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ABSTRACT: As with many other taxa, climate change is expected to result in geographic range
shifts of cetacean species as they track changes in temperature to remain within their ecological
niches. Such changes in geographic range could have implications for the conservation and man-
agement of cetaceans. Here, we propose a bioclimatic envelope modelling approach for providing
quantitative predictions of how the ranges of cetacean species may respond to changing water
temperatures. This combines predictions from habitat niche and ‘thermal’ niche models for an
individual species to determine probable geographic range under specific climatic conditions.
However, if this approach is to be used to inform conservation strategies, it is essential that the
ability to predict responses to environmental change is validated beyond the period of data collec-
tion used to construct the models. Therefore, in addition to validation of modelled current range,
we included a step to validate the models’ ability to predict previous changes in range over time
in response to climatic changes using independent data. We demonstrate this approach using
common dolphin Delphinus delphis data from the Northeast Atlantic. The combined model was
constructed with data collected between 1980 and 2007, and validated using independent distrib-
utional records collected between 1930 and 2006. The validated model was then applied to predict
future range between 2010 and 2069, based on projected water temperatures. Thus, the modelling
approach is shown to provide the type of information required to help ensure that conservation
and management strategies remain effective in the face of a changing climate.

KEY WORDS: Global climate change - Cetaceans - Range changes - Conservation - Ecological
niche model - Water temperature
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INTRODUCTION

A species’ geographic range is determined by the
spatio-temporal distribution of environmental vari-
ables that define its occupied niche: that is, the areas
of the fundamental niche where a species actually

*Email: emily.lambert@abdn.ac.uk

occurs (Hutchinson 1957, Kearney 2006). There is
increasing evidence that the geographic ranges of a
wide variety of taxa are shifting in response to cli-
mate change as they track, amongst other factors, the
changing spatio-temporal distribution of tempera-
tures that define their thermal niche (e.g. Walther et
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al. 2002, Parmesan & Yohe 2003, Thomas 2010). Bio-
climatic envelope models (also known as ‘ecological
niche models’ or ‘species distribution models'’) sug-
gest that such range shifts are likely to continue with
further changes in climate (Thomas et al. 2004,
Levinsky et al. 2007).

Following this rationale, the ranges of cetacean
species are expected to shift in response to changes
in climate (Learmonth et al. 2006). MacLeod (2009)
provided a qualitative framework for understanding
the likely direction of cetacean range changes, which
suggests that the majority of marine cetacean species
ranges will be affected by changing temperatures,
and that these effects are likely to have negative con-
servation implications for almost half of these spe-
cies. If these range shifts occur in the short to medium
term, some traditional conservation and manage-
ment strategies, such as the establishment of static
reserves, may no longer remain viable. In particular,
over time, this could lead to a mismatch between the
spatial distribution of species and areas targeted by
management (Pyke et al. 2005, Robinson et al. 2009).
In addition, many other conservation and manage-
ment strategies require a reasonable understanding
of species distribution for successful implementation
(e.g. DEFRA 2009). As a result, understanding how
species spatial distributions, and particularly ranges,
are likely to alter in response to climate change pre-
sents an important challenge for cetacean conserva-
tion and management. Specifically, for any conserva-
tion strategy to remain effective and adaptive, it is
increasingly critical to be able to account for the
potential response of species to changes in tempera-
ture (Peters & Darling 1985, Hannah et al. 2002,
Svenning et al. 2009).

However, while the qualitative effects of temper-
ature changes on cetacean species ranges are rela-
tively well understood (e.g. Learmonth et al. 2006,
Simmonds & Isaac 2007, MacLeod 2009), there is
currently no framework for providing quantitative
predictions of how species ranges may respond to
climate change, despite evidence of climate-related
cetacean range shifts already apparent in some
regions (e.g. MacLeod et al. 2005, Leeney et al.
2008, Salvadeo et al. 2010). Thus, here we provide
a simple bioclimatic envelope modelling approach
that combines elements of cetacean habitat niche
modelling with a quantification of thermal niche
of cetaceans. Specifically, this develops and quanti-
fies the qualitative framework for investigating
how cetacean species ranges will respond to
changes in climate proposed by MacLeod (2009),
which grouped species according to their likely

response to water temperature changes. As both
the framework developed by MacLeod (2009) and
that considered here are empirical, a mechanical
understanding of the relationship between water
temperature and cetacean range is not required
(i.e. it is not imperative to understand why cetacean
distributions are related to temperature, only to
empirically demonstrate that they are).

The proposed approach consists of 3 stages (Fig. 1).
Firstly, the relationship between species spatial dis-
tribution and habitat variables is modelled to control
for the effects of topographic discontinuities on spe-
cies occurrence and the ability of a species to track its
preferred thermal niche (Fig. 1, Boxes 1-4). MacLeod
(2009) highlighted this as an essential issue to con-
sider when investigating how cetacean ranges will
respond to change in climate. Next, the thermal
niche occupied by the species is modelled based on
one of the 4 climate change response groupings pro-
posed by MacLeod (2009) (Fig. 1, Boxes 2 & 5-8):
warm water limited species (WWL, see Fig. 2), cool
and warm water limited species (CWWL), cool water
limited species (CWL), and cosmopolitan species.
Species in each of these groupings are expected to
respond, in terms of their range, in a similar manner,
with each grouping associated with a function of a
specific form (see Appendix 1 for details). When
quantified for a particular species, this function forms
a model of the thermal niche occupied by a species,
and hence, its range in relation to spatial patterns in
water temperature. This thermal niche model is then
used to weight the habitat niche model for a time-
specific water temperature data set to produce a pre-
dicted species range for a specific period of time,
which accounts for both topographic preferences and
water temperature preferences (Fig. 1, Boxes 4 &
8-11).

The thermal niche and habitat niche models are
conducted as separate steps in this process as prefer-
ences for individual habitat variables are likely to dif-
fer depending on where temperatures at specific
locations fall in relation to the species thermal niche
(Fig. 2). When water temperatures lie outside the
species thermal niche, the species will not occur even
within the most favoured habitat combinations. In
contrast, within the thermal niche, temperature is
unlikely to influence the species distribution, which
instead will be primarily influenced by habitat pref-
erences. At the edges of the thermal niche, an inter-
action between water temperature and habitat pref-
erences is likely, meaning that as temperatures
become less favourable, the species becomes more
and more restricted to the most preferred habitat
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Fig. 1. Proposed modelling framework used to provide quantitative

(t) predictions of how cetacean ranges are likely to respond to temperature

combinations. Consequently, by dividing the niche
characteristics into those that will change with cli-
mate (temperature) and those which are essentially
fixed (habitat), the modelling process becomes sim-
pler to understand and conduct, and therefore more
widely applicable. However, despite this simplicity, it
can still account for the complex interaction between
the temperature niche and the habitat niche occu-
pied by a species.

The final stage of the modelling process consists of
2 validation steps. The first evaluates the ability of
the model to predict the current static spatial distrib-
ution of the species using data collected during the
same time period as that used to build the model.
This ensures that the model accurately captures both

changes over time

the habitat niche and its interaction with the thermal
niche for a single period in time, and therefore repre-
sents a good model of the species current range. The
second step validates the ability of the model to pre-
dict changes in species range over time in response
to previous changes in climate using an independent
dataset that covers a longer time period than that of
the data used to construct the model (Fig. 1, Boxes
11-13). This second validation step specifically
assesses the ability of the model to make predictions
across a period of environmental change and beyond
the period of data collection, rather than simply
reflect the 'static’ distribution of a species, which is
essential if this approach is to be applied to under-
standing how cetacean ranges are likely to change in
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Fig. 2. Thermal niche function for warm water limited spe-
cies. Species occurrence increases with increasing water
temperature from a starting asymptote of 0 (outside of the
thermal niche), until an asymptote is reached at a value of 1
(firmly within the thermal niche). The interaction between
habitat and temperature preferences alters depending on
the location of a species in relation to its thermal niche. As
such, a species may occupy a much wider range of habitats
when close to the core of its thermal niche than when close
to the edge of it, and will not occur in even the most pre-
ferred habitats when the water temperatures lie outside
its thermal niche

response to climate change for conservation and
management purposes.

We demonstrate this approach by using it to inves-
tigate how the range of common dolphin Delphinus
delphis in the Northeast Atlantic is likely to change
in response to future changes in temperature. The
area and species were chosen due to the availability
of data to construct and validate the models, and
because this represents the region where common
dolphins are at the cool water limit of their current
range (Weir et al. 2001, MacLeod et al. 2007). As a
consequence, common dolphin range changes asso-
ciated with changes in climate are most likely to be
detected in region (MacLeod 2009). Indeed, evidence
consistent with temperature-induced range changes
in common dolphin has already been identified in
this area (MacLeod et al. 2005).

MATERIALS AND METHODS
Study area and model construction data

The study area covered the Northeast Atlantic from
northern Spain in the south to Norway and Iceland in
the north (Fig. 3). To construct the required habitat
niche and thermal niche models, sightings data were
obtained from long-term data sets collected between
1980 and 2007 by the Joint Nature Conservation
Committee (JNCC), the Irish Whale and Dolphin
Group (IWDG) and Marinelife. Where species identi-
fication was unclear, sightings were assigned to the
lowest level of taxonomic certainty. Only summer
sightings (June to September) were analysed due to
limited data availability for other seasons and to
avoid the complication of incorporating seasonal
shifts in distribution, such as offshore/onshore move-
ments. In addition, the thermal preference of com-
mon dolphin in this region is much better understood
in summer months than in winter months (e.g.
MacLeod et al. 2007). All sightings were entered into
a GIS created using ESRI Arcview 9.2.

Habitat niche model

The habitat niche model was quantified based on 3
variables: water depth, seabed slope and standard
deviation of seabed slope. These variables were
selected, as they are known to be the most important
variables for determining the topographic habitat
preferences of cetaceans in this region (Kiszka et al.
2007, MacLeod et al. 2007, Weir et al. 2009) and so
are likely to present the greatest constraints on spe-
cies occurrence within their thermal niche. Data on
water depth were obtained from the combination of 2
data sets: DigiBath 250 (British Geological Society),
used only for the coastal waters of western Scotland
due to its complex coastline and seabed topography;
and ETOPO02, used for the remainder of the study
area. Each depth data set was converted to a 2.5 km?
depth grid for the appropriate area. Grids for seabed
slope and standard deviation of slope were derived
from these 2 depth data sets. The resulting DigiBath
and ETOP02 grids were then merged together to
form 3 continuous 2.5 km? grids of depth, slope and
standard deviation of slope covering the whole study
area. Data for these 3 variables were extracted and
linked to each sighting.

Of the wide range of techniques available to model
a species' habitat niche (see Redfern et al. 2006 for a
review of possible approaches), we selected classifi-
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Fig. 3. Distribution of sightings data used to produce the common dolphin Delphinus delphis habitat niche model. (a) Sightings
of other cetacean species, used as absence data points. (b) Common dolphin sightings, used as presence data points

cation trees to model the common dolphin habitat
niche. Classification trees provide a relatively simple
and easily interpretable model that is understand-
able to non-specialists. This is an important consider-
ation when results might need to be understood by
stakeholders and end-users who are not necessarily
familiar with complex habitat modelling techniques.

Following MacLeod et al. (2007), when producing
the classification tree, sightings data for common
dolphin (n = 2718) were used as presence points (i.e.
they represent habitat combinations that common
dolphins are known to utilise), and sightings of other
species (n = 13082) were used as absence points, as
they indicate surveyed combinations of habitat vari-
ables that were sampled during survey effort, but
where common dolphins were not recorded. While
the use of the sighting locations of other species as
absence data points may not reflect all locations
where common dolphins were not recorded, they
provide a measure of the combinations of habitats
where it occurs in comparison to the general
cetacean ‘niche’ occupied in the Northeast Atlantic
(see MacLeod et al. 2007 for further consideration of
this issue). However, using the locations of other spe-
cies as absence data points for common dolphin
could, theoretically, mean that actual habitat prefer-
ences may be misspecified if these locations are not
representative of all available habitat combinations

for the variables included in the model. This is most
likely to occur with relatively small data sets rather
than the sample of ~16000 locations used in this
study, which means almost all available combina-
tions of the 3 variables in the study area are likely to
have been sampled. However, whether this limita-
tion causes a major bias for the final species range
model is directly assessed in the first validation step
below, where the ability of the resulting model to
accurately predict the current spatial distribution is
assessed.

The initial classification tree was pruned using
cross-validation to select a tree size with the smallest
estimated error (see De'ath & Fabricius 2000). This
ensured a reasonably simple tree that incorporated
only the most important relationships between spe-
cies distributions and the variables included in the
model, and which are those most likely to limit a
species distribution within the thermal niche. The
classification tree analysis was conducted using
BRODGAR software (Highland Statistics) linked to R
2.6.0 (R Development Core Team).

The resulting classification tree model of the habi-
tat niche was then applied to the study area as a
whole. This was achieved by assigning a probability
of occurrence, derived from the proportion of pres-
ence cells out of the total number of cells at the termi-
nal nodes of the tree, to each grid cell based on the
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values assigned to the topographic variables therein.
This produced a modelled distribution based on the
habitat niche occupied by common dolphin in the
Northeast Atlantic in terms of the 3 wvariables
included in the model.

Thermal niche model

Gridded monthly sea surface temperature (SST)
data from 1980 to 2007 were obtained from the Met
Office HadiSST dataset at a 1° resolution. The appro-
priate SST data were extracted for all sightings
within the data set based on the location of the sight-
ing and the month and year in which it was recorded.
Next, sightings data were divided into 1°C tempera-
ture categories, and the proportion of common dol-
phin sightings in relation to sightings of all species in
each category was calculated. This provided a prob-
ability distribution of common dolphin occurrence in
relation to water temperature. The probability distri-
bution of common dolphin in each 1°C temperature
class was then re-classified into 3 categories of water
temperatures: where the species does not usually
occur and is therefore outside its thermal niche
(value: 0); where the species occurs but is not com-
mon (0.5); and where the species commonly occurs
(1). These 3 categories equate to the unsuitable, mar-
ginal and core sections of the thermal niche respec-
tively (Fig. 2) and allow a single sigmoidal function to
be easily fitted to represent the differing relationship
between species occurrence and water temperature
in these sections of the thermal niche. Where the pro-
portional occurrence of common dolphin within a
temperature category was >25% of its maximum
proportional occurrence in any temperature cate-
gory, it was re-classified as common and assigned a
value of 1. When this proportional occurrence was
between 5 and 25 %, it was re-classified as uncom-
mon and given a value of 0.5. When the occurrence
was <5%, it was re-classified as rare/absent and
given a value of 0.

In order to ensure sufficient data were available for
us to be confident that the occurrence of a species
within a particular 1°C temperature class is likely to
be an accurate representation of the species distribu-
tion in relation to water temperature, the species rar-
ity needs to be accounted for. This was achieved by
calculating the proportion of all sightings that were
common dolphin and using this as the minimum
number of cetacean records required to assign a high
probability that the species would be recorded if pre-
sent in a particular temperature class. In the case of

common dolphin, 1 in 6 of all sightings in the whole
dataset belonged to this species. Therefore, only
those temperature categories containing >6 sightings
were used to calculate the thermal niche model for
this species.

Next, the common dolphin was assigned to one of
the 4 possible climate-change response groupings
proposed by MacLeod (2009) based on its known dis-
tribution in relation to water temperatures within the
study area (as determined from current literature).
The sigmoidal thermal niche function can then be
estimated by fitting a specific equation (relevant to
the appropriate climate-change response grouping)
to the re-classified probability distribution of occur-
rence in relation to water temperature using an itera-
tive process to find the best fit. As common dolphins
within the study area are likely to be WWL (Rice
1998, Kaschner 2004, MacLeod 2009), the following
function was used to define the thermal niche:

1
TN =0+ T2 100" 1)

The values for this function in relation to common
dolphin were derived by randomly assigning values
between the minimum and maximum possible values
for slope (s: between 0 and 1) and central point
(c: between -2 and 50°C) of the positive sigmoidal
thermal niche function, and calculating the sum of
squares of differences between the predicted occur-
rence value for each temperature category (1) and
the actual occurrence value. This was repeated
>20000 times to obtain the best fit (on a least sum of
squares basis) between the equation describing the
thermal niche and the actual occurrence of common
dolphin in relation to water temperature. By intro-
ducing these best fit-derived values for s and c into
the above formula, the resulting quantified function
can be used to calculate the likelihood of occurrence
for common dolphin based on water temperature at
any given time and location (7N). This likelihood of
occurrence ranges from 0 (unsuitable water tempera-
tures that are outside the species thermal niche) to 1
(core water temperatures at the centre of the thermal
niche), with a slope between these 2 asymptotes
(marginal water temperatures at the edge of the spe-
cies thermal niche).

Predicting species range under specific climatic
conditions

In order to predict the species range under specific
climatic conditions, information on temperature (T)
for each grid cell in the area covered by the habitat



Lambert et al.: Cetacean ranges, climate change and conservation 211

model is required for a specific time period of inter-
est. This is achieved by creating a temperature grid
with the same resolution and extent as the habitat
niche model output for a specific time period. The
thermal niche model output is then applied to this
temperature grid to produce a cell-specific thermal
niche weighting value between 0 and 1. The habitat
model is then multiplied by the thermal niche
weighting to estimate the likelihood of occurrence
within each cell based on both the habitat niche
model and the thermal niche model. Where the ther-
mal niche weighting value is 1, the likelihood of
occurrence is defined solely by habitat preferences;
with a value of 0, it is defined solely by the tempera-
ture preferences. Between these 2 values, the likeli-
hood of occurrence is defined by an interaction
between habitat and temperature preferences, with
occurrence contracting towards the core of the habi-
tat niche as the temperature weighting value
decreases (see Fig. 2). Finally, the predicted occur-
rence was re-scaled on a scale of 0 to 1 to create a
habitat suitability index where 1 indicated the most
suitable habitat within the region and zero the least
suitable habitat. This was done by dividing the value
in each cell by the maximum predicted likelihood of
occurrence for a specific model prediction.

For common dolphin in the Northeast Atlantic,
decadal predictions of summer range between 1930
and 2008 were created using SST data extracted
from the HadiSST dataset. The average summer
decadal SST was calculated for each 1° grid cell and
rescaled to a resolution of 2.5 km? The thermal niche
model was then applied to each decadal SST grid,
and the habitat niche model was multiplied by each
in turn, to estimate the likelihood of each grid cell
falling within the species thermal and habitat niche,
and therefore within the species range, for each spe-
cific decade.

Model validation

The ability of the model to predict the current static
range of the species was evaluated by comparing it to
the known current distribution of the species. In rela-
tion to common dolphin in the Northeast Atlantic, the
distribution of common dolphins from the JNCC
Cetacean Distribution Atlas (Reid et al. 2003) was
used to represent an independent source of informa-
tion on the current distribution of the species, as this
represents the most comprehensive analysis of ceta-
cean species distribution in this region (data avail-
able at http://jncc.defra.gov.uk/page-2713). There

was a degree of overlap between the model-building
data used in this study and the JNCC Atlas dataset,
although the effect of this on model validation output
is considered minimal. This is because, while JNCC
data was also used to build the combined envelope
model, this constituted only 18 % of all common dol-
phin sightings and <1 % of all model building data. In
addition, only 21.5% of total sightings contained
within the Atlas dataset for UK waters were JNCC
data, with ~78.5% of sightings derived from 2 other
sources (UK Mammal Society Cetacean Group/Sea
Watch Foundation and the Sea Mammal Research
Unit), which were not included in the model building
data set.

These data were compared to the predicted range
of common dolphin from the combined thermal and
habitat niche models based on the average summer
water temperatures between 2000 and 2008. Data

Fig. 4. ICES % grid rectangles (0.25° latitude x 0.5° longi-
tude) for Atlas surveyed areas (Reid et al. 2003): common
dolphin Delphinus delphis was recorded as absent (blue) or
as present (red). Validation of current modelled range tested
the difference in mean modelled occurrence (based on
2000-2008 water temperatures) between ICES present and
absent grid rectangles. Black outlined area: geographic re-
gion used to validate the models' ability to predict changes
in range over time with changing water temperatures
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from both the Atlas dataset and the modelled predic-
tion were extracted for each ICES ' grid rectangle
(0.25° latitude x 0.5° longitude) surveyed by the Atlas
data (Fig. 4). As the modelling process in this study is
primarily aimed at predicting the range of the species
under different climatic conditions, and not the den-
sity of the species occurrence within the range, ICES
Y4 grid rectangles where common dolphins were
recorded in the Atlas dataset were classified as pre-
sent, while those which had at least some survey
effort in them, but where common dolphins were not
recorded, were classified as absence. These were
then compared to the predicted occurrence in each
ICES Y4 grid cell using the predicted occurrence as an
independent variable and presence or absence from
the Atlas dataset as the dependent variable within a
GAM with a binomial distribution and logistic link
function, conducted in BRODGAR software linked to
R 2.6.0. A significant positive relationship between
the predicted occurrence and the presence of com-
mon dolphin within each ICES 4 grid cell would
indicate a validated model of the current static range
of common dolphin. In addition, as the species range
was the most important element of the species distri-
bution to be validated, it was deemed more impor-
tant to achieve a low number of false negatives (i.e.
predicting a species is absent when it is actually pre-
sent) than a low number of false positives (i.e. pre-
dicting a species as present when it is actually
absent). Thus, it was deemed more appropriate for
the purposes of this study to have a model that over-
predicted species occurrence within the range rather
than under-predicted the range itself. This is because
there are likely to be additional factors that influence
a species distribution within its range that are not
included in this range model (potentially resulting in
over-prediction in the current model).

The second validation step specifically tested the
ability of the model to predict changes in the species
range over time in response to changes in water tem-
perature. Here, it is only in regions where species
range is predicted to change over time that the ability
of the model to predict changes in species range in
response to changes in climate can be fully tested.
Therefore, the spatial area with the greatest pre-
dicted change in range over time needed to be iden-
tified, and changes in occurrence of the species
within this region from an independent data set need
to be compared to the model's predictions. For this
study, the area with the greatest predicted change
between 1930 and 2008 was identified as the North
Sea, based on a comparison of the model predictions
for each decade (Fig. 4). This is consistent with this

area representing the cool water edge of common
dolphin distribution in the Northeast Atlantic (Reid et
al. 2003, MacLeod et al. 2007).

Obtaining an independent data set for a time
period beyond that which was used to create a model
is extremely difficult for cetaceans, given that the
collection of sea-based survey data did not start in
earnest until the late 1970s. However, in the UK
(which constitutes the eastern boundary of the North
Sea), systematic stranding records are available
going back as far as 1913 (e.g. Fraser 1974, Sheldrick
1989). While stranding records have a number of
potential limitations, such as the influence of oceano-
graphic features on the timing and location of a
stranding, when investigated, it has been found that
there is high fidelity between sighting and stranding
data in relation to the distribution, composition and
abundance of cetaceans for the same region (Maldini
et al. 2005, Pyenson 2011). In addition, stranding data
are commonly used to establish the presence of a
species within a specific region, and therefore help
determine a species range (e.g. MacLeod et al. 2004,
Norman et al. 2004, Jefferson et al. 2009). Further,
given a sufficiently comprehensive stranding report-
ing scheme, such as that in the UK, changes in spe-
cies occurrence within the stranding record over time
are likely to reflect changes in the species spatial dis-
tribution at sea (e.g. MacLeod et al. 2005, Pyenson
2011). Therefore, UK stranding data provided a suit-
able long-term independent data set of likely pres-
ence or absence of common dolphin within the
British North Sea and enabled us to evaluate the
model's predictive ability over a 76 yr period, which
is substantially longer than the period of data collec-
tion for the data used to build the model.

To use these data to validate the ability of the model
to predict changes in the range of common dolphin
over time, we firstly calculated the average number of
years per decade in which common dolphins were
recorded in the British North Sea stranding record
between 1930 and 2006. This provided a measure of
how frequently common dolphins were present in the
North Sea each decade, and limits the influence of re-
porting effort compared to a measure based on total
stranding numbers. We then calculated the average
predicted occurrence of common dolphins for all grid
cells in the North Sea validation area (Fig. 4) for the
same decade-long time-periods, as this provided a re-
gion-wide measure of how the species range in the
North Sea is predicted to change over time. An aver-
age value could be used in this way as it is only the
temperature value that is changing over time and not
the underlying habitat. Therefore, a change in the av-
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erage predicted occurrence would indicate a
response to changes in water temperature in this re-
gion. Specifically, an increasing value between suc-
cessive decades would indicate an expansion into
otherwise suitable habitat areas within the North Sea
region, while a decreasing value would indicate a
contraction in the species range out of such habitat
areas within the North Sea region.

The predicted occurrence within the North Sea
region in each decade was compared to the average
number of years in which common dolphins were
recorded stranded on British North Sea coasts using
a Pearson correlation conducted in SPSS software
(version 17.0). A positive correlation between mod-
elled predicted occurrence and common dolphin
presence in the stranding record over the same
decades for the North Sea validation area would in-
dicate that the model is successful at predicting
changes in the range of common dolphin in response
to changes in water temperature over time.

Predicting future occurrence of common dolphin
under the projected efiects of climate change

Once the predictive ability of the combined habi-
tat niche and thermal niche model has been

Yes No
Is depth = -67.5?

1

\

12.4% (4812) Yes Is depth > —2498? ]N—O

2

v

assessed (and assuming its predictive ability has
been validated), the model can then be used to pre-
dict how the distribution of a species is likely to
change under future changes in climate. For com-
mon dolphin in the Northeast Atlantic, future pre-
dicted distributions were made using projections of
SST from the HadCM3 climate model (Johns et al.
2003) using the combined habitat and thermal niche
model. For these predictions, we used average pro-
jected SST data for summer months following the
A1b emission scenario (Naki¢enovic et al. 2000) for
each decade between 2010 and 2069.

RESULTS
Habitat niche model

Of the 3 topographic habitat variables included in
the analysis, the classification tree identified water
depth as the most important variable defining com-
mon dolphin occurrence in the Northeast Atlantic,
followed by standard deviation of slope (Fig. 5). The
habitat niche map constructed from this classification
tree (Fig. 6a) shows common dolphin occurrence to
be highest over the continental shelf and shelf edge
in water depths between 67.5 and 2498 m, and where

15.3% (3848)

Yes
Is slope SD =
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26.4% (4334)

No
0.720?
y
Yes No
Is depth > -491.4?
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29.8% (939) Yes No
Is slope SD = 1.2067?

Fig. 5. Classification tree of common dolphin
Delphinus delphis habitat preferences in the
Northeast Atlantic. Each tree branch split is

5

accompanied by a terminal node (in bold). For Yes No 21% (57)

each terminal node, the estimated likelihood (%)
of occurrence for common dolphin based on the
presence and absence data points that fall within
that specific habitat classification is provided;
total number of data points are in brackets 31.7% (63)

Is slope SD = 1.377?

6

33.9% (65)
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the standard deviation of slope ranges between
0.7230 and 1.377. This is consistent with previous
studies of common dolphin habitat preferences in
this region (e.g. MacLeod et al. 2007). The habitat
model also predicts extensive occurrence of common
dolphin from the north of the UK to the Norwegian
Sea (Fig. 6a), an area where this species is rarely
recorded in summer months (Reid et al. 2003,
MacLeod et al. 2007).

Thermal niche model

The fitted thermal niche model with the lowest sum
of squares had values of 0.58 and 11.48 for slope (s)
and central point (c) respectively. The modelled
threshold between unsuitable and marginal temper-
ature was ~8°C, while the threshold between mar-
ginal and core temperature was ~14°C (Fig. 7). This
corresponds with the known summer temperature
preferences of this species around the UK and Ire-
land (e.g. MacLeod et al. 2007). When this thermal
niche model is combined with the habitat niche
model, the resulting predicted range is more in keep-
ing with the known range of common dolphin in the
Northeast Atlantic than the prediction of the habitat
niche model alone (Fig. 6b).

10°W 0°

Model validation

In terms of the ability to predict the current static
range of common dolphin, there was a positive, non-
linear relationship between log modelled occurrence
of common dolphin between 2000 and 2008 and the
presence—absence of common dolphin in the Atlas
data (smoother: p < 0.001, dfestimatea = 2.71, deviance
explained = 13.6 %, n = 2267; Fig. 8a). Although the
deviance explained was relatively low at 13.6 %, this
is likely due to poorer ability of the model to explain
within-range distribution, rather than to model the
range size itself. Of greater importance, common dol-
phins were not recorded in any ICES % grid cells
where the model predicted the lowest likelihood of
occurrence, while actual occurrence was highest in
areas where modelled likelihood of occurrence was
highest (Fig. 8b). However, this indicates that while
the current range of the species has been accurately
captured by this model, the distribution within the
range is likely to be substantially smaller than that
estimated by the model in terms of occupied areas.
Specifically, this suggests that common dolphin may
only occur in ~1/3 of the cells identified as suitable
from this model. As noted above, this is not unex-
pected given that the aim of the bioclimatic envelope
model is to predict the geographic range of a species

b 20°W 10° 0° 10°E
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Fig. 6. Predicted occurrence of common dolphin Dolphinus delphis using (a) the habitat model alone and (b) the combined

habitat and thermal niche models for 2000-2008. White shading: unsuitable habitat, with a low (<0.25) predicted likelihood of

occurrence; pink shading: marginal habitat with a predicted likelihood of occurrence of 0.25-0.30; dark red shading: core
habitat with a high (>0.30) predicted likelihood of occurrence
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Fig. 7. The best-fitting thermal niche function (using the
warm water limited group base-function) for the common
dolphin Dolphinus delphis in the Northeast Atlantic, where
slope (s) = 0.58 and central point (c) = 11.48. Circles: re-
classified common dolphin occurrence in relation to water
temperature, where 0 = unsuitable temperatures, 0.5 =
marginal temperatures and 1 = core temperatures

in relation to water temperature (while controlling for
the effect of topography on spatial distribution),
rather than to model the distribution of a species
within its range. This means that while the model
does not as accurately predict the presence of a
species within its range, it accurately predicts where
common dolphin is absent, and hence provides a

good representation of common dolphin geographic
range itself between 2000 and 2008.

Predictions of common dolphin range in each
decade from 1930-1939 to 2000-2008 show marked
differences, particularly in the North Sea (Fig. 9).
This predicted range was most limited in the period
1960-1969, which was the decade when the lowest
average SST was recorded (Figs. 9 & 10). In compar-
ison, the prediction for 1940-1949 showed a more
northern range extent, while the period of 2000-2008
showed the greatest range extent of all the years
modelled.

In terms of validating the model's ability to predict
changes in range over time in response to changes in
water temperature, there was a strong and signifi-
cant positive correlation between predicted common
dolphin occurrence in the North Sea region as a
whole and the occurrence of common dolphin strand-
ings within the stranding record (r = 0.731, n = 8
decades, p = 0.039, Fig. 10). Indeed, the R? value indi-
cates that 53 % of the variation in the strandings was
matched by similar variation in predicted occurrence
in the North Sea region across this time period. Over-
all, this presents a clear indication that the model of
common dolphin occurrence constructed from sight-
ing data collected between 1980 and 2007 accurately
reflects actual changes in range in response to
changes in water temperature over a longer time
period. The validation process, therefore, provides
some confidence in the ability of this particular
model to predict the likely responses to local climate
changes rather than just reflecting a static distribu-
tion in relation to current climatic conditions.
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Fig. 8. (a) Generalised additive model for predicted modelled occurrence of common dolphin Dolphinus delphis (p > 0.001,
deviance explained = 13.6 %, n = 2267); (b) Plot of modelled likelihood of occurrence against the actual occupancy derived
from the Atlas data (Reid et al. 2003) for ICES ¥ grid cells
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Fig. 9. Predicted range of common dolphin Dolphinus delphis from the combined thermal and habitat model for (a) 1940-1949,
(b) 1960-1969 and (c) 2000-2008. Habitats: white = unsuitable, pink = marginal, dark red = core. See Fig. 6 for details of colors

Future predicted range of common dolphin in the
NE Atlantic

Based on the above validated model and projected
SST data for the periods 2020-2029, 2040-2049 and
2060-2069, the range of common dolphin is pre-
dicted to expand progressively northwards as water
temperatures increase over time (Fig. 11). In particu-
lar, the model predicts that the area of otherwise suit-
able habitat to the north of the UK, which is currently
unoccupied by common dolphins, is likely to become
occupied as temperatures increase and, as a result,
start to fall within the species thermal niche.

DISCUSSION

Based on the framework provided by MacLeod
(2009), we have developed a relatively simple and
widely applicable bioclimatic envelope modelling
approach that captures the interaction between the
habitat and thermal niche occupied by a cetacean
species, and which can be used to predict how a spe-
cies geographic range is likely to change under dif-
ferent climatic conditions. In particular, our analysis
supports the hypothesis that water temperature is a
limiting factor in the geographic range of certain
cetacean species (MacLeod 2009, Salvadeo et al.
2010, Kaschner et al. 2011). Consequently, with cli-
mate change expected to have significant impacts on
the world oceans in the short to medium term (IPCC
2007), we expect the geographic range of certain

cetacean species to shift alongside future changes in
temperature.

Robust projections of future species ranges require
that predictive ability of models are suitably evalu-
ated, preferably using independent datasets (Aratjo
et al. 2005). Typically, bioclimatic model evaluation
focuses on the ability of a model to reflect the current
distribution of a species. However, confidence in pre-
dicting the response of species distributions to novel
climates is considerably enhanced where it is possi-
ble to evaluate the predictive accuracy of the model
against historic changes in a species range alongside
documented changes in climatic variables, such as
temperature (Aradjo et al. 2005, Martinez-Meyer
2005, Willis et al. 2009). Thus, model validation be-
yond the time period of data used for its construction
is an essential step if predictions from the model are
to be used for conservation and management pur-
poses. Here, not only were we able to validate the
models' ability to predict current range limits but,
importantly, the availability of long-term stranding
records in the UK also enabled evaluation of the
models’ ability to predict how these range limits have
altered as the environment changed over a 76 yr
period (in comparison to the 28 yr of data collected to
construct the model). Specifically, water tempera-
tures in the North Sea have varied across 3 distinct
phases since 1930, with 2 periods of higher tempera-
tures (1930-1949 and 1980-present) separated by a
period of low temperatures (1950-1979). By using the
long-term strandings dataset, we could investigate
the extent of agreement between observed and pre-
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Fig. 10. (a) Average summer sea surface temperature (SST) for the North Sea
across the years modelled for validation; (b) trend in modelled occurrence of
common dolphin Delphinus delphis on the North Sea as a whole (®) and
historic stranding data (@) from 1930-2006; (c) correlation between mod-
elled occurrence in the North Sea as a whole and average decadal stranding

occurrence (R*=0.53, p = 0.039)

dicted range changes over this period of large-scale
variations in temperature.

While the increase in the number of common dol-
phins recorded stranded on British North Sea coasts
in the 1990s and 2000s could, in part, be due to an
increase in reporting effort since 1990, we argue that
this would have had little effect on the overall rela-

changes in the occurrence of common
dolphin in the British North Sea
stranding record do, indeed, reflect
changes in species range over time.
To date, there has been little re-
search addressing the conservation
implications of changes in the ranges of cetacean
species over time. Yet, until we have a greater under-
standing of how cetacean species ranges may shift in
response to climate change, developing specific mit-
igation strategies to counter potentially negative
impacts is extremely difficult (UNEP/CMS 2006, IWC
2009). The modelling approach presented here rep-
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Fig. 11. Predicted future range of common dolphin Dolphinus delphis based on projected Alb Scenario (Na¢enovic et al. 2009)
sea surface temperature data for years (a) 2020-2029,(b) 2040-2049 and (c) 2060-2069. Habitats: white = unsuitable, pink =
marginal, dark red = core. See Fig. 6 for details of colors

resents a first step towards achieving the required
level of understanding of this potential effect of cli-
mate change on cetaceans. For example, by applying
this modelling approach to the common dolphin in
the Northeast Atlantic, we can predict that, if temper-
ature change follows the Alb medium emission sce-
nario (Nacenovic¢ et al. 2009), the geographic range
of common dolphin is likely to progressively expand
further northwards between the 2010s and the 2060s,
from northern UK shelf waters, to Faroese waters and
eventually the Norwegian Sea (Fig. 9). In addition,
this demonstrates that while assessments of climate
change impacts often concentrate on the negative
implications for cetacean species (Learmonth et al.
2006, Simmonds & Isaac 2007), it is also important to
recognise that not all species will necessarily be neg-
atively affected by climate change. For example, the
common dolphin, a warm water limited species that
occupies both oceanic and shelf waters, is predicted
to benefit from an expanded distribution in the
Northeast Atlantic.

While the model presented here predicts a north-
ward range expansion of common dolphin in the
Northeast Atlantic under climate change, evidence
potentially exists that the actual outcome may,
instead, be a northwards range shift. Specifically,
while the common dolphin in this region was classi-
fied as a WWL species, the re-classified values of
common dolphin distribution in relation to water
temperatures showed potential evidence of a reduc-
tion in relative common dolphin occurrence in waters

>21°C (see Fig. 6). This could indicate that the com-
mon dolphin in the Northeast Atlantic is actually a
CWWL species, and does not occur in the warmest
waters. This has also been suggested for common
dolphins in the western Atlantic (Jefferson et al.
2009). However, further investigation of this issue
was not possible in this study as the range of water
temperatures sampled was not sufficient to deter-
mine the most appropriate form for the thermal niche
function in the warmest water temperatures found in
the Northeast Atlantic. Therefore, for this study, the
common dolphin was classified as a WWL species
based on the best currently available information
(Evans 1994, Rice 1998, Kaschner 2004).

However, the possibility that common dolphins in
the Northeast Atlantic area may not occur in the
warmest waters should be borne in mind when inter-
preting the results of these models. Specifically, the
predicted future ranges are potentially more accu-
rate for the northern portion of the study area, where
the range is predicted to expand, and may require
modification at the southern end of this study area. In
addition, this highlights that, while the modelling
process developed here may be applicable to a wide
variety of cetaceans, and indeed other marine spe-
cies, the specific model developed for the common
dolphin should not be extrapolated to other regions
of the world without repeating the model validation
steps specified above to ensure it is valid to do so.

One potential limitation of the proposed modelling
approach is that it does not account for how biotic



Lambert et al.: Cetacean ranges, climate change and conservation 219

interactions may change with changing environmen-
tal conditions, which could alter the potential for spe-
cies to inhabit an otherwise suitable habitat (Davis et
al. 1998, Pearson & Dawson 2003). Except for barriers
related to seabed topography, we have assumed uni-
versal dispersal capabilities, and that the tolerance
range of species will remain the same over time (i.e.
niche conservatism; see Pearson & Dawson 2003 for a
detailed review of these limitations).

Bearing in mind these possible limitations, the
approach presented here nevertheless provides a
first step towards being able to model the impacts of
climate change on cetacean species ranges, and the
validation process demonstrates that even with the
relatively simplistic approach developed here, a
large amount of the variation in species range result-
ing from climate change can be captured by such a
model. Further development of this modelling
approach could overcome the above-mentioned limi-
tations by incorporating into the modelling process
the functional mechanisms that drive the link
between water temperature and cetacean occur-
rence. This, in turn, may improve accuracy of simu-
lated distributions under scenarios of climate change
(Guisan & Zimmermann 2000, Hijmans & Graham
2006, Kearney & Porter 2009). At present, the func-
tional mechanisms that link cetacean distribution to
water temperature are unclear. Three hypotheses
have, so far, been proposed: (1) There is a direct rela-
tionship between a species' thermal limits and water
temperature, driven by the physiology of the species
(MacLeod 2009); (2) There is an indirect relationship,
as defined by the effects of water temperature on
prey distribution (Learmonth et al. 2006); (3) The
relationship is defined by the effect of temperature
on the outcome of competitive interactions (MacLeod
et al. 2007). It is not known which, if any, of these
hypotheses are correct, or indeed whether they are
mutually exclusive. Until these mechanisms are bet-
ter understood, incorporating functional mechanisms
into the ecological modelling approach present here
will remain difficult and at best speculative.

In general, bioclimatic envelope models are con-
sidered a useful and appropriate starting point for
estimating climate change impacts on species
ranges and sites of conservation importance (Dock-
erty et al. 2003, Pearson & Dawson 2003, Martinez-
Meyer 2005). The ability to predict the response of
cetacean ranges to future water temperature
changes is, therefore, important for progressing
beyond static and typically reactive conservation
management approaches towards more dynamic
and adaptive ones, which can better account for

changes in species ranges as a result of climate
change. In this way, scenarios of changes in
species ranges can be an important component to
exploring how individual species, or overall bio-
diversity, could be redistributed at specific points
in the future in relation to management boundaries
or areas of high vulnerability (e.g. Téllez-Valdés &
Davila-Aranda 2003, Hannah et al. 2007, Kaschner
et al. 2011). For example, we predict that by the
2020s common dolphin range will expand beyond
the boundaries currently set in place under the
Agreement on the Conservation of Small Cetaceans
of the Baltic and the North Seas (ASCOBANS). As
such, mitigation measures to prevent bycatch, the
largest threat facing common dolphins in this
region (Reeves et al. 2003, DEFRA 2009), may
need to be introduced outside the current ‘Agree-
ment’ and ‘'Extended Agreement’ ASCOBANS
boundaries as common dolphin range expands.
Therefore, even given the relatively simplistic
approach applied to our case study, the validation
procedure suggests that the combined habitat
niche and thermal niche model has an ability to
make an initial quantitative assessment of where
and when individual species ranges, such as that
of the common dolphin, will shift with changes in
climate, and therefore provide important informa-
tion for conservation and management purposes.
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Appendix 1. Temperature response curves and associated algorithms that represent the qualitative categories proposed by
MacLeod (2009). Thermal niche function calculators to derive the slope and central point for each of these curves are available
at www.GISinEcology.com/useful_tools.htm
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