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Abstract. Many cetacean species are at risk from anthropogenic disturbances including climate change, pollution, and habitat degradation. Identifying cetacean hotspots for conservation management is therefore
required. Aotearoa–New Zealand waters are used by 53% of the world’s cetacean species and are a global
cetacean diversity hotspot. Using geographic predictions of cetacean taxa, we aimed to identify important
areas within New Zealand waters using two methods: estimates of cetacean richness and a spatial prioritization analysis. For both methods, we investigated how varying levels of uncertainty in predictions of the taxa’
occurrence layers would affect our interpretation of cetacean hotspots. Despite some marked spatial differences in distribution of important areas for cetacean diversity, both methods, across all uncertainty scenarios,
highlighted six distinct deep offshore regions as important habitat. Generally, inshore areas had lower richness
estimates than offshore areas, but these remain important for conservation for species with limited ranges
(e.g., the endemic Māui and Hector’s dolphins), and in some places had similar richness values to offshore
hotspots. Furthermore, inshore hotspots had lower uncertainty in predicted taxa distribution and richness estimates. The use of two different uncertainty estimates allows the integration of distributional information from
differing sources (different modeling methods with varying numbers of cetacean records) to be integrated in a
robust and conservative way. Identiﬁcation of cetacean hotspots with varying levels of uncertainty provides a
robust and efﬁcient step toward prioritizing areas for conservation management in a participatory process.
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INTRODUCTION

Global-scale conservation practices are widely
acknowledged as having positive effects on biodiversity (Hoffmann et al. 2010, Costello 2019,
Purvis et al. 2019); however, regional (national)
conservation efforts may be equally important,
given current challenges for transboundary conservation efforts (Mason et al. 2020) and for
highly mobile species (Woinarski et al. 1992).
Conservation efforts in New Zealand may be
particularly important because it is recognized as
a globally important cetacean diversity hotspot
(Myers et al. 2000, Davidson et al. 2012, Albouy
et al. 2017). In total, 53% (n = 47) of the world’s
known cetacean species, subspecies, and/or ecotypes including resident, migrant, or vagrant
taxa have been identiﬁed in the New Zealand
Exclusive Economic Zone (EEZ; Baker et al.
2019). Seven of these, including the endemic Hector’s (Cephalorhynchus hectori hectori) and Māui
dolphins (C. h. maui), are listed as Endangered or
Critically Endangered under the IUCN threat
classiﬁcation system (IUCN 2001), and 28 are
considered Data Deﬁcient, hence are unable to be
classiﬁed (IUCN 2015). All cetacean species in
New Zealand’s marine environment are protected under national law by the New Zealand
Marine Mammals Protection Act (1978). Recent
species distribution models (SDMs) developed
by Stephenson et al. (2020b) produced a comprehensive understanding of cetacean distribution
in New Zealand for 30 species, subspecies, and
species complexes. Such work can inform the
management of potential threats to cetaceans
such as ﬁshing, shipping, mineral extraction, and
other threats that are heterogenous in space
(Baker et al. 2019). However, questions remain as
how to best use this information for management
given differing levels of uncertainty and the
implications of ignoring species that are either
rare or for which little information exists. To
date, we are not aware of any studies that have
attempted to identify hotspots of cetacean diversity within the New Zealand EEZ. This lack of
information is a major limitation with respect to
the effective conservation of New Zealand’s biodiversity, including highly migratory species
crossing jurisdictional waters, facing intensifying
anthropogenic threats.
The most commonly used approach to identify
areas of conservation priority is the biodiversity
hotspot approach. This approach was originally

Marine mammals play key roles in the world’s
ecosystems and are important to people through
economic and social beneﬁts from related tourism, culture, and recreation (Schipper et al. 2008,
Hammerschlag et al. 2019). Despite their importance, there remains a paucity of information for
a number of marine mammal taxa due to their
elusive behavior and offshore habitat use. However, it is well established that many populations
are at risk from anthropogenic disturbances
through habitat degradation, including climate
change, pollution, underwater noise, and ﬁsheries competition, and direct hunting (Schipper
et al. 2008, Albouy et al. 2017, Ramı́rez et al.
2017, Clapham and Baker 2018, Reeves 2018,
Hammerschlag et al. 2019, Albouy et al. 2020).
Broad global-scale estimates of cetacean distribution and richness have been developed (Kaschner et al. 2006, 2011) providing crucial
information for assessing potential large-scale
effects of anthropogenic impacts on different
populations and taxa (e.g., Pershing and Stamieszkin 2020). For example, Albouy et al. (2017)
identiﬁed global multifaceted biodiversity hotspots (based on functional diversity, phylogenetic diversity, and species richness) for marine
mammals and their potential spatial overlap
with human threats. More recently, Albouy et al.
(2020) used a trait-based approach to assess the
vulnerability of all marine mammals to global
warming. The latter work demonstrated that
potential extinctions of marine mammals that
were most at risk from global warming could
induce a disproportionate loss of functional
diversity in marine ecosystems. There are welldocumented shifts in the spatiotemporal distribution of cetaceans (e.g., Friday et al. 2013, Ramp
et al. 2015, Meyer-Gutbrod and Greene 2018),
pinnipeds (Szpak et al. 2018, e.g., Hückstädt
et al. 2020), and polar bears (Ursus maritimus;
e.g., Laidre et al. 2020) due to climate changeinduced ecosystem shifts. In addition, several
other studies have documented the impact of
localized anthropogenic activities on marine
mammals, such as underwater noise, pollution,
ship strikes, and over-harvesting of prey species
(Davidson et al. 2012, Jepson et al. 2016, Azzellino et al. 2017, Scales et al. 2017, Abrahms et al.
2019).
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Furthermore, understanding the effects of using
several, differing, measures of uncertainty for
spatial management is crucial for impact assessment of marine activities and conservation
efforts (Beale and Lennon 2012), as well as for
highlighting potential data gaps.
Here, we seek to identify cetacean diversity
hotspots in a globally important location for cetaceans, the New Zealand EEZ. Despite some criticisms (Marchese 2015, Veach et al. 2017), models
of species richness and the concept of diversity
hotspots are widely used to develop costeffective strategies for biodiversity conservation
(Myers et al. 2000, Norman 2003, Orme et al.
2005). Using mean long-term geographic predictions of species’ occurrences (at a 1-km grid resolution, annual scale) from Stephenson et al.
(2020a), we aim to identify important areas
within the New Zealand EEZ for cetacean taxa
using two methods: estimates of cetacean richness and a spatial prioritization analysis. For
both methods, we investigate how varying levels
of uncertainty in spatial predictions of occurrence inﬂuence the interpretation of cetacean hotspots and their efﬁcacy for informing national
and global conservation efforts.

used by Myers (1988) to identify areas facing
exceptional degrees of threat and supporting
exceptional concentrations of species with high
levels of endemism (Myers et al. 2000). A commonly used approach to identify biodiversity
hotspots is to estimate species richness. However, distribution of species richness may be
biased toward areas where species with large
overlapping ranges occur; that is, those species
with restricted non-overlapping ranges will not
contribute greatly toward the summed species
richness (Veach et al. 2017). Furthermore, areas
with high richness may represent marginal habitats for several species but may not represent
ideal habitats (i.e., those habitats likely to support healthy populations) for any of these taxa.
Spatial prioritization analyses that account for
range size bias can also be used for identifying
biodiversity hotspots (e.g., Hillman et al. 2020).
Both richness estimates and spatial prioritization
analyses require knowledge of the geographical
distributions of target species. SDMs offer a recognized correlative method of predicting species’
probability of occurrence (Guisan and Thuiller
2005, Elith et al. 2006). Information on the presence of species, such as from incidental sightings,
is used as an input response variable to model a
species’ ecological niche based on the assumption
that the distribution of known encounters reﬂects
the species’ environmental preferences. The performance of SDMs is, however, highly dependent
on sample size and sampling extent (Stockwell
and Peterson 2002, Wisz et al. 2008, Bean et al.
2012). Hence, rare species may be highly challenging to incorporate into SDM analyses (Granger et al. 2015, Ferrer-Sánchez and Rodrı́guezEstrella 2016), possibly introducing bias in the
designation of areas of high importance for the
conservation of biodiversity and ecosystem functions (Mouillot et al. 2013, Ferrer-Sánchez and
Rodrı́guez-Estrella 2016). In addition to a lack of
distributional data for rare taxa, the uncertainty
in distribution data and/or accounting for data
availability is rarely considered for conservation
planning (Moilanen et al. 2006b, Rowden et al.
2019). Given that many of the cetacean species
occurring in New Zealand are data deﬁcient or
inhabit poorly surveyed offshore waters with
very few observation records, it is important to
not only consider these species but also consider
the uncertainty surrounding their distributions.
v www.esajournals.org

METHODS
Study area
The study area extends over 4.2 million km2 of
the South Paciﬁc Ocean within the New Zealand
EEZ (~25–57° S; 162° E to 172° W; Fig. 1). New
Zealand’s two long and narrow main islands
span a wide latitudinal range, resulting in a
diverse array of environmental conditions within
the waters of the EEZ (Bradford-Grieve et al.
2006, Stephenson et al. 2018).

Distribution models of cetacean taxa
At-sea cetacean sighting records of 30 cetacean
species, subspecies, and species complexes
(herein referred to as cetacean taxa), collected
over the period 1980–2017, were collated from
multiple databases (Stephenson et al. 2020a).
Depending on the number of records available
for each taxa, different analyses were undertaken
to estimate distributions (Table 1). For those taxa
with fewer than 50 recorded sightings, relative
environmental suitability (RES) models (Kaschner et al. 2006) were used to predict probability
3
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Fig. 1. Map of the study region (New Zealand Exclusive Economic Zone [EEZ], black dashed line), bathymetry, and feature names used throughout the text; ﬁgure modiﬁed from Stephenson et al. (2020a).
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Table 1. Number of cetacean sighting records per species, subspecies, or species complexes included in Stephenson et al. (2020a).
AUC calculated from
evaluation data

Taxa common names

Species/subspecies

No. of sighting records

Common dolphin
Māui dolphin
Hector’s dolphin
Dusky dolphin
Pilot whale (2 spp.)

Delphinus delphis
Cephalorhynchus hectori maui
C. h. hectori
Lagenorhynchus obscurus
Globicephala melas
G. macrorhynchus
Megaptera novaeangliae
Balaenoptera edeni brydei
Orcinus orca
Tursiops truncatus
Physeter macrocephalus
Eubalaena australis
Balaenoptera musculus musculus
B. m. brevicauda
Balaenoptera borealis
Balaenoptera physalus
Balaenoptera acutorostrata
Berardius arnuxii
Pseudorca crassidens
Lissodelphis peronii
Mesoplodon grayi
Ziphius cavirostris
Grampus griseus
Tasmacetus shepherdi
Hyperoodon planifrons
Mesoplodon bowdoini
Lagenorhynchus cruciger
Kogia breviceps
Mesoplodon densirostris
Balaenoptera acutorostrata

4411
1051
3688
823
680

0.90
0.99
0.99
0.95
0.91







0.01
0.00
0.00
0.01
0.02

629
593
569
498
497
477
355

0.85
0.93
0.79
0.81
0.92
0.94
0.95









0.02
0.01
0.02
0.02
0.01
0.01
0.02

Humpback whale
Bryde’s whale
Killer whale
Bottlenose dolphin
Sperm whale
Southern right whale
Blue whale (2 recognized sub spp.)
Sei whale
Fin whale
Minke whale
Arnoux’s beaked whale
False killer whale
Southern right whale dolphin
Gray’s beaked whale
Cuvier’s beaked whale
Risso’s dolphin
Shepherd’s beaked whale
Southern bottlenose whale
Andrew’s beaked whale
Hourglass dolphin
Pygmy sperm whale
Blainville’s beaked whale
Dwarf minke whale

70
61
57
31
28
27
9
7
5
5
4
2
2
2
1
1

0.81
0.79
0.81
na
na
na
na
na
na
na
na
na
na
na
na
na

Notes: Taxon names in boldface indicate taxa for which boosted regression tree probability of occurrence models was ﬁtted;
roman text indicates taxa for which relative environmental suitability models were run. AUC values were calculated using evaluation data and for those models that were bootstrapped are shown as the mean  SD.

with the limited sighting records available for 15
rarely sighted taxa, providing some evidence
that the environmental niche of an individual
taxa was at least encompassed within the RES
prediction. RES predictions are currently the best
available information for rare taxa; however,
given the low levels of information, these predictions should be used cautiously (Stephenson
et al. 2020a).
For taxa with more than 50 recorded sightings
(bold typeface in Table 1), boosted regression
tree (BRT) models (Elith et al. 2006) were ﬁtted
using 14 gridded environmental variables (1-km
grid resolution, annual scale), bootstrapped 100
times, to predict probability of occurrence and a

of occurrence (Table 1). Brieﬂy, RES models predict the geographical ranges of taxa using basic
descriptive, widely available data (i.e., the relationships between taxa and three environmental
variables: sea surface temperature, water depth,
and distance to shore) that are available for most
taxa, including those for which few (or no)
recorded locations are available (Kaschner et al.
2006). Although RES is a conceptually simple
modeling approach, it is a well-established
method that has been successfully applied to predict global distributions of cetaceans and other
marine taxa (Kesner-Reyes et al. 2016). Stephenson et al. (2020a) concluded that estimated probability distributions using RES were consistent
v www.esajournals.org
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mapped coverage of the environmental space are
provided in Appendix S1.
Associated uncertainty estimates of taxon distributions were provided as standard deviation
(SD) of the mean predicted probability of occurrence (estimated through bootstrapping of the
BRT models, described in section Cetacean systematic conservation planning). An important consideration for these uncertainty layers is that the
BRT model predictions are not well extrapolated
into unsampled environmental space (i.e., the
predicted values shown will simply be those of
the closest environmental space). In addition, the
conﬁdence estimates may remain low in poorly
sampled areas because the bootstrapping
requires variability between samples to produce
estimates of error.

spatially explicit measure of uncertainty (measured as the standard deviation of the mean
[SD]; Stephenson et al. 2020b). BRT models used
to predict cetacean taxon occurrence performed
well (model goodness of ﬁt: AUC > 0.75;
Table 1). Distributions of individual taxon occurrence aligned with information on known distributions of some taxa and were visually
congruent with recorded sighting data (used to
train the models) and evaluation data. A separate
independent statistical validation of models for a
subset of taxa (bottlenose [Tursiops truncates],
common [Delphinus delphis], Hector’s and dusky
dolphins [Lagenorhynchus obscurus], and Bryde’s
[Balaenoptera edeni brydei] and killer whales [Orcinus orca]) provided further evidence that these
model predictions were robust. See Stephenson
et al. (2020a) for further details on methodology,
description of environmental predictors, model
parametrization, and results.

Cetacean richness hotspots
Two methods were used to identify important
areas for multiple cetacean taxa: (1) distribution
of cetacean richness; and (2) spatial prioritization
analyses. For both methods, we investigated
how varying levels of uncertainty in the spatial
layers affect interpretation of cetacean hotspots
(Fig. 2). Here, we present results of three uncertainty scenarios for both the cetacean richness
and spatial prioritization analyses: (1) no inclusion of uncertainty estimates (herein referred to
as the “baseline” scenario); inclusion of moderately weighted uncertainty estimates (herein
referred to as “moderate-uncertainty” scenarios);
and the inclusion of highly weighted uncertainty
estimates (herein referred to as “high-uncertainty”
scenarios; Fig. 2).

Spatially explicit measures of uncertainty
Two measures of spatially explicit uncertainty were produced by Stephenson et al.
(2020a): an estimate of the coverage of the environmental space by all cetacean sighting
records (herein referred to as environmental
coverage; Appendix S1: Fig. S1A), and estimates of the uncertainty of the distributions for
those taxa with sufﬁcient data (herein referred
to as taxa uncertainty, example shown in
Appendix S1: Fig. S1B). All maps of taxa distributions and associated estimates of spatially
explicit uncertainty are available in Stephenson
et al. (2020a).
When model predictions are projected into
areas for which no occurrence data exist, it is
important to understand the similarity between
the new environments and those used in training
the model (Elith et al. 2010). The environmental
coverage (Smith et al. 2013, Stephenson et al.
2020a) provides an indication of which parts of
this environmental space contain many sighting
records (across all taxa) and are presumed to
have more certain predictions of taxa distributions. Similarly, parts of the environmental space
containing few sighting records are identiﬁed
with the assumption that the relationship
between the environment and the sighting
records is poorly understood and predictions are
less certain (Smith et al. 2013). Methods and the
v www.esajournals.org

Cetacean richness
Cetacean richness for the baseline scenario
(without inclusion of uncertainty) was estimated
by summing the occurrence probability predictions from individual modeled taxon distributions (Fig. 2; Ferrier and Guisan 2006, Calabrese
et al. 2014, Stephenson et al. 2020b).
Cetacean richness for moderate- and highuncertainty scenarios was produced by downweighting the individual taxon occurrence layers
prior to summing (Fig. 2). Down-weighting for
taxon occurrence layers predicted using BRTs
was done by multiplying individual taxon distribution layers by their associated cross-validation
AUC scores (Table 1). Uncertainty discounting
6
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Underlying data
- Cetacean at-sea sightings (n = 14,513)
- 14 Environmental variables

BRT logistic regression:
Species occurrence layers

RES: Species occurrence layers

Species occurrence
layers for 15 taxa

Species occurrence
layers for 15 taxa

Baseline scenario

Cetacean richness

Spatial diversity prioritisation
analyses

Moderate and High uncertainty scenarios
Down weighting: 0.25

Down weighting by AUC

Environmental coverage

Uncertainty discounting:
Moderate uncertainty: α = 0.2
High uncertainty: α = 0.5

Rescaled environmental coverage:
Moderate uncertainty: 0.5 - 1
High uncertainty: 0.25 - 1

Species occurrence
layers for 15 taxa
incorporating uncertainty

Species occurrence
layers for 15 taxa
incorporating uncertainty

Cetacean richness

Spatial diversity prioritisation
analyses

Fig. 2. Infographic depicting key steps in the preparation of spatial data layers and their use for estimating
cetacean richness and spatial prioritization analyses with varying levels of incorporation of uncertainty (baseline,
moderate-uncertainty, and high-uncertainty scenarios).

was then applied to these layers using methods
described in Moilanen et al. (2006a), where infogap theory is applied to achieve conservation targets given the most adverse choice of probabilities (in other words, when all probabilities are at
their lower bounds). For all taxon layers, this was
implemented following Eq. 1 (described in
Moilanen et al. 2006a):
v www.esajournals.org

Pij ¼ P∗ij  αW ij

(1)

where α is the degree of uncertainty, and Wij is
any error measure (here, the SD of each cell from
the spatially explicit uncertainty maps) related to
the accuracy of P*ij (the mean probability of
occurrence for cetacean taxa j in cell I; Moilanen
and Wintle 2006). A range of α values were
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trialed: 0.1, 0.2, 0.3, 0.4, and 0.5. Results using a
moderate (α = 0.2)- and a high-uncertainty
weighting (α = 0.5) were subsequently used in
the moderate-uncertainty and high-uncertainty
scenarios, respectively.
Since model evaluation metrics and spatially
explicit estimates of uncertainty are not available
when using RES models, RES layers were subjectively down-weighted using a 0.25 multiplier.
This value was arbitrary but reﬂects expert evaluation of the relative value of RES values compared with BRT models.
Finally, the environmental coverage was used
to down-weight both RES- and BRT-derived
taxon distribution layers. The environmental
coverage layer was rescaled so that values ranged from 0.5 to 1 and 0.25 to 1 for the moderateuncertainty and high-uncertainty, scenarios,
respectively. The rescaled environmental coverage layer was multiplied with the taxon distribution layers, resulting in areas with high
environmental coverage retaining their predicted
occurrence values, whereas less certain areas
with lower environmental coverage were downweighted. The rescaling of environmental coverage ensured that many offshore areas were
retained yet reﬂect that these areas are poorly
understood (but still provide some useful information). The adjusted RES- and BRT-derived
taxon distribution layers were summed to produce a single conservative estimate of richness
for the study area (Fig. 2).

to areas with overlapping distributions of species
(Moilanen 2007, Virtanen et al. 2018).
Spatial prioritization analysis for the baseline
scenario (without inclusion of uncertainty) was
undertaken with all layers equally weighted and
no estimates of uncertainty (Fig. 2). Default settings were used for other parametrization
options (e.g., edge removal, no aggregation algorithm, no cost layers, and no administrative unit
analysis).
Spatial prioritization analysis for moderateand high-uncertainty scenarios was produced by
down-weighting the individual taxon occurrence
layers based on conﬁdence in model predictions,
the individual taxon uncertainty layer (if available), and the environmental coverage prior to
analysis (Fig. 2). As for richness estimates for
moderate- and high-uncertainty scenarios, BRT
taxon distribution layers were down-weighted
according to their cross-validation AUC scores
and their respective spatially explicit uncertainty
layer with a weighting of α = 0.2 and α = 0.5.
RES taxon occurrence layers were downweighted (layer weighting: 0.25). Finally, the
rescaled environmental coverage (ranging from
0.5 to 1.0 and 0.25 to 1.0 for the moderateuncertainty and high-uncertainty scenarios,
respectively) was again used to down-weight all
taxon distribution layers using the condition
function in Zonation (which implements the
same down-weighting as that described for the
richness estimates). Default settings were used
for other parametrization options.
Zonation outputs included a single map of biodiversity prioritization, with areas identiﬁed
from the highest to lowest priority in terms of
conservation value (Moilanen et al. 2011). In this
study, outputs were presented as maps that identiﬁed the top 5%, 10%, 20%, and 30% priority
areas for cetacean diversity. Other Zonation outputs included the proportion of each taxon’s (assumed) range protected across the range of
prioritization (i.e., 0–100% of total area selected
collated into tables). At each priority conservation level (top 5%, 10%, etc.), the ranges of individual taxa contained within these areas can be
examined providing information on whether
taxa are adequately represented. Prioritizations
can then be judged according to whether a
greater proportion of the taxon’s range is protected than the proportion of the priority area

Spatial diversity prioritization
A spatial diversity prioritization analysis,
using the software Zonation (Moilanen et al.
2009), was undertaken to identify a representative set of areas with the highest conservation
value for cetacean taxa in New Zealand (incorporating the importance of range-restricted species
that do not contribute greatly to summed estimates of richness). Zonation initially assumes
that the entire area of interest (study area) is protected, sequentially removing in a stepwise fashion those cells making the lowest contribution to
the representation of a full range of biodiversity
features, in this case, cetacean distribution layers
(Moilanen et al. 2014). For all analyses presented
here, the additive beneﬁt function (ABF) algorithm was used for prioritization (Moilanen
2007). This method generally gives greater value
v www.esajournals.org
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(e.g., if taxon X has ≥5% of its range protected
within the top 5% priority areas, this would be
considered an adequate solution for taxon X). It
should be noted that the proportion of each taxon’s range will tend to decrease (reduced in spatial extent) with increasing uncertainty because
the taxon’s occurrence values have been downweighted to the point of removal for some cells
resulting in a smaller total (assumed) range.
Comparison between uncertainty scenarios was
nevertheless considered because erroneous areas
(most likely those areas with higher uncertainty)
would not be included.

(Fig. 3A). With increasing weighting of uncertainty, vast areas offshore displayed lower richness (Fig. 3B, C). However, there was greater
contrast between areas with low and high estimated richness in these maps that incorporated
uncertainty; that is, many hotspots of cetacean
richness remained the same but were more easily
observed (e.g., compare Fig. 3A, B, C, iii, ii, iv).
The higher weighting of uncertainty further
highlighted areas closer to shore as important
regions, which had only moderate-richness values in the baseline scenario, including North
Cape (Fig. 3B, C, i), Kermadec Islands (Fig. 3B,
C, ii), East Cape, South Taranaki Bight (Fig. 3B,
C), and the west coasts of South Island and
North Island (Fig. 3B, C, i). Some offshore areas
with low environmental coverage (crisscross
black lines in Fig. 3) still displayed relatively
high richness estimates for both moderate- and
high-uncertainty scenarios (~8–10 and 6–8,
respectively), including the Aotea Basin, along
the Norfolk Ridge, Challenger Plateau, and
Campbell Plateau (Fig. 3B, C).

RESULTS
Cetacean richness
Cetacean richness estimates for the baseline
scenario ranged from 1 to 8 inshore (<50 km
from the coast) and 9 to 18 for offshore areas
(Fig. 3A). Unsurprisingly, the highest richness
estimates were lower (maximum: 18, Fig. 3A)
than the 30 taxa modeled since not all taxon distributions overlapped. The highest estimates
were observed in deep offshore waters (>50 km
from the coast) along the southern part of the
Lau-Colville and Kermadec Ridges (see Fig. 1 for
place names, Fig. 3A, iii), Macquarie Ridge and
along the western edge of the Campbell Plateau
(Fig. 3, ii), and the northern and western edges
of the Bounty Trough and the north and south of
the Chatham Rise (Fig. 3A, iv). Much of the high
richness offshore areas had lower conﬁdence (as
measured by the coverage of the environmental
space—crisscross black lines in Fig. 3A). Closer
to shore (<50 km), cetacean richness was generally predicted to be lower (predominately
between 3 and 4), although the Fiordland coast,
ura
North Cape, South Taranaki Bight, Kaiko
Coast, Cook Strait, and eastern Bay of Plenty all
had regions of moderate cetacean richness (richness 5–8; Fig. 3A).
There were clear differences in predicted cetacean richness with the inclusion of uncertainty
compared with the baseline scenario, although
broad patterns in richness hotpots were similar
(moderate- and high-uncertainty scenarios; Fig. 3
B, C, respectively). Maximum predicted richness
was 9 in the high-uncertainty scenario (Fig. 3C)
compared with 11 in the moderate-uncertainty
scenario (Fig. 3B) and 18 in the baseline scenario
v www.esajournals.org

Cetacean systematic conservation planning
Spatial prioritization.—The top 30% of priority
areas for cetacean diversity for the baseline scenario were broadly distributed across the study
area (Fig. 4A). The highest priority areas identiﬁed for cetacean diversity (i.e., top 5% of areas,
dark red; and top 10%, light red in Fig. 4A)
were located in both inshore and offshore
areas. Inshore areas included most parts of the
South Island (see Fig. 1 for place names, Fig. 4
A, iv) and the North Island (North Taranaki
Bight and Hauraki Gulf; Fig. 4A, i). Similar to
richness hotspots identiﬁed in the baseline scenario, offshore priority areas included the LauColville and Kermadec Ridges (Fig. 4A, iii), the
areas on the Puysegur Trench (Fig. 4A, ii), and
Bounty Trough extending onto the Campbell
Plateau and the south Chatham Rise (Fig. 4A,
iv). Areas with the next highest priority (top
20% of areas—orange in Fig. 4A) were predominately located along the Aotea Basin (Fig. 4A,
i), along the western edge of the Campbell Plateau in the waters west of North East Island
(Fig. 4A, ii), and the northern parts of the LauColville Ridge, Kermadec Ridge, and Kermadec
Trench (Fig. 4A, iii), and the Bounty Trough
(Fig. 4A, iv).
9
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Fig. 3. Cetacean richness estimates in New Zealand derived from the addition of probability occurrences of
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(Fig. 3. Continued)
individual taxon distributions for (A) baseline scenario (modiﬁed from Stephenson et al. 2020a); (B) moderateuncertainty scenario; and (C) high-uncertainty scenario. Crisscross black lines indicate areas of low predicted
environmental coverage depicting the lower conﬁdence that can be placed in the predicted probability occurrence. Inset maps: (i) northern North Island including the North Cape and Hauraki Gulf; (ii) south of the South
Island including Snares Island, Stewart Island, and parts of Fiordland Coast; (iii) Kermadec Islands, Lau-Colville
Ridge, and Kermadec Ridge; (iv) south of the North Island including the South Taranaki Bight and Cook Strait
and north of the South Island including the western Chatham Rise. Note the different scales for each inset map.

the top 5% of the baseline prioritization were
Blainville’s beaked whale and pygmy sperm
whale with 3.6% of their distribution included in
these areas (Table 2). Seventeen cetacean taxa
were adequately represented in the top 5% of the
area in the baseline scenario, that is, those taxa
with >5% of their distribution included in the
top 5% of prioritized area (boldface italic numbers in Table 2). However, 13 of these taxa were
those with low number of observations modeled
using RES (considered less robust than the BRT
models used for taxa with >50 sightings at sea).
The number of adequately represented taxa
increased with decreasing priority; that is, in the
top 20% of baseline priority areas for cetacean
diversity, 22 taxa out of 30 included in the analysis were adequately represented (boldface italic
numbers in Table 2). However, 7 of the 15 taxa
modeled with BRTs were not adequately represented at any priority level within the top 30% of
areas selected in the baseline scenario prioritization analysis (bottlenose dolphin, Bryde’s whale,
common dolphin, dusky dolphin, humpback
whale, killer whale, and southern right whale;
Table 2).
For each priority level of the moderate- and
high-uncertainty scenarios, at least some of each
taxon distribution was represented; for example,
the taxon with the lowest percentage distribution
included in the top 5% of the prioritization in
both scenarios was the southern bottlenose
whale with 2.7% of its distribution included in
the top 5% of priority areas (Table 2). With
increasing weighting of uncertainty, there was a
shift from taxa with efﬁcient solutions being predicted using RES models (i.e., offshore taxa, with
fewer recorded sightings) to those taxa whose
distributions were predicted using BRT models
(Table 2). For example, in the high-uncertainty
scenario, in the top 5% of priority areas, out of
the 16 taxa that were adequately represented, 15

There were clear differences in the location of
high-priority areas with the inclusion of uncertainty (Fig. 4B, C) compared with the baseline
scenario (Fig. 4A). The high-priority areas very
close to shore (<10 km) in most parts of the
North and South Islands (i.e., top 5% of areas,
dark red in Fig. 4) were present across all scenarios. With increasing weighting of uncertainty,
these areas extended further from shore (Fig. 4B,
C). Some high-priority sites further offshore
(>50 km) were identiﬁed in all scenarios, for
example, parts of the Kermadec Ridge (Fig. 4A,
B, C, iii), parts of the Puysegur Trench (Fig. 4A,
B, C, ii), and the Bounty Trough and south Chatham Rise (Fig. 4A, B, C, iv). However, there
was a large shift from high priority further offshore in areas with low environmental coverage
in the baseline scenario (Fig. 4) to high-priority
offshore sites. These shifts were within areas
classiﬁed as having adequate environmental
coverage (Fig. 4B), and these shifts increased for
the high-uncertainty scenario (Fig. 4C). Areas
identiﬁed as high-priority areas in the moderateand high-uncertainty scenarios included large
parts of the North Cape (Fig. 4B, C, i), East
Cape, South Taranaki Bight, Cook Strait (Fig. 4B,
ura coast, and the western and eastern
C), Kaiko
slopes of the Chatham Rise (Fig. 4B, C, iv). In
both moderate- and high-uncertainty scenarios,
some top priority areas were still selected in
areas with low environmental coverage despite
the increasing incorporation of uncertainty (e.g.,
parts of the Three Kings Ridge, Fig. 4B, C, i;
Lau-Colville Ridge, Fig. 4B, C, iii) although
these had reduced priority values compared to
other areas with greater certainty in model predictions.
Taxon range.—For each priority level of the
baseline scenario, at least some of each taxon distribution was represented; that is, the taxa with
the lowest percentage distribution included in
v www.esajournals.org
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Fig. 4. Spatial diversity prioritization in New Zealand’s EEZ (using the additive beneﬁt function in Zonation
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(Fig. 4. Continued)
software) for the (A) baseline scenario; (B) moderate-uncertainty scenario; and (C) high-uncertainty scenario.
Areas were identiﬁed from the highest to lowest priority in terms of conservation prioritization (top 5%, 10%
20%, and 30% priority areas). Crisscross black lines indicate areas of low predicted environmental coverage
depicting the lower conﬁdence that can be placed in the predicted probability occurrence. Inset maps: (i) northern North Island including the Aotea Basin, North Cape, and Hauraki Gulf; (ii) south of the South Island including Snares Island, Stewart Island, and parts of Fiordland Coast; (iii) Kermadec Islands, Lau-Colville Ridge, and
Kermadec Ridge; and (iv) east of the South Island including the Cook Strait, the western Chatham Rise, the
Bounty Trough, and Bounty Plateau. Note the different scales for each inset map.

of these were taxa modeled using the more
robust BRT models (taxa with >50 sightings at
sea). The number of taxa whose proportion (%)
exceeded the prioritization percentage increased

markedly with decreasing priority and with
increasing weighting of uncertainty. For the
high-uncertainty scenario, the top 30% of priority
areas were deemed an efﬁcient solution for all

Table 2. Proportion (%) of cetacean taxon distribution within priority areas (top 5%, 10%, 20%, and 30% priority
areas) for each scenario: baseline (B); moderate uncertainty (MU); and high uncertainty (HU).
Top 5% of area
Taxa
Mean across all taxa
Bottlenose dolphin
Blue whale
Bryde’s whale
Common dolphin
Dusky dolphin
Humpback whale
Hector’s dolphin
Killer whale
Māui dolphin
Pilot whales
Southern right whale
Sperm whale
Sei whale
Fin whale
Minke whale
Andrew’s beaked whale
Arnoux’s beaked whale
Blainville’s beaked whale
Cuvier’s beaked whale
Dwarf minke whale
False killer whale
Gray’s beaked whale
Hourglass dolphin
Pygmy sperm whale
Risso’s dolphin
Southern bottlenose whale
Shepherd’s beaked whale
Striped dolphin
Spectacled porpoise
Southern right whale dolphin

Top 10% of area

Top 20% of area

Top 30% of area

B

MU

HU

B

MU

HU

B

MU

HU

B

MU

HU

8.8
4.1
4.1
4.8
4.8
4.5
5.0
100.0
4.6
14.8
4.5
5.9
4.9
4.5
4.5
4.7
6.2
5.7
3.6
6.0
5.5
6.6
5.7
8.0
3.6
6.7
5.4
6.2
6.0
7.9
5.7

8.7
5.7
3.7
12.0
14.6
8.3
6.3
100.0
6.3
20.7
4.6
7.3
4.4
3.4
4.9
5.1
4.1
3.8
3.3
4.0
3.8
3.2
3.8
3.3
3.3
4.8
2.7
3.0
4.0
4.2
3.8

11.2
10.7
7.9
20.5
27.4
13.7
11.5
99.9
11.3
31.1
7.4
11.9
6.9
8.6
10.5
10.5
4.8
4.5
4.4
4.7
4.7
3.3
4.5
3.0
4.4
5.7
2.7
3.1
4.7
4.4
4.5

14.6
8.4
10.0
9.3
9.4
8.8
9.5
100.0
8.9
18.8
10.0
9.9
10.6
10.1
10.2
10.0
13.6
12.5
10.3
13.2
12.2
14.4
12.5
14.8
10.3
14.8
12.0
13.8
13.2
14.7
12.5

14.3
10.7
10.0
17.4
21.5
14.0
11.5
100.0
11.2
24.9
9.6
11.8
9.9
8.2
10.3
10.3
10.6
9.7
11.0
10.6
9.8
9.8
9.7
6.8
11.0
12.4
7.9
9.0
10.6
8.2
9.7

18.1
17.1
14.5
28.1
39.0
24.0
18.7
100.0
18.4
35.4
14.5
19.9
13.3
15.1
18.0
18.0
11.3
10.5
10.2
11.1
10.9
8.5
10.5
7.8
10.2
13.2
7.1
8.1
11.1
10.6
10.5

26.0
17.5
22.6
18.5
18.3
16.7
19.0
100.0
17.8
26.8
20.2
18.1
21.8
20.2
20.4
20.1
28.1
26.2
27.6
27.4
25.4
29.9
26.2
23.1
27.6
30.4
25.1
28.7
27.4
22.9
26.2

25.2
21.1
23.0
27.5
32.1
21.8
21.9
100.0
20.5
33.5
19.2
19.2
20.8
18.9
21.1
20.7
23.5
21.6
27.2
24.1
22.1
24.0
21.6
14.1
27.2
26.8
19.2
21.6
24.1
15.5
21.6

29.3
26.6
25.5
37.9
49.7
37.8
29.1
100.0
29.2
41.9
26.4
31.2
24.5
25.3
28.7
29.4
24.9
23.2
24.7
24.3
23.3
20.0
23.2
15.7
24.7
28.2
17.3
20.1
24.3
20.2
23.2

37.0
27.3
33.2
27.9
26.9
25.5
28.9
100.0
27.3
35.4
30.5
27.5
32.9
30.4
30.7
30.2
41.0
39.1
40.4
40.3
38.2
43.1
39.1
35.8
40.4
44.5
37.2
42.1
40.3
35.8
39.1

35.9
31.3
35.7
36.8
41.9
29.2
31.8
100.0
29.9
41.7
29.0
26.5
31.6
29.7
31.9
31.0
36.4
33.5
43.0
37.2
34.2
38.0
33.5
21.5
43.0
40.5
30.9
34.3
37.2
22.8
33.5

39.8
35.9
37.4
46.4
57.7
46.1
38.2
100.0
38.4
48.9
36.6
40.0
35.2
35.3
38.9
39.4
37.8
35.3
40.1
37.0
35.2
33.2
35.3
23.0
40.1
41.9
30.0
31.8
37.0
27.7
35.3

Notes: Adequate solutions for cetacean species are shown by boldface italic numbers (e.g., if more than 5% of a cetacean
taxa’s range is included in the top 5% of prioritized area, this would be considered an adequate solution). Cetacean taxon names
are boldface for those cetacean taxa whose distributions were predicted using BRTs.
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but two taxa (hourglass dolphin, 23.0%; spectacled porpoise, 27.7%; Table 2).

(Bouchet et al. 2015). This enables wider genetic
connectivity of species seen in New Zealand
waters, for example, Gray’s beaked whales
(Thompson et al. 2016), sperm whales (Alexander et al. 2016), and humpback whales (Riekkola
et al. 2018) beyond the EEZ, highlighting the
importance of global management approaches to
such wide-ranging animals with few boundaries
to dispersal. There is limited ability to corroborate the offshore hotspots identiﬁed in this study
with independent data sets or anecdotal information although historical whaling data could be
used (e.g., as in Torres et al. 2013, Carroll et al.
2014). However, the offshore locations identiﬁed
here provide strong guidance for areas of importance requiring protection from anthropogenic
impacts, or priority areas to undertake dedicated
surveys to conﬁrm species richness and ecosystem interactions.
Inshore areas generally had lower richness
estimates; however, these areas were highlighted
as important in all three uncertainty scenarios
using the spatial prioritization method, and
remain important for conservation for species
with limited ranges, for example, Māui and Hector’s dolphins and coastal bottlenose dolphins.
With increased weighting of uncertainty, areas of
moderate and high richness inshore (5–9) became
more apparent because these areas were more
certain and therefore retained their richness values. These areas included the following: Cook
Strait, North Cape, Kermadec Islands, East Cape,
South Taranaki Bight, and the west coast of
South Island and northern parts of the North
Island (Fig. 1). These inshore areas were also
highlighted as important in the spatial prioritization analysis for scenarios with moderate- and
high-uncertainty discounting. The high productivity and cetacean diversity within the waters of
the South Taranaki Bight region (~70–300 m) are
assumed to be due to localized wind-driven
upwelling system that leads to an abundance of
krill (Bradford-Grieve et al. 1993). High densities
of this prey resource make the region an important foraging ground for pygmy blue whales
(Torres 2013, Barlow et al. 2020) and possibly
other species of baleen whale such as sei whales
and Bryde’s whales observed in this broader
region. There is some evidence that corroborates
the other inshore locations highlighted as important in this study for several species

DISCUSSION
Uncertainty is part of any decision-making
process, and therefore, a transparent and robust
method for dealing with gaps in information and
data is required (Stelzenmüller et al. 2020).
Knowledge gaps of marine species distributional
data are common, yet spatial conservation management efforts must proceed while accounting
for inherent uncertainty (Ansong et al. 2017).
Here, we present an approach to estimate cetacean richness and spatial prioritization that
explicitly accounts for varying levels of spatial
uncertainty to provide a comprehensive overview of cetacean distribution in New Zealand
waters. The use of uncertainty estimates allows
the integration of distributional information from
differing sources (different modeling methods
with varying number of cetacean records) to be
integrated in a robust and conservative way. This
method is particularly important because it
allows the integration of the limited spatial information available for rare taxa (RES models),
which are seldom considered in a quantitative
way for conservation planning.

Cetacean hotspots
Richness estimates and spatial prioritization
methods provided complementary measures to
identify diversity hotspots. Richness estimates
highlight areas with high overlap of taxa distributions, whereas spatial prioritizations account
for representativeness of cetacean taxa, thus
highlighting the most efﬁcient spatial arrangement to include the maximum ranges of all taxa.
Despite some differences, both methods, across
all uncertainty scenarios, highlighted several
deep offshore waters as important for cetaceans.
The congruence between methods and uncertainty scenarios provides evidence that these offshore areas are important for cetaceans. The
complex topography in the New Zealand’s EEZ
spans subtropical to subantarctic waters and
enables migratory or wide-ranging species to
move across ocean basins (e.g., Thompson et al.
2016, Riekkola et al. 2018). Some species take
advantage of prey (Torres et al. 2013) or may use
ridges and seamounts or other cues to navigate
v www.esajournals.org

14

July 2011

v Volume 12(7) v Article e03633

COASTAL AND MARINE ECOLOGY

STEPHENSON ET AL.

(Childerhouse et al. 1995, Lusseau and Slooten
2002, Benoit-Bird et al. 2004, Barlow et al. 2018),
but in most cases, there are no published summaries of species richness. This lack of information reﬂects the species-speciﬁc, localized studies
that dominate cetacean research in New Zealand,
which is largely focused on immediate conservation issues (Baker et al. 2019). Given the lack of
information on cetacean hotspots in New Zealand, understanding the implications of incorporating uncertainty is particularly relevant.

Uncertainty

Potential for
Potential for
negative
positive surprises
surprises

Least important

Most important

Incorporating uncertainty
Environmental and ecosystem models provide
a way for conservation practitioners to make
management decisions for threatened species
under signiﬁcant uncertainty. While frameworks
for formal decision-making have been applied in
conservation contexts (Possingham 1997), uncertainty is rarely considered (Regan et al. 2002).
Failure to acknowledge sources of uncertainty
can lead to poor management decisions (Regan
et al. 2005, Link et al. 2012). While uncertainty
can readily be incorporated into single-species or
single-sector models, for example, by quantifying
the error around estimates, incorporation of
uncertainty into multi-taxa models or for
ecosystem-based management is more difﬁcult.
Here, we develop a methodological approach
that explicitly incorporates two sources of uncertainty for 30 cetacean taxa. The two spatially
explicit measures of uncertainty estimated here
should not be considered in isolation and provide two complementary measures to be considered by managers. The environmental coverage
provides an indication of which areas of the taxon’s probability of occurrence are likely to have
been extrapolated into unsampled space, that is,
where there is limited information to validate the
predicted relationships (Stephenson et al. 2020b).
Associated uncertainty estimates of species’ distribution provide an important indication of the
variability in the modeling estimates (Leathwick
et al. 2006). The cetacean distributions and the
associated spatial uncertainty used here were
estimated using occurrence records collected
over the period of 40 yr (Stephenson et al.
2020b). This broad temporal window means that
the spatial predictions presented here should be
interpreted as a temporally smoothed representation of cetacean hotspots. The uncertainty
v www.esajournals.org

Biological value
Fig. 5. Four broad outcomes for conservation based
on biological quality and the certainty of that information (ﬁgure adapted from Moilanen et al. 2006a).

associated with any potential temporal changes
in taxon distributions is not quantiﬁed here but
may be important to consider in a management
context (Azzellino et al. 2012, 2017).
The goal of uncertainty analysis in the context
of conservation planning is to implement and
evaluate trade-offs between biological quality
and the certainty of that information (Moilanen
et al. 2014). If uncertainty information is available, there are four broad considerations and outcomes for conservation (Moilanen and Wintle
2006, Moilanen et al. 2006b, Fig. 5). Areas with
high biological value (e.g., high richness or core
habitat of endangered species) with low uncertainty should be highlighted as most important
(Fig. 5). Conversely, areas with low biological
value and with low uncertainty should be highlighted as least important (Fig. 5). Areas with
high biological value and with high uncertainty
should be avoided for conservation—these are
areas that may result in much lower conservation
beneﬁts than expected (Fig. 5). Finally, areas with
low biological value and with high uncertainty
have the potential for being higher value than
initially estimated, although this potential beneﬁt
requires careful consideration (Fig. 5).
The adequate weighting of uncertainty
remains a subjective decision. Here, we provide
two examples to highlight differences and consistencies. For conservation planning, several analysis decisions would need to be made, including
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Spatial management of cetaceans

the appropriate levels of uncertainty to incorporate, whether all taxa are equally important in
the analysis, and whether levels of uncertainty
for all taxa are equal. Ideally, these somewhat
subjective decisions would be made through a
participatory process to ensure buy-in and acceptance of any subsequent policy decisions (Love
2017).
The aim of our moderate- and high-uncertainty
scenarios was to highlight areas with high biological value and low uncertainty. Despite only
having two uncertainty scenarios, we can draw
conclusions on the importance of our areas for
cetacean diversity. If an area is always highlighted as important irrespective of the weighting value of uncertainty, then we can be
conﬁdent that the area is important for conservation (Moilanen et al. 2006b). For example, the
offshore areas of the Lau-Colville and Kermadec Ridges, Macquarie Ridge, and along the
western edge of the Campbell Plateau, the
northern and western edges of the Bounty
Trough, and the north and south of the Chatham Rise, and the areas surrounding the Chatham Islands were consistently highlighted in
all our scenarios of richness and spatial prioritization analyses. If an area is highlighted as
important with low weighting of uncertainty
but not with high weighting of uncertainty,
then we can conclude that the area contains
high biological values, but these are uncertain,
for example, many of the offshore areas within
the environmental coverage. These areas can
still be considered as important, but further
investigation is required into the speciﬁc levels
of uncertainty, the taxa driving these differences, and whether these taxa are considered
more important than those in other areas. If the
area is not highlighted as important with low
weighting of uncertainty but is with high
weighting of uncertainty, then we can conclude
that the area may have moderate levels of
importance with high certainty. For example,
inshore areas in the Cook Strait, North Cape,
Kermadec Islands, East Cape, South Taranaki
Bight, and the west coast of South Island and
northern parts of the North Island had moderate levels of richness (5–8) but low uncertainty.
These areas became more clearly highlighted as
important with increasing weighting of uncertainty.
v www.esajournals.org

New information on spatial hotspots in cetacean
diversity can provide environmental managers
with opportunities to mitigate a range of threats to
these taxa. While new information on the distribution of cetacean diversity across the whole EEZ
may be considered the best available information,
it is still important to acknowledge that much of
this habitat, both inshore and offshore, remains
unsampled. Thus, decision-makers should carefully consider this uncertainty when considering
management actions, such as the approach presented here. Helpfully, the uncertainty measures
generated in this study, particularly coverage of
the environmental space, allow for stakeholderfriendly representation of this uncertainty as part
of a participatory decision-making process (Stelzenmüller et al. 2020).
Spatial models that depict probability of species presence are useful to establish important
locations for cetacean diversity (Kaschner et al.
2011, Tobeña et al. 2016). However, the species
often have marked variation in abundance as a
function of variable residency patterns, migratory patterns, and local/regional endemism.
Modeling the relative abundance or density of
species would allow the incorporation of such
effects into spatial prioritization—and would
likely improve the effectiveness of any spatial
management (Williams et al. 2014, Johnston
2015). Williams et al. (2014) found high-density
areas of most species was inversely related to
richness—thus, spatial management based on
richness alone would not select areas important
for certain species (Albouy et al. 2017). The decision whether to favor diversity or density for
individual taxa is a consideration best deliberated during stakeholder participatory processes
in conservation planning. However, data to calculate abundance/density are not currently available for many cetacean species, including in New
Zealand due to a lack of targeted surveys (but
see some taxa modeled in Stephenson et al.
2020a). Targeted surveys that ﬁll data gaps
should be prioritized with future research.
The hotspots in cetacean diversity identiﬁed in
this study can enable spatially explicit management of threats to these taxa, some of which
would otherwise be afforded no management
efforts due to knowledge gaps. Rather than discounting taxa with few data points from our effort
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to describe cetacean diversity, we incorporated all
relevant data and accounted for the associated
uncertainty. Hence, our results allow managers to
scale management decisions along spectrums of
diversity and uncertainty simultaneously based on
species’ importance and/or levels of acceptable risk
(e.g., as discussed in Incorporating uncertainty).
Such spatially explicit results can be considered
alongside threats such as ﬁshing effort and shipping trafﬁc to quantify risk, direct research and
monitoring efforts, and ultimately apply effective
management schemes. Cetaceans may be
impacted by different anthropogenic drivers; for
example, climate change is likely to impact many
of New Zealand’s cetacean species (Learmonth
et al. 2006, Simmonds and Isaac 2007). The large
EEZ may provide space for the deep-water cetaceans that make up a substantial part of New Zealand’s cetacean taxa to adapt to changing ocean
conditions (e.g., through foraging plasticity as
observed in the Gulf of St. Lawrence, Canada, by
Ramp et al. 2015). Greater knowledge on hotspots
for deep-diving species may allow the identiﬁcation of climate change refugia so that management
can reduce potential threats in these areas. Shifts
in prey availability associated with oceanographic
phenomena (Scales et al. 2017) or ﬁshing pressures
(Bearzi et al. 2006) may drive variation in distribution and habitat use over different spatial and temporal scales. In addition, pressure from tourism,
recreational vessels, shipping, and industrial
development can drive cetaceans away from critical habitat (Allen and Read 2000, Azzellino et al.
2017, Derville et al. 2019). Thus, understanding the
functional relationships between oceanography,
prey, and cetacean behavior that drive predator
distribution patterns (e.g., Guerra et al. 2017, Izadi
et al. 2018, Barlow et al. 2020) will likely improve
the potential for management policies to effectively adapt under a changing climate. For the
non-migratory, nearshore species, understanding
behavioral plasticity and prey preferences is
important when considering the effects of climate change in addition to other anthropogenic
threats.

Communicating Risk and Uncertainty to Aid Decision
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