatch
records and direct observation (Thode et al.
2016) suggest that false killer whales are the pri-
mary depredator species in this fishery, some
depredation observations are likely due to other
odontocete species. These broad space and time
patterns may thus be partially influenced by
interactions between these species’ ranges, envi-
ronmental conditions, and fishery behavior that
cannot be disentangled here.

Fig. 3. False killer whale satellite tag tracks. Red diamonds indicate tag-on locations. Dashed line represents
the U.S. EEZ around the Hawaiian Islands. See text and Table 2 for further details.

Table 2. Details on pelagic false killer whale tag deployments considered in movement analysis after filtering
through Douglas Argos-Filter and Correlated Random Walk state-space model.

Tag ID Deployed by Deploy date End date No. days

Distance traveled (km)†
Cumulative In 4 h Daily

PcTagP01 PIFSC 16 May 2013 2013-07-13 57 6705 18 [2–54] 113 [64–203]
PcTagP02 PIFSC 27 May 2013 2013-06-09 12 1653 21 [2–44] 125 [71–169]
PcTag041 CRC 22 October 2013 2013-12-19 57 6602 17 [1–63] 112 [65–192]
141702 PIFSC 12 September 2017 2017-11-09 57 8099 21 [1–75] 129 [64–335]
PcTag065 CRC 15 May 2020 2020-05-31 15 2001 21 [4–49] 121 [105–149]

† Distance traveled in 4 h and daily are expressed as median with range in square brackets.

 v www.esajournals.org 13 August 2021 v Volume 12(8) v Article e03682

COASTAL AND MARINE ECOLOGY FADER ET AL.



Depredation occurrence increased with abso-
lute sea surface height, which is an indication of
mesoscale features such as eddies and fronts
(Chelton et al. 2011). This may relate to higher

depredation in more productive habitats along
these features, which is consistent with the
higher depredation rates observed when target
species CPUE is high. We also documented a

Fig. 4. Summary histograms of sub-daily (4-h) track-line distance traveled and speed (a, b), daily track-line dis-
tance and speed (c, d), and total daily displacement (e) from five pelagic false killer whale satellite tags processed
through Douglas Argos-Filter and Correlated Random Walk state-space models. Red values indicate median.
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possible relationship between odontocete depre-
dation and ENSO conditions. A weak but signifi-
cant positive correlation (˜0.14) was detected
between the Oceanic Niño Index (ONI) and
depredation 11 months later (Appendix S1: Fig.
S1), and this lagged ONI value was significantly
positively associated with depredation rate in the
GAMM analysis. It is unclear what ecological
processes underlie this pattern. There could be a
seasonal correlation component as El Niño
events (ONI ≥ 0.5) disproportionately occurred
in quarters 1 and 4 when there were higher rates
of depredation. However, La Niña events (ONI ≤
−0.5) had a similar monthly distribution to El
Niño and yet La Niña was associated with low
depredation rates. A seasonal pattern would also
not likely account for the apparent yearly fluctu-
ations, and interaction terms between ONI lag
and month and ONI lag and latitude were not
significant in the depredation models. Strong El
Niño events are known to disrupt oceanographic
conditions and marine food webs, although
effects on upper trophic level predators are not
well understood (Lehodey et al. 1997, Stenseth et
al. 2002). Perhaps false killer whales opportunis-
tically target fishing vessels more frequently
when El Niño periods destabilize their normal
food webs, and this occurs at the observed lag
due to impacts taking time to move through the
prey community. However, it would be very dif-
ficult to empirically test this hypothesis and, for
now, we simply note the pattern.

Operationally, we observed that the probabil-
ity of depredation increased with number of
hooks set and soak time in hours. Indeed, fisher-
men could reduce their risk by approximately
50% (˜0.06 to ˜0.03) by making sets <1500 hooks
or completing the haul in less than 10 h. Soak
time and the amount of gear have similarly been
observed to influence depredation rates in dem-
ersal longline fisheries (Tixier et al. 2015b, Janc et
al. 2018), reinforcing that simple strategies that
reduce depredator access can be beneficial in
reducing interactions. We also observed relation-
ships between depredation and a number of
catch indicators. For four of the most common
target species, there was a similar, nonlinear rela-
tionship in which the probability of depredation
decreased with catch and then leveled off at low
probabilities or increased back to more neutral
effects at high catch rates. We also observed an

increase in the probability of depredation as the
CPUE of tuna species by all vessels within 3 d
and 200 km increased, as well as with the num-
ber of sharks caught. These patterns suggest that
depredation is more common in areas where
CPUE is high, which is to be expected, given
false killer whales are apex predators that target
many of the same species as the fishery (Baird et
al. 2008). Most of the commonly caught shark
species in this fishery are also apex predators
and may similarly be drawn to regions that are
favored by false killer whales. The nonlinear pat-
terns at the focal vessel may be explained by gen-
erally low catch rates when depredation occurs.
False killer whales are known to depredate bait
in the deep-set fishery (Thode et al. 2016, Bayless
et al. 2017), which could depress overall catch
rates. The fish heads counted by observers are
also an imperfect indicator of depredation, and it
is possible that the whole fish is sometimes
removed by the depredating whale or falls off
the line before the hook is hauled. This would
also be consistent with the more linear trend for
sharks, as sharks are almost never depredated by
odontocetes (see also Oleson et al. 2010). The
uptick in depredation at very high catch levels
may be associated with the general pattern of
false killer whales occurring in relatively produc-
tive areas.

Spatiotemporal depredation patterns
The GAMM shed light on finer scale patterns

of depredation as well, such that depredation
was significantly more likely if a vessel experi-
enced depredation on the previous set of its same
trip. This is consistent with the results reported
by Forney et al. (2011) and reports from fisher-
men (TEC 2009), which suggest fishermen expe-
rience repeat depredation on trips and may
actively move following depredation to reduce
the probability of repeat occurrences. Forney et
al. (2011) suggested that moving 100 km follow-
ing a depredated set leads to slight reductions in
risk (from 16% to 14% expected occurrence), but
there was insufficient sample size in their analy-
sis to assess time and space together and only
interactions on the focal vessel were considered
(i.e., not what is happening on other, nearby ves-
sels).
We addressed these gaps using a variation of

Ripley’s K to estimate spatiotemporal
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autocorrelation of depredation simultaneously
for all vessels across a range of actionable space
and time scales. This approach has been used in
other fisheries experiencing depredation or
bycatch to identify scales of clustering, which
can then be used to provide recommendations of
distances to move, and/or times to wait, to avoid
future negative encounters; these are commonly
referred to as move-on rules. We identified spa-
tiotemporal clustering of depredation in the
deep-set fishery across most scales we consid-
ered, suggesting that a vessel should generally
expect to encounter higher depredation rates
near previously observed depredation events
due to spatiotemporal clustering of events alone
(i.e., independent of any effects of just time or
just space).

To give a clearer picture of what fishermen
could actually expect in terms of risk of depreda-
tion relative to the time and location of previous
depredation, we also identified the average pro-
portion of sets experiencing depredation (for all
vessels simultaneously) within the same space–
time thresholds from the observed depredation
event (i.e., within 20 d and 1000 km at incre-
ments of 24 h and 50 km). As for a single vessel,
the rate of depredation across all vessels is high-
est when a previous depredation event is
observed nearby in space and time. On average,
the proportion of sets experiencing depredation
within 24 h and 50 km of a previously observed
depredation event is ˜18%, compared to the over-
all background rate of ˜6%. Consistent with the
K-analysis, this proportion decreases with both
space and time since the observed event. The
peaks from the K-analysis indicate that ˜400 km
and ˜9 d is the most effective distance to move
and time to wait, respectively, for reducing
repeat depredation. On average, the depredation
rate decreased from 18% to 9% (˜50% reduction)
at this threshold, with little additional benefit
gained by moving farther or waiting longer.

There also seems to be a greater benefit from
moving rather than waiting, suggesting that
these clusters of depredation activity may be rel-
atively confined in space (still potentially over
several hundred km), but persistent in time (i.e.,
lasting for up to several weeks). This may be ben-
eficial to the fleet, as moving is likely to be a
more practical strategy than simply waiting
without fishing, although there are obvious costs

associated with both. Indeed, past fishing prac-
tices suggest that pelagic longline fishermen tend
to react to depredation and bycatch by moving
but fishing again as soon as possible. Fishermen
moved around 31% farther between sets when
they experienced odontocete depredation and
74% farther when there was a false killer whale
bycatch event, but the median times for each sce-
nario were all under six hours, indicating a ten-
dency to move but still set on the same day (so
that a potential fishing day was not missed). We
also note, however, that although the median
times are similar, the upper quartile of time
between sets increased to >24 h following a false
killer whale bycatch event, suggesting that at
least some vessels or captains may be likely to
both move and wait an extra day before fishing
again. The K-analysis does suggest that any
movement farther from an observed interaction
will decrease the likelihood of repeat occur-
rences, but based on our move-on analysis, the
distances typically moved may provide only
very minor benefits when fishing again within
24 h. For example, the average percentage of
depredated sets within 61 km and 24 h of a pre-
viously observed depredation event was 17%
(compared to 18% within 50 km and 24 h), while
this decreased to 12% on the same day but
200 km away.

Depredator behavior and avoidance
The incidence of depredation is ultimately dri-

ven by the behavior of the depredator, and there
have been important recent advances in under-
standing the nature of interactions between false
killer whales and the Hawai‘i deep-set longline
fleet, and for interactions with odontocetes in
other fisheries. For example, passive acoustic
monitoring of longline gear deployments
detected false killer whales most commonly dur-
ing the hauling phase, with whales potentially
moving along the mainline away from the vessel
as gear was being retrieved (Bayless et al. 2017).
Satellite-tagged false killer whales were also
observed to show directed movements toward
fishing gear during the hauling phase of some
sets (from as far as 100 km away) and no appar-
ent reaction to gear during other sets, despite
being within apparent detection range (Ander-
son et al. 2020). It is still unclear how false killer
whales locate gear, although work with other
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species and fisheries suggests that acoustic detec-
tion is very likely. Thode et al. (2007) showed
that sperm whales depredating demersal longli-
nes in southeast Alaska cue in on acoustic signa-
tures from the cavitation of a ship’s propeller
when the engine is engaged to begin hauling
gear, which they can detect from at least 4–8 km
away. Thode et al. (2015) further point out that
sperm whale clicks are more intense than the
vessel noises themselves, and thus, once at the
gear location, depredating sperm whales may
intentionally or unintentionally alert other
whales from even farther away. Richard et al.
(2021) recently identified clear acoustic signa-
tures during setting operations of demersal long-
lines in a sub-Antarctic fishery. They argue that
there may be multiple acoustic cues available to
depredating whales for a given fishery and that
different cues may travel different distances. This
may help explain observations that killer whales
in South Georgia orient to demersal longlines at
75–100 km (Towers et al. 2019), while they seem
to orient to herring purse seine vessels in Nor-
way when within 20 km (Mul et al. 2020).

Taken together, these studies demonstrate that
false killer whales are likely capable of locating
vessels from tens of kilometers away, following
vessels, and moving along gear removing bait
and target catch once found, although they do
not always do so. Our spatiotemporal analysis
identifies clear space–time aggregation of long-
line depredation, which could be a result of this
type of active targeting and following of vessels
by whales, simple overlap of whales, and vessels
targeting similar dynamic oceanographic condi-
tions or, more likely, some combination of both.
We provide a summary of baseline pelagic false
killer whale movement behavior, using the same
tags as Anderson et al. (2020) plus an additional
tag from PIFSC in 2017 and CRC in 2020, to place
in context the mobility of these pelagic predators
and provide guidelines for what would be
required to avoid or escape whales that are
actively pursuing a vessel.

Over four-hour time periods, comparable to
the typical duration between the end of a deep-
set haul to beginning the next set, the median
distance moved by the five focal whales was
19 km (median speed of 4.8 km/h). However, all
five whales moved over 40 km in a four-hour
period (speed of 10 km/h), two were observed to

move over 60 km (15 km/h), and one exceeded
70 km in four hours on three different days
(17.5 km/h). This compares to kinematic predic-
tions of false killer whale speed based on mor-
phology and cost of locomotion, which suggest
cruising speeds of 11 km/h and highest efficiency
of swimming at 13–14 km/h (Fish 1998). Burst
speeds are likely much greater than could be
maintained over four hours. Fish (1998) esti-
mated maximum velocities for false killer whales
of 27 km/h and Baird (personal observation)
observed a group of false killer whales near
Hawai‘i maintaining speeds of 18 km/h for over
30 min.
Over daily time periods, the median along-

path distance was 117 km with a median speed
of 4.9 km/h. However, distributions were again
right-skewed with whales observed to move well
over 200 km in 24-h periods, maintaining speeds
of at least 10 km/h. We note that reported along-
path distances are all minimum values as whales
are unlikely to move in straight lines for four or
24 h. More accurate GPS-based tags, as well as
better estimation of false killer whale cost of
transport and aerobic capacity, could further
inform how long animals are able to maintain
high cruising speeds and how long they might
be expected to pursue vessels.
False killer whales have a complex social struc-

ture, and groups are often comprised of multiple
sub-groups spread over distances up to at least
35 km (Baird et al. 2008, Bradford et al. 2014,
Martien et al. 2019). Individuals within groups
have been observed separating by over 100 km
and rejoining the same group over a period of
several days (Baird et al. 2010). Assuming a mini-
mum detection range of 4–8 km for vessel noise
and no movement by the depredating whales, it
is thus possible that a vessel would have to move
40–50 km (acoustic propagation of vessel noise +
spread of sub-groups) just to reach the edge of
detection range for a large group of false killer
whales. This distance could, of course, increase if
individual whales disassociate and reassociate as
observed by Baird et al. (2010) or follow the ves-
sel as it moves to a new fishing location, which is
known to occur in other odontocete–fishery inter-
actions. Tixier et al. (2015b) demonstrated that a
single pod of killer whales (Orcinus orca) could
follow longline vessels for multiple days and sug-
gest that the whales may even maintain their
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bearing, such that they can encounter and depre-
date gear several days later, despite likely losing
contact with the acoustic signal of the vessel.

How long a vessel would have to move to out-
pace following whales depends on the speeds of
the vessel and whale. The average maximum
speed of Hawai‘i longline vessels is about 15 km/
h (obtained from MarineTracker.com), which is
similar to the maximum speeds maintained in
four hours by tagged false killer whales. Thus, it
is possible that a vessel at maximum speed could
still have following whales after four hours. Even
if whales were moving at 10 km/h, which all
tagged whales were easily capable of, a vessel
moving at 15 km/h would only be 20 km from
the following whales after four hours. As it could
take three hours just to reach the conservative
edge of detection range of 40–50 km, whales
may be able to maintain detection well beyond
four hours, even if the vessel moves at maximum
speed. Our spatiotemporal analysis suggests that
when fishing again within one day, vessels are
unlikely to experience large decreases in depre-
dation risk unless they move fairly large dis-
tances. We recognize constraints may limit a
vessel’s ability to move certain distances. Deep-
set gear is typically deployed (set) in the morning
with haul-back beginning around sunset and fin-
ishing in the early morning hours. A captain
who wishes to fish two days in a row typically
has only a few hours to redeploy gear at the opti-
mal time of day, hence the median of ˜4 h from
end of haul to beginning the next set. Unfortu-
nately, even at the average maximum speed for
these vessels, fishermen are unlikely to decrease
their interaction risk within only four hours. We
thus recommend that when depredation is
known to occur, vessels move away as far and as
quickly as practical. It may also benefit to diverge
from the course of travel for 10–20 km before set-
ting gear, as false killer whales may behave like
killer whales and continue following in one
direction after losing acoustic detection of the
vessel (Tixier et al. 2015b). Vessels will experi-
ence greater reduction in risk if they wait to set
until the following fishing day.

Recommendations and implications
Our work was motivated by the goal of identi-

fying patterns of odontocete depredation and
depredator behavior in a way that can be used

by fishermen to mitigate these negative interac-
tions. We detected some interesting patterns, but
there were no unequivocal geographic, environ-
mental, or operational covariates that could be
used in a management context. As has been
shown before, the probability of interaction
increases with fishing effort (hooks set and time
soaked). But, in general, odontocete depredation
is likely driven at broad scales by convergence in
space and time of fishing activities and the occur-
rence of these apex predators, which are both tar-
geting similar prey fields. Both fishermen and
whales are likely cueing on the same set of envi-
ronmental factors to locate these areas. Neverthe-
less, depredation is still a relatively rare event,
and thus, high predictive accuracy based on a
priori environmental factors alone is not cur-
rently possible.
Given the clumped occurrence of this behavior

in space and time, it is not surprising that the
best predictor of depredation is where and when
it was observed previously. We characterize the
boundaries of risk associated with previously
observed events, which suggest that depredation
risk consistently decreases until about 9 d later
and 400 km away, with little expected reduction
beyond that. Risk seems more persistent in time
than in space. For example, the same proportion
of sets were depredated within 50 km and 8 d of
a depredated set than within 200 km only one
day later. Thus, if vessels wish to fish again
within 24 h, they will experience the greatest
reduction in risk by moving or staying as far
away as possible, ideally 200–300 km.
We further considered the behavior of tagged

pelagic false killer whales. False killer whales can
pace fishing vessels for at least four hours. We
recommend that fishermen steam at high speeds
(>15 km/h) for seven to eight hours if setting the
same day, but again, they will experience further
benefit if they wait until the next day to fish,
allowing time to move even farther. This may be
challenging under typical fishing operations, so
fishermen who intend to fish on consecutive
days may be able to capitalize on synergies
between the reduction of risk at lower fishing
effort and greater distances moved following
depredation. By setting slightly less gear they
should finish hauling earlier in the day. If depre-
dation were to occur on that haul or be known to
have occurred recently in their area, they would
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thus have more time to move to a safer location
on the same day.

We also showed that risk is increased for all
vessels in the vicinity of known interactions, sug-
gesting that improved communication among
vessels in the fleet would help reduce risk (Gil-
man et al. 2006). It may be difficult for a vessel at
the center of a group of whales to escape detec-
tion within a day, but other vessels fishing in the
same area can use that knowledge to reduce their
own risk. Elevated depredation risk may persist
within 100–200 km for a week or more, so it is
important for other vessels to know where inter-
actions occur so that they do not inadvertently
fish again within high-risk areas. We understand
that competition may reduce incentives to com-
municate among some vessels, and cooperation
may be even less likely outside of the U.S. EEZ,
where vessels from a number of other nations
may also be longline fishing. However, reducing
bycatch risk is in the best interest of all U.S. fleet
members, given the potential management impli-
cations of high bycatch rates.

Finally, we recognize that although moving
and waiting reduce odontocete interaction risks,
they also incur costs themselves. Ultimately each
captain must make decisions based on the per-
ceived costs and the benefits of moving versus
continuing to fish. We have attempted to provide
information to help them evaluate part of this
calculation, specifically the expected risk reduc-
tion from given avoidance measures. We hope
that they can use this information to more pre-
cisely evaluate the trade-offs in adopting these
recommendations. Further work assessing the
costs in terms of lost fish catch would be benefi-
cial in helping fill in additional parts of these cal-
culations that are not addressed here.

Depredation and associated bycatch are global
issues but remain poorly understood in many
ways, especially for pelagic longline fisheries
where depredating animals are rarely seen in the
vicinity of gear. Our study adds to a growing
body of work for the Hawai‘i longline fleet but is
also relevant to pelagic longline depredation in
other parts of the world. Unfortunately, depreda-
tion and bycatch will be difficult to avoid when-
ever the predators and fisheries target the same
species. However, for species that occur in low
densities with relatively low interaction rates,
such as false killer whales, it may be possible to

avoid areas of overlap and find other productive
grounds to fish without whales. The tools used
here can help identify the intensity and scale of
risk where whales are known to occur, and the
avoidance strategies most likely to be effective in
minimizing further risk to the fishery. We
demonstrate that rates of interaction can be
reduced by up to 50% with appropriate avoid-
ance measures. We hope that fishermen will add
these measures to their toolkit for deciding
where to fish, reducing economic burdens on the
fleet, and improving conservation outcomes for
vulnerable bycatch species.
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