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ABSTRACT: The lack of com prehensive sighting data sets precludes the application of standard habi­
tat suitability m odeling approaches to predict distributions of the majority of m arine mammal species 
on very large scales. As an alternative, w e developed an ecological niche model to m ap global distrib­
utions of 115 cetacean and pinniped species living in the m arine environm ent using more readily 
available expert know ledge about habitat usage. We started by assigning each species to broad-scale 
niche categories w ith respect to depth, sea-surface tem perature, and ice edge association based on 
synopses of published information. Within a global information system framework and a global grid of 
0.5° latitude/longitude cell dimensions, we then generated  an index of the relative environm ental suit­
ability (RES) of each cell for a given species by relating known habitat usage to local environm ental 
conditions. RES predictions closely m atched published maximum ranges for most species, thus rep re ­
senting useful, more objective alternatives to existing sketched distributional outlines. In addition, 
raster-based predictions provided detailed information about heterogeneous patterns of potentially 
suitable habitat for species throughout their range. We tested RES model outputs for 11 species (north­
ern  fur seal, harbor porpoise, sperm  whale, killer whale, hourglass dolphin, fin whale, hum pback 
whale, blue whale, Antarctic minke, and dw arf minke whales) from a broad taxonomic and geo­
graphic range, using data from dedicated surveys. Observed encounter rates and species-specific p re ­
dicted environm ental suitability w ere significantly and positively correlated for all but 1 species. In 
comparison, encounter rates w ere correlated w ith <1 % of 1000 sim ulated random  data sets for all but 
2 species. M apping of large-scale m arine mammal distributions using this environm ental envelope 
model is helpful for evaluating current assumptions and know ledge about species' occurrences, e sp e ­
cially for data-poor species. Moreover, RES m odeling can help to focus research efforts on smaller 
geographic scales and usefully supplem ent other, statistical, habitat suitability models.

KEY WORDS: H abitat suitability m odeling • M arine mammals • Global • GIS • Relative environ­
m ental suitability • Niche model • Distribution
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INTRODUCTION

A num ber of m arine mammal species are currently 
th reatened  by a variety of anthropogenic factors, rang ­
ing from bycatch and ship-strikes to pollution, global 
warm ing, and potential food competition (Perrin et al.

2002). The developm ent and im plem entation of effec­
tive conservation m easures require, however, detailed 
know ledge about the geographic occurrence of a 
species. In recent years, advances in geographic infor­
m ation systems (GIS) and com putational pow er have 
allowed the developm ent and application of habitat
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suitability models to quantitatively delineate maximum 
range extents and predict species' distributions. S tan­
dard  models rely on available occurrence records to 
investigate the relationships betw een observed spe­
cies' presence and the underlying environm ental p ara ­
m eters th a t— either directly or indirectly— determ ine a 
species' distribution in a known area and use this in ­
formation to predict the probability of a species' occur­
rence in other areas (Guisan & Zimmermann 2000).

H abitat suitability models have been widely applied 
in terrestrial systems and for a w ide range of land- 
based species (Peterson & N avarro-Sigiienza 1999, 
Zaniewski et al. 2002, Store & Jokim äki 2003). There 
are, however, comparatively few attem pts to use such 
models to map species' distributions in the marine 
environm ent (H uettm ann & Diamond 2001, Yen et 
al. 2004, Guinotte et al. 2006 in this Them e Section). 
This is particularly true for marine mammals, partly 
because the collection of species' occurrence data  is 
ham pered by the elusiveness and mobility of these an i­
mals. In addition, designated  and costly surveys usu­
ally cover only a small fraction of a species' range (e.g. 
Kasamatsu et al. 2000, Ham m ond et al. 2002, W aring et 
al. 2002), due to the vastness of the m arine environ­
m ent and the panglobal distributions of many species. 
Thus, these surveys often yield little more than a 
snapshot, both in time and space, of a given species' 
occurrence. The comparatively low densities of many 
m arine mammal species further contribute to the diffi­
culties in distinguishing betw een insufficient effort to 
detect a species in a given area and its actual absence. 
On the other hand, a concentration of sightings may 
only reflect the concentration of effort rather than a 
concentration of occurrence (Kenney & Winn 1986).

There are on-going efforts— conducted, for example, 
as part of the OBIS initiative (Ocean Biogeographic 
Information System) —to compile existing marine m am ­
mal occurrence records, to allow for large-scale q uan ­
titative analyses of species distributions using habitat 
suitability modeling. For many species, however, there 
have been <12 known or published sightings to date. 
Actual point data sets, w hich generally cover only a 
fraction of known range extents, are available or read ­
ily accessible for <50%  of all m arine mammal species 
through the OBIS-SEAMAP portal (h ttp ://seam ap.env . 
duke.edu/), the currently most com prehensive data 
repository for m arine mammal sightings.

As a consequence of this data paucity, m arine m am ­
mal occurrence has been  m odeled for only a handful 
of species and only in relatively small areas. Most 
existing studies have em ployed so-called p resen ce- 
absence statistical models, such as general linear 
models (GLMs) or general additive models (GAMs) 
(Moses & Finn 1997, Hedley et al. 1999, G regr & Trites 
2001, Ham azaki 2002). These model types require data

collected during line-transect surveys that system ati­
cally docum ent species' presences and absences to 
predict varying species' densities or probabilities of 
occurrence (Hamazaki 2002, Hedley & Buckland 
2004). However, predictions from presence-absence  
type models are affected by species' prevalence 
(Manel et al. 2001). For m arine mammals, however, 
densities and/or detectability tend to be very low. 
M ore importantly, representative survey coverage of 
entire range extents has currently been achieved for 
an estim ated 2 % of all species. This precludes the 
application of p resence-absence  m odeling techniques 
to predict occurrence on larger scales for the vast 
majority of all cetaceans and pinnipeds.

Ecological niche models such as GARP (Genetic Algo­
rithm for Rule Set Production; Stockwell & Noble 1992) 
and ecological niche factor analysis (ENFA) (Hirzel et al. 
2002) represent alternative approaches w hich — due to 
their more m echanistic nature — can reduce the 
am ount of data needed, since they do not require ab ­
sence data and may therefore use so-called opportunis­
tic data sets. These presence-only models have found 
w idespread application in terrestrial systems (Peterson 
et al. 2000, Peterson 2001, Engler et al. 2004), and, more 
recently, attempts have been m ade to use such models to 
predict distributions of some rarer marine mammal spe­
cies (Compton 2004, MacLeod 2005). However, for most 
species, there are fewer occurrence records readily 
available than required to generate accurate predictions 
(e.g. 50 to 100 representative occurrence records in the 
case of GARP; Stockwell & Peterson 2002). Moreover, 
these niche models assum e that data  sets represent an 
unbiased sample of the available habitat (Hirzel et al. 
2002), w hich m akes them  sensitive to the skew ed dis­
tribution of effort prevalent in most opportunistically 
collected marine mammal data  sets (see below).

In conclusion, the current shortage of point data sets 
has prevented  applying standard empirical habitat 
suitability models to predict patterns of occurrences or 
maximum range extents on larger scales. Similarly, this 
lack of data has prohibited the prediction of occur­
rence patterns for the lesser-known marine mammal 
species in more inaccessible or understudied  regions of 
the world's oceans— and will likely continue to do so 
in the foreseeable future. As a consequence, marine 
mammal distributional ranges published to date 
mainly consist of hand-draw n m aps outlining the p ro ­
posed maximum area of a species' occurrence based 
on the professional judgm ent of experts and synopses 
of qualitative information (e.g. Ridgway & Harrison 
1981a,b, 1985, 1989, 1994, 1999, Perrin et al. 2002). 
Frequently, there is considerable variation amongst 
the range extents proposed by different authors for the 
same species (Jefferson et al. 1993, Reijnders et al.
1993). In addition, these m aps are often supplem ented
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by relatively large regions covered by question marks, 
indicating areas of unknown, but likely, occurrence. 
As an alternative, some authors have summarized 
available raw  point data in the form of docum ented 
stranding or sighting locations on m aps (e.g. Perrin et 
al. 1994, Jefferson & Schiro 1997, Ballance & Pitman 
1998), thus leaving it to the readers to infer possible 
species' distributions. All of these approaches are 
greatly confounded by uncertainty in the degree of 
interpolation applied to the occurrence data (Gaston
1994), and none delineates species' distributions based 
on an explicit algorithm that captures patterns of 
species' occurrences using a ru le-based approach or 
statistical models, as recom m ended by Gaston (1994).

A lthough we currently lack the com prehensive point 
data sets to rem edy this situation using standard habi­
tat suitability m odeling techniques, we nevertheless 
already know quite a bit about the general habitat 
usage of most m arine mammal species, available in the 
form of qualitative descriptions, m apped outlines, geo­
graphically fragm ented quantitative observations, and 
large-scale historical catch data sets. Existing know l­
edge about species' occurrence is likely b iased—given 
the high concentration of survey efforts in shelf w aters 
of the northern hem isphere— and the lack of statistical 
investigations on resource selection does not allow 
definitive conclusions about habitat preferences for 
most species (Johnson 1980, M anly et al. 2002). How­
ever, the synthesis of available know ledge about 
species' occurrences, collected from w ide range of 
sources, time periods, and geographic regions, may 
approxim ate a representative sam pling scheme in 
term s of the investigation of habitat usage on very 
large scales— at least until sufficient point data sets 
becom e available for more rigorous analyses. In the 
m eantim e, we propose that expert know ledge may 
represent an alternative and underutilized resource 
that can form the basis for the developm ent of other 
types of habitat suitability models, such as rule-based 
environm ental envelope models. Envelope models and 
techniques relying on formalized expert opinion have 
frequently been  used in the past to predict large-scale 
terrestrial plant distributions (e.g. Shao & Halpin 1995, 
G uisan & Zimmermann 2000, Skov & Svenning 2004), 
but have not yet been applied to describe marine 
mammal range extents.

The objective of this study was to develop a generic 
quantitative approach to predict the average annual 
geographical ranges of all marine mammal species 
w ithin a single conceptual framework using basic 
descriptive data that w ere available for (almost) all 
species. We also w anted to gain insight into the po ten­
tial relative environm ental suitability (RES) of a given 
area for a species throughout this range. Since com ­
prehensive point data sets are currently non-existent

or non-accessible for the vast majority of m arine m am ­
mal species, w e sought to generate  our predictions 
based  on the synthesis of existing and often general 
qualitative observations about the spatial and tem poral 
relationships betw een basic environm ental conditions 
and a given species' presence. The m aps we produced 
represent a visualization of existing knowledge about 
a species' habitat usage, processed in a standardized 
m anner w ithin a GIS fram ework and related  to local 
environm ental conditions. Thus, our results can be 
view ed as hypotheses about potentially suitable hab i­
tat or main aspects of a species' fundam ental ecologi­
cal niche, as defined by Hutchinson (1957). We tested 
and evaluated our model predictions and assumptions 
using available m arine mammal sightings and catch 
data  from different regions and time periods to estab ­
lish the extent to which this approach may be able to 
capture actual patterns of species' occurrence. Finally, 
w e explored the merits and limitations of the model 
as a useful supplem ent to existing habitat suitability 
m odeling approaches.

MATERIALS AND METHODS 

Model structure, definitions, scope, and resolution.
We derived the geographic ranges for 115 marine 
mammal species and predicted the RES for each of 
them  throughout this range based  on the available 
information about species-specific habitat usage. We 
defined geographic range as the maximum area 
betw een the known outer-most limits of a species' 
regular or periodic occurrence. While this definition is 
inclusive of all areas covered during annual m igra­
tions, dispersal of juveniles etc., it specifically excludes 
extralimital sightings, w hich are sometimes difficult to 
distinguish from the core range (Gaston 1994). A dher­
ing to the plea of Haii et al. (1997) for the use of clear 
definitions and standard terminology, we chose the 
term  'relative environm ental suitability' rather than 
'habitat suitability' to describe model outputs, to distin­
guish our predictions, which often corresponded more 
closely to a species' fundam ental niche, from the actual 
probabilities of occurrence generated  by other habitat 
suitability models (Hirzel et al. 2002).

G eneral patterns of occurrence of larger, long-living 
animals, such as m arine mammals, are unlikely to be 
affected by environm ental heterogeneity  over small 
tem poral and spatial scales (Turner et al. 1995, Jaquet 
1996). This may be especially true for species living 
in the m arine environm ent, as pelagic systems 
show greater continuity in environm ental conditions 
over evolutionary time than terrestrial environm ents 
(Platt & Sathyendranath 1992). We chose a global geo­
graphic scope to accommodate the w ide-ranging
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Fig. 1. Distribution of m odel predictors: (A) bathym etry (in m); (B) annual average sea-surface tem perature (SST, in °C), and
(C) m ean  annual distance to the ice edge (in km)

annual movements and cosmopolitan occurrence of 
num erous m arine mammal species. Similarly, w e used 
long-term  averages of temporally varying environ­
m ental param eters to minimize the impacts of in ter­
annual variation. The model's spatial grid resolution of 
0.5° latitude by 0.5° longitude represents a w idespread 
standard for global models.

Independent variables. The lack of point data used 
for model input precluded the application of standard 
techniques to determ ine which environm ental p re ­
dictors might be best suited to predict species' occur­
rence. Instead, selection of environm ental proxies that 
served as independent variables in our model was 
based on the existing know ledge about their relative 
im portance to— indirectly— determ ine species occur­
rence for m any m arine mammals. Furtherm ore, p re ­
dictors w ere chosen based on the availability of data at 
appropriate scales, including the availability of m atch­
ing habitat usage information that was obtainable for 
all or at least the majority of all species. All environ­
m ental data w ere interpolated and rasterized using a 
custom GIS software package (SimMap 3.1 developed 
by R. W atson & N. Haii) and stored as attributes of 
individual grid cells in the global raster (Watson et 
al. 2004) (Fig. ÎA-C).

Bottom  depth: Strong correlations betw een  bathy­
m etry and patterns of inter- or intraspecific species' 
occurrences have been noted for m any species of 
cetaceans and pinnipeds in different regions and 
ocean basins (Payne & H einem ann 1993, Moore et 
al. 2002, B aum gartner et al. 2001, Ham azaki 2002), 
m aking seafloor elevation an ideal candidate as an 
environm ental proxy for a generic habitat suitability 
model. Bathymetric data w ere taken  from the ETOP02 
dataset available on the United States National 
Geophysical Data Center's 'G lobal Relief' CD 
(w w w .ngdc.noaa.gov/products/ngdc_products.h tm l), 
which provides elevation in 2 min intervals for all 
points on earth  (Fig. 1A).

M ean annual sea-surface tem perature: In addition to 
non-dynam ic param eters, such as bathymetry, marine 
mammal distributions are influenced by a host of vari­
able environm ental factors, such as sea-surface tem per­
ature (SST). C hanges in SST may be indicative of 
oceanographic processes that ultimately determ ine 
marine mammal occurrence across a num ber of different 
tem poral scales (Au & Perrym an 1985), and sig­
nificant correlations of marine mammal species with SST 
have been  dem onstrated in different areas and for a 
variety of different species (e.g. Davis et al. 1998, 
Baum gartner et al. 2001, Ham azaki 2002). Surface

tem perature may not be a good predictor for all marine 
mammals, given the substantial foraging depths of some 
species (Jaquet 1996). However, we nevertheless chose 
to use SST as a proxy, because of the general availability 
of observations of surface climatic conditions or quan ti­
tative m easurem ents associated w ith m arine mammal 
occurrences. Global annual SST data, averaged over the 
past 50 yr, w ere extracted from the NOAA World Ocean 
Atlas 1998 CD (NOAA/NODC 1998) (Fig. IB).

M ean annual distance to ice edge: The shifting edge 
of the pack ice is a highly productive zone (Brierley et 
al. 2002, Hewitt & Lipsky 2002) and represents im ­
portant feeding grounds for m any species of marine 
mammals (Murase et al. 2002). A num ber of studies 
have shown that sea ice concentration and ice cover, in 
com bination with depth, play a key role in ecological 
niche partitioning for m any species (Ribic et al. 1991, 
Moore & DeM aster 1997). We included the distance to 
the ice edge as an additional predictor in our model, as 
the distribution of species in the polar zones may not 
be fully captured using only SST. A lthough ice extent 
is strongly spatially correlated with SST, the actual 
edge of the sea ice does not directly coincide w ith any 
single isotherm throughout the year (Fig. 1B,C). M ore­
over, the ability of different marine mammal species to 
venture into pack-ice varies substantially. Spatial 
information about the average monthly ice extent 
(1979 to 1999)—defined by the border of minimum 
50% sea ice coverage—w as obtained from the United 
States National Snow & lee Data C enter (NSIDC) w eb ­
site (http://nsidc.org/data/sm m r_ssm i_ancillary/trends. 
html#gis). We smoothed the ice edge border to correct 
some obvious misclassification and/or re-projection 
errors. After rasterizing the ice extent data, w e calcu­
lated  monthly distances from the nearest ice edge cell 
for each cell in the raster and com puted annual 
average distances based on these monthly distances 
(Fig. 1C).

Distance to land: Some pinniped species— specifi­
cally the eared  seals (otariids)— appear to be restricted 
to areas fairly close to their terrestrial resting sites, i.e. 
haulouts and rookeries (Costa 1991, Boyd 1998). The 
maximum distances away from these land sites are 
determ ined by a combination of species-specific life- 
history and physiological factors, such as the maximum 
nursing intervals based on the ability of pups to fast 
(Bonner 1984) and maximum swimming speed of 
adults (Ponganis et al. 1992). Global data sets iden­
tifying pinniped rookery sites do not exist. However, 
distance from landm asses in general w as deem ed to be 
an appropriate proxy in the context of this model and
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served as an additional predictor to more realistically 
model the distribution of some of the pinniped species 
(Appendix 2 in Kaschner 2004). For each cell, distance 
to land, defined as the nearest cell containing a part of 
coastline, was calculated in the same m anner as dis­
tance to the ice edge.

Dependent variables. M arine m am m al species: Our 
model encom passed 115 species of m arine mammals 
that live predom inantly in the marine environm ent 
(Table 1, present paper, and Appendix 1 in Kaschner 
2004). We did not consider exclusively freshw ater 
cetaceans or pinnipeds, nor the m arine sirenians, sea 
otters, or the polar bear. Taxonomically, w e largely fol­
lowed Rice (1998), except for right whales, for which 
we recognized 3 separate species (Rosenbaum et al. 
2000, Bannister et al. 2001). In addition, we included a 
recently described additional species, Perrin's beaked 
w hale M esoplodon perrini (Dalebout et al. 2002).

D efinition o f habitat usage or n iche categories: 
Habitat usage categories w ere defined to represent 
broad predictor ranges, which roughly describe real 
m arine physical/ecological niches inhabited by differ­
ent m arine mammal species. Niche categories effec­
tively represent species response curves in relation to 
available habitat. Normally such response curves are 
derived empirically based  on the statistical analysis of 
animal occurrences in relation to direct or indirect 
ecological gradients (Guisan & Zimm erm ann 2000, 
M anly et al. 2002). However, again, for the vast m ajor­
ity of m arine mammal species the possible shape of 
such relationships rem ains to be investigated, and in 
the few existing studies only a sub-set of the available 
habitat has been  covered (e.g. C añadas et al. 2003).

Relative 
Environmental 
Suitability 
(RES)

Max

Min Max,

Habitat predictor

Fig. 2. Trapezoidal species' response curve describing the 
niche categories used in  the RES model. MinA and M axA refer 
to absolute minim um and maximum predictor ranges, while 
M inP and M axP describe the 'preferred ' range, in term s of 

habitat usage of a given species

The more mechanistic nature of our model and the 
non-point type input data used precluded the deriva­
tion of empirical generic relationships w ithin the con­
text of this study. We therefore assum ed a trapezoidal 
response curve (Fig. 2). We selected this shape as the 
most broadly appropriate option to model annual aver­
age distributions, as it represents a compromise b e ­
tw een the likely unim odal response curves for species 
w ith fairly restricted ranges and the probably more 
bi-modal shape for species undertaking substantial 
migrations. The selected shape m eant that the relative 
environm ental suitability was assum ed to be uniformly 
highest throughout a species' preferred  or mostly used 
param eter range (MinP to M axP in Fig. 2). Beyond this 
range, we assum ed that suitability would generally 
decrease linearly towards the minimum or maximum 
thresholds for a species (MinA or MaxA in Fig. 2). Suit­
ability was set to zero outside the absolute minimum or 
maximum values.

While ecologically m eaningful niches for bottom 
depth  and association with ice extent are variable in

Table 1. Names, taxonomy, and general distributions of the 20 selected marine m am m al species included in  the relative environ­
m ental suitability (RES) model for which w e show predictions (see Fig. 3) (for all other species see Kaschner 2004, her A ppendix 1)

Common nam e Scientific nam e Suborder Distribution

North Atlantic right w hale Balaena glacialis Mysticeti N Atlantic
Antarctic m inke w hale Balaenoptera bonaerensis Mysticeti S hem isphere
Gray w hale Eschrichtius robustus Mysticeti N Pacific
Hourglass dolphin Lagenorhynchus cruciger Odontoceti S hem isphere
N orthern right w hale dolphin Lissodelphis borealis Odontoceti N Pacific
Irrawaddy dolphin Orcaella brevirostris Odontoceti Indo-Pacific
Indian hum p-backed dolphin Sousa plum bea Odontoceti W Indian O cean
Clymene dolphin Stenella clym ene Odontoceti Atlantic
N arwhal M onodon monoceros Odontoceti Circumpolar, N hem isphere
S African & A ustralian fur seal Arctocephalus pusillus Pinnipedia S Africa, S Australia
G uadalupe fur seal A. tow nsendi Pinnipedia NE Pacific
New Zealand fur seal A. forsteri Pinnipedia N ew  Zealand, S Australia
A ustralian sea lion Neophoca cinerea Pinnipedia S & SW Australia
South (American) sea lion Otaria flavescens Pinnipedia S America
Galapagos sea lion Zalophus wollebaeki Pinnipedia G alapagos Islands, E Pacific
Hooded seal Cystophora cristata Pinnipedia N Atlantic
Ribbon seal Histriophoca fasciata Pinnipedia N Pacific
M editerranean m onk seal M onachus monachus Pinnipedia M editerranean, NE Atlantic
H aw aiian m onk seal M. schauinslandi Pinnipedia Hawaii, NE Pacific
Ross seal Ommatophoca rossii Pinnipedia Circumpolar, S hem isphere
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w idth and w ere defined accordingly, SST categories 
w ere described by regular 5°C steps, based on the 
average intra-annual variation of 5 to 10°C in most 
areas of the world (Angel 1992). Quantitative defini­

tions and corresponding qualitative descriptions of 
potential niches of the resulting 17 bottom depth 
ranges, 28 broad tem perature ranges, and 12 ice edge 
association categories are shown in Table 2.

Table 2. Quantitative and qualitative definitions of habitat usage or niche categories (SST: sea-surface tem perature; cont.: continental)

Environm ental
param eter

Minimum Maximum H abitat category descriptionr referred  
m inim um  maximum

D epth usage 0 - i -8000 -8000 All depths (uniform distribution)
zones (in m) 0 - i -50 -200 M ainly estuarine to edge of cont. shelf

0 - i -50 -500 M ainly estuarine to beyond shelf b reak
0 -10 -100 -1000 M ainly coastal-upper cont. shelf to upper cont. slope
0 -10 -200 -2000 M ainly coastal-cont. shelf to end of cont. slope
0 -10 -200 -6000 M ainly coastal-cont. shelf to deep w aters
0 -10 -1000 -6000 M ainly coastal-upper cont. slope to deep w aters
0 -10 -2000 -6000 M ainly coastal-cont. slope to deep w aters
0 -10 -2000 -8000 M ainly coastal-cont. slope to very deep w aters
0 -10 -4000 -8000 M ainly coastal-abyssal plains to very deep w aters
0 -200 -1000 -6000 M ainly upper cont. slope to deep w aters
0 -200 -2000 -6000 M ainly cont. slope to deep w aters
0 -200 -2000 -8000 M ainly cont. slope to very deep w aters
0 -200 -4000 -8000 M ainly cont. slope-abyssal plains to very deep w aters
0 -1000 -2000 -8000 M ainly lower cont. slope to very deep w aters
0 -1000 -4000 -8000 M ainly lower cont. slope-abyssal plains to very deep w aters
0 -2000 -6000 -8000 M ainly abyssal plains to very deep w aters

Tem perature -2 -2 35 35 All tem peratures (uniform distribution)
usage zones -2 0 0 5 Polar only
(mean annual SST, in C) -2 0 5 10 Polar-subpolar

-2 0 10 15 Polar-cold tem perate
-2 0 15 20 Polar-w arm  tem perate
-2 0 20 25 Polar-subtropical
-2 0 25 30 Polar-tropical
-2 0 30 35 Polar-full tropical
0 5 5 10 Subpolar only
0 5 10 15 Subpolar-cold tem perate
0 5 15 20 Subpolar-w arm  tem perate
0 5 20 25 Subpolar-subtropical
0 5 25 30 Subpolar-tropical
0 5 30 35 Subpolar-full tropical
5 10 10 15 Cold tem perate only
5 10 15 20 Cold tem pera te-w arm  tem perate
5 10 20 25 Cold tem perate-sub tropcial
5 10 25 30 Cold tem perate-trop ical
5 10 30 35 Cold tem pera te-fu ll tropical
10 15 15 20 W arm tem perate only
10 15 20 25 W arm tem perate-sub trop ical
10 15 25 30 W arm tem perate-trop ical
10 15 30 35 W arm tem perate-fu ll tropical
15 20 20 25 Subtropical only
15 20 25 30 Subtropical-tropical
15 20 30 35 Subtropical-full tropical
20 25 25 30 Tropical only
20 25 30 35 Full tropical only

lee edge usage zones -1 0 8000 8000 No association with ice edge (uniform distribution)
(mean annual distance -1 0 500 2000 M ainly restricted to fast & deep pack-ice
from ice edge, in km) -1 0 500 8000 M ainly in fast & deep pack-ice, but also elsewhere

0 1 500 2000 M ainly around edge of pack-ice
0 1 500 8000 M ainly around edge of pack-ice, bu t also elsewhere
0 1 2000 8000 M ainly in areas of max. ice extent, but also elsewhere
0 1 8000 8000 Regularly bu t not preferably around edge of the pack-ice
0 500 2000 8000 M ainly in areas of max. ice extent, but also elsewhere
0 500 8000 8000 Regularly bu t not preferably in  areas of max. ice extent

500 1000 2000 8000 M ainly close to areas of max. ice extent
500 1000 8000 8000 Regularly bu t not preferably close to max. ice extent
1000 2000 8000 8000 No association with ice edge, now here near ice at any 

tim e of the year
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M arine m am m al habitat usages: We compiled pub­
lished information about species-specific habitat usages 
w ith respect to their known association w ith the ice 
edge, as well as commonly inhabited bottom depth  and 
SST ranges. W here appropriate, additional inform a­
tion about maximum likely distance from landm asses 
was also collected, based on information about m axi­
mum foraging trip lengths. Selected sources of infor­
mation included >1000 prim ary and secondary refer­
ences, all screened for relevant information on habitat 
use (compiled in Kaschner 2004, A ppendix 2). Data 
extracted from these sources ranged from statistically 
significant results of quantitative investigations of 
correlations betw een species' occurrence and environ­
m ental predictors (e.g. Gregr & Trites 2001, Moore et 
al. 2002, Baum gartner et al. 2003, Cañadas et al. 2003), 
opportunistic observations (e.g. Carlström et al. 1997), 
m aps of sightings or distribution outlines, to qualita­
tive broad descriptions of prevalent occurrence such 
as 'oceanic, subtropical species' (e.g. Jefferson et al. 
1993). A level of confidence was assigned to each 
record to reflect the origin, reliability, and detail of the 
data, w ith quantitative investigations of environm ental 
factors and species' occurrence ranking highest and 
qualitative descriptions ranking lowest.

We assigned each species to niche categories for 
depth, tem perature, and ice edge association (and in 
some cases distance to land) based on the most reliable 
information available (Table 3, present paper, and 
Kaschner 2004, A ppendix 2). If the available in ­
formation was inconclusive, or different conclusions 
could be draw n from the data, the species was as­
signed to multiple alternative niche categories rep re ­
senting different hypotheses. Distance from land pref­
erences w ere used as an additional constraining factor 
for all species m arked by an asterisk in Table 3 (pre­
sent paper) and in A ppendix 2 (Kaschner 2004). For a 
few species (<5), the general tem perature categories 
w ere adjusted to reflect the extrem e narrow ness of 
their niche.

A rea  restrictions: On a global scale, contem porary 
distributions of m arine mammals and other species 
are the result of their evolutionary history. Present 
occurrences and restrictions to certain areas therefore 
reflect a species center of origin and ability to disperse 
defined by its ecological requirem ents and com peti­
tors (LeDuc 2002, M artin & Reeves 2002). Information 
about a species' restriction to large ocean basins (i.e. 
North Atlantic or southern hem isphere), therefore, 
served as a rough first geographical constraint in the 
RES prediction model for each species to capture the 
results of this evolutionary process. The restriction to 
general ranges corresponds to the first-order selection 
of species in term s of habitat usage as described by 
Johnson (1980), and is implicitly incorporated in the

sam pling designs of m any investigations of species' 
occurrence (Buckland et al. 1993).

If generated  RES predictions did not reflect docu­
m ented species' absences from certain areas, further 
geographical restrictions w ere imposed (Table 3, 'ex ­
cluded areas'). It should be noted, however, that such 
restrictions w ere only imposed w hen known areas of 
non-occurrence w ere clearly definable, such as 'm ar­
ginal' ocean basins (e.g. Red, M editerranean, or Baltic 
Seas) or RES predictions showed signs of bi- or m ulti­
modality, m eaning that areas of high suitability w ere 
separated  by long stretches of less suitable habitat. We 
minimized introductions of such additional constraints 
so as not to im pede the assessm ent of the ability of the 
RES model to describe, on its own, patterns of species' 
presence and absence.

Model algorithm— resource selection function. In 
our global raster, we generated  an index of species- 
specific relative environm ental suitability of each indi­
vidual grid cell by scoring how well its physical attrib­
utes m atched w hat is known about a species' habitat 
use. RES values ranged betw een 0 and 1 and rep re ­
sented the product of the suitability scores assigned to 
the individual attributes (bottom depth, SST, distance 
from the ice edge, and, in some cases, from land), 
which w ere calculated using the assum ed trapezoidal 
response curves described above. A multiplicative 
approach w as chosen to allow each predictor to serve 
as an effective 'knock-out' criterion (i.e. if a cell's aver­
age depth  exceeded the absolute maximum of a spe­
cies' absolute depth  range, the overall RES should be 
zero, even if annual STT and distance to ice edge of 
the cell w ere w ithin the species preferred  or overall 
habitat range).

M ultiple hypotheses about species distributions w ere 
generated  using different combinations of predictor 
category settings if a species had  been  assigned to 
multiple, equally plausible, options of niche categories 
based  on available data. The lack of test data  sets for 
most species precluded the application of standard 
model evaluation techniques to determ ine the best 
model fit (Fielding & Bell 1997). Consequently, we 
selected the hypothesis considered to represent the 
best model fit through an iterative process and by 
qualitative comparison of outputs w ith all available 
information about the species' distribution and occur­
rence patterns within its range. Objective geographic 
ranges of species can then be determ ined based on 
some pre-defined threshold of predicted low or non­
suitability of areas for a given species.

Model evaluation—species response curves and 
impact of effort biases. To assess the validity of using 
the RES model instead of available presence-only 
models, we investigated the degree to which available 
opportunistic data sets— for species with global or semi-
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global distributions— may m eet the basic assumption 
of existing niche models, i.e. unbiased effort coverage. 
The commercial w haling data is one of the largest 
opportunistic data sets of marine mammal occurrence, 
spanning almost 200 yr and approxim ating global 
coverage. W haling operations did not adhere to any 
particular sampling schemes, and effort distributions 
w ere likely strongly biased. N evertheless, it has been 
argued that such long-term  catch data  sets may still 
serve as good indicators of annual average species 
distribution and may thus provide some quantitative 
insight into general patterns of occurrence (W hitehead 
& Jaquet 1996, G regr 2000). Consequently, whaling 
data would seem  to be an obvious candidate for p re ­
dicting distributions of marine mammal species with 
cosmopolitan or quasi-cosmopolitan range extents using 
existing presence-only m odeling techniques. Using 
this data, we w anted to assess potential effort biases by 
com paring large-scale species response curves to envi­
ronm ental gradients derived from opportunistic and 
non-opportunistic data sets. In addition, we w anted 
to use the obtained response curves to evaluate the 
generic trapezoidal shape of our niche categories and 
how well habitat usage deduced from point data would 
correspond to the general current know ledge about 
such usages of specific species, as represen ted  by the 
assigned niche category.

The opportunistically collected w haling data set 
contained commercial catches of m em ber states of 
the International W haling Commission (IWC) betw een 
1800 and 2001 and was compiled by the Bureau 
of International W haling Statistics (BIWS) and the 
M useum  of Natural History, London, UK (IWC 2001a). 
We analyzed w haling data following an approach 
similar to that taken  by Kasamatsu et al. (2000) and 
C añadas et al. (2002) w hen investigating cetacean 
occurrence in relation to environm ental gradients 
and generated  species' response curves for 5 species 
with quasi-cosmopolitan distributions, including sperm 
w hales Physeter macrocephalus, blue w hales Balaeno­
ptera musculus, fin w hales Balaenoptera physalus, 
hum pback w hales M egaptera novaeangliae, and 
dw arf minke whales B. acutorostrata. The dw arf minke 
w hale occurs to some extent sympatrically with its 
closely related  sister species, the Antarctic minke 
w hale B. bonaerensis. However, the 2 species are 
generally not distinguished in most da ta  sets, and the 
analysis conducted therefore relates to a generic 
m inke whale. As a first step, w e assigned all catches 
recorded w ith accurate positions to the corresponding 
cell in our global raster, thus obtaining information 
about m ean depth, SST, and distance to ice edge asso­
ciated w ith each catch position. We then plotted fre­
quency distributions of globally available habitat and 
the am ount of habitat covered by w haling effort as the

percent of total cells falling into each environm ental 
stratum  (defined to correspond to breakpoints in our 
niche categories) for depth, SST, and ice edge d is­
tance, to assess the extent to w hich whalers may have 
sam pled a representative portion of the habitat avail­
able to species with global distributions.

To further assess potential effort biases, we gen er­
ated  histogram s of catch 'presence' cells for individual 
species. These w ere based on the num ber of cells for 
which any catch of a specific species was reported 
w ithin an environm ental stratum  and essentially re p ­
resent visualizations of this species' response curve in 
relation to an environm ental gradient. We then com ­
pared  histograms based on catch 'presence ' cells with 
both encounter rate distributions obtained from a non- 
opportunistic data set and catch distributions corrected 
for effort using an effort proxy developed during this 
study.

The non-opportunistic data  set w as collected during 
the IDCR/SOWER line-transect surveys, conducted 
annually over the past 25 yr in Antarctic w aters and 
stored in the IWC-DESS database (IWC 2001b). Similar 
to the treatm ent of w haling data, w e binned sighting 
records by raster cells, using only those records with 
sufficient spatial and taxonomic accuracy (i.e. sighting 
positions of reliably identified species w ere reported 
to, at least, the nearest half degree latitude or longi­
tude). We then  calculated species-specific encounter 
rates or SPUEs (sightings per unit of effort) across all 
years by com puting total length of on-effort transects 
w ithin each cell using available information about 
transect starting and end  points. Finally, w e plotted 
average SPUEs per environm ental stratum  to show 
species-specific response curves based on effort- 
corrected data.

To test if w e could com pensate for the absence of 
effort information in the opportunistic w haling data 
set, we derived a relative index of SPUE using a p ro ­
portional sighting rate based on the fraction of total 
sightings in each cell that consisted of the specific spe­
cies in question. We generated  and com pared propor­
tional and standard encounter rates for dedicated 
IWC-IDCR survey data  for a num ber of species. 
Both types of encounter rate w ere significantly and 
positively correlated for most species (e.g. p < 0.0001, 
Spearm an's rho = 0.88 for minke whales). These results 
indicated that the developed effort proxy might indeed 
represent a good approxim ation of SPUE or CPUE 
(catch per unit effort) for data  sets w ith missing effort 
information if multiple species w ere surveyed sim ulta­
neously. Based on the assum ption that w halers would 
have caught any species of w hale w here and w hen­
ever they encountered it, we subsequently com puted 
proportional catch rates for individual species for each 
cell using the w haling data set and w ere thus able to
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generate  effort-corrected response curves of oppor­
tunistic w haling data.

Finally, we com pared the 3 types of large-scale 
response curves for all 5 species and all predictors to 
assess impact of effort biases and to evaluate our 
choice of assigned niche categories and the generic 
trapezoidal niche category shape itself.

M odel evaluation— RES model outputs. We evalu­
ated the generated  RES predictions by testing the 
extent to w hich these may describe the variations in 
actual species' occurrence for a num ber of marine 
mammal species found in different parts of the world's 
oceans using sightings and catch data collected during 
dedicated surveys. Species for w hich w e tested pred ic­
tions w ere harbor porpoises Phocoena phocoena, 
northern fur seals Callorhinus ursinus, killer whales 
Orcinus orca, hourglass dolphins Lagenorhynchus cru­
ciger, southern bottlenose w hales H yperoodon plani­
frons, sperm  whales, blue whales, fin whales, hum p­
back whales, dw arf minke whales, and Antarctic 
m inke whales. We selected species to cover a wide 
taxonomic, geographic, and ecological range to test 
the robustness of the generic RES approach. In addi­
tion, we chose test da ta  sets that varied widely in geo­
graphic and tem poral scope to assess at w hich tem po­
ral or spatial scale RES predictions may prove to be 
insufficient in capturing patterns of species' occur­
rences. To minimize risks of circularity, we tried to 
ascertain that test data  had not been used to contribute 
directly or indirectly towards any of the studies or spe­
cies reviews used to select input param eter settings. 
Test data sets included: (1) the SCANS (small ce ta­
ceans in the European Atlantic and North Sea) data

collected during a dedicated line-transect survey in the 
North Sea and adjacent w aters in the summer of 1994 
(Hammond et al. 2002), (2) a long-term  catch/sighting 
data  set of northern fur seals collected during annual 
dedicated sampling surveys in the northeastern  Pacific 
that w ere conducted in collaboration by the United 
States and Canadian federal fisheries agencies (Depart­
m ent of Fisheries and Oceans [DFO]— Arctic Unit & 
National M arine Fisheries Service [NFMS]) betw een 
1958 and 1974, and (3) the long-term  IWC-DESS data 
set described above (IWC 2001b) (Table 4).

S tandard evaluation approaches for habitat suit­
ability models based  on confusion matrices are greatly 
im pacted by difficulties to distinguish betw een true 
absences of species from an area and apparent ab ­
sences due to detectability issues or insufficient sam ­
pling effort (Boyce et al. 2002). We therefore devel­
oped an approach similar one recom m ended by Boyce 
et al. (2002) to test predictions of presence-only m od­
els. Specifically, w e com pared the predicted gradient 
in RES scores across all cells covered by a survey with 
an observed gradient of relative usage by a given spe­
cies in these cells, as described by the encounter rates 
of a species during the surveys. Again, species-specific 
encounter rates w ere obtained by binning records 
from each data set by raster cells, using only those 
records w ith sufficient spatial and taxonomic accuracy 
(i.e. catch or sighting positions of reliably identified 
species w ere reported  to, at least, the nearest half 
degree latitude/longitude). For the reasons described 
above, we used the minke w hale sightings in the 
IWC-DESS database to test the predictions for both 
the Antarctic minke w hale and the dwarf minke whale.

Table 4. Sighting and catch data sets used for RES m odel testing (abbreviations for data sets and institutions see 'Model
evaluation — RES m odel outputs')

IWC-BIWS IWC-IDCR/SOWER SCANS N orthern fur seal
catch data survey data survey data survey data

A gency/Source IWC, UK, Bureau of IWC m em ber state EU collaboration/ Arctic Unit,
Intern. W haling Statistics, collaboration Sea Mammal DFO,
Norway & N atural History Research Unit, UK C anada &
Mus. of London, UK NMFS, US

Time period 1800-1999 1978-2001 June/Ju ly  1994 1958-1974
Survey area World A ntarctica (south of 60°S) greater North Sea NE Pacific
Survey focal species Large w hales M inke w hales Harbor porpoise N orthern fur seal
No. of m arine mammal -20 -50 1species reported -5

No. of sighting/ 
catch records -2  000 000 -35 000 1940 -18 000

Used for testing of RES assumptions & RES results: RES results: RES: results:
m odel settings: Antarctic & dwarf m inke, fin, Harbor porpoise N. fur seal
m inke, blue & blue & hum pback whale,
hum pback whale S. bottlenose w hale, sperm  & 

killer w hale, hourglass dolphin
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Using only ship-based sightings, species-specific 
SPUEs w ere generated  for the SCANS data set in the 
same fashion used for the IWC-DESS data. However, 
actual transect information was unavailable for the 
northern fur seal data  set, although it contained ab ­
sence records. Consequently, a proportional SPUE 
per raster cell was generated  based  on an approach 
similar to that applied to the IWC w haling data (i.e. we 
assum ed that, on average, the total num ber of survey 
records [absence and presence] reported for 1 cell was 
representative of the effort spent surveying a cell).

For each test data set, we com pared species-specific 
SPUEs with the corresponding RES model output for 
that species by averaging encounter rates over all cells 
covered by any effort that fell into a specific RES class. 
Using a bootstrap simulation routine, we generated  
1000 random  data  sets, similar in term s of means, 
ranges, and distribution shapes to the predicted data 
set. We then  used Spearm an's non-param etric rank 
correlation test (Zar 1996, JM P 2000) to com pare aver­
age observed encounter rates w ith corresponding RES 
classes based on model predictions and randomly g en ­
erated  data  sets. To assess the perform ance of our 
model com pared to random  distributions, we obtained 
a sim ulated p-value by recording the num ber of times 
the relationship betw een random  data sets and ob­
served SPUEs was as strong as or stronger than that 
found betw een the observed encounter rates and our 
model predictions.

RESULTS 

Relative environmental suitability predictions

Using available expert knowledge, RES modeling 
allows the prediction of potential distribution and hab i­
tat usage on very large-scales across a w ide range of 
species in a standardized, quantitative manner. Model 
results represent specific, testable hypotheses about 
maximum range extents and typical occurrence p a t­
terns throughout a species' range averaged over the 
course of a whole year at any time from 1950 to 2000. 
Examples of RES predictions for 11 pinniped, 6 toothed, 
and 3 baleen w hale species are shown in Fig. 3A-C. 
These exam ples w ere selected to dem onstrate the 
applicability of the m odeling approach over a wide 
geographic and taxonomic range of species (com­
pare Table 1, present paper, w ith Kaschner 2004, her 
A ppendix 1 ) and to illustrate the diversity of generated  
model outputs for species occupying different e n ­
vironm ental niches. W here they existed, w e included 
published outlines of maximum range extents (e.g. 
Jefferson et al. 1993, Reijnders et al. 1993) for com ­
parison. RES predictions for all other species can be

view ed on-line at w w w .seaaroundus.org/distribution/ 
search.apx and are available in Kaschner (2004).

Generally, maximum extents of RES predictions for 
species closely m atched published distributional ou t­
lines (Fig. 3). RES m aps for m any species also captured 
distinct areas of known non-occurrence well, without 
the need  to introduce any geographic constraints. 
Examples of this are the predicted absence of hooded 
seals from Hudson Bay, the restriction of gray whales 
to the NE Bering Sea, and the non-occurrence of 
Irraw addy dolphins in southern Australia.

RES m odeling illustrates the degree of possible spa­
tial niche partitioning that is already achievable based 
on the few basic environm ental param eters. The com ­
plexity of the relationships betw een these param eters 
alone can lead to distinctly different patterns of suit­
able habitat for species w ith slightly different habitat 
usages, such as those dem onstrated by the predictions 
for hooded seals (Fig. 3) and harp seal Pagophilus 
groenlandica  in the North Atlantic (Kaschner 2004). 
Published maximum range extents of the 2 species, 
which are similar in term s of size and diets (Reijnders 
et al. 1993), suggest largely sympatric occurrences and 
a high degree of interspecific competition. However, 
small divergences in habitat usage of the 2 species 
(Table 3, present paper, and Kaschner 2004) resulted 
in predictions that suggest substantial spatial niche 
separation and highlight the im portance of habitat 
preferences as a m echanism  to reduce competition.

M odel evaluation

Evaluation of species response curves and impacts of 
effort biases

Results from the analysis of w haling data highlighted 
the potential problems of using opportunistic data 
in presence-only models on very large scales in the 
m arine environm ent. At the same time, results p ro ­
vided basic support for our selected niche category 
shape and the use of published information to assign 
species to niche categories.

Comparison of the distribution of catch 'presence' 
cells by environm ental strata w ith globally available 
habitat indicated that even quasi-cosmopolitan and 
long-term  opportunistic data sets such as the whaling 
data  may not be a representative sub-sam ple of the 
habitat used by species w ith global range extents 
(Fig. 4A,B). Most existing presence-only models gen er­
ate predictions based on the investigation of the 
frequency distribution of so-called presence cells in 
relation to environm ental correlates. However, our 
analysis showed that simple species-specific catch 
'presence ' histograms that ignore the effects of hetero-

http://www.seaaroundus.org/distribution/
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Fig. 3. Examples of RES m odel outputs: predicted  RES (ranging from less suitable [light] to very suitable [dark]) based  on habitat 
usage information for (A) 11 pinniped, (B) 6 odontocete and (C) 3 m ysticete species. Outlines of proposed maximum range extent 
(Jefferson et al. 1993) are included for comparison. Note that, w hen view ed on a global scale, RES predictions for m any coastal 
species are difficult to see in  narrow er shelf areas such as along the w estern coast of South America and eastern  coast of Africa, 
and apparen t absences from certain areas m ay just be  artefacts of view ing scale. RES predictions of narw hal distribution in  the 
Sea of Okhotsk are m asked to some extent by those for the northern  right w hale dolphin. Similarly, predictions for New Zealand 
fur seals in  Australia are m asked by those for A ustralian sea lions. RES m aps for all m arine m am m al species can be view ed 

on-line at w w w .seaaroundus.org/distribution/search.apx and are available in  Kaschner (2004)
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Fig. 4. Frequency distribu­
tions of: (A) globally avail­
able habitat and (B) amount 
of habitat covered by w hal­
ing effort as the percent of 
cells per available environ­
m ental stratum  for depth, 
m ean  annual SST, and 
m ean  annual distance to 
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Fig. 5. Examples of depth  usage of different globally occurring species using species' response bar plots. Plots w ere derived from 
IWC-BWIS w haling data and IWC-DESS dedicated survey data and illustrate the potential lack-of-effort biases introduced w hen 
using opportunistic point data sets for habitat suitability modeling. (A) Cumulative catch 'p resence' cells per specified depth stra­
tum  (non-effort corrected), (B) sam e data after effort corrections using average proportional catch rates per stratum, (C) average 
sightings per unit effort (SPUE) per depth stratum  obtained from dedicated surveys in  Antarctic waters. Response plots based  on 
effort-corrected opportunistic data closely resem bled those derived from dedicated surveys. In contrast, relative depth usage 
based  on catch presence cells alone would likely result in  erroneous predictions of global species occurrence by presence-only 
habitat suitability models. Lines represen ting  niche categories that species had  b een  assigned to based  on available published 
information (Table 3, p resen t paper, and A ppendix 2 in Kaschner 2004) w ere included to illustrate the extent to w hich response 
plots based  on catch and sighting data supported our choice of niche category for each species. Note that response bar plots w ere

scaled to touch top line for better visualization of niche category fit

geneously distributed sam pling effort generally 
diverged substantially from bar plots of encounter 
rates obtained from dedicated survey data collected in 
the same area for all species investigated (see exam ­
ples shown in Fig. 5A,C). In contrast, effort-corrected 
proportional catch rates by environm ental strata 
closely resem bled bar plots generated  from dedicated 
survey data (Fig. 5B,C). Overall, all available inform a­
tion suggested that the trapezoidal shape of niche ca t­
egories used in this model may be a reasonable 
approxim ation of m arine mammal response curves for 
those species for which habitat usage could be investi­
gated  on larger scales.

In term s of depth  ranges used, we generally 
observed a good fit betw een the niche categories we 
had  assigned species to and the bar plots based on pro­
portional catch rates and SPUEs, though not w ith those 
based on frequency distributions of catch 'presence' 
cells (Fig. 5). In contrast, w ith respect to tem perature

and distance to ice, we found great discrepancies 
betw een general current know ledge about the global 
habitat usage of m any species and the respective 
species' habitat use that was suggested by all bar plots 
for these 2 predictors (not shown). These findings 
suggested that predictions of global, year-round dis­
tributions generated  by standard  presence-only 
m odeling techniques and based  on the w haling data 
alone might not reflect total distributional ranges of 
these species well.

Evaluation of RES predictions

RES m odeling captured a significant am ount of the 
variability in observed species' occurrences— corrected 
for effort—in all test cases (Table 5). Average species' en ­
counter rates w ere positively correlated w ith predicted 
suitability of the environment for each species, except for
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Table 5. Statistical results of m odel validation for different species including relevant information about test data sets to illustrate 
robustness of the RES model. Relationships betw een  RES categories and average observed SPUEs w ere tested  using Spearm an's 
non-param etric rank  correlation analysis. Sim ulated p-values represen t the percen tage of random  data sets, generated  using 
bootstrap simulation, that w ere m ore strongly correlated w ith observed data than  RES predictions for given species (note that the 
analysis com pared absolute strengths of correlations, i.e. in  the case of the dw arf m inke w hale 0% of all random  data sets w ere 
m ore strongly negatively correlated w ith the observed data). Note that generic 'm inke w hale' sightings w ere used  to test RES

predictions for the Antarctic m inke and the dwarf minke w hale

Common nam e Survey area 
(1000 km 2)

Time period 
covered

No. of reported  
encounters

Results of rank  correlation 
analysis of RES vs. SPUE

rho p

Comparison w ith 
random  data sets

Sim ulated p-value

N orthern fur seal 2 -20  yr 10 254 0.54 <0.0001 0
Harbor porpoise 0.7 -1 mo 1 265 0.59 <0.0001 0
Sperm whale 15 -20  yr 951 0.66 <0.0001 0
Killer w hale 15 -20  yr 472 0.56 <0.0001 0.54
S. bottlenose w hale 15 -20  yr 627 0.83 <0.0001 0
Hourglass dolphin 15 -20  yr 161 0.68 <0.0001 0
Antarctic m inke whale 15 -20  yr 12 288 0.71 <0.0001 0
Dwarf minke w hale 15 -20  yr 12 288 -0.77 <0.0001 0
Fin w hale 15 -20  yr 163 0.53 <0.0001 0
Blue w hale 15 -20  yr 72 0.48 <0.0001 0.268
H um pback w hale 15 -20  yr 303 0.20 <0.05 0.006

the dw arf m inke w hale (Table 5). For this species, RES 
predictions w ere significantly but negatively correlated 
w ith the generic minke w hale records in the IWC-IDCR 
data set. In contrast, <1 % of the random  data  sets p ro­
duced results that w ere more strongly correlated with 
observed encounter rates than  the RES predictions in 
most cases (Table 5). Killer whales and blue whales were 
the only 2 species for which a higher percentage of ran ­
dom data sets showed an equally strong correlation with 
the observed SPUEs. Only for these 2 species chance 
cannot be excluded as a factor to explain the significance 
of the relationship detected  betw een RES predictions 
and observed patterns of occurrence. M odel predictions 
w ere fairly robust across a large range of tem poral and 
spatial scales, as significant correlations w ere found 
even in the case of harbor porpoise using the com para­
tively small-scale and short-term  SCANS data set.

DISCUSSION 

RES predictions

Our model represents a new  objective approach for 
m apping large-scale distributions of m arine species 
using non-point data. Predictions represent the visual­
ization of current expert know ledge about species 
occurrence w ith respect to some aspects of environ­
m ental heterogeneity  that indirectly determ ine distrib­
ution boundaries and patterns of occurrence of species 
w ithin these boundaries. RES model perform ance is 
convincing w hen com pared to existing information 
about species' distributions, available in the form of

descriptions of occurrences (see e.g. Rice 1998), or 
existing sketched outlines of distributional ranges 
(Jefferson et al. 1993). RES predictions are based  on 
clearly defined assumptions and param eter settings 
and are thus reproducible and testab le—unlike 
sketched distribution m aps that may vary considerably 
betw een sources owing to differences in underlying 
assumptions or subjective and possibly arbitrary deci­
sions m ade by the expert who drew  them. In addi­
tion, by sacrificing 'detail for generality ' (Levins 1966, 
G aston 1994) and utilizing non-point da ta  such as 
expert knowledge, the RES model can accommodate 
the frequently poor quality of available species' occur­
rence data that often precludes the use of other statis­
tical habitat prediction approaches. Because our more 
process-orientated approach is based on information 
about a species' general occurrence in ecological space, 
like other niche models, it may be applied beyond 
existing survey ranges in geographic space (Hirzel et 
al. 2002). Thus, RES m odeling represents a useful tool 
to investigate different hypotheses about large-scale 
distributions over a broad range of species, including 
those for which only few sighting records exist. In sum ­
mary, the principle strength of the RES model lies in its 
g reater objectivity in comparison to hand-draw n range 
extent and its generic applicability and its ability to u ti­
lize non-point data in comparison to statistical habitat 
suitability models.

In most cases, the predicted relative environm ental 
suitability corresponded closely to the present eco­
logical niche of a species. In other cases, predictions 
approxim ated a species' habitat, including its historical 
range extension prior to hum an-induced depletion. For
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some species, however, our results diverge substan­
tially from known distributional ranges, suggesting 
that other factors may play a more im portant role in 
determ ining distributions. In general, RES predictions 
should be view ed as hypotheses about major aspects of 
a species' fundam ental spatial niche.

RES predictions: limitations and biases

The predictions generated  by our model are affected 
by various biases, operating at different levels. Some 
biases are inherent to the present im plem entation of 
our approach, such as the lack of consideration of other 
factors known to influence species' occurrence or the 
definition and shape of species response curves or the 
model algorithm. O ther biases are directly associated 
w ith the data sets used for dependent and independent 
variables.

Other factors influencing species' occurrence

In most cases, the realized niche of a species is likely 
to be influenced by far more factors other than  the 3 
basic environm ental param eters considered in our 
model, though the role these play will differ among 
species. Investigations of environm ental correlates of 
species' occurrence have identified a host of other 
param eters, such as warm  core rings for sperm whales 
(Jaquet & W hitehead 1996), zones of confluence of 
cyclone-anticyclone eddy pairs for a num ber of 
cetacean species (Griffin 1999, Davis et al. 2002), or the 
depth  of the bottom mixed layer for North Atlantic 
right w hales (Baumgartner et al. 2003). Consequently, 
it can be expected that the incorporation of factors such 
as these would lead to more heterogeneous patterns of 
species' occurrence than implied by our model results.

Dynamic ecological factors, such as intra- and in ter­
specific competition and other behavioral interactions, 
also greatly influence the occurrence of species, espe­
cially on smaller geographic and tem poral scales 
(Austin 2002). Such factors may considerably reduce 
niche overlap betw een different species as, for example, 
in the cases of Australian sea lions and New Zealand 
fur seals. These 2 species co-occur along the southern 
Australian coastline as implied by RES predictions 
(Fig. 4), but in reality occupy different niches within 
this region due to behavioral differences (Ling 1992).

RES m odeling currently also ignores effects of sea­
sonality and environm ental regim e shifts, as well as 
changes in habitat preferences or usage associated 
w ith different phases in the annual life cycle of a spe­
cies. The lack of consideration of short-term  and long­
term  tem poral variation of environm ental param eters

will be most noticeable in areas w ith great in ter­
annual or seasonal fluctuations, such as for some areas 
along the east coast of the United States (Angel 1992, 
NOAA/NODC 1998) or during environm ental regim e 
shifts such as El Niño events. Likewise, discrepancies 
betw een known occurrences and RES predictions will 
be more pronounced for species undergoing extensive 
annual migrations or for those species w ith large 
increases or decreases in population size. Changes 
in habitat usages, well docum ented for m any of 
the baleen w hales (Kasuya & M iyashita 1997), often 
accom pany the seasonal shifts from feeding to b reed ­
ing grounds. Here, param eters other than those d e te r­
m ining food availability may become important, such 
as predator avoidance (Corkeron & Connor 1999, Pit­
m an et al. 2001). Similarly, it has been  proposed that 
extrem e fluctuations in population size and associated 
range depletions or expansions may result in changes 
in habitat usages over long tem poral scales, especially 
in highly depleted, long-lived species such as the 
North Pacific right w hale Eubalaena japonicus  (Tynan 
et al. 2001).

Some of the most obvious discrepancies betw een 
RES predictions and known regional occurrences of 
species, however, may be explained by range d e ­
pletions caused by past or present anthropogenic 
impacts, such as whaling, sealing, or fisheries bycatch. 
An exam ple of the im portance of this hum an-related 
factor is the stark contrast betw een  the predicted 
distribution of the North Atlantic right w hales (Fig. 3), 
and today's w ell-known absence of this species from 
northeastern  Atlantic w aters (Perry et al. 1999), due 
to exploitation by w halers in past centuries (Brownell 
et al. 1983).

Model algorithm biases

O bserved discrepancies betw een RES predictions 
and known species' occurrences may also be due to 
biases inherent in the RES model algorithm and the 
assumptions about niche category shape and types, all 
of which are likely simplistic. A linear relationship 
betw een all 3 environm ental param eters is im proba­
ble, as is the assum ption that each of them  will play 
an equally im portant role in influencing distributions 
across all species (as implied by our unw eighted re ­
source selection function). Likewise, the unimodal 
shape of niche categories — although found to be the 
most common type of functional responses in 1 te rres­
trial study (Oksanen & M inchin 2002) and to some 
extent supported by the investigation of large-scale 
species' response curves conducted here (Fig. 5 )— is 
unlikely to adequately describe the presences of m am ­
mal species along environm ental gradients in marine
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ecosystems in m any cases. Although functional re ­
sponses are probably strongly bimodal for some m igra­
tory species, the trapezoidal shape we used may, 
nevertheless, represent the most parsimonious and 
broadly applicable choice for predicting general annual 
average distributions. Investigations of m arine m am ­
mal occurrence along environm ental gradients in the 
past have been  mainly restricted to relatively small 
scales, generally only encom passing a sub-set of the 
species' range (Baumgartner 1997, Kasamatsu et al. 
2000, C añadas et al. 2002). In the future, a meta- 
analytical investigation of large-scale response curves 
for some of the more data-rich m arine mammal species 
would allow us to improve our current assumptions 
and is therefore regarded  as a high priority.

Our quantitative definitions of niche categories cur­
rently ignore geographical differences in factors that 
determ ine niche boundaries or community transition 
zones. For instance, in comparison to other parts of the 
world, the edge of the continental shelf is typically 
m uch deeper (-500 m) in Antarctic waters, w here 
the w eight of the ice has caused the continental plate 
to sink (Knox 1994a). Consequently, the definition of 
200 m bottom depth  as a cut-off point for shelf-edge 
categories (Table 2) resulted in predicted absences of 
m any species in some Antarctic regions w here these 
species are known to occur regularly in high num bers 
(Hedley et al. 1999, IWC 2001b).

Biases of dependent and independent variables

The environm ental param eters used as predictors in 
our model w ere affected by biases, w hich include 
direct m easurem ent errors associated w ith the sam ­
ples, and problems introduced through interpolation 
and rasterization processes (for detailed reviews of 
biases please refer to data providers, such as h ttp :// 
nsidc.org/data/sm m r_ssm i_ancillary/trends.h tm l#gis 
and NOAA/NODC 1998). Long-term averages of SST 
m easurem ents will have been particularly affected by 
interpolation issues due to the temporally hetero­
geneous sam pling effort over the past 50 yr (NOAA/ 
NODC 1998). As a result, RES predictions may be 
biased towards time periods of higher sam pling effort. 
Long-term ice edge data is affected by similar biases, 
but RES predictions w ere also influenced by the m an­
ual smoothing of ice edges, undertaken  to elim inate 
nonsensical results in the com putation of ice edge dis­
tances. In some cases, this smoothing resulted in p re ­
dicted false absences or presences of species, such as 
the absence of harbor porpoise from the Baltic and Sea 
of Azov (Kaschner 2004). Furtherm ore, predictions 
w ere affected by the use of simple presence/absence 
ice data w hich did not allow the distinction betw een

fast-ice (e.g. W eddell seals Leptonychotes weddellii; 
Kaschner 2004) and pack-ice species (e.g. Ross seal; 
Fig. 3). In the future, some ice data biases may be 
reduced by the use of more flexible sea ice con­
centration gradients instead of rigid presence/absence 
thresholds.

Unlike the independent variables, the information 
forming the basis for our dependent variables is less 
likely to be affected by interpolation issues, due to its 
mainly qualitative nature. Nevertheless, skew ed effort 
distribution is likely to have had  some influence on the 
current general perceptions about the habitat usage of 
m any species.

M odel evaluation

Evaluation of species response curves and impacts of 
effort biases

Investigation of the relationships betw een a species' 
occurrence and existing environm ental gradients — 
w hich forms the basis of all habitat suitability models — 
requires adequate coverage of the habitat available to 
this species both in space and time (Manly et al. 2002). 
Comparison of the proportion of habitat covered by 
w haling operations w ith globally available habitat sug­
gested  that, even for very large opportunistic data sets 
such as the w haling data, sam pling effort might not be 
equally representative of all habitat that is available 
to species w ith known cosmopolitan distributions. 
Though unbiased sam pling effort is a key assumption 
also for presence-only models (Hirzel & Guisan 2002), 
predictions of terrestrial species' distributions gen er­
ated  by GARP, for instance, have been shown to be re l­
atively insensitive to heterogeneously distributed effort 
(Peterson 2001, Stockwell & Peterson 2001). However, 
in comparison to terrestrial systems, insufficient cover­
age of available habitat due to spatially and temporally 
skew ed effort is likely m uch more pronounced in the 
m arine environm ent, w here w eather conditions and 
sheer distances restrict survey efforts mainly to the 
summer months and to areas relatively close to ports.

The im portance of effort considerations was illus­
trated  by the comparison of species' response curves to 
environm ental gradients based on opportunistic data 
sets and those derived from effort-corrected data or 
available habitat usage information. M inke whales, for 
instance, are generally perceived to be closely asso­
ciated w ith coastal and shelf w aters (Jefferson et al. 
1993)— a perception w hich is supported by statistical 
investigations of minke w hale occurrences in relation 
to depth  throughout the world (Sigurjónsson 1995, 
Kasamatsu et al. 2000, Ham azaki 2002, Moore et al. 
2002) and is reflected by our choice of niche category.
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However, this perception was greatly at odds with 
the depth  distribution of minke w hale catches in the 
w haling data, w hich—even if catch num bers w ere cor­
rected  for proportionally available h ab ita t— suggested 
a predom inant usage of m uch deeper w aters for this 
species. The high num ber of m inke w hale catches 
reported  in offshore areas might be explained by the 
concentration of w haling activities in deeper waters, 
w here the larger w hale species, such as blue, fin, and 
sperm  w hales that initially represen ted  the primary 
targets of whalers, w ere predom inantly known to 
occur (Perry et al. 1999). M inke w hales did not become 
a target species until quite late in the w haling era, but 
w ere likely nevertheless caught on a regular basis if 
w halers happened  upon them. The sheer am ount of 
w haling effort in deeper w aters thus m asked this 
species' actual habitat usage if analyses w ere based 
on frequency of catch 'presence' cells alone.

In contrast, bar plots of effort-corrected catches were 
consistent w ith the general perception of depth  usage 
of minke whales. The use of proportional encounter 
rates to investigate species' response curves might 
therefore help to com pensate for some effort biases. 
In combination w ith results from other studies of 
cetacean response curves (e.g. Kasamatsu et al. 2000, 
Cañadas et al. 2002), bar plots of encounter rates based 
on both w haling data and dedicated surveys provided 
good support for the trapezoidal shape of niche ca te­
gories used here.

In our analysis, we chose to ignore all tem poral 
aspects of the data sets. The binning of catches across 
all years will have m asked effects of the well-known 
serial depletion of the large w hale species (Clark & 
Lamberson 1982, Perry et al. 1999) and the distortion 
likely introduced by any progressive spatial expansion 
of catch effort (Walters 2003). In view of these tem poral 
biases and the very different time periods during 
which w haling data and the IWC-DESS survey data 
w ere collected, the similarity of encounter rate bar 
plots based on the 2 data sets was quite surprising. 
We propose that these findings provide indications 
that general usage of habitat by the species in ­
vestigated here may have been quite consistent over 
the last century, despite the considerable fluctuating 
in population sizes.

The extent to which species' response curves from 
opportunistic data sets may be representative of 
habitat usage throughout a species' range appears to 
depend  on the type of environm ental predictor. The 
good fit of encounter rate bar plots and selected niche 
category in term s of bottom depth  across almost all 
species indicated that w haling records indeed reflect 
the predom inant perception of a species' global depth 
u sag e— if effort is taken  into consideration. However, 
comparison of general current know ledge about global

habitat usage in term s of tem perature and ice d is­
ta n c e — as represen ted  by our selected niche ca te­
gories for the different species— w ith bar plots for 
these 2 predictors suggested that catch data distribu­
tions w ere strongly seasonally biased. W haling effort 
w as concentrated in the polar w aters of both hem i­
spheres during summer m onths (IWC 2001a), thereby 
only covering parts of the distributions of most spe­
cies targeted, nam ely their summer feeding grounds. 
While a species' depth  preference is often consistent 
throughout its latitudinal range extent, tem perature 
ranges and distance to ice edge will tend to vary 
depending on w hen and w here throughout its range 
and annual life cycle an animal is captured or sighted. 
Thus, from the perspective of m odeling highly m igra­
tory species w ith global distributions in the marine 
environm ent, reliance on available point data sets 
alone would likely result in a biased prediction, d e ­
spite the potentially broad geographic coverage and 
large sample sizes of such data  sets. In contrast, RES 
outputs may represent more balanced predictions of 
annual average distributions of cosmopolitan or quasi­
cosmopolitan species, since w e w ere able to supple­
m ent seasonally biased point data w ith additional 
sources of information about general occurrences d u r­
ing other times of the year w hen  we assigned species 
to specific niche categories (Table 4).

In conclusion, our analyses of w haling data sug­
gested  that for habitat prediction on very large scales it 
may be difficult to find data sets that would allow the 
straightforw ard application of presence-only habitat 
suitability models. N evertheless, a quantitative com ­
parison of the quality of RES predictions for quasi­
cosmopolitan m arine species with those generated  by 
other niche models using available opportunistic data 
sets is needed  to allow a more rigorous investigation of 
the effects of skew ed effort distributions on very large 
scales.

Evaluation of RES predictions

Statistical tests of RES model results indicated that 
our generic approach has some merit to adequately 
describe suitable habitat, as significant amounts of 
the variability in average species' occurrence w ere 
captured for all but 1 species tested (Table 5). In con­
trast, sim ulated random  data sets rarely showed 
equally strong or stronger relationships w ith the 
observed data.

Several factors may explain the 2 cases in which ran ­
dom data sets often showed equally strong relation­
ships w ith the observed data. For blue whales, the 
observed num ber of encounters was very low, possibly 
leading to the relatively w eak correlation betw een
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predicted RES values and the test data set (Table 5). 
For killer whales, several different ecotypes or sub­
species occupy distinctly different ecological niches in 
different parts of the world, including Antarctic w aters 
(Pitman & Ensor 2003). To capture the preferred  hab i­
tat of all subspecies, we selected very broad niche 
categories. Likewise, the IWC-IDCR data set does not 
distinguish betw een  different subspecies, as these are 
difficult to identify in the wild. The very broad pred ic­
tions and the mixed sightings pool of subspecies with 
different habitat usage may have contributed to the 
large proportion of random  data  sets that could explain 
the observed variation in the test data set equally well. 
Similarly to the mixed pool of killer w hale sightings, 
the generic 'm inke w hale ' observations in the test data 
set likely represent sightings of both the Antarctic 
m inke w hale and the dw arf minke w hale— 2 species 
which appear to prefer slightly different habitats (IWC 
2001b, Perrin & Brownell 2002, M atsuoka et al. 2003). 
Interestingly, RES predictions for the Antarctic minke 
w hale w ere positively correlated w ith the generic 
sightings, while our predictions for the sister species 
showed an equally significant but negative correlation 
w ith these sightings. This suggests that either all 
m inke w hales encountered in the survey belonged 
to just 1 species, the Antarctic minke whale, o r— and 
this is more likely— our model exaggerated  the niche 
separation betw een the 2 species.

Independence of test data

The statistical testing of both our predictions and 
model assumptions are affected by a num ber of biases. 
First, given the broad nature of our niche categories 
and the type of information they w ere based on, we 
cannot be certain that the test data sets w ere indeed 
completely independent. Consequently, there is a risk 
of circularity, if the test data had  somehow formed the 
basis of one of the broad 'expert know ledge' sta te­
m ents (such as 'coastal' and 'subtropical' species) that 
was fed into our model. However, the process of 
abstraction from point data to these general sta te­
ments, in and of itself, would probably ensure a certain 
degree of da ta  independence. Furtherm ore, we argue 
that—even if test data did serve as a basis of niche 
descriptions—testing the extent to w hich such broad 
statem ents may actually suffice to describe species' 
presences and absences w hen applied in a GIS m odel­
ing fram ework is a worthwhile exercise. Nevertheless, 
we tried to minimize potential circularity by excluding 
all references that w ere directly based on these 
data from our pool of input sources used to determ ine 
niche settings for the particular species tested (e.g. 
Kasamatsu et al. 2000, Hammond et al. 2002).

Comparison with other habitat suitability modeling 
approaches

The validation analysis indicated a rem arkable 
robustness of RES predictions across a broad range of 
tem poral and spatial scales and for a w ide taxonomic 
range of species, suggesting that species' distributions 
and patterns of occurrence in the m arine environm ent 
may be quantitatively described using surprisingly few 
basic param eters. Despite the apparent robustness of 
the RES m odeling approach to perform well at differ­
ent scales, care should be taken  w hen interpreting 
model outputs.

It is highly unlikely that our more m echanistic model 
will be capable of predicting the real probability of 
species' occurrences in a specific place on a specific 
day or m onth of a given year. The RES model should 
therefore not be view ed as an alternative to empirical 
p resence/absence type habitat prediction approaches 
that can and should be applied on smaller geographic 
scales to predict m arine mammal occurrence w hen 
and w here dedicated line-transect data sets are avail­
able. Similarly, the application of more sophisticated 
presence-only models, such as GARP or ENFA, may 
often be preferable at interm ediate scales and w hen 
available data  sets can be shown to represent a geo­
graphically and temporally unbiased subsam ple of the 
habitat available to a species. However, there is some 
indication—based  on the analysis of w haling d a ta — 
that effort biases might be more prom inent in the 
m arine environm ent than in terrestrial systems, thus 
potentially precluding the straightforw ard use of avail­
able opportunistic point data sets in presence-only 
models, though this rem ains to be investigated in more 
detail. In general, the quality of predictions generated  
by any model can only be as good as the available 
data, and more sophisticated models do not necessarily 
perform better than simpler approaches, especially if 
data  quality is poor (Moisen & Frescino 2002). Conse­
quently, RES m odeling may be more suitable than 
other niche models on very large scales, w here avail­
able data sets may not be representative of the spe­
cies' actual occurrence or if point data are completely 
missing.

Future work and applications

In the future, RES modeling may serve as a useful tool 
to address both basic ecological questions as well as 
m anagem ent and conservation-related issues in 
situations w here the paucity of com prehensive point 
data  sets— a situation commonly encountered in the 
m arine environm ent— precludes the use of other more 
data-intensive habitat modeling approaches. Relying on
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more readily available types of data, such as expert 
knowledge, RES m odeling will be particularly useful to 
study basic niche similarities and overlap betw een 
different marine species or groups of species on very 
large scales. Its application may also be a worthwhile 
first step in investigating scientific questions challenged 
by the paucity or complete lack of existing occurrence 
records, including historical distributions of heavily d e ­
pleted species (e.g. gray w hales in the North Atlantic; 
Mitchell & M ead 1977), calving grounds of endangered  
baleen  w hale species (yet unknow n for species such as 
the North Pacific right whale; Gaskin 1991), or changes 
in species distributions due to environm ental regim e 
shifts or climate change (K. Kaschner unpubl. data).

Most importantly, however, the extent to w hich RES- 
generated  hypotheses describe observed patterns in 
species' occurrence will allow more process-orientated 
questions to be asked about the role that other factors 
play in determ ining actual distributions. Similarly, the 
quantitative comparison of RES predictions with other 
niche models, such as GARP or ENFA, will help identify 
discrepancies that may be symptomatic for underlying 
sam pling biases and related issues. This may help to 
highlight the problems of skew ed effort distributions 
for habitat suitability m odeling in the m arine environ­
m ent on very large scales. Future evaluation of RES 
predictions for species with available sighting data  sets 
using standard evaluation statistics based on confusion 
matrices and thresholds optimized by receiver-operator 
curves for species presence would be helpful for a case- 
by-case investigation of the extent to w hich our pred ic­
tions correspond more closely to a species' fundam ental 
versus its realized niche.

In a m anagem ent context, RES predictions can u se­
fully supplem ent small-scale studies by providing some 
greater context of general boundaries and potential focal 
areas of species' occurrences in unsurveyed regions. 
Thus, the RES model may provide cost-efficient starting 
points to focus future research and survey efforts. This is 
especially practical w hen dealing with the m any data- 
poor species in the lesser-studied regions of the world, 
such as some of the rare and endangered  beaked 
whales. The usefulness of habitat prediction models to 
minimize anthropogenic impacts on endangered species 
of m arine mammals through the im plem entation of ef­
fectively designed m arine reserves has already been 
dem onstrated on relatively small scales (Mullin et al. 
1994b, Moses & Finn 1997, Hooker et al. 1999). RES 
m odeling may be equally useful w hen attem pting to d e ­
lineate efficient m arine protected areas or critical hab i­
tat on larger geographic scales, by generating  global 
spatially explicit indexes of biodiversity and species 
richness, or visualizing potential geographic hotspots 
of high conflict with fisheries or other hum an operations 
(Kaschner 2004, K. Kaschner et al. unpubl. data).

A cknow ledgem ents, This research  was conducted as part of 
the 'Sea A round Us' project, initiated and funded by the Pew 
Charitable Trusts of Philadelphia, USA, and w ith support 
from the N ational Science and E ngineering Research Council 
of Canada. A 'Li Tze Fong' graduate fellowship and a partial 
university graduate fellowship from the University of British 
Colum bia provided additional support for K. Kaschner. We 
are grateful to K. Bodtger, E. Gregr, A. Haii, and B. Wilson 
(MMRU-UBC), as well as S. Jansen  (BFA-Hamburg) for m any 
fruitful discussions on methodology and m odel development. 
K. Willis helped  compile habitat usage information, and M. 
Denoth, A. Winship, and R. Joy offered invaluable advice 
and assistance during the developm ent of the validation 
approach. Comments from Falk H uettm ann and the anony­
mous review ers greatly helped to improve this manuscript. 
We are indeb ted  to C. Allison and the Secretariat of the Inter­
national W haling Commission for providing us w ith the IWC 
catch and sighting data sets. We also thank  P. Hammond, 
SMRU, for the SCANS data  set and P. Olesiuk, DFO, for the 
northern  fur seal data. In addition, w e are grateful for the ice 
edge data provided by the U nited States N ational Snow & 
lee D ata Centre.

LITERATURE CITED

Angel MV (1992) Long-term, large-scale patterns in marine 
pelagic systems. In: Ciller PS, Hildrew AG, Raffaelli 
DG (eds) Aquatic ecology: scale, pattern  and process. 
Proceedings of the 34th symposium of the British Ecological 
Society with the American Society of Limnology and 
Oceanography, University College, Cork. Blackwell Scien­
tific Publications, Boston, p 377-402 

Arnold PW (2002) Irrawaddy dolphin— Orcaella brevirostris. 
In: Perrin WF, Würsig B, Thewissen JGM  (eds) Encyclo­
pedia of marine mammals. Academic Press, San Diego, CA, 
p 652-654

Arnould JPY, Hindell M (2001) Dive behaviour, foraging locations, 
and m aternal attendance patterns of Australian fur seals 
(Arctocephaluspusillus doriferus |. Can J Zool 79:35-48 

Au DWK, Perryman WL (1985) Dolphin habitats in the eastern 
tropical Pacific. Fish Bull 83:623-644 

Austin MP (2002) Spatial prediction of species distribution: an 
interface betw een ecological theory and statistical model­
ing. Ecol Model 157:101-118 

Ballance LT, Pitman RL (1998) Cetaceans of the w estern 
tropical Indian Ocean: distribution, relative abundance, 
and comparisons w ith cetacean communities of two other 
tropical ecosystems. Mar Mamm Sei 14:429-459 

Bannister JL, Brownell RLJ, Best PB, Donovan GP (2001) 
Report of the workshop on the comprehensive assessment 
of right whales: a  worldwide comparison. J Cetacean Res 
M anage Spec Iss 2:1-60 

Baumgartner MF (1997) The distribution of Risso's dolphin 
I Grampus griseus) w ith respect to the physiography of 
the northern Gulf of Mexico. Mar Mamm Sei 13:614-638 

Baumgartner MF, Mullin KD, May LN, Leming TD (2001) 
Cetacean habitats in the northern Gulf of Mexico. Fish Bull 
99:219-239

Baumgartner MF, Cole TVN, Clapham PJ, Mate B (2003) North 
Atlantic right whale habitat in  the lower Bay of Fundy and 
on the SW Scotian Shelf during 1999-2001. Mar Ecol Prog 
Ser 264:137-154 

Belcher RL, Lee TE (2002) Arctocephalus townsendi. Mamm 
Species 700:1-5 

Bengtson JL, Stewart BS (1997) Diving patterns of a Ross seal 
I Ommatophoca rossii) near the east coast of the Antarctic 
peninsula. Polar Biol 18:214-218



Kaschner et al.: RES m apping of m arine m am m al distributions 307

Bester MN, Erickson AW, Ferguson JWH (1995) Seasonal 
change in the distribution and density ot seals in the pack 
ice oti Princess M artha Coast, Antarctica. Antarct Sei 7: 
357-364

Bonner WN (1984) Lactation strategies in  pinnipeds: problems 
for a  marine mam malian group. Proc Symp Zool Soc Lond 
51:253-272

Boyce MS, Vernier PR, N ielsen SE, Schmiegelow FKA (2002) 
Evaluating resource selection functions. Ecol Model 
157(2-3):281-300 

Boyd IL (1998) Time and energy constraints in  pinniped 
lactation. Am Nat 152:717-728 

Bradshaw CJA, Davis LS, Purvis M, Zhou Q, Benwell GL (2002) 
Using artificial neural networks to model the suitability oi 
coastline tor breeding by New Zealand fur seals (Arcto­
cephalus forsteri). Ecol Model 148:111-131 

Brierley AS, Fernandes PG, Brandon MA, Armstrong F and 8 
others (2002) Antarctic krill under sea ice: elevated abun­
dance in a narrow  band just south of ice edge. Science 
295(5561): 1890-1892 

Brownell RLJ, Best PB, Prescott JH  (eds) (1983) Right whales: 
past and present status— Rep Int Whal Comm. Spec Issue 
10, IWC, Cambridge 

Buckland ST, Anderson DR, Burnham KP, Laake JL (1993) Dis­
tance sampling: estimating abundance of biological popu­
lations. Chapm an & Haii, London 

Cam pagna C, W erner R, Karesh W, Marin MR, Koontz F, Cook 
R, Koontz C (2001) Movements and location at sea of South 
American sea lions I Otaria flavescens). J Zool 255:205-220 

Canadas A, Sagarm inaga R, Garcia-Tiscar S (2002) Cetacean 
distribution related w ith depth and slope in  the M edi­
terranean waters off southern Spain. Deep-Sea Res I 49: 
2053-2073

Canadas A, de Stephanis R, Sagarm inaga R, Uriquiola E, Ham­
mond PS (2003) H abitat selection models as conservation 
tool: proposal of marine protected areas for cetaceans in 
southern Spain. Proceedings of the 15th biennial confer­
ence on the biology of marine mammals. Society of Marine 
Mammalogy, Greensboro, p 28-29 (Abstract)

Cariström J, D enkinger J, Feddersen P, 0 ie n  N (1997) Record 
of a  new  northern range of Sowerby's beaked whale (M eso­
plodon bidens). Polar Biol 17:459-461 

Clark CW, Lamberson (1982) An economic history and analysis 
of pelagic whaling. Mar Policy 6(2):103-120 

Compton RC (2004) Predicting key habitat and potential distri­
bution of northern bottlenose whales (Hyperoodon ampul­
latus) in  the northwest Atlantic Ocean. MRes, University of 
Plymouth

Corkeron PJ, Connor RC (1999) Why do baleen whales 
migrate? Mar Mamm Sei 15:1228-1245 

Costa DP (1991) Reproductive and foraging energetics of high 
latitude penguins, albatrosses and pinnipeds: implications 
for life history patterns. Am Zool 31:111-130 

Dalebout ML, M ead JG, Baker CS, Baker AN, van H elden AL 
(2002) A new  species of beaked whale M esoplodon perrini 
sp. n. (Cetacea: Ziphiidae) discovered through phyloge­
netic analysis of mitochondrial DNA sequences. Mar 
Mamm Sei 18:577-608 

Davis RW, Fargion GS, May N, Leming TD, Baumgartner MF, 
Evans WE, H ansen LJ, Mullin KD (1998) Physical habitat of 
cetaceans along the continental slope in  the north central 
and w estern Gulf of Mexico. Mar Mamm Sei 14:490-507 

Davis RW, Ortega-Ortiz JG, Ribic CA, Evans WE and 6 others 
(2002) Cetacean habitat in  the northern oceanic Gulf of 
Mexico. Deep-Sea Res I 49:121-142 

Deecke V (2004) Update COSEWIC status report on the 
grey whale Eschrichtius robustus (Pacific population). 
In: COSEWIC assessm ent and status report on the grey

whale Eschrichtius robustus in  Canada. Committee On the 
Status of E ndangered Wildlife In Canada, Ottawa, p iv + 36 

Dellinger T, Trillmich F (1999) Fish prey of the sympatric G ala­
pagos fur seals and sea lions: seasonal variation and niche 
separation. Can J Zool 77:1204-1261 

Dietz R, H eide-Jorgensen MP (1995) Movements and swim­
ming speed of narwhals, Monodon monoceros, equipped 
with satellite transmitters in  Melville Bay, northwest G reen­
land. Can J Zool 73:2106-2119 

Duguy R (1975) Contribution à l'étude des mammifères marin 
de la côte nord-ouest Afrique. Rev Trav Inst Pech Marit 
39:321-332

Engler R, Guisan A, Rechsteiner L (2004) An improved 
approach for predicting the distribution of rare and endan­
gered species from occurrence and pseudo-absence data. 
JA p p l Ecol 41:263-274 

Evans PGH (1980) Cetaceans in British waters. Mamm Rev 
10:1-52

Fedoseev G (2002) Ribbon seal— Histriophoca fasciata. In: 
Perrin WF, Wursig B, Thewissen HGM (eds) Encyclopedia 
of marine mammals. Academic Press, San Diego, CA, 
p 1027-1030

Fielding AH, Bell JF (1997) A review  of methods for the as­
sessment of prediction errors in  conservation presence/ 
absence models. Environ Conserv 24:38-49 

Findlay KP, Best PB, Ross GJB, Cockcroft VG (1992) The distri­
bution of small odontocete cetaceans off the coasts of South 
Africa and Namibia. S Afr J  Mar Sei 12:237-270 

Folkow LP, Blix AS (1995) Distribution and diving behaviour of 
hooded seals. In: Blix AS, Walloe L, Ulltang 0  (eds) Whales, 
seals, fish and man. Proceedings of the international sym­
posium on the biology of marine mammals in the North East 
Atlantic, Vol 4. Elsevier, Amsterdam, p 193-202 

Folkow LP, Blix AS (1999) Diving behaviour of hooded seals 
I Cystophora cristata) in  the G reenland and Norwegian 
Seas. Polar Biol 22:61-74 

Folkow LP, M ârtensson PE, Blix AS (1996) Annual distribution 
of hooded seal I Cystophora cristata) in the G reenland and 
N orwegian Seas. Polar Biol 16:179-189 

Forney KA, Barlow J (1998) Seasonal patterns in the abun­
dance and distribution of California cetaceans, 1991-1992. 
Mar Mamm Sei 14:460-489 

Freeland WJ, Bayliss P (1989) The Irrawaddy river dolphin, 
Orcaella brevirostris, in  coastal waters of the Northern 
Territory, Australia: distribution, abundance and seasonal 
changes. Mammalia 53:49-58 

Gales NJ, Shaughnessy PD, Dennis TE (1994) Distribution, 
abundance and breeding cycle of the Australian sea lion 
(Neophoca cinerea). J  Zool 234:353-370 

G ardner SC, Chavez-Rosales S (2000) Changes in the relative 
abundance and distribution of gray w hales (Eschrichtius 
robustus) in  M agdalena Bay, Mexico during an El Niño 
event. Mar Mamm Sei 16:728-738 

Gaskin DE (1972) Whales, dolphins and seals, w ith special ref­
erence to the New Zealand region. Heinem ann Educational 
Books, London

Gaskin DE (1991) An update on the status of the right whale 
Eubalaena glacialis in  Canada. Can Field-Nat 105:198-205 

Gaston KJ (1994) Measuring geographic range sizes. Ecography 
17:198-205

Gilmartin WG, Forcada J (2002) Monk seals— Monachus 
monachus, M. tropicalis and M. schauinslandi. In: Perrin WF, 
Würsig B, Thewissen HGM (eds) Encyclopedia of marine 
mammals. Academic Press, San Diego, CA, p 756-759 

Goodall RNP (1997) Review of sightings of the hourglass 
dolphin, Lagenorhynchus cruciger, in the South American 
sector of the Antarctic and sub-Antarctic. Rep Int Whal 
Comm 47:1001-1013



308 M ar Ecol Prog Ser 316: 285-310, 2006

Goodall RNP (2002) Hourglass dolphin— Lagenorhynchus cru­
ciger. In: Perrin WF, Würsig B, Thewissen JGM  (eds) Ency­
clopedia of marine mammals. Academic Press, San Diego, 
CA, p 583-585

G regr EJ (2000) An analysis of historic (1908-1967) whaling 
records from British Columbia, Canada. MS, University of 
British Columbia, Vancouver 

G regr EJ, Trites AW (2001) Predictions of critical habitat 
for five whale species in  the waters of coastal British 
Columbia. Can J Fish Aquat Sei 58:1265-1285 

Griffin RB (1999) Sperm whale distributions and community 
ecology associated with a warmcore ring off Georges Bank. 
Mar Mamm Sei 15:33-52 

Guinotte JM, Bartley JD, Iqbal A, Fautin DG, Buddemeier RW 
(2006) Modeling habitat distribution from organism occur­
rences and environmental data: a  case study using ane- 
monefishes and their sea anemone hosts. Mar Ecol Prog Ser 
(in this Theme Section)

Guisan A, Zimmermann N (2000) Predictive habitat distribu­
tion models in ecology. Ecol Model 135:147-186 

Hall LS, Krausman PR, Morrison ML (1997) The habitat con­
cept and a  p lea for standard terminology. Wildi Soc Bull 
25:173-182

Hamazaki T (2002) Spatiotemporal prediction models of 
cetacean habitats in  the mid-w estern North Atlantic Ocean 
(from Cape Hatteras, North Carolina, USA to Nova Scotia, 
Canada). Mar Mamm Sei 18:920-939 

Hammond PS, Berggren P, Benke H, Borchers DL and 6 others 
(2002) Abundance of harbor porpoise and other cetaceans 
in  the North Sea and adjacent waters. J  Appl Ecol 39: 
361-376

H eath CB (2002) California, Galapagos, and Japanese sea 
lions. In: Perrin WF, Würsig B, Thewissen HGM (eds) Ency­
clopedia of marine mammals. Academic Press, San Diego, 
CA, p 180-186

Hedley SL, Buckland ST (2004) Spatial models for line-transect 
sampling. J  Agrie Biol Environ Stat 9:181-199 

Hedley SL, Buckland ST, Borchers DL (1999) Spatial modeling 
from line transect data. J  C etacean Res M anage 1:255-264 

H eide-Jorgensen MP (2002) N arw hal— M onodon monoceros. 
In: Perrin WF, Würsig B, Thewissen JGM (eds) Ency­
clopedia of marine mammals. Academic Press, San Diego, 
CA, p 783-787

H eide-Jorgensen MP, Dietz R, Laidre KL, Richard P, Orr J, 
Schmidt HC (2003) The migratory behaviour of narwhals 
{Monodon monoceros). C an J Zool 81:1298-1305 

Hewitt RP, Lipsky JD (2002) Krill. In: Perrin WF, Würsig B, 
Thewissen JGM  (eds) Encyclopedia of marine mammals. 
Academic Press, San Diego, CA, p 676-684 

Hirzel AH, Guisan A (2002) Which is the optimal sampling 
strategy for habitat suitability modelling? Ecol Model 
157(2-3):331-341 

Hooker SK, W hitehead H, Gowans S (1999) M arine protected 
area design and the spatial and temporal distribution of 
cetaceans in  a  submarine canyon. Conserv Biol 13:592-602 

H uettm ann F, Diamond AW (2001) Seabird colony locations 
and environmental determination of seabird distribution: a 
spatially explicit breeding seabird model for the Northwest 
Atlantic. Ecol Model 141:261-298 

Hutchinson GE (1957) Concluding remarks. Cold Spring H ar­
bor Quant Biol 22:415-427 

IWC (International Whaling Commission) (2001a) IDCR-DESS 
SOWER survey data set (1978-2001). IWC, Cambridge 

IWC (International Whaling Commission) (2001b) IWC catch 
database (1800-1999). IWC, Cambridge 

Jaquet N (1996) How spatial and temporal scales influence 
understanding of sperm  w hale distribution: a  review. 
Mamm Rev 26:51-65

Jaquet N, W hitehead H (1996) Scale-dependent correlation of 
sperm  whale distribution w ith environmental features and 
productivity in the South Pacific. Mar Ecol Prog Ser 135:1-9 

Jefferson TA, Karczmarski L (2001) Sousa chinensis. Mamm 
Species 655:1-9 

Jefferson TA, Newcomer MW (1993) Lissodelphi borealis.
Mamm Species 425:1-6 

Jefferson TA, Schiro AJ (1997) Distribution of cetaceans in the 
offshore Gulf of Mexico. Mamm Rev 27:27-50 

Jefferson TA, Leatherwood S, W ebber MA (1993) Marine 
mammals of the world. FAO, Rome 

Jefferson TA, Newcomer MW, Leatherwood S, van W aerebeek 
K (1994) Right whale dolphins Lissodelphis borealis (Peale, 
1848) and Lissodelphis peronii (Lacepede, 1804). In: Ridg- 
way SH, Harrison RJ (eds) The first book of dolphins — 
handbook of marine mammals, Vol 5. Academic Press, San 
Diego, CA, p 335-362 

JMP (?) (2000) Statistics and graphics guide, Ver 4. SAS Insti­
tute Cary, NC

Johnson DH (1980) The comparison of usage and availability 
measurem ents for evaluating resource preference. Ecology 
61:65-71

Jones ML, Swartz SL (2002) Gray w hale— Eschiichtius robus­
tus. In: Perrin WF, Würsig B, Thewissen JGM (eds) Encyclo­
pedia of marine mammals. Academic Press, San Diego, CA, 
p 524-536

Karczmarski L, Cockcroft VG, McLachlan A (2000) H abitat use 
and preferences of Indo-Pacific hum pback dolphins Sousa 
chinensis in Alqoa Bay, South Africa. Mar Mamm Sei 16: 
65-79

Kasamatsu F, Joyce GG (1995) Current status of odontocetes 
in the Antarctic. Antarc Sei 7:365-379 

Kasamatsu F, Hembree D, Joyce G, Tsunoda LM, Rowlett R, 
Nakano T (1988) Distributions of cetacean sightings in the 
Antarctic: results obtained from the IWC/IDCR minke 
whale assessment cruises 1978/79-1983/84. Rep Int Whal 
Comm 38:449-487 

Kasamatsu F, M atsuoka K, H akam ada T (2000) Interspecific 
relationships in  density among the whale community in  the 
Antarctic. Polar Biol 23:466-473 

Kaschner K (2004) M odeling and m apping of resource overlap 
betw een marine mammals and fisheries on a global scale. 
PhD thesis, University of British Columbia, Vancouver 

Kasuya T, Miyashita T (1997) Distribution of Baird's beaked 
whales off Japan. Rep Int Whal Comm 47:963-968 

Kenney RD (2002) North Atlantic, North Pacific, and southern 
right w hales— Eubalaena glacialis, E. japonica, and E. aus­
tralis. In: Perrin WF, Würsig B, Thewissen JGM (eds) Ency­
clopedia of marine mammals. Academic Press, San Diego, 
CA, p 806-813

Kenney RD, Winn HE (1986) Cetacean high-use habitats of 
the northeast United States continental shelf. Fish Bull 
84:345-357

Kenyon KW (1981) Monk seals— Monachus (Fleming, 1822). In: 
Ridgway SH, Harrison RJ (eds) Seals— handbook of marine 
mammals, Vol 2. Academic Press, London, p 195-220 

Knowlton AR, Sigurjónsson J, Ciano JN, Kraus SD (1992) 
Long-distance movements of North Atlantic right whales 
(Eubalaena glacialis). Mar Mamm Sei 8:397-405 

Knox GA (1994a) The biology of the southern ocean.
Cambridge University Press, Cambridge 

Knox GA (1994b) Seals. In: Knox GA (ed) The biology of the 
southern ocean. Cambridge University Press, Cambridge, 
p 141-160

Kovacs KM, Lavigne DM (1986) Cystophora cristata. Mamm 
Species 258:1-9 

Lalas C, Bradshaw CJA (2001) Folklore and chimerical num ­
bers: review of a  millennium of interaction betw een fur



Kaschner et al.: RES m apping of m arine m am m al distributions 309

seals and hum ans in  the New Zealand region. NZ J Mar 
Freshw Res 35:477-497 

Lander ME, Gulland FMD, DeLong RL (2000) Satellite tracking 
a rehabilitated Guadalupe tur seal (Arctocephalus 
tow nsendi|. Aquat Mamm 26:137-142 

LeDuc RG (2002) Biogeography. In: Perrin WF, Würsig B, 
Thewissen HGM (eds) Encyclopedia ot marine mammals. 
Academic Press, San Diego, CA, p 99-102 

Levins R (1966) The strategy oi model building in population 
biology. Am Sei 54:421-431 

Ling JK (1992) Neophoca cinerea. Mamm Species 392:1-7 
Ling JK (2002) Australian sea lion— Neophoca cinerea. In: Per­

rin WF, Wursig B, Thewissen HGM (eds) Encyclopedia oi 
marine mammals. Academic Press, San Diego, CA, p 51-54 

MacLeod CD (2005) Niche partitioning, distribution and com­
petition in North Atlantic beaked whales. PhD, University 
oi A berdeen, UK 

M anel S, Williams HC, Ormerod SJ (2001) Evaluating pres­
ence/absence models in  ecology: the need to account tor 
prevalence. J  Appl Ecol 38:921-931 

Manly BFJ, McDonald LL, Thomas DL, McDonald TL, Erickson 
WP (2002) Resource selection by animals: statistical design 
and analysis tor field studies. Kluwer Academic, Dordrecht 

M artin AR, Reeves RR (2002) Diversity and zoogeography. In: 
Hoelzel AR (ed) Marine mammal biology— an evolutionary 
approach. Blackwell Science, London, p 1-37 

M artin AR, Kingsley MCS, Ramsay MA (1994) Diving behav­
iour oi narw hals (M onodon monoceros) on their summer 
grounds. Can J Zool 72:118-125 

M atsuoka K, Ensor P, H akam ada T, Shimada H, Nishiwaki S, 
Kasamatsu F, Kato H (2003) Overview oi minke whale 
sightings surveys conducted on IWC/IDCR and SOWER 
Antarctic cruises irom 1978/79 to 2000/01. J  C etacean Res 
M anage 5:173-201 

Mitchell E, M ead JG (1977) The history oi the gray whale in the 
Atlantic Ocean. In: Proceedings oi the 2nd conference on 
the biology oi marine mammals. Society oi Marine M am­
malogy, San Diego, CA, p 12 

Mitchell E, Kozicki VM, Reeves RR (1983) Sightings oi right 
whales Eubalaena glacialis on the Scotian sheli, 1966- 
1972. In: Brownell RLJ, Best PB, Prescott JH  (eds) Right 
whales: past and present status — Rep Int Whal Comm. 
Spec Issue 10, IWC, Cambridge, p 83-108 

Mizuno AW, Wada A, Ishinazaka T, Hattori K, W atanabe Y, 
Ohtaishi N (2002) Distribution and abundance oi spotted 
seals (Phoca largha) and ribbon seals (Phoca fasciata) in the 
southern Sea oi Okhotsk. Ecol Res 17:79-96 

Moisen GG, Frescino TS (2002) Comparing five modeling tech­
niques tor predicting forest characteristics. Ecol Model 
157:209-225

Moore SE (2000) Variability oi cetacean distribution and hab i­
tat selection in the Alaskan Arctic, autum n 1982-1991. 
Arctic 53:448-460 

Moore SE, DeMaster DP (1997) C etacean habitats in  the 
Alaskan Arctic. J  Northwest Atl Fish Sei 22:55-69 

Moore SE, Waite JM, Friday NA, Honkalehto T (2002) 
C etacean distribution and relative abundance on the cen­
tral-eastern and the southeastern Bering Sea sheli with 
reference to oceanographic domains. Prog Oceanogr 55: 
249-261

Mörzer Bruyns WFJ (1971) Field guide oi whales and dolphins.
Tor, Amsterdam 

Moses E, Finn JT (1997) Using geographic information systems 
to predict North Atlantic right whale (Eubalaena glacialis) 
habitat. J  Northwest Atl Fish Sei 22:37-46 

Mullin KD, Higgins LV, Jefferson TA, H ansen LJ (1994a) Sight­
ings oi the Clymene dolphin (Stenella clymene) in  the Guii 
of Mexico. Mar Mamm Sei 10:464-470

Mullin KD, Hoggard W, Roden CL, Lohoefener RR, Rogers CM, 
Taggart B (1994b) Cetaceans on the upper continental 
slope in the north-central Guii of Mexico. Fish Bull 92: 
773-786

Murase H, M atsuoka K, Ichii T, Nishiwaki S (2002) Relation­
ship betw een the distribution oi euphausiids and baleen 
whales in  the Antarctic (35°E-145°W). Polar Biol 25: 
135-145

NOAA/NODC (National Oceanic and Atmospheric Adminis­
tration/National Oceanographic Data Center) (1998) World 
ocean atlas 1998. Ocean Climate Laboratory, NODC, Wash­
ington, DC

O ksanen J, Minchin PR (2002) Continuum theory revisited: 
What shape are species responses along ecological gradi­
ents? Ecol Model 157:119-129 

Parra GJ, Azuma C, Preen AR, Corkeron PJ, M arsh H (2002) 
Distribution oi Irrawaddy dolphins, Orcaella brevirostris, 
in Australian waters. Raffles Bull Zool Suppl 10:141-154 

Parrish FA, Craig MP, Ragen TJ, Marshall GJ, Buhleier BM 
(2000) Identifying diurnal foraging habitat oi endangered 
Hawaiian monk seals using a  seal-mounted video camera. 
Mar Mamm Sei 16:392-412 

Parrish FA, Abernathy K, Marshall GJ, Buhleier BM (2002) 
Hawaiian monk seals (Monachus schauinslandi) foraging 
in deep-w ater coral beds. Mar Mamm Sei 18:244-258 

Payne PM, Heinem ann DW (1993) The distribution oi pilot 
whales I Globicephala spp.) in  shelf/shelf-edge and slope 
waters oi the northeastern United States, 1978-1988. In: 
Donovan GP, Lockyer CH, M artin AR (eds) Biology oi 
northern hem isphere pilot w hales—Rep Int Whal Comm. 
Spec Issue 14, IWC, Cambridge, p 51-68 

Perrin WF, Brownell RLJ (2002) Minke w hales— Balaenoptera 
acutorostrata and B. bonaerensis. In: Perrin WF, Würsig B, 
Thewissen JGM  (eds) Encyclopedia oi marine mammals. 
Academic Press, San Diego, CA, p 750-754 

Perrin WF, Mitchell ED, M ead JG, Caldwell DK, van Bree PJH 
(1981) Stenella clym ene  a rediscovered tropical dolphin oi 
the Atlantic. J Mamm 62:583-598 

Perrin WF, Leatherwood S, Collet A (1994) Fraser's dolphin 
Lagenodelphis hosei (Fraser, 1956). In: Ridgway SH, 
Harrison RJ (eds) The first book oi dolphins—handbook 
of marine mammals, Vol 5. Academic Press, San Diego, CA, 
p 225-240

Perrin WF, Würsig B, Thewissen JGM  (eds) (2002) Encyclope­
dia of marine mammals. Academic Press, San Diego, CA 

Perry SL, DeMaster DP, Silber GK (1999) The status oi 
endangered whales. Mar Fish Rev 61:1-74 

Peterson AT (2001) Predicting species' geographic distri­
butions based on ecological niche modeling. Condor 
103:599-605

Peterson AT, Navarro-Sigüenza AG (1999) Alternate species 
concepts as bases tor determining priority conservation 
areas. Conserv Biol 13:427-431 

Peterson AT, Egbert SL, Sánchez-Cordero V, Price KP (2000) 
Geographic analysis oi conservation priority: endemic birds 
and mammals in Veracruz, Mexico. Biol Conserv 93:85-94 

Pitman RL, Ensor P (2003) Three iorms oi killer whales I Orcinus 
orca) in Antarctic waters. J Cetacean Res M anage 5:131-139 

Pitman RL, Ballance LT, Mesnick SI, O livers SJ (2001) 
Killer whale predation on sperm  whales: observations and 
implications. Mar Mamm Sei 17:494-507 

Platt T, Sathyendranath S (1992) Scale, pattern  and process in 
marine ecosystems. In: Giller PS, Hildrew AG, Raffaelli DG 
(eds) Aquatic ecology: scale, pattern  and process. Proceed­
ings oi the 34th symposium oi the British Ecological Society 
with the American Society oi Limnology and Oceano­
graphy, University College, Cork. Blackwell Scientific Pub­
lications, Boston, MA, p 593-599



310 M ar Ecol Prog Ser 316: 285-310, 2006

Ponganis PJ, Gentry RL, Ponganis EP, Ponganis KV (1992) 
Analysis ot swim velocities during deep and shallow dives 
ot two northern fur seals Callorhinus ursinus. Mar Mamm 
Sei 8:69-75

Reijnders P, Brasseur S, van der Toorn J, van der Wolf R, Boyd 
IL, Harwood J, Lavigne DM, Lowry L (1993) Seals, fur seals, 
sea lions, and walrus. Status survey and conservation action 
plan. IUCN/SSC Specialist Group, International Union tor 
the Conservation ot N ature and Natural Resources, Gland 

Ribic CA, Ainley DG, Fraser WR (1991) Habitat selection by 
marine mammals in the m arginal ice zone. Antarct Sei 
3:181-186

Rice DW (1998) Marine mammals ot the world— Systematics 
and distribution. Spec Publ 4, Allen Press, Lawrence, KS 

Ridgway SH, Harrison RJ (eds) (1981a) The walrus, sea lions, 
fur seals and sea otter—handbook ot m arine mammals, Vol
1. Academic Press, London 

Ridgway SH, Harrison RJ (eds) (1981b) Seals—handbook ot 
marine mammals, Vol 2. Academic Press, London 

Ridgway SH, Harrison RJ (eds) (1985) The sirenians and 
baleen w hales—handbook ot marine mammals, Vol 3. Aca­
demic Press, London 

Ridgway SH, Harrison RJ (eds) (1989) The river dolphins and 
the larger toothed w hales—handbook ot m arine mammals, 
Vol 4. Academic Press, San Diego, CA 

Ridgway SH, Harrison RJ (eds) (1994) The first book ot dol­
phins—Handbook ot marine mammals, Vol 5. Academic 
Press, San Diego, CA 

Ridgway SH, Harrison RJ (eds) (1999) The second book ot dol­
phins and the porpoises—Handbook ot marine mammals, 
Vol 6. Academic Press, New York 

Rosenbaum HC, Brownell RL Jr, Brown MW, Schaett C and 16 
others (2000) World-wide genetic ditterentiation ot Eubal­
aena: questioning the num ber ot right whale species. Mol 
Ecol 9:1793-1802 

Ross GJB (2002) Humpback dolphins— Sousa chinensis, 
S. plum bea, and S. teuszi. In: Perrin WF, Würsig B, 
Thewissen JGM  (eds) Encyclopedia ot marine mammals. 
Academic Press, San Diego, CA, p 585-589 

Rugh DJ, Muto MM, Moore SE, DeMaster DP (1999) Status 
review  ot the eastern North Pacific stock ot gray whales. 
NOAA Tech Mem NMFS-AFSC 103:1-93 

Schmelzer I (2000) Seals and seascapes: covariation in  H awai­
ian monk seal subpopulations and the oceanic landscape ot 
the H awaiian Archipelago. J  Biogeogr 27:901-914 

Shao G, Halpin PN (1995) Climatic controls ot eastern North 
American coastal tree and shrub distributions. J  Biogeogr 
22:1083-1089

Sigurj ónsson (1995) On the lite history and autecology ot North 
Atlantic rorquals. In: Whales, seals, tish and m an — Proc Int 
Symp Biology ot Matine Mammals in the Northeast 
Atlantic. Tromso, Norway, 29 November -  1 December 
1994. Elsevier, Amsterdam 

Skov F, Svenning JC (2004) Potential impact ot climatic change 
on the distribution ot forest herbs in Europe. Ecography 
27:366-380

Smith RC, D urian P, Au D, Baker KS, Dunlap EA (1986) Distri­
bution ot cetaceans and sea-surface chlorophyll concentra­
tions in the California currrent. Mar Biol 91:385-402 

Splettstoesser JF, Gavrilo M, Field C, Field C, Harrison P, 
Messick M, Oxford P, Todd FS (2000) Notes on Antarctic 
wildlife: Ross seals Ommatophoca rossii and emperor 
penguins Aptenodytes forsteri. NZ J Zool 27:137-142 

Stacey PJ (1996) Natural history and conservation ot Irrawaddy 
dolphins, Orcaella brevirostris, with special reference to

Editorial responsibility: Eloward I. Browman (Associate 
Editor-in-Chief), Storebo, N orw ay

the M ekong River ot Laos PDR. University ot Victoria 
Stockwell DRB, Noble IR (1992) Induction ot sets ot rules trom 

animal distribution data: a  robust and informative method 
ot data analysis. M ath Comput Simulation 33:385-390 

Stockwell DRB, Peterson AT (2001) Controlling bias during 
predictive modeling w ith museum  data. In: Scott JM, 
Heglund PJ, Morrison M, Raphael M, Hautler J, Wall B, 
Samson F (eds) Predicting plant, animal and fungi occur­
rences: issues ot scale and accuracy. Island Press, Clovelo 

Stockwell DRB, Peterson AT (2002) Effects ot sample size 
on accuracy ot species distribution models. Ecol Model 
148:1-13

Store R, Jokimäki J  (2003) A CIS-based multi-scale approach 
to habitat suitability modeling. Ecol Model 169:1-15 

Thomas JA (2002) Ross seal — Ommatophoca rossii. In: Perrin 
WF, Würsig B, Thewissen HGM (eds) Encyclopedia 
ot marine mammals. Academic Press, San Diego, CA, 
p 1053-1055

Thomas RM, Schulein FH (1988) The shoaling behavior ot 
pelagic tish and the distribution ot seals and gannets 
ott Namibia as deduced trom routine fishing reports 
1982-1985. S Afr J  Mar Sei 7:179-192 

Thompson D, Duck CD, McConnell BJ, Garrett J  (1998) Forag­
ing behaviour and diet ot lactating female southern sea 
lions I Otaria flavescens) in the Falkland Islands. J  Zool 
246:135-146

Turner MG, G ardner RH, O'Neill RV (1995) Ecological dynam­
ics at broad scale. BioScience Suppl (Sei Biodiversity Pol- 
icy):29-35

Tynan CT, DeMaster DP, Peterson WT (2001) Endangered right 
whales on the southeastern Bering Sea shelt. Science 
294:1894

Walters C (2003) Folly and fantasy in the analysis ot spatial 
catch rate data. Can J Fish Aquat Sei 60:1433-1436 

Waring GT, Quintal JM, Fairfield CP, Clapham PJ and 10 oth­
ers (2002) US Atlantic and Gulf ot Mexico marine mammal 
stock assessments — 2002. NOAA Tech mem, Report No. 
NMFS-NE-169, US Departm ent ot Commerce, Washington, 
DC

Watson R, Kitchingman A, Gelchu A, Pauly D (2004) Mapping 
global tisheries: sharpening our tocus. Fish Fisheries Ser 5: 
168-177

Weller DW, Reeve SR, Burdin AM, Wuersig B, Brownell RLJ 
(2002) A note on the spatial distribution ot w estern gray 
whales (Eschrichtius robustus) ott Sakhalin Island, Russia 
in 1998. J  Cetacean Res M anage 4:13-17 

W erner R, C am pagna C (1995) Diving behaviour ot lactating 
southern sea lions I Otaria flavescens) in Patagonia. Can J 
Zool 73:1975-1982 

W hitehead H, Jaquet N (1996) Are the charts ot Maury and 
Townsend good indicators ot sperm  whale distribution and 
seasonality? Rep Int Whal Comm 46:643-647 

Woodley TH, Gaskin DE (1996) Environmental characteristics 
ot North Atlantic right and tin whale habitat in  the lower 
Bay ot Fundy, Canada. Can J Zool 74:75-84 

Yen PPW, Sydeman WJ, Hyrenbach KD (2004) Marine bird and 
cetacean associations w ith bathymetric habitats and shal- 
low-water topographies: implications tor trophic transfer 
and conservation. J  Mar Syst 50:79-99 

Zaniewski AE, Lehmann A, Overton JM  (2002) Predicting, 
species spatial distributions using presence-only data: a 
case study ot native New Zealand terns. Ecol Model 
157:261-280

Zar JH  (1996) Biostatistical analysis. Prentice Haii, Upper Sad­
dle River, NJ

Subm itted: March 18, 2005: Accepted: Sep tem ber 21, 2005 
Proofs received from author(s): M ay 17, 2006


