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Odontocete detections are linked to oceanographic
conditions in the Hawaiian Archipelago
Morgan A. Ziegenhorn 1✉, John A. Hildebrand 1, Erin M. Oleson 2, Robin W. Baird 3 &

Simone Baumann-Pickering 1

Understanding environmental drivers of species’ behavior is key for successful conservation.

Within cetacean research, studies focused on understanding such drivers often consider local

conditions (e.g., sea surface temperature), but rarely include large-scale, long-term para-

meters such as climate indices. Here we make use of long-term passive acoustic monitoring

data to examine relationships between eight classes of toothed whales and climate indices,

specifically El Niño Southern Oscillation, Pacific Decadal Oscillation, and North Pacific Gyre

Oscillation, as well as local surface conditions (temperature, salinity, sea surface height) at

two sites in the Hawaiian Archipelago. We find that El Niño Southern Oscillation most

influenced cetacean detections at monitored sites. In many cases, detection patterns mat-

ched well with combinations of one or more climate indices and surface conditions. Our

results highlight the importance of considering climate indices in efforts to understand

relationships between marine top predators and environmental conditions.
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As a relatively productive oasis in the generally oligotrophic
North Pacific Subtropical Gyre1, the Hawaiian Archipe-
lago provides a unique study site for toothed whales

(odontocetes), with at least 18 species of odontocetes residing in
the region2. The archipelago consists of volcanic islands, sepa-
rated into the Northwestern Hawaiian Islands (NWHI, older
islands) and the Main Hawaiian Islands (MHI, newer islands).
Oceanographic conditions in these regions differ significantly,
with the MHI experiencing high nearshore upwelling3, regional
fronts and leeward eddies4–8, and increased mixing and turbu-
lence in channels between islands that encourage relatively high
primary productivity3. This subsequently supports a variety of
odontocete prey species (e.g., myctophids, shrimp, squids,
cephalopods, and demersal and mesopelagic fishes9–13,). Nutrient
input along coastal areas from frequent rainfall and steep island
slopes also promotes the flourishing of odontocete prey; this effect
is concentrated nearshore on the windward side of the islands14

but more dispersed and diluted in the islands’ lees due to westerly
winds15. In the NWHI, the contrast between inshore and offshore
production is less marked because of eddies and a lack of above-
water land mass. However, proximity to the transition zone
chlorophyll front (TZCF) near the Subtropical Convergence Zone
also results in higher productivity and increased abundance of
odontocete prey species compared to the surrounding gyre16

(Table 1). The heightened production supported by these pro-
cesses provides prime habitat for many odontocete species and
results in numerous island-associated populations of various
species.

Both parts of the island chain are also influenced by large-scale
climate events, including the El Niño Southern Oscillation
(ENSO), the Pacific Decadal Oscillation (PDO), and the North
Pacific Gyre Oscillation (NPGO). The ENSO cycle describes the
anomalous coupling of tropical Pacific ocean-atmosphere con-
ditions, which is naturally occurring and varies on a 4–7 year
scale, with global effects (e.g. refs. 17–19,). The PDO cycle varies
on a 15–25 year scale, with warm and cool phases classified by
anomalous surface temperatures in the North Pacific Ocean (e.g.,
for the ‘cool’ phase, a colder eastern equatorial Pacific and war-
mer horseshoe connecting the southern, western, and northern
Pacific20. The NPGO is the most recently defined of the three
indices and is significantly correlated with previously unexplained
fluctuations in chlorophyll-a, nutrients, and salinity in the
Northeastern Pacific. This climate pattern varies on a similar scale
to the PDO and reflects changes in the circulation of the North
Pacific Subtropical Gyre21.

In the MHI, positive ENSO and PDO conditions are linked to
higher sea surface temperature (SST) as well as lower sea surface
salinity (SSS), deeper mixed-layer depth, lower chlorophyll-a
concentrations, and lower net primary productivity22. Negative
ENSO and PDO conditions are linked to opposite trends,
resulting in higher productivity during negative ENSO and PDO
phases (Table 1). In the NWHI, relationships to ENSO and PDO
are more likely to be related to north-south movements of the
TZCF. This front fluctuates seasonally and is closest to the islands
during the winter (30–35° N), and furthest away in the late
summer (40–45° N)23. Positive ENSO and PDO conditions lead
to southward movement of the front, resulting in higher pro-
ductivity in the NWHI region; this is especially pronounced in the
winter24,25. This is primarily driven by the PDO but is enhanced
by positive ENSO conditions26. These patterns in the NWHI are
driven by the tradeoff between northeasterly trade winds (which
are stronger during negative ENSO and PDO phases), as opposed
to stronger westerly winds during positive phases26. Across the
entirety of the islands, it has been noted that positive PDO causes
more frequent positive ENSO events, and vice versa27, further
emphasizing the combined effects of these two climate indices. T
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Fluctuations in the NPGO seem to have the same affect across
the entirety of the Hawaiian Archipelago. In this case, the positive
phase is related to faster currents in the North Pacific Subtropical
Gyre, which results in lower SST in Hawaiʻi28. In addition,
positive NPGO conditions have been related to higher SSS and
mixed-layer depth as well as higher net primary productivity22,
with the opposite being true for negative NPGO conditions
(Table 1). These fluctuations in productivity may influence the
distributions and patterns of odontocetes in the area over long
timescales as they follow shifting prey distributions.

Habitat modeling has become a high-priority goal for scientists
and managers in the past several decades. Using such models,
scientists can become better informed about patterns of cetacean
movement and their drivers. These drivers can include both
intrinsic and extrinsic factors such as behavior, life-history stra-
tegies, foraging considerations, and anthropogenic influences (e.g.
refs. 10,29,30,). Studies of this nature often include surface variables
such as SSH, SST, SSS31–34, bathymetric data35–37, prey-
associated variables10,31,32, distances to oceanographic features
such as eddies6,38,39, seamounts39,40, or shore41,42, and anthro-
pogenic influences43,44.

Previous studies in the Hawaiian region have generally
obtained odontocete detections from tag data, sighting data, and
limited passive acoustic data45–49. However, temporal resolution
of these studies has often been limited because of the methods
used, resulting in little consideration of long-term climate states.
An existing passive acoustic monitoring (PAM) dataset from the
region covering the years 2009–2019 at sites in the MHI and
NWHI provides unique opportunities to understand the rela-
tionships between both surface conditions and long-term climate
indicators (ENSO, PDO, NPGO) and odontocete species in the
Hawaiian Islands (Fig. 1). This dataset has been used in a pre-
vious study to extract and classify echolocation clicks50, which are
produced by odontocetes primarily while foraging and allow for
identification of some species/genera. This study resulted in
timeseries of eight “classes” of echolocation clicks, including five
species-specific classes: false killer whale (Pseudorca crassidens),
rough-toothed dolphin (Steno bredanensis), short-finned pilot
whale (Globicephala macrorhyncus), Blainville’s beaked whale
(Mesoplodon densirostris), and Cuvier’s beaked whale (Ziphius
cavirostris), and three non-species classes: stenellid dolphins
(likely including a mixed composition of pantropical spotted
dolphin (Stenella attenuata) and spinner dolphin (S. longirostris),
but possibly including detections of striped dolphin (S.
coeruleoalba)2,), Kogia spp. (primarily dwarf sperm whale (K.
sima), but potentially containing detections of pygmy sperm
whale (K. breviceps)51), and an unknown mix of common bot-
tlenose dolphin (Tursiops truncatus), and melon-headed whale
(Peponcephala electra)50.

Spatiotemporal patterns in detections based on these timeseries
have shown that species composition amongst sites considered
was robust to season, and that temporal changes in detections
varied on both diel and seasonal scales52. However, relationships
between detections and oceanographic indicators that may pro-
vide explanations for documented patterns have not yet been
assessed. Investigating relationships between oceanographic and
climatological factors and odontocete presence, reflected in
acoustic detections, in the islands facilitates understanding of
their movement patterns over a variety of timescales. Localized
shifts in odontocete presence may have significant effects on
lower trophic levels due to top-down trophic effects53,54. In
addition to this, understanding relationships to oceanographic
features is important for predicting future range shifts, responses
to climate change, and in mitigating potentially harmful
anthropogenic interactions such as ship strikes and fisheries
bycatch. In this study, existing timeseries of odontocete detections

for the classes defined above were used in conjunction with
environmental indicators to explore potential relationships. The
results of this work improve upon our previous understanding of
this system by investigating associations with climate indices
along with more traditionally considered variables, providing
novel information about odontocete responses to climate states.

Results
Modeling was completed for nearly all classes of toothed whales,
excluding cases where the total number of detections was less
than 100 (Table 2). Of the surface predictors considered, SSH was
important in the most cases (9 class models across sites, 64%),
followed by SST and SSS (4 each, 29%). ENSO and PDO were
important predictors of detections for the same number of classes
(9 class models, 64%) (Table 2). Explained deviance in models
varied from 5% (bottlenose dolphin and melon-headed whale
class off Hawaiʻi) to 41% (rough-toothed dolphins at Manawai).
Deviance explained was higher at Manawai (5 of 7 models above
15%) than Hawaiʻi (4 of 7 models above 15%). Of the species
considered, rough-toothed dolphins had the highest explained
deviance across sites, followed by short-finned pilot whales
(Table 3). The Kogia spp. and stenellid classes had the widest
range of explained deviance, from 28% off Hawaiʻi to 6% at
Manawai (11% and 31% for stenellids).

Hawaiʻi. Off Hawaiʻi, ENSO was the most common predictor of
detections, followed by SSH, and then SST and PDO (Figs. 2 and
3). Modeling was possible at this site for all considered species
except false killer whale due to limited detections (only 85 days
with presence, Table 2).

Relationships to surface conditions were generally consistent in
their directionality across species at this site. Detections of the
bottlenose dolphin and melon-headed whale class, short-finned
pilot whales, Cuvier’s beaked whales, and Kogia spp. all had
positive relationships with SSH. Conversely, all relationships to
SSS were negative (rough-toothed dolphins and the bottlenose
dolphin and melon-headed whale class Figs. 2 and 3). Relation-
ships to SST were also negative, with the clearest of these being
for stenellids; the final model for this group included only
temperature (Figs. 2 and 3). Cuvier’s beaked whales and Kogia
spp. also had positive relationships with lower temperature
conditions.

Consistency in directionality was also mostly observed for
relationships to climate indices at this site. ENSO was the most
included variable at this site (5 out of 7 classes) with higher
detections during negative ENSO states for rough-toothed
dolphins, short-finned pilot whales, and Blainville’s and Cuvier’s
beaked whales (though for Cuvier’s beaked whales there is a
minimum at approximately −0.5 ENSO; Fig. 3). The exception to
this relationship was Kogia spp. (Fig. 3). Relationships to other
climate indices were less common. Both rough-toothed dolphin
and Kogia spp. had strong positive relationships to negative PDO
conditions (Figs. 2 and 3).

Manawai. At Manawai, modeling was possible for all classes
except for false killer whale due to insufficient number of detec-
tions (n= 97). At this site, PDO was the most influential variable
considered and was retained for all odontocete classes considered.
ENSO and SSH were the next most common predictors, followed
by SSS and SST.

Directionality of relationships to surface predictors at this site
was not consistent across species (Figs. 4 and 5). SSH was the
most commonly included surface predictor, with negative
relationships to detections of rough-toothed dolphins and
stenellids and positive relationships with Cuvier’s beaked whale
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and Kogia spp. detections (Figs. 4 and 5). Detections of
odontocetes were higher with lower SSS for the bottlenose
dolphin and melon-headed whale class but increased with higher
SSS for Blainville’s beaked whales. Only short-finned pilot whale
detections were significantly influenced by SST (higher detections
with lower SST, generally; Fig. 5).

Relationships were observed between climate indices and
species’ detections in all cases. ENSO state was an important
predictor of species’ detections for all classes except the bottlenose
dolphin and melon-headed whale class, short-finned pilot whales,
and Cuvier’s beaked whales (more detections with negative
ENSO, Figs. 4 and 5). Relationships to PDO were also primarily
negative, though Blainville’s and Cuvier’s beaked whales had a
positive relationship and the Kogia spp. relationship was difficult
to interpret (Figs. 4 and 5).

Discussion
In this study, we investigated relationships between five environ-
mental variables and detections of eight classes of odontocetes at two
sites in the Hawaiian Archipelago. Relationships to climate indices

were observed for almost all classes, with detections of nearly all
classes being related to ENSO, PDO, or both. ENSO was related to
detections at both sites (71% of classes off Hawaiʻi and 57% at
Manawai), while relationships to PDO were far more common at
Manawai (29%, 100% of classes, respectively) (Figs. 3 and 5).

In most cases, species’ relationships to environmental variables
were different at the sites considered. Of the surface variables
considered, relationships to SSH may be particularly interesting,
as they seem to differ for deep and shallow divers. Deep divers
(e.g., beaked whales30,55) had a relationship with higher SSH; the
opposite was true for shallower divers (i.e., stenellids and rough-
toothed dolphins56,57). This seemingly holds true across sites,
though off Hawaiʻi, SSH was only related to presence of deeper
diving species.

Differential oceanographic processes at these sites may also be
the cause of variability in relationships to surface conditions. At
our MHI site off Hawaiʻi, relationships with surface variables
might be driven by fluctuations in the strength or location of
cold-core (e.g., productive) eddies that are known to be prevalent
in the lee of the island8, or to localized downwelling that aggre-
gates prey species near this site10. In the NWHI, the primary

Fig. 1 Site map. Recording sites for this study, showing the location and average depth of each site, with 50m contour lines. The non-labeled panel shows
site locations in context of the Hawaiian Islands chain. Panels a and b show locations of Hawaiʻi and Manawai sites (respectively). Bathymetry data used
for the top left panel was accessed via the General Bathymetric Map of the Ocean (GEBCO) 2022 gridded global dataset (accessible here: https://www.
gebco.net/data_and_products/gridded_bathymetry_data/#global). Bathymetry data used for panels a–b accessed from the Hawaiʻi Mapping Research
Group at the University of Hawaiʻi at Manoa (a, accessible here: http://www.soest.hawaii.edu/hmrg/multibeam/bathymetry.php) and Pacific Islands
Ocean Observing System (b, accessible here: https://pae-paha.pacioos.hawaii.edu/thredds/bathymetry.html?dataset=hurl_bathy_60m_nwhi).
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process that may affect productivity at Manawai is the seasonal
movement of the TZCF. Results for SSS and SST may indicate the
relationships here; for bottlenose dolphins and melon-headed
whales, and short-finned pilot whales, detections decrease during
winter which may suggest movement away from the site to a
particularly advantageous foraging area, potentially closer to the
front itself (Figs. 4 and 5). However, during warm-weather sea-
sons, such a shift may not be necessary or advantageous.

This explanation also serves to partially explain ENSO and PDO
relationships for these classes. In these cases (as well as potentially
for rough-toothed dolphins and Kogia spp.), we might have
expected higher detections during positive ENSO and PDO con-
ditions when local productivity should be enhanced by the closer
proximity of the TZCF (Table 1). Additional correlation analysis
between oceanographic conditions and climate indices seem to
support this; near Manawai, there is a positive correlation between
both ENSO and PDO state and satellite-derived surface
chlorophyll-a values (Supplementary Note 1, Supplementary
Fig. S1). However, movement to an even more productive region
elsewhere could again explain this discrepancy. Blainville’s and
Cuvier’s beaked whales present a notable exception to this. For both
beaked whale species, higher seasonal occurrence during winter52

when the TZCF is closer to Manawai supports the conclusion that
proximity of the front may explain the positive relationship seen
between PDO index and detections (Figs. 4 and 5).

Off Hawaiʻi, detections of all classes with relationships to
ENSO were higher during the negative phase, except for Kogia
spp. All species with a relationship to ENSO had a distinct peak in
detections in late 2010 and early 2011, during which negative
PDO and ENSO states lined up with a positive NPGO state—
likely the most productive combination of these states in the MHI
(Table 1). Interestingly, there is a sudden shift in detections of
rough-toothed dolphins, Blainville’s beaked whales, stenellids,
and Kogia spp. in early 2019 (decrease for Blainville’s, stenellids,
and Kogia spp., increase for rough-toothed dolphins; Fig. 2).
While these shifts may be related to a concurrent shift in PDO
state, it is alternatively possible that the presence or absence of a
nearby offshore experimental fish farm, which unintentionally
acted as a fish aggregating device, attracting both fishing vessels
and rough-toothed dolphins58,59 may have influenced detections
off Hawaiʻi at this time. The distinctness of this shift warrants
further investigation to see whether it is related to the concurrent
PDO shift, anthropogenic activities, or both.

While relationships to ENSO were common at both sites,
relationships to PDO were far more common at Manawai (100%
of classes) than off Hawaiʻi (29%). This result suggests that cli-
mate indices may be more relevant to species’ modeling in the
NWHI than the MHI. The reasons for this may be multifold. The
additional correlation analysis undertaken in our study indicates
a higher correlation between PDO and chlorophyll-a concentra-
tion (i.e., productivity) near our NWHI site than our MHI site,
which may suggest a larger effect of this climate oscillation on
productivity in that region (Supplemental Information). This is
logical considering the origin of the PDO (northern Pacific)
versus ENSO (tropical Pacific), and the relative latitude of our
sites (Fig. 1). Other differences between our sites, such as depth
and relative anthropogenic influence, may also play a role
(Table 1). The deployment depth off Hawaiʻi is significantly
shallower than that of Manawai (550–750 m and 750–950m
respectively, Table 1), which likely influences foraging behavior
and intrinsic species composition at these sites. The shallower
MHI location may be less subject to oceanographic changes
related to climate oscillations than the deeper NWHI location. In
addition to this, differences in behavior may also be related to
relative anthropogenic influence. Very little human activity hap-
pens around Manawai, whereas the area around the Hawaiʻi site
has a high rate of vessel traffic, fish aggregating devices, and
occasional mid-frequency active sonar events60,61. Human
interference from these sources may provide a confounding factor
in the MHI that partially masks changes related to climate
oscillations.

Dissimilarities in important variables across sites may also be
caused by differential behavior of island-associated populations.
Many odontocetes in the Hawaiian Islands region have both
recognized pelagic stocks, which are more likely to move
amongst islands, as well as island-associated stocks62, whose
movements are more localized. For species with island-
associated populations (e.g., spinner dolphins, pantropical
spotted dolphins, Blainville’s beaked whales, false killer
whales2,63–65), shifts in detections may be more likely related to
localized movements (e.g., inshore-offshore; north-south) rather
than broad-scale movements of pelagic individuals, though
some animals from pelagic populations may also use the areas
near the HARP sites.

For Manawai, subsite may also have influenced results. For
short-finned pilot whales and stenellids, detections before the

Table 2 Model results.

Model results
(p-value, edf)

Class

Rough-toothed
dolphin

Stenellids Bottlenose d./
Melon-headed w.

Short-finned
pilot whale

Blainville’s beaked
whale

Cuvier’s beaked
whale

Kogia spp.

Hawaiʻi SSH 0.046, 1 0.088, 1 0.114, 1.36 0.121, 1 0.089, 1
SSS 0.020, 2.31 0.039, 1
SST 0.004, 1 <0.001, 1 0.081, 2.13
ENSO 0.0167, 2.63 0.027, 2.25 0.0391, 1 <0.001, 2.73 0.060, 2.36
PDO 0.100, 2.61 <0.001,

2.64
Manawai SSH 0.02, 1.61 0.043, 1 0.001, 1 0.204, 2.55

SSS 0.029,1 0.003, 1
SST <0.001, 2.42
ENSO 0.004, 2.42 0.014, 2.71 0.041, 2.12 0.007, 1.05
PDO 0.001, 2.33 <0.001, 2.11 0.003, 1.94 0.009, 2.07 0.025, 2.19 0.002, 2.67 <0.001,

2.43

Results of final models for each species (column) and site (row) detailing significance levels of included variables. For each variable, p-value (p) and estimated degrees of freedom (edf) are given if the
variable was included in the final model for that species and site.
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2012–2014 gap in data are much higher. As mentioned in the
methods section, exact location of the Manawai site shifted
during this data gap. Additional data from the newer subsite (i.e.,
Manawai 2) may illuminate whether presence of these species is
truly related to the environmental variables investigated here or
caused by small spatial-scale site preferences. It is also worth
noting that this study models only species detections as defined
by echolocation clicks, though absence of detections does not
necessarily mean absence of animals. Our focus on echolocation
clicks unavoidably limits our modeling to primarily foraging-
based behavior. This is partially the reason why variables that
impact prey are the most likely candidates for impacting species
detections. Incorporation of other vocalizations produced by
odontocetes (e.g., whistles, buzzes, burst pulses) into similar
models would contribute to fully describing acoustic presence
patterns of the species considered in relation to environmental
variables.

Insights into how climate indices directly affect prey would
likely improve interpretation of the patterns observed. A recent
example of the utility of such information also comes from the
false killer whale. This species forages commonly on epipelagic
fish with active fisheries, including skipjack tuna (Katsuwonus
pelami), yellowfin tuna (Thunnus albacares), and bigeye tuna
(Thunnus obesus). Both skipjack and bigeye tuna may be more
common near the MHI during the El Niño phase of ENSO18,66.
For yellowfin tuna, catch per unit effort in the Pacific has been
previously positively correlated with PDO and negatively corre-
lated with NPGO, on a 1–5 year lag67. These trends suggest that
positive ENSO and PDO, and negative NPGO, might provide the
best foraging conditions for false killer whales who are known to
feed on these tuna species4. While these species are not common
prey for other odontocetes in the region68, detailed future studies
of other prey species’ responses to climate variations could pro-
vide similarly useful insights into the patterns of presence
observed in this paper.

Other contemporary habitat models provide useful context on
the utility and limitations of our study. While our explained
deviances are fairly low, this is often the case for GAM modeling
of cetaceans, potentially due to higher numbers of false absences
(possible in both sighting and acoustic data collection), or the lack
of ability to use direct predictors such as prey distribution data69.
Across the globe, deviance explained in models built for odon-
tocetes is highly variable, generally ranging from 5-70%, with
many deviances below 50% (e.g.69–71). The most recent habitat
models available for Hawaiian odontocetes range from 12%
explained deviance for sperm whales to 56% for bottlenose
dolphins72. While it is true that the low explained deviances in
our models mean that predicted habitat presence based on our
model would potentially be a poor estimate of true habitat use, it
does not suggest that there is nothing to be learned from the
relationships represented. Our models do provide insight into the
relationships between odontocete presence and both short and
long-term fluctuations in their oceanographic surroundings,
which may be worth considering in more traditional, spatially
based habitat models.

Available literature for habitat modeling of cetacean species
primarily focuses on predictive modeling of suitable habitat
across a wide spatial extent, usually with temporally-limited
data (often visual survey data, e.g. refs. 73–75). Such studies
rarely provide descriptions of the directionality of relationships
to environmental variables, and often emphasize the impor-
tance of spatially varying dynamics such as distance to shore,
depth, or bathymetric features. While the importance of such
variables is likely temporally robust, the exact relationships and,
hence, the habitat predicted, may vary on both the short and
long-term scales that have shown to be relevant to fixed-in-T
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space detections used in our study. Variations in important
predictor variables and hence predicted use areas have been
previously observed on seasonal scales for cetaceans off the
coast of southern California71. Spatial use and migration timing
have also been markedly different for humpback whales in the
Atlantic sector of the Southern Ocean in response to ENSO
oscillations affecting local conditions (e.g., krill productivity, sea
ice extent76). In the Indian Ocean, abundance of yellowfin tuna
has been linked to the combined effects of the PDO and the
Southern Oscillation Index77. This likely has associated effects
on abundance and distributions of predator species in the
region, which include pantropical spotted dolphins and
humpback whales78. Such results suggest that important
environment may shift on both seasonal and long-term scales,
illuminating the potential risk of ‘snapshot’ modeling of
important habitats.

As mentioned in the introduction to this study, few records of
odontocete changes in relation to climate indices exist. However, a
recent study of false killer whales in the MHI noted that depreda-
tion of catch from long-line fisheries is higher during El Niño
conditions (11 month lag), suggesting that the food web may be
altered during such times40. It has also been noted that nearshore
movements of satellite-tagged false killer whales were more com-
mon during positive PDO phases in the MHI, although the rela-
tionship with PDO only explained a small amount of variance49.
Both results support the idea that predicted use areas for this species
and others may be significantly different during different climate
states. This may be particularly true at our NWHI site, where cli-
mate indices were significant predictors of presence in all models.
As the timing and intensity of climate oscillations themselves
continue to vary in relation to climate change79–81, modeling pre-
dicted habitats for these species may become even more nuanced.

Fig. 2 Hawaiʻi timeseries. Timeseries of species detections in counts/week and explanatory variables off Hawaiʻi. Times of no effort are shown in gray.
Color for each variable refers to values above or below the average value of that variable (SSH, SSS, and SST), or to positive or negative values (ENSO,
PDO, NPGO). Species codes are Pc= false killer whale, Sb= rough-toothed dolphin, S= stenellids, Tt/Pe= bottlenose dolphin and melon-headed whale,
Gm= short-finned pilot whale, Md= Blainville’s beaked whale, Zc= Cuvier’s beaked whale, and K= Kogia spp.
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Conclusions
Significant relationships with climate indices were found for
many species of odontocetes and warrant more study in the
Hawaiian Islands, particularly in the NWHI. The phenomena
considered (i.e., ENSO, PDO) can have long-lasting effects on
environmental conditions, and subsequent effects on species
behavior and movements might inform management decisions,
stock assessments, and other research efforts during differing
climate phases. The most striking example of this in our data

comes from the strong La Niña event of 2010, which corre-
sponded with spikes in detections of many species at both sites.
While we present an investigation of climate indices in relation to
detections of odontocetes, longer timeseries from both sites would
be highly useful in further examining relationships to these long-
lasting climate oscillations. Ideally, future studies would include
several cycles of these indices. Differing modeling frameworks
might also be used to avoid correlation amongst climate states so
that removal of variables (e.g., NPGO here) is not necessary.

Fig. 3 Model results for Hawaiʻi. Partial fit smooths for all variables (columns) and each species (rows) off Hawaiʻi. Estimated detections for each variable
are shown on y-axes in counts of 5-min bins per day. Significance level is given by o for p < 0.1, * for p < 0.05, ** for p < 0.01, *** for p < 0.001. Color
indicates variable type (red/orange= surface, blue= climate). Column on the right shows explained deviance for each model. Species codes are
Sb= rough-toothed dolphin, S= stenellids, Tt/Pe= bottlenose dolphin and melon-headed whale, Gm= short-finned pilot whale, Md= Blainville’s beaked
whale, Zc= Cuvier’s beaked whale, and K= Kogia spp. False killer whales were excluded due to small sample size.
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Overall, this study provides a novel investigation, to the best of
our knowledge, of the effect of climate oscillations on detections
of a variety of odontocetes in both the MHI and NWHI. Our
results indicate that such oscillations may provide useful expla-
nations for long-term fluctuations in species’ presence that might
be otherwise unexplained by comparable modeling efforts. In
addition to this, our models highlight that differing climate states
may be an important consideration for spatially extensive models
aimed at predicting crucial use areas for target species, as these
use areas may differ during different climate states. This may be
particularly important as climate change continues to influence
both the timescale, intensity, and predictability of these
oscillations79–81. In addition to this, differences in important
predictors between sites for a given species (e.g., the importance

of SSH and ENSO for short-finned pilot whales off Hawaiʻi, but
neither of these at Manawai) may highlight the importance of
considering spatial variability in species’ habitat preferences, even
within a relatively small region. This is perhaps particularly
important in regions like the Hawaiian Islands, where multiple
disparate populations of a given species may share the area and
have variable behavior.

The patterns documented are the first step towards under-
standing relationships of odontocetes in this region to climate
indices and highlight that the combination of highly variable
surface conditions and large-scale climate indices can provide
unique insights into species detection patterns. Understanding
these details provides another puzzle piece in the complex lives of
odontocetes that will hopefully illuminate future studies.

Fig. 4 Manawai timeseries. Timeseries of species detections in counts/week and explanatory variables at Manawai. Times of no effort are shown in gray;
dark gray indicates the longer data gap in which site location shifted. Color for each variable refers to values above or below the average value of that
variable (SSH, SSS, and SST), or to positive or negative values (MEI, PDO, NPGO). Species codes are Sb= rough-toothed dolphin, S= stenellids, Tt/
Pe= bottlenose dolphin and melon-headed whale, Gm= short-finned pilot whale, Md= Blainville’s beaked whale, Zc=Cuvier’s beaked whale, and
K= Kogia spp.
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Modeling habitat and understanding patterns in both space and
time is crucial to preserving key spaces for these animals, map-
ping changes in their presence, and predicting their current and
future relationships to the waters of the Hawaiian Archipelago,
especially in the face of accelerating climate change.

Methods
Acoustic data collection and processing. Sites for data collection
were off the west coast of Hawaiʻi Island (henceforth, “Hawaiʻi”)

and in the vicinity of Manawai, otherwise known as Holoikauaua
or Pearl and Hermes Atoll (Fig. 1). In the case of Manawai, the
recording site was shifted over time (approximately 10 km) to
combat low-frequency hydrophone cable strumming from strong
currents at depth (see “Manawai 1”, “Manawai 2”, Fig. 1b). The
Hawaiʻi timeseries consisted of data collected from 2009–2019,
while collection at Manawai 1 spanned 2009–2011 and at Man-
awai 2 spanned 2014–2017 (Supplementary Table S1). High
Frequency Acoustic Recording Packages (HARPs) were used to

Fig. 5 Model results for Manawai. Partial fit smooths for all variables considered at Manawai (columns) for each species considered (rows). Estimated
detections for each variable are shown on y-axes in counts of 5-min bins per day. Significance level is given by o for p < 0.1, * for p < 0.05, ** for p < 0.01, ***
for p < 0.001. Color indicates variable type (red/orange= surface, blue= climate). Column on the right shows explained deviance for each model. Species
codes are Sb= rough-toothed dolphin, S= stenellids, Tt/Pe= bottlenose dolphin and melon-headed whale, Gm= short-finned pilot whale,
Md= Blainville’s beaked whale, Zc= Cuvier’s beaked whale, and K= Kogia spp. False killer whales were excluded due to small sample size.
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record passive acoustic data at these sites82. For some deploy-
ments, duty cycling (i.e., alternating periods of recording and
non-recording) was employed to extend battery life and allow for
longer deployments. Recording setup (e.g., duty cycle regime,
instrument depth) varied over time as related projects developed
(Supplementary Table S1). All data were recorded at a 200 kHz or
320 kHz sampling frequency with 16-bit quantization (see Sup-
plementary Table S1). All hydrophones were buoyed approxi-
mately 30 m from the seafloor.

Echolocation clicks were identified in MATLAB R2020b83

using an energy-based detector in the MATLAB-based software
program Triton84. This detector was run on all data to detect
clicks and subsequently determine relevant click features (i.e.,
timing between clicks in a click train, or ‘inter-click interval’, click
spectrograms, waveform envelopes). Unsupervised clustering
methods were used to group clicks into echolocation click
classes85 which were identified to species or near-species (e.g.,
genus) level. Classes were then used to train a neural network-
based classifier (using click spectrograms, inter-click interval, and
waveform envelope) using a small subset of the full dataset. This
classifier was implemented on all data to label acoustic detections
(as defined by echolocation clicks and henceforth referred to
solely as ‘detections’) as one of the identified echolocation click
classes or noise50,86.

Detections of all classes were binned in 5-minute increments
for network training and labeling. To scale for varying degrees of
false positives, class-specific precision values, a measurement of
the percentage of true positive detections for a given class50, were
multiplied by numbers of clicks in 5-minute bins to approximate
the number of ‘true’ clicks in that bin. Bins were retained for
timeseries only if they had more than a certain number of ‘true’
clicks (>50 for delphinids, >20 for beaked whales and Kogia spp.,
based on established clicking rates for these species). Timeseries
were additionally adjusted for the effect of duty cycling on both a
site and class-specific basis, as duty cycling does not necessarily
affect species equally87. As detailed in ref. 52, timeseries of
detections during continuous deployments were subsampled for
each class at each site to replicate the effect of duty cycles used at
that site. These subsamples were evaluated in comparison to the
continuous timeseries to determine what percentage of detections
would have been lost if the deployment had been duty-cycled.
The resulting percentages of missed minutes per hour were used
to linearly boost counts in duty cycled deployments for each class.
Final timeseries presented here were re-binned into counts of
5-min bins per day for modeling purposes. Due to relatively small
inter-site distance (3–10 km), similarities in acoustically detected
odontocete species52, and to improve timeseries length, Manawai
subsites were combined into a single Manawai site for analysis.

Environmental data collection and processing. Environmental
variables considered in this study were related to either surface
conditions (SSH, SSS, and SST) or climate indices (ENSO, PDO,
and NPGO). All surface variables were acquired from the Hybrid
Coordinate Ocean Model (https://www.hycom.org/). These vari-
ables were extracted at a daily scale on a 9 km grid from the four
closest latitude-longitude points to each HARP site. Values at these
points were then averaged to give one value per variable at each site
per day. All climate indices were available at a monthly scale from
National Oceanic and Atmospheric Administration (NOAA)
databases. ENSO cycles were represented using Multivariate ENSO
Index values. This index is constructed by the empirical orthogonal
function of sea level pressure, SST, zonal and meridional compo-
nents of surface wind, and outgoing long-wave radiation over the
tropical Pacific basin and was accessed from the NOAA Physical
Sciences Laboratory (https://psl.noaa.gov/enso/mei/). The PDO

index used is created via extended reconstruction of SST which is
then compared to the Mantua PDO index and was accessed from
the NOAA National Center for Environmental Information
(https://www.ncei.noaa.gov/access/monitoring/pdo/). The NPGO
index is calculated from SSH anomalies and measures changes in
the North Pacific Subtropical Gyre circulation. This index was
accessed via a collaboration between the National Science Foun-
dation and the National Aeronautics and Space Administration
(http://www.o3d.org/npgo/).

Data analysis. Habitat modeling was performed using General-
ized Additive Models via the mgcv package in R (version 4.0.088)
to further investigate the relationships between presence patterns
and environmental variables. Models were run for each species at
each site, with a negative binomial distribution to account for
zero-inflation. All variables were included as smooths with four
evenly spaced knots to capture non-linear relationships while
avoiding overfitting33. Correlation amongst variables was assessed
using concurvity (concurvity() in the mgcv package). There is no
commonly accepted threshold for concurvity analysis, and 0.6
was chosen to remove highly correlated variables while allowing
for some expected correlation between surface conditions and
climate indices. Variables with concurvity estimates greater than
this cutoff were removed from the model sequentially until all
values were less than 0.6 NPGO was also removed from model
analysis at this step due to its correlation with ENSO and PDO
after preliminary modeling demonstrated that the two latter
indices were more commonly related to species’ detections.
Autocorrelation (acf()) in R) of residuals from the full model was
used to determine what level of averaging would avoid significant
autocorrelation, and data were re-binned accordingly (Table 3).
All possible models with remaining variables were compared
using dredge() from the R package MuMIn89 in order to deter-
mine the best final model. Models were compared at this step
based on Akaike’s Information Criteria90 for small sample sizes
(AICc) value, and the model with the lowest AICc value was
chosen. Partial-fit plots were created using ggpredict() from the
ggeffects package in R91. For final models, deviance explained, as
well as p-value and estimated degrees of freedom for each vari-
able, were calculated using summary() from the dplyr() package in
R92.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
All data related to this manuscript can be downloaded from the following sources.
Acoustic timeseries and corresponding values of environmental variables: https://doi.org/
10.5061/dryad.3n5tb2rq4 Hybrid Coordinate Ocean Model (HYCOM), for surface
variables considered: https://www.hycom.org/dataserver/gofs-3pt1/analysis National
Oceanographic and Atmospheric Administration (NOAA) Physical Sciences Laboratory,
for ENSO: https://psl.noaa.gov/enso/mei/ NOAA National Center for Environmental
Information, for PDO index: https://www.ncei.noaa.gov/access/monitoring/pdo/
National Science Foundation and the National Aeronautics and Space Administration,
for NPGO index: http://www.o3d.org/npgo/ National Aeronautics and Space
Administration Moderate Resolution Imaging Spectroradiometer, for chlorophyll-a
concentration: https://modis.gsfc.nasa.gov/data/dataprod/chlor_a.php.

Code availability
Code required to reproduce models run in this study as well as Figs. 1–5 and
Supplementary Figs. 1–4 can be found at https://github.com/MZiegenhorn/Odontocetes-
and-Climate- and at https://doi.org/10.5281/zenodo.1001194493. A readme file is
included which explains the purpose of each file. Code for acoustic processing to produce
timeseries of odontocete detection (e.g., detection, classification) is available at https://
github.com/MarineBioAcousticsRC/Triton and is described in more detail in50,52.
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