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Abstract: Understanding which traits make species vulnerable to climatic change and predicting
future distributions permits conservation efforts to be focused on the most vulnerable species
and the most appropriate sites. Here, we combine climate envelope models with predicted
bioclimatic data from two emission scenarios leading up to 2100, to predict European
breeding distributions of 23 seabird species that currently breed in the British Isles. Assuming
unlimited dispersal, some species would be “winners” (increase the size of their range), but
over 65% would lose range, some by up to 80%. These “losers” have a high vulnerability to
low prey availability, and a northerly distribution meaning they would lack space to move
into. Under the worst-case scenario of no dispersal, species are predicted to lose between
25% and 100% of their range, so dispersal ability is a key constraint on future range sizes.
More globally, the results indicate, based on foraging ecology, which seabird species are
likely to be most affected by climatic change. Neither of the emissions scenarios used in this
study is extreme, yet they generate very different predictions for some species, illustrating
that even small decreases in emissions could yield large benefits for conservation.
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1. Introduction

A key impact of climatic change is on species’ distributions [1-5]. It is imperative that changes in
distribution can be predicted to ensure that expensive conservation efforts are concentrated in
appropriate areas [6—11]. Climate envelope models (CEMs) have been used to predict future European
distributions, and in some cases extinction probabilities, of a variety of taxa [12—-14]. Using this
technique, Thomas et al. [15] predicted that 15%—37% of >1000 plant and animal species would be
“committed to extinction” by 2050 due to climatic change. However, impacts are likely to differ between
species; Hill et al. [16] predicted a mean range size decline of 65% for northern British butterfly species
by 2100, but only a decline of 24% for southern species, presumably due to a lack of space available for
northern species to move into. The validity of predictions based on CEMs is subject to a number of
caveats and uncertainties [17-22]. These include the assumption of a species distribution being at
equilibrium with its environment, extrapolation to non-analog climates (novel combinations of climatic
conditions) and the failure of most CEM forecasts to take account of dispersal ability, adaptation
capacity, potential novel biotic interactions, or population dynamics. As CEMs also do not account for
impacts of climatic change on habitat availability, predictions concern potential broad-scale geographical
ranges rather than fine-scale distributions. Even such broad-scale distributions may be impacted by biotic
interactions [23,24], particularly food availability [25]; thus any climatic variables which are a proxy for
resources should be incorporated. Aratjo et al. [13] illustrated the importance of dispersal ability,
predicting that by 2050 climatic change will result in a large proportion of amphibian and reptile species
increasing their range size in Europe if dispersal is unlimited, but if dispersal is not possible the range
size of most species would be reduced. The distributions of mobile species such as birds are expected to
be able to track climatic change [26,27]. However, this may not be the case for species which are site
faithful. For example, many seabird species are faithful to breeding colonies and even individual ledges,
once they have recruited into the breeding population [28,29], although relatively poor local breeding
success can result in emigration [30]. For many species, rapid changes in distribution will depend on
recruitment of new breeders into non-natal colonies. Seabirds have delayed recruitment and some species
spend the first few years of their life at sea, visiting various colonies before recruiting into the breeding
population. Although recruitment can be related to the breeding success in prospective colonies [30,31],
the formation of new colonies is often a protracted process [32], which may slow changes in distribution
and affect the ability of some species to keep pace with climatic change. Hence it is important to examine
predicted changes in species’ distributions under conditions of both no and unlimited dispersal, thus
providing worst- and best-case scenarios of future distributions [7,15]. This allows conservation efforts,
including protection and even habitat creation, to be focused at key current and potential future sites.

The British Isles are of international importance for seabirds, supporting >50% of the world
population of several species [33,34]. Climatic variation has been shown to have a discernable effect on
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various aspects of seabird populations including breeding and migration phenology [35,36], breeding
success [37] and population size. A recent study, using CEMs which incorporated bioclimatic variables
such as winter/spring sea surface temperature (SST), demonstrated that seabird population sizes
(18 species) in the British Isles are affected by climatic variation [38], particularly populations of species
which are vulnerable to low marine prey availability [39]. Winter/spring SST is negatively associated
with prey availability [40], and small seabird species with a narrow diet, short foraging range, restricted
diving ability, high cost of foraging and little “spare time” in their energy budget are likely to be
particularly vulnerable to low marine prey availability [39] and thus to changes in SST. In addition,
Russell et al. [38] showed that the species whose distributions and population sizes were most sensitive
to climatic variation had shown the least favourable population change between 1985 and 2010, a period
when overall climatic suitability declined for all species considered. The results of that study provide
support for the use of CEMs to examine the effects of climatic change on seabirds. Here we extend the
CEMs generated in Russell e al. [38] to a further five species (because we are not constrained by the
availability of population data) to investigate how European distributions of seabird species which breed
in the British Isles (23 species) are predicted to change by 2100. We do this by considering multiple
scenarios: no and unlimited dispersal, and two different climate change scenarios. We also consider three
General Circulation Models (GCMs) for both climatic scenarios to incorporate inter-model variability
in predictions. In light of the relationships found in Russell ez al. [38], we test the hypotheses that species
which are predicted to have smaller range sizes (number of occupied grid cells) relative to their simulated
ranges in 1985, i.e., “losers”, will be those whose foraging ecology makes them vulnerable to reduced
marine prey availability (Hypothesis 1) and those with more northerly distributions as they may lack
space to move into (Hypothesis ii).

2. Experimental Section

The bioclimatic variables used to fit the CEMs and to predict future distributions were mean
temperature of the warmest month (MTWM), winter/spring sea surface temperature (SST) and rainfall
during the breeding season (RAIN) which, separately, have been shown to affect seabird breeding
success at individual colonies [37,41—43] and in combination have been shown to be related to seabird
population sizes and distribution in the British Isles and Europe, respectively [38]. Climatic data from
the period 1976 to 1985 (inclusive) were used to fit climate response surface models [12], a type of
CEM, to European seabird breeding distribution (presence/absence) data. These distribution data were
collected mainly between 1985 and 1988 and provided by the European Bird Census Council on a
~50 km resolution [44]. Because seabirds are long lived, generally site-faithful species with delayed
recruitment, their distributions are likely driven by the climate over multiple preceding years. We only
considered climatic data up to 1985 on the basis that anomalous climate between 1986 and 1988 could
have had a considerable influence on the mean climate even though it could not have affected the
observed distribution in 1985, and likely had little effect on distributions between 1986—1988. We
restricted the seabird distribution to coastal cells resulting in a maximum prevalence (number of occupied
cells) of 1073. Area under the curve (AUC) of ROC plots (model goodness-of-fit) was calculated for each
species by separating the dataset into a training and test datasets comprising 70% and 30% of the grid
cells, respectively. The grid cells in the training and test datasets were chosen at random except that the



Diversity 2015, 7 345

same proportions of presences, absences and missing records in the original data were maintained. Models
were generated using 70% of the data (training cells) and used to predict probability of occurrence for
test cells (30% of grid squares). See Russell ef al. [38] for more details on model fitting.

The fitted CEMs were used to predict future seabird distributions in 2100 under different greenhouse
gas emissions scenarios, which we retained in preference to the more-recently developed representative
concentration pathways, which are consistent with a wide range of possible changes in future anthropogenic
emissions but do not explicitly consider different socio-economic drivers [45]. For each GCM, we chose
emission scenarios (Alb and A2) from the two emission families which assume the future focus will be
on economic growth rather than on environmental protection. A1 assumes rapid economic growth with
scenario Alb assuming a reliance on multiple energy sources, whereas A2 assumes slower and more
fragmented economic growth and technological development than under the A1 scenarios, resulting in
higher greenhouse gas emissions [46]. To increase the robustness of our results [47], we used predicted
values of the bioclimatic variables from three of the nine leading general circulation models (GCMs).
The three GCMs chosen represent the three potential levels of increase in global precipitation predicted
by GCMs: low, mean and high, and thus span the uncertainty associated with this variable. Data from
the three GCMs were downloaded from the Climate and Environmental Retrieving and Archiving
(CERA) website: Global Environmental Model (mean precipitation increase), version 1 (HadGEM1)
developed by the Hadley Centre for Climate Prediction and Research [48,49]; ECHAMS/MPI-OM (low
precipitation increase; hereafter ECHAM) developed at the Max Planck Institute for Meteorology [50,51];
and GFDL GM 2.1 (high precipitation increase; hereafter GFDL) developed by the National Oceanic
and Atmospheric Administration (NOAA), USA [52,53]. To predict distributions of seabirds in 2100,
we used 30-year means of predicted climatic variables for the period 2071 to 2100. To preserve observed
spatial patterns in climatic variation whilst minimizing bias in the models, model anomalies were
generated and added to observed climatic data (1961-1990) to produce future climatic data. Model
anomalies were the differences between the predicted climates of 1971 to 1990 and of the 30 years
leading up to 2100. A spline surface was fitted for each model to describe the spatial variation in these
anomalies and to permit interpolation of anomalies to the centre point of each of the 833 ~50 km x 50 km
coastal grid cells included in the analysis (see following paragraph). The original resolutions for HadGEMI1,
GFDL and ECHAM climatic data were 1.875° x 1.25°, 2.5° x 2.0° and 1.5° x 1.5°, respectively.

A total of 1073 ~50 km % 50 km grid cells was used in the CEMs which were calibrated using climatic
data from 1976 to 1985 inclusive [38]. For this study 240 of these cells were excluded because sea ice
was recorded in these cells in winter/spring during 1971 to 1990. To fit the CEMs, sea ice was converted
to —2 °C, which is the approximate freezing temperature of sea water in the North Atlantic. However,
the actual temperature of sea ice can be much lower than —2 °C and thus in generating climatic data by
combining climatic anomalies and observed data, future sea surface temperatures could not be predicted
for these grid cells. This resulted in a coastal grid of 833 ~50 km x 50 km cells with a maximum latitude
of 74.4°. This means that Svalbard and Franz Josef Land were excluded from the future predictions
(Figure 1a,b) although they were included when fitting the climate envelope models (Figure 1c). Running
future bioclimatic data within the climate envelope models, a climatic suitability value was produced in
each grid cell for each species, emissions scenario and GCM. Following Huntley et al. [12], the kappa
threshold values, chosen to maximise the agreement between observed and simulated distribution in
1985, were used to categorise predicted climatic suitability values of grid cells into “climatically
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suitable” or “unsuitable”, for each species. Predicted distributions in 2100 were then compared with the
simulated distributions in 1985 rather than the observed distributions in 1985 [54] to allow more
meaningful comparisons to be made, recognizing that species’ distributions may be constrained by
factors other than climate. To allow quantitative comparison between recent distributions and predicted
future distributions, only the 833 grid cells available for the future predictions were considered in the
simulated distributions in 1985.

We considered two separate indicators of changes in species’ range sizes between the modelled
distributions in 1985 and 2100 [54]: (i) the size of the predicted range in 2100 as a proportion of the
simulated range size in 1985 (termed R); and; (ii) the overlap between the simulated distribution in 1985
and the predicted distribution in 2100 as a proportion of the simulated range size in 1985 (termed O).
R assumes unlimited dispersal whereas O assumes no dispersal. The centre of the simulated breeding
range in 1985 was calculated for each species as was the centre of the predicted future range. The centre
of a range was defined as the mean latitude and longitude of a species’ modelled European distribution
(833 cells). The geodesic distances and bearings between the centres of the modelled distributions in
1985 and 2100 were also calculated.

of climatic
suitability

. increasing
likelihood

(b)

Figure 1. Cont.
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Figure 1. The potential European breeding distribution of the Black-legged Kittiwake
in 2100 under emissions scenarios Alb (a) and A2 (b) based on climatic suitability
predicted for the climatic scenarios derived from three General Circulation Models (GCMs)
(yellow—unsuitable under all three GCMs; light green—suitable under one GCM; dark
green—suitable under two GCMs; dark blue—suitable under all three GCMs); The observed
(OBS) and simulated (SIM) distributions in 1985 are also shown for comparison (c¢).

We investigated, under both emissions scenarios, whether being a “winner” or “loser” (i.e., having a
larger or smaller predicted range in 2100 than the simulated range in 1985 assuming unlimited dispersal)
was influenced by a species’ foraging ecology or latitudinal distribution in 1985 (median latitude of the
833 cells examined). Species’ foraging ecology was represented as an independent index of the vulnerability
of breeding success to reduced marine prey availability in the vicinity of colonies, derived from a
combination of body size, energetic cost of foraging, potential foraging range, ability to dive, amount of
“spare” time in the daily budget and ability to switch diet [39]. These traits were ranked 0 to 4 with 0
being least vulnerable to low marine prey availability (e.g., long foraging range) and then summed to
produce an overall vulnerability score (maximum potential range 0 to 24). We also controlled for whether
the species had low or high prevalence in Europe in 1985 (number of occupied cells; Table 1). The analysis
was conducted using the mean R from the three GCMs within a generalised linear model (GLM)
framework using a binomial error distribution. Backwards model selection was conducted using
Akaike’s information criterion, adjusted for small sample sizes (AICc) [55]. The analysis was carried
out using the R language [56].
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Table 1. The R (range) and O (overlap) values as a percentage of the 1985 simulated distribution, and the direction and geodesic distance that
the range centre was predicted to move by 2100 under scenarios Alb and A2. Mean values from the three GCMs are shown. The vulnerability
score [39] to low marine prey availability, prevalence, whether species have a southern range boundary in Europe and the goodness-of-fit value
for the CEM models are shown (AUC). Vernacular names of species follow the International Ornithological Congress [57].
European Alb A2
Species Score  Prevalence * AUC Southern Range Distance Distance
R (%) O (%) Direction Forecast R (%) O (%) Direction  Forecast
Boundary (km) (km)
European Storm Petrel . .
10 84 0.82 no 101 15 1056 NE winner 124 17 1200 NE winner
Hydrobates pelagicus
Leach’s Storm Petrel
10 12 0.83 yes 84 4 833 N loser 96 0 1238 N loser
Oceanodroma leucorhoa
Northern Fulmar
7 198 0.97 yes 141 69 826 NE winner 107 56 826 NE winner
Fulmarus glacialis
Manx shearwater
i 7 38 0.90 no 168 29 1055 NE winner 169 28 1060 NE winner
Puffinus puffinus
Northern Gannet
5 33 0.82 yes 94 41 341 N loser 84 29 331 NW loser
Morus bassanus
European Shag . :
8 280 0.88 no 134 75 312 SE winner 136 75 321 SE winner
Phalacrocorax aristotelis
Great Cormorant
7 196 0.88 no 128 47 579 NNW winner 128 43 578 NNW winner
Phalacrocorax carbo
Black-legged Kittiwake
16 225 0.94 yes 80 70 244 NE loser 75 65 303 N loser
Rissa tridactyla
Mediterranean gull . .
11 42 0.88 yes 195 18 1335 NwW winner 200 16 1366 NwW winner
Ichthyaetus melanocephalus
Great Black-backed Gul
10 354 0.98 yes 67 60 294 NwW loser 63 58 330 NwW loser
Larus marinus
European Herring Gull
11 419 0.97 yes 72 69 304 N loser 70 66 345 N loser

Larus argentatus




Diversity 2015, 7

Table 1. Cont.

349

European Alb A2
Species Score  Prevalence *  AUC Southern Range Distance Distance
R (%) O (%) Direction  Forecast R (%) O (%) Direction  Forecast
Boundary (km) (km)
Lesser Black-backed Gull
11 350 0.93 yes 78 71 327 N loser 77 70 345 N loser
Larus fuscus
Sandwich Tern
19 124 0.83 yes 100 42 791 N loser 113 47 774 N winner
Thalasseus sandvicensis
Little Tern
21 245 0.81 no 100 61 508 N loser 97 57 554 NNW loser
Sternula albifrons
Roseate Tern
22 36 0.90 no 66 11 965 NE loser 66 10 1265 NE loser
Sterna dougallii
Common Tern
20 455 0.89 no 79 71 391 NNW loser 75 68 445 NNW loser
Sterna hirundo
Arctic Tern
22 380 0.96 yes 52 50 353 N loser 48 47 408 N loser
Sterna paradisaea
Great Skua
13 65 0.95 yes 85 22 618 N loser 68 15 693 N loser
Stercorarius skua
Parasitic Jaeger
15 230 0.97 yes 24 24 869 WNW loser 20 19 914 WNW loser
Stercorarius parasiticus
Common Murre
9 145 0.87 yes 111 62 667 NE winner 103 54 718 NE winner
Uria aalge
Razorbill
12 182 0.90 yes 88 48 485 N loser 83 44 516 N loser
Alca torda
Black Guillemot
14 287 0.97 yes 64 62 251 NW loser 59 57 294 NwW loser
Cepphus grylle
Atlantic Puffin
13 142 0.93 yes 72 43 365 NE loser 61 35 435 N loser
Fratercula arctica
mean 95 46 599 92 42 663

*: Prevalence refers to of grid-squares occupied by each species within Europe.



Diversity 2015, 7 350

3. Results and Discussion

Large changes in climate were predicted to occur between the period used to generate the climate
envelope models (1976-1985) and the 30 years leading up to 2100 (Table S1). For all models and both
emissions scenarios, on average MTWM and SST were predicted to increase between the two time
periods, and RAIN to decrease. As expected, the predicted magnitude of these changes was greater
under the A2 scenario than the A1b scenario. The observed and simulated distributions in 1985, as well
as the predicted distributions under Alb and A2, are shown in Figure 1 for Black-legged Kittiwake
(Rissa tridactyla, see Figures S1-S22 in Supplementary Material for all other species). The likelihood
that a grid cell would be climatically suitable for a species was considered to increase with the number
of GCMs predicting this to be the case (Figure 1; Figures S1-S22). The reliability of predictions of
species distributions depends on the degree to which distributions in 1985 were determined by climatic
variables, as indicated by the AUC values for the CEMs (goodness-of-fit; Table 1). The goodness-of-fit
values for the species investigated here all indicated that predictions based on the models would be useful
or highly useful [58]. For the majority of species (16/23) the southern boundary of their range is within
Europe and thus their complete climate envelope was considered, meaning future predictions were more
reliable (Table 1) than for those species for which the climate envelope was not completely defined [59].
Although the southern range boundary for Leach’s Storm Petrel (Oceanodroma leucorhoa) was within
Europe, the low prevalence of this species, may have affected the reliability of predictions [60]. The
predicted species’ range size (number of cells predicted to be suitable) differed markedly according to
whether unlimited or no dispersal was assumed (Table 1). Under the assumption of unlimited dispersal,
between 65% and 70% of the 23 species were expected to be “losers”. The mean range size in 2100 was
predicted to be 95% (range: 24% to 195%) and 92% (range: 19% to 200%) of the simulated range size
in 1985 under the A1b and A2 scenarios, respectively. Under the alternative assumption of no dispersal,
all species were expected to lose at least 25% of their range. The mean range size in 2100 was predicted
to be reduced to 46% (range: 4% to 76%) and 42% (range: 0% to 75%) of the simulated range size in
1985, under scenario Alb and A2, respectively (Table 1). In this study, all species were predicted to
shift their ranges northwards between 1985 and 2100 as a result of climatic change, with the exception
of European Shag (Phalacrocorax aristotelis) whose distribution was predicted to move south east.
This may be partly because Svalbard and Franz Josef Land, which may become climatically suitable for
European Shag in 2100, were not included here. Furthermore, it was predicted that some areas in Western
Europe (e.g., Spain) will no longer be suitable for European Shag whereas areas in south east Europe,
specifically the coast of the Black Sea, will become suitable (Figure S6). Currently, the Black Sea has a
lower winter/spring SST than the Mediterranean Sea and the warming of the Black Sea would make it
more climatically suitable for the European Shag, which as a partial migrant, is particularly sensitive to
the local environment [36]. The general northward trend in species’ distribution is in agreement with
observed changes in species’ distributions across a range of taxa [61-63].

In support of hypothesis (i) we found that “losers” (under unlimited dispersal) were those species
which had the highest vulnerability to low prey availability (Furness and Tasker; GLM: Alb;
X%120 = 17.3, p < 0.0001, A2; X?120 = 11.1, p < 0.001; Figure 2). In support of hypothesis (ii) these
“losers” also had a more northern distribution (GLM: Alb; X?120 = 11.4, p < 0.001, A2; X?120 = 12.5,
p <0.001; Figure 3). This is likely to be because northerly species will be more constrained in terms of
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available land to colonise, as suitable climate conditions become less available in the environment.
For species such as European Herring Gull (Larus argentatus), Lesser Black-Backed Gull (Larus fuscus)
and Common Tern (Sterna hirundo), their low R value may be partly because of the exclusion from the
analyses of Svalbard and Franz Josef Land which they may, in reality, colonise. Whether a species was
a “winner” or “loser” was not affected by its prevalence (number of occupied grid cells in 1985; Table 1),
as this variable was not retained in the model.
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Figure 2. The relationship between mean latitude and whether a species was a “winner” or
“loser”, in terms of changes in range size (number of grid cells predicted as climatically
suitable), under emissions scenarios Alb (a) and A2 (b). Horizontal lines indicate median
values; bottom and top of the boxes indicate 25th and 75th percentiles, respectively; and the
error bars show 95% confidence intervals.

20
20
Il

15
15

vulnerability score

vulnerability score

10
1
10

T T T T
losers winners losers winners

range range

() (b)

Figure 3. The relationship between vulnerability score to low prey availability [39] and
whether a species was a “winner” or “loser”, in terms of changes in range size (number of
grid cells predicted as climatically suitable), under emissions scenarios Alb (a) and A2 (b).
Horizontal lines indicate median values; the bottom and top of the boxes indicate 25th and
75th percentiles, respectively; and the error bars show 95% confidence intervals.
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Assuming the best case scenario of unlimited dispersal, three species (Leach’s Storm Petrel; Great
Skua, Stercorarius skua; and Parasitic Jaeger, Stercorarius parasiticus) were predicted to become close
to or completely extinct in the British Isles, depending on the emissions scenario. Furthermore, the range
sizes of other species in Britain such as Black-legged Kittiwake, Arctic Tern (Sterna paradisea) and the
auks (Alcidae) were expected to decrease considerably. These findings are of concern for seabird
conservation in the British Isles and in some cases of great concern for the European and global
conservation of species; the British Isles holds approximately 60% of the global population of Great
Skua (Mitchell et al., 2004). In Europe, there were predicted decreases in range size of least 25% for
Great Black-backed Gull (Larus marinus), European Herring Gull, Roseate Tern (Sterna dougallii), Arctic
Tern, Great Skua, Parasitic Jaeger, Black Guillemot (Cepphus grylle) and Atlantic Puffin (Fratercula
arctica). Black-legged Kittiwake was also included in the above list under scenario A2. Of particular
concern is Parasitic Jaeger whose range in 2100 was predicted to be only 24% of the size of its simulated
range in 1985 under scenario A1b and only 20% under scenario A2. Fortunately, with the exception of
Great Skua, species which are endemic or near endemic to Europe (European Storm Petrel, Hydrobates
pelagicus; European Shag; and Mediterranean Gull, Ichthyaetus melanocephalus) were predicted to
increase their modelled range size between 1985 and 2100, providing they can successfully disperse, and
suitable breeding and foraging habitat is available. However, this does not negate global conservation
concern for non-endemic European species whose range sizes are predicted to decrease as the other main
stronghold for these species is North America which will also be subject to climatic warming.

Some species predicted to become “winners” under unlimited dispersal were predicted to be the
biggest “losers” if no dispersal was assumed. This is particularly worrying in the case of Manx
Shearwater (Puffinus puffinus) and Northern Gannet (Morus bassanus), for which Europe holds a large
proportion of the global population. The greatest “winner” assuming unlimited dispersal was
Mediterranean Gull, whose range size in 2100 was predicted to be almost double the size in 1985,
but under no dispersal this species was predicted to retain less than 20% of its range. Due to the high
degree of colony fidelity once individuals recruit into a breeding colony, and the long life span of species
studied here (>10 years) [32], rapid range shifts will rely on recruitment of first time breeders into non-natal
colonies. Recruitment levels into natal colonies vary between species, estimated at 90% for Northern
Fulmar (Fulmarus glacialis) [64] and European Shag [28]; 70% for European Herring Gull [65],
81% for Common Murre (Uria aalge) [66], 83% for Razorbill (4lca torda) [67], 50% for Black
Guillemot [68], and 38% for Atlantic Puffin [29]. However, these are only estimates and levels of
philopatry can vary between sexes [69], as well as between colonies [70], with colony-specific factors
influencing dispersal differently in different species [71]. For example, although size of potential
colonies does not affect the level of philopatry in Arctic Tern, philopatry is positively correlated with
the distance to potential colonies [72], whereas in Black-legged Kittiwake the level of philopatry is
associated with relative colony size and the age of potential colonies [70], but not with distance [73]. So
not only may distance to potential sites restrict dispersal, but in some species individuals will also
preferentially recruit into older populations of a larger size, reducing the likelihood of new colonies
being founded. However, in Black-legged Kittiwake attendance of prospectors is dependent on local
breeding success [31] which would be predicted to be higher in climatically suitable versus unsuitable
areas [37], providing colony formation had occurred. Consequently, although seabirds are highly mobile
the social constraints in forming colonies may slow range adjustments especially if local extinction
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means species have to disperse large distances. However, low levels of current dispersal do not preclude
seabirds from high levels of dispersal in the future under increased dispersal pressure [74]. For example,
Northern Fulmar expanded its breeding distribution greatly over the past 200 years [75]. Although there
are three main hypotheses [76—78] as to the cause of the expansion, all implicate changes in food
resources [75]. This suggests that at least some seabird species may be able to track changes in prey
distribution induced by climatic change. The scenarios of no and unlimited dispersal are likely to be
unrealistic [21] but provide lower and upper confidence intervals within which the true dispersal extent
will lie. To obtain more precise predictions of species distributions under climatic change, future
research needs to focus on how dispersal ability and colony formation are influenced by climatic change.

This study builds on a broader analysis by Huntley et al. [54] that used generic environmental
covariates within CEMs to predict distributions of European breeding birds in 2100. Huntley et al. [54]
produced predictions based on the A2 and B2 emissions scenarios, using the same three GCMs, but a
generation prior to those used here. Assuming no dispersal, the results under scenario A2 were very
similar between seabirds (this study) and European birds in general, with mean species overlap of 42%
and 41%, respectively. However, under unlimited dispersal, on average seabirds are expected to fare
much better than European birds as a whole, with a mean predicted range size in 2100 of 92% of their
simulated range size in 1985 for seabirds in comparison to 79% for the general study. This contrast
suggests that, in general, the seabirds studied here have a similar sensitivity to climatic change as other
European birds, but that there was predicted to be relatively more climatically suitable space available
in the future for seabirds than for other birds.

4. Conclusions

This study provides minimum (no dispersal) and maximum (unlimited dispersal) predicted European
breeding distributions in 2100 for those seabirds that currently breed in the British Isles. Due to constraints
of habitat availability and biotic interactions, these models should be regarded as predicting potential
broad-scale rather than fine-scale distributions. In reality species distributions are also likely to be
impacted by novel biotic interactions between species [79,80] and habitat change; such effects are difficult
to predict as they can be additive, negative or positive. For example, although climatic change is likely to
reduce the availability of some key prey species such as Lesser Sandeel (Ammodytes marinus) [40], it may
result in increased abundance of others, such as the European Anchovy (Engraulis encrasicolus) [81,82].
Nonetheless, our results have implications for conservation and marine spatial planning. They indicate
which currently occupied sites should be prioritized in terms of conservation of both breeding and
foraging habitat to preserve populations within regions which will remain climatically suitable. We also
identified currently unoccupied regions that are likely to become suitable in the future, allowing
appropriate breeding habitat and adjacent foraging habitat to be identified and protected. In addition, our
study demonstrates which species are likely to be of greatest conservation concern in both a UK and
European context. More broadly, we highlight that the seabird species most likely to lose range as a
result of climatic change are those that breed at higher latitudes and whose foraging ecology makes them
vulnerable to low prey availability. However, even lower-latitude species that are not particularly
vulnerable to low food availability are predicted to show decreases in breeding range if their scale and
rate of natal dispersal does not allow them to keep pace with the changing climate. Finally, the emissions
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scenarios used in this study generate very different trajectories for some species, illustrating that even
small decreases in greenhouse gas emissions can yield large benefits for conservation.
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