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Abstract

Quantifying the spatial distribution of taxa is an important prerequisite for the preservation of biodiversity, and can provide
a baseline against which to measure the impacts of climate change. Here we analyse patterns of marine mammal species
richness based on predictions of global distributional ranges for 115 species, including all extant pinnipeds and cetaceans.
We used an environmental suitability model specifically designed to address the paucity of distributional data for many
marine mammal species. We generated richness patterns by overlaying predicted distributions for all species; these were
then validated against sightings data from dedicated long-term surveys in the Eastern Tropical Pacific, the Northeast
Atlantic and the Southern Ocean. Model outputs correlated well with empirically observed patterns of biodiversity in all
three survey regions. Marine mammal richness was predicted to be highest in temperate waters of both hemispheres with
distinct hotspots around New Zealand, Japan, Baja California, the Galapagos Islands, the Southeast Pacific, and the Southern
Ocean. We then applied our model to explore potential changes in biodiversity under future perturbations of environmental
conditions. Forward projections of biodiversity using an intermediate Intergovernmental Panel for Climate Change (IPCC)
temperature scenario predicted that projected ocean warming and changes in sea ice cover until 2050 may have moderate
effects on the spatial patterns of marine mammal richness. Increases in cetacean richness were predicted above 40° latitude
in both hemispheres, while decreases in both pinniped and cetacean richness were expected at lower latitudes. Our results
show how species distribution models can be applied to explore broad patterns of marine biodiversity worldwide for taxa
for which limited distributional data are available.
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Introduction

The global distribution of species diversity and richness has been
of interest to naturalists for centuries and remains an important
research topic in ecology today [1]. More recently, this quest has
been further motivated by systematic conservation planning efforts,
which require detailed data on the distribution of biodiversity in
space and time [2]. Quantifying patterns of biodiversity can be
costly and challenging, particularly in the oceans where most taxa
cannot easily be seen and many species are highly mobile with large
ranges that extend far into the open oceans [3].

In terms of species number, marine mammals are a relatively small
taxonomic group, yet given their biomass and position in the food
web they represent an ecologically important part of marine
biodiversity [4,5,6] Furthermore they are of significant conservation
concern, with 23% of species currently threatened by extinction [6].
Therefore, marine mammals often feature prominently in marine
conservation planning and protected area design [7,8,9]. Their large-
scale patterns of biodiversity have only recently been analyzed using
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expert knowledge [6] or regional observations [10]. Using expert
knowledge, Schipper and colleagues [6] delineated the known, or
suspected, range of individual species and then overlaid maps to
produce global patterns of marine mammal species richness. This
approach can accommodate all species on a global scale, but
represents a relatively coarse approach that does not distinguish
between core and marginal habitats, attributing the same probability
of occurrence for a species throughout its range [6]. In addition,
resulting patterns remain to be quantitatively validated and cannot be
used directly to investigate shifts in distributions under different
environmental conditions, since distributions are based on expert
knowledge, rather than predictive models that take into account
environmental forcings. In contrast, due to the lack of occurrence
records for most marine mammal species, existing empirical attempts
using sighting surveys to estimate realized cetacean richness have
been restricted in taxonomic and spatial coverage, and resulting
global predictions may suffer from undersampling [10]. Similar to the
trade-offs of different habitat prediction modeling approaches [11],
these two methods lie on opposite ends of a spectrum from potentially
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overpredicting expert-derived (range maps) to potentially under-
predicting (empirical sighting surveys) range sizes. Here we present a
complementary modelling approach that combines both types of data
to make predictions of large-scale marine mammal species
distributions using a relative environmental suitability (RES) model
[12]; an environmental niche model developed specifically to deal
with the prevailing paucity of data for many marine mammal species
[12]. The RES model delineates the environmental tolerances of all
species with respect to basic parameters known to determine marine
mammal distributions directly or indirectly. It does so by combining
available data on species occurrence and habitat usage, supplemented
by expert knowledge [12]. The relative environmental suitability of
different habitats for a given species can then be computed and used
to predict long-term mean annual species distributions. Here we
superimpose individual species predictions to generate global patterns
of species richness, defined as the number of species present in a given
area [13], which we subsequently validated using independent survey
data.

Bioclimatic envelope models such as the RES models are based
on the relationship between species occurrence and environmental
proxies, and have been used to explore possible range shifts of
marine and terrestrial species under changing environmental
conditions [14,15], although results tend to be sensitive to model
assumptions and uncertainties [16,17,18]. Global warming is
imposing environmental changes on a large scale, and empirical
observations indicate shifts in the distributional ranges of many
species; these shifts are often consistent with global warming as a
driving mechanism [19]. In the oceans, many taxa, ranging from
benthic invertebrates to plankton and fish, have shown such range
shifts (reviewed in [20]). There is much concern about climate
change impacts on marine mammals [21,22], but the assessment
of impacts has mostly been restricted to theoretical considerations
[23,24,25]. The quantification of possible effects on health [26],
food availability [27] and migration [28] remains difficult and
impacts are expected to vary for different species [27]. However,
species distributions are expected to be affected by temperature
and ice cover changes [23], with changes in community structure
[29], range expansions into higher-latitude waters [10,30], and
decreases in suitable habitat [31] among the probable outcomes.
Here we apply species-specific RES models to explore the possible
consequences of temperature change for the global distribution of
marine mammal richness in the near future.

Methods

Mapping marine mammal richness

We explored marine mammal species richness by overlaying
predictions of the relative probability of occurrence for 115 marine
mammal species. These included 68 toothed whales (Order:
Odontocetii), 15 baleen whales (Mysticetii), and 32 seals and sea
lions (Pinnipedia), but excluded all freshwater species, dugongs and
manatees (Sirenia), sea otter (Enhydra lutis), and polar bear (Ursus
manritimus). Individual species’ ranges were derived from an environ-
mental niche model that predicted distributions and the relative
environmental suitability (RES) for different species on a 0.5°x0.5°
global grid. Predicted results represent mean annual geographic
ranges defined as the maximum area between the known outer-most
limits of a species’ regular or periodic occurrence [12]. While this
definition is inclusive of all areas covered during annual migrations,
dispersal of juveniles etc., it specifically excludes extralimital sightings,
which are sometimes difficult to distinguish from the core range [32].
The RES modeling approach was developed because of the paucity
of marine mammal data available for standard species distribution
modelling approaches, and well-known spatial biases in the available
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data: point occurrence records are currently only available for <60%
of known marine mammals [33], and 70% of all available sighting
records come from continental shelf waters of the Northern
Hemisphere, according to the Ocean Biogeographic Information
System (OBIS, www.iobis.org, 05/2010). Unlike other species
distribution models, the RES model therefore is based primarily on
expert knowledge, compiled through extensive literature review,
supplemented by occurrence data (where possible). This synthesized
information is used to assign species to pre-defined habitat use
categories, represented by simple trapezoid response curves, with
respect to three basic environmental predictors [12]. For migratory
species with known shifts in habitat usages during different seasons,
habitat categories were selected to reflect both winter and summer
usage [12]. Generic environmental predictors, including bathymetry,
sea surface temperature and sea ice were selected @ prior: as predictive
variables for all species, based on their documented importance in
determining marine mammal occurrences directly or indirectly, e.g.
through influencing prey availability. For example, strong correla-
tions between bathymetry and patterns of species’ occurrences have
been noted for cetaceans and pinnipeds in different regions and ocean
basins [34,35,36,37]. Sea surface temperature (SST) changes may be
indicative of oceanographic processes that ultimately determine
predator occurrence across multiple temporal scales [38] and
significant correlations of SST with marine mammal presence and
species richness of different predator groups have been demonstrated
across regions and taxa [e.g. 3,34]. Another key environmental
parameter that has been demonstrated to determine marine mammal
species presence is sea ice concentration [39,40], since the edge of the
pack ice represents an important feeding ground for many species
[41]. The environmental data sets used for range predictions include
gridded bathymetry data (from the ETOPO2 dataset, National
Geophysical Data Center, www.ngdc.noaa.gov/products/ngdc_
products.html) as well as mean SST extracted from the World
Ocean Atlas [42] for the 1990s [12]; mean annual sea ice
concentration data (United States National Snow & Ice Data Center
(NSIDC) [43] was used instead of the formerly used data on distance
to ice edge.

The RES model generates an index of species-specific relative
environmental suitability of each individual half degree grid cell by
scoring how well its physical attributes matched the known aspects
of species’ habitat use. RES values range between 0 (not suitable)
to 1 (highly suitable) and represent the product of the suitability
scores assigned for the individual environmental attributes (bottom
depth, SST, sea ice concentration, and distance from land in some
cases), which were calculated using pre-defined trapezoidal
functional response curves. Model-predicted ranges and parameter
settings for all species were summarized by Kaschner [44]. RES
predictions for data-rich species have been successfully validated
across different areas and time periods using independent data sets
from dedicated marine mammal surveys [12] Validation analyses
showed a strong positive relationship between the effort-corrected
sighting rates of individual species and the corresponding
predicted relative environmental suitability. Similarly, long-term
habitat usage of species derived from effort-corrected whaling data
provided support for the shape of pre-defined habitat categories
used for RES input. Nevertheless, RES predictions often included
parts of a species fundamental niche as well as its realized niche
and suitability thresholds beyond which predicted presences were
matched with observed occurrences varied by species. Since
there is insufficient data to determine such presence thresholds
empirically for all species, we used an alternative approach to
generate species richness maps. Using a uniform presence
threshold for all species, we generated richness maps across a
range of different RES thresholds (RES>0 to RES=1). To
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mvestigate how different assumptions about environmental
suitability and species presence might affect predicted patterns of
marine mammal richness, we then validated predictions against
survey data.

Validation with survey data

We validated our predictions of marine mammal richness using
available cetacean sighting data sets collected during dedicated
surveys. To avoid circularity, we only used data which had not
contributed extensively to assign species to specific habitat
categories in the RES model. Validation data sets included a)
the IWC-IDCR circumpolar cruises conducted regularly in the
Southern Ocean between 1978-2001 [45], b) four NASS surveys,
conducted in 1987, 1989, 1995 and 2001 in the Northeastern
Adtlantic [46], and c) seven SWFSC-ETP surveys conducted across
the Eastern Tropical Pacific from 1986-1990 and 1992-93
[47,48] (Table 1). These three data sets likely represent the largest
existing efforts to date to survey cetacean populations. Since
pinniped observations were not reported consistently, validation
analyses were limited to cetaceans only.

Comparison of predicted cetacean species richness from the
RES model with observed richness from cetacean surveys was
performed on a 5°x5° grid to ensure sufficient sightings to estimate
species richness for each cell empirically. Sightings data per 5°x5°
cell were combined across all years for each survey. Only records
with high certainty in species identification were included. We
used rarefaction to standardise for varying survey effort in different
cells [49,50]. The rarefaction model is based on the hypergeo-
metric distribution, sampling without replacement from a parent
distribution. It is widely used to compare the number of species in
a collection of samples with uneven sample sizes [51]. Species
richness is expressed as the expected number of species from a
standardized subsample of size n, which is computed as

E(S))= ES:I [1— (,],v*m)/(nN)]

where N is the total number of individual sightings in the sample
(here a 5°x5° cell), S'is the total number of species in the sample,
and m; is the number of individuals of species 7 in the sample. We
calculated rarefied richness estimates for different » [52], namely
the expected number of species per n=20 sightings (ESy), 50
sightings (ES5p) and 100 sightings (ES;qp). Selection of an
appropriate n represents a trade-off since the range of potential
diversity per sampling unit will increase with increasing n, but
sample size (i.e. the number of cells with enough effort to produce

Table 1. Summary of validation data sets.
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rarefied estimates) and consequently geographic coverage will
decrease.

We modeled the relationship between predicted and observed
species richness using spatial eigenvector mapping (SEVM) to
account for the effect of spatial autocorrelation on model results
[53]. We fit Gaussian generalized linear models across all
combinations of n and RES presence thresholds using the SEVMs
package spdep v. 0.4-52 [54] in R [55] (version 2.8.1). Goodness
of model fit (corrected for spatial autocorrelation) was assessed for
cach survey area separately as well as for all surveys combined
using the coefficient of determination (adjusted r?), and the most
parsimonious model was identified using the Akaike Information
Criterion (AIC) (Table S1). To ensure the broadest geographic
representation, we based the selection of a RES threshold for
forward projections of species richness patterns on the model
combining data from all three survey areas and including the
largest possible number of cells covered by enough survey effort to
be included in the rarefaction analysis. Threshold selection was
thus based on lowest AIC of the combined data set model for the
lowest possible rarefaction basis, but excluded all z values and RES
threshold combinations for which models did not produce
significant relationships with validation data at the level of
individual surveys (Table S1).

Since the validation analysis did not allow the unequivocal
identification of a single best RES threshold model across all
rarefaction bases n and survey areas, we also calculated the
variation in predicted species richness for different ranges of RES
thresholds for each survey cell. Mean standard deviation and
coefficients of variations computed across all cells covered by a
given survey and for all surveys combined can then provide an
indication of the uncertainty in predicted species richness
associated with the threshold selection process (Table 2).

Forward projections

To assess potential effects of climate warming and sea ice
change on marine mammal biodiversity, we projected future
distributions using mean temperatures and ice concentrations
derived from the IPCC climate change scenario A1B for the years
2040-2049. This ‘intermediate’ scenario assumes very rapid
economic but low population growth, rapid introduction of new
and more efficient technologies, and moderate use of resources
with a balanced use of technologies [56]. Assuming that species
would maintain the same environmental preferences with respect
to SST and sea-ice concentrations, we generated predictions of
future species distribution for all species and superimposed them,
applying the best presence threshold as determined by our
validation with survey data. To assess changes in species richness

Survey Acronym IWC-IDCR

NASS SWFSC-ETP

Survey Name International Whaling Commission -

International Decade of Cetacean Research

Agency/Source IWC Member State collaboration
Time period 1978-2001

Ocean basin Antarctica (S of 60° S)

No. of sighting events ~35000

No. of identified species 31

reported

Southwest Fisheries Science Centre -
Eastern Tropical Pacific Surveys

North Atlantic Sightings Survey

US National Marine Fisheries Service
(NMFS) - SWFSC

1986-1990 and 1992-93

North Atlantic Marine Mammal
Commission (NAMMCO)

1987, 1989, 1995 & 2001

NE Atlantic Eastern Tropical Pacific
~7500 ~8800
17 34

doi:10.1371/journal.pone.0019653.t001
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Table 2. Effects of RES threshold selection on predicted species richness.

Survey Area

Variation in predicted species richness (number of species)

0.00< RES =1.00

0.25=< RES =0.75

0.55=< RES =0.65

Mean SD Mean CV Mean SD Mean CV Mean SD Mean CV
SWFSC-ETP 5.68 0.26 2.84 0.13 1.02 0.05
NASS 3.04 0.24 1.60 0.13 0.35 0.03
IWC-IDCR 3.42 0.36 1.63 0.17 0.72 0.11
All Surveys 3.98 0.32 1.95 0.16 0.76 0.08

doi:10.1371/journal.pone.0019653.t002

and distribution over time, we compared future patterns with
current ones produced from a control data set (mean modeled
1990-99 environmental data) from the same climate scenario.
Changes in species richness were shown in terms of absolute loss of
native species from a given area or the absolute number of species
that were newly predicted to occur in a given cell relative to the
1990-99 scenario. Similarly, we computed proportional increases
and decreases in net biodiversity for each cell and the expected
total and relative change in the number of species for different
taxonomic groups. To assess potential effects of climate change on
individual species, we also calculated the change in the size of
distributions for each species between 1990-99 and 2040-49.
Following the approach of a similar study [23], we then divided
species into those that were predicted to expand, contract, or show
no change in their range size. To provide an indication of the
extent of the expected effect across different taxa, we computed
the mean proportional change in size of distribution across all
species falling into a specific category in each taxon.

Results

1990s species richness

Predicted patterns of marine mammal biodiversity were
relatively consistent across all assumed RES thresholds, showing
broad bands of high species richness in temperate waters of both
hemispheres (Figure S1). Patterns based on a presence threshold
RES>0.6 (Fig. 1) were most strongly supported by empirical
species richness data (see “Validation of species richness’, below).
The largest concentrations of marine mammal biodiversity were
found in temperate waters between 20-50°S where up to 30% of
all species may co-occur (Fig. 1A). Southern-hemisphere hotspots
of high species richness were predicted in waters surrounding New
Zealand, some Sub-Antarctic and Southeastern Pacific islands,
and offshore waters along the coasts of southern South America.
Biodiversity was also predicted to be high in subtropical and
temperate waters of the Northern Hemisphere, although hotspots
tended to be fewer and smaller in size. These included the waters
surrounding Japan and Korea, Northwest Africa, the Southeastern
U.S., parts of the mid-Atlantic ridge, Baja California, the
Galapagos Islands and Hawaii. Overall, hotspots were relatively
small: the total area of hotspots containing more than the 75™
percentile of the maximum predicted species richness amounted to
less than 5% of the oceans. Areas of high diversity were more
abundant in the southern hemisphere where many species are
more wide ranging and distributions tend to be less restricted by
land barriers.
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Variation (expressed as standard deviation, SD and coefficient of variation, CV) in number of species predicted to occur in each surveyed 5° cells between different
assumed RES thresholds, averaged across all cells covered by a given survey. Estimates correspond to the level of uncertainty associated with predicted species richness
in different survey areas that is introduced by the threshold selection process to generate species richness maps.

The comparison of species richness maps for different subgroups
(Fig. 1B-D) with the overall species richness pattern shows that
hotspots are probably mostly influenced by predicted odontocete
species occurrence. Both odontocetes (Fig. 1B) and mysticetes
(Fig. 1C) showed a band of high species richness in temperate
waters of the Southern Hemisphere. However, while odontocete
species richness was also high along ocean ridges in warmer waters
(Fig. 1B), mysticetes concentrated in mid-latitudes (Fig. 1C).
Distributional ranges for both groups were relatively large on
average, resulting in large areas of overlap where many species co-
occur. In contrast, pinniped species richness was mostly concen-
trated in subpolar and polar waters, and the lower degree of
overlap in distribution between species resulted in ’‘weaker’
hotspots with only up to six co-occurring species (Fig. 1D).
Pinniped hotspots were located around the Sub-Antarctic islands
and the Antarctic Peninsula, in the Bering Sea and the Sea of
Okhotsk (Fig. 1D).

Latitudinal gradients of predicted marine mammal richness
showed a bimodal distribution, with total species richness lowest in
polar regions, highest between 30-60° N or S, and intermediate in
tropical waters (Fig. 2). This basic pattern was shared across
groups, although peaks in species richness occurred more pole-
wards and tropical richness was much lower in pinnipeds
compared with cetaceans. Small odontocetes (dolphins and
porpoises) had the highest number of species of all groups,
particularly at subtropical and tropical latitudes (Fig. 2).

Validation of 1990s species richness

For all three cetacean surveys we observed a strong linear
relationship between the number of species seen in a given area
and effort, expressed as total number of sightings in that area
(Fig. 3 A-C). This suggests that the use of rarefaction is necessary
to account for uneven effort across cells. None of the rarefaction
curves calculated for each survey reached a full asymptote, which
suggested that surveys are still incomplete in terms of marine
mammal species detection (Fig. 3D). This may in part be explained
by the difficulty to distinguish some closely related species, such as
the numerous Mesoplodon spp. (beaked whales) at sea, sightings of
which are often reported at a higher taxonomic level and thus
would not be considered in this analysis. Survey effort was greatest
in Antarctic waters in terms of sightings, but the total number of
species observed in this region was still 30% lower than in the
Eastern Tropical Pacific (Fig. 3D).

We found significant linear relationships between predicted
(Fig. 4A) and observed rarefied richness (Fig. 4B) for all three
survey areas individually as well as combined (Fig. 4C).
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Figure 1. Predicted patterns of marine mammal species richness. A. All species (n=115), B. Odontocetes (n=69), C. Mysticetes (n=14), D.
Pinnipeds (n=32). Colors indicate the number of species predicted to occur in each 0.5°x0.5° grid cell from a relative environmental suitability (RES)
model, using environmental data from 1990-1999, and assuming a presence threshold of RES>0.6.

doi:10.1371/journal.pone.0019653.g001

Significant linear relationships were seen across a wide range of
different rarefaction bases and RES presence thresholds (Table
S1). Presence thresholds associated with the most parsimonious
models (lowest AIC) varied among survey areas and rarefaction
bases, ranging between 0.25<<RES<C0.75, making the selection of
a single best threshold somewhat subjective. However, the
variation in species richness predicted for each 5° cell across this
range of RES thresholds was relatively small on average,
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amounting to only 16% of the total number of predicted species
or =2 species on average (Table 2). This indicates that predicted
estimates of absolute species richness appear to be relatively
robust across a range of thresholds. For display purposes we used
the RES threshold >0.6, associated with the second lowest AIC
for all surveys combined at rarefaction basis =150 (i.e. expected
species per 50 sightings). This threshold was associated with the
lowest possible ES basis to ensure the widest possible geographic
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Figure 2. Marine mammal species richness by latitude. Number of predicted species was summed over 5° latitudinal bands for all species,
mysticetes, small odontocetes, large odontocetes (beaked whales and sperm whale), and pinnipeds.

doi:10.1371/journal.pone.0019653.g002

coverage, while at the same time consistently producing
significant relationships and good model fits at the level of
individual surveys (Table S1). We note, that the species richness
maps based on the RES>0.6 threshold correspond to areas of
overlap in highly suitable habitat across many species, but species
may also occur in habitat predicted to be less suitable than the
selected threshold].

Based on the estimated regression slope of our best model, only
between 10-50% of all species predicted to occur in a given 5°x5°
cell had actually been observed in any of the survey areas given the
effort of survey data sets included in the analysis (Fig. 4C).

Forward projections

Projecting environmental change according to the intermediate
IPCC-AILB climate change scenario for the years 204049, the
predicted effects on global marine mammal biodiversity based on
RES >0.6 were moderate (Fig. 5). Although the absolute loss in
optimal habitat for native species might regionally affect as many
as 11 species, this is predicted only in relatively small areas
(Fig. 5A). In the Northern Hemisphere, the areas most likely to
experience a decrease in the number of native species were the
Barents Sea, parts of the North Atlantic ridge, and the Northern
Indian Ocean as well as waters surrounding Japan (Fig. 5A). In
addition, species loss was predicted to occur along coastlines or
across continental shelves (Fig. 5A). In the Southern Hemisphere,
decreases in native species richness were predicted mostly along
30° south, but also around the Galapagos Islands and in the Coral
Triangle (Fig. 5A). At the same time, increases in biodiversity,
mostly through the invasion of new species in polar waters, might
also be substantial, particularly in the Northern Hemisphere
(Fig. 5B). Areas most likely to experience an increase in the
number of species due to invasion, were the Northern Greenland
Sea, the Barents Sea, and the central Bering Sea as well the high
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Arctic waters (Fig. 5B), where temperature increases might enable
colonization of up to 10 new species. In the Southern Hemisphere,
as sea ice melts and retracts, species richness might also increase
substantially in parts of the Weddell Sea (Fig. 5B). Roughly 84% of
all areas in which marine mammals were predicted to occur may
experience only small changes in species composition and richness
due to projected changes in temperature or sea ice concentration
(dark blue areas in Fig. 5A, B, where predicted changes are within
the bounds of uncertainty associated with the RES threshold
selection process, see above).

With respect to individual taxa, pinniped biodiversity in
tropical and temperate waters was predicted to decrease
substantially (Fig. 6A), with the Galapagos fur seal (drctocephalus
galapagonensis) and the Hawailan monk seal (Monachus schawinslandii)
being most affected, but not the Galapagos sea lion (Jalophus
wollebaeki). In contrast, the number of mysticete species at high
latitudes, of the northern hemisphere in particular, was predicted
to increase substantially (Fig. 6A). Overall, changes in species
composition in terms of absolute number of species in different
taxa were predicted to be highest in tropical waters, but
taxonomically, the proportional composition of marine mammal
communities was predicted to change most drastically in Arctic
waters (Ii