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Given the major ongoing influence of environmental change on the oceans, there is 
a need to understand and predict the future distributions of marine species in order 
to plan appropriate mitigation to conserve vulnerable species and ecosystems. In 
this study we use tracking data from seven large seabird species of the Southern 
Ocean (black-browed albatross Thalassarche melanophris, grey-headed albatross 
T. chrysostoma, northern giant petrel Macronectes halli, southern giant petrel M. 
giganteus, Tristan albatross Diomedea dabbenena, wandering albatross D. exulans 
and white-chinned petrel Procellaria aequinoctialis, and on fishing effort in two 
types of fisheries (characterised by low or high-bycatch rates), to model the asso-
ciations with environmental variables (bathymetry, chlorophyll-a concentration, 
sea surface temperature and wind speed) through ensemble species distribution 
models. We then projected these distributions according to four climate change 
scenarios built by the Intergovernmental Panel for Climate Change for 2050 and 
2100. The resulting projections were consistent across scenarios, indicating that 
there is a strong likelihood of poleward shifts in distribution of seabirds, and sev-
eral range contractions (resulting from a shift in the northern, but no change in the 
southern limit of the range in four species). Current trends for southerly shifts in 
fisheries distributions are also set to continue under these climate change scenarios 
at least until 2100; some of these may reflect habitat loss for target species that are 
already over-fished. It is of particular concern that a shift in the distribution of 
several highly threatened seabird species would increase their overlap with fisheries 
where there is a high-bycatch risk. Under such scenarios, the associated shifts in 
distribution of seabirds and increases in bycatch risk will require much-improved 
fisheries management in these sensitive areas to minimise impacts on populations 
in decline.
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Introduction

Concern has increased over recent decades about the effects 
of anthropogenic changes in marine environments, includ-
ing on biodiversity (Vitousek et al. 1997, Worm et al. 2006, 
Chown et  al. 2015, Halpern et  al. 2015). In particular, 
human impacts on the biosphere may exceed points of no-
return; for instance, the effects of increased atmospheric car-
bon dioxide concentrations are believed to be irreversible on 
millennial timescales (Frölicher and Joos 2010), and the rate 
of biodiversity loss on the planet far exceeds the natural pace 
(Rockström et  al. 2009). Research on the spatial effects of 
anthropogenic climate change shows that organisms may no 
longer encounter optimal conditions in terms of their ther-
mal niche (Doney et  al. 2012), and will be forced to shift 
their distribution (Ackerly et  al. 2010, Walther 2010, Bur-
rows et al. 2011, García Molinos et al. 2015). This may lead 
to impacts on community networks, for instance, changing 
food web connections (Parmesan 2006, Walther 2010, Con-
stable et  al. 2014), culminating in a cascade of extinctions 
within ecosystems (Thomas et al. 2004, Cheung et al. 2009, 
Stuart-Smith et  al. 2015). This is of particular concern for 
oceanic regions, as many areas of high marine biodiversity 
are experiencing high rates of climate changes (Burrows et al. 
2011, Constable et al. 2014, Marzloff et al. 2016).

Marine top predators often forage over very large oceanic 
areas and are exposed to a wide range of environmental con-
ditions, thus providing good indicator species for evaluating 
long-term effects of climate change at large scales (Frederik-
sen et  al. 2006, Sergio et  al. 2008). Many empirical and 
theoretical studies provide evidence for shifts in distribution 
of marine species, including predatory fish and seabirds, fol-
lowing the movement of particular temperature isotherms 
towards higher latitudes (Cheung et  al. 2009, Péron et  al. 
2010, 2012, Barbraud et al. 2012, Jones et al. 2013, Robin-
son et al. 2015, Sunday et al. 2015). Seabirds are distributed 
worldwide, are relatively easy to track, and are often used as 
models for testing the effects of climate variability on top-
predators (Péron et al. 2010, 2012, Weimerskirch et al. 2012) 
and their prey (Xavier et al. 2006). Short-term responses of 
seabirds to climate change include reduced breeding success 
and body condition as the changing environment requires 
that seabirds travel longer distances to find optimal foraging 
grounds with increasing energy expenditure as consequence 
of central-place foraging (Dorresteijn et  al. 2012, Péron 
et  al. 2012, Paiva et  al. 2013a, b), which in the long-term 
may result in population decreases (Grémillet and Boulinier 
2009, Barbraud et al. 2012). For instance, Péron et al. (2010) 
reported that wandering albatross Diomedea exulans and pri-
ons Pachyptila spp. moved poleward within a decade while 
white-chinned petrels Procellaria aequinoctialis moved north-
ward, which can be explained, at least partially, by changes 
in sea surface temperature and wind speed. Weimerskirch 
et al. (2012) found a consistent poleward shift by wandering 
albatrosses in two decades, which was related to an increase 
in zonal wind speed towards the south. Foraging ranges of 
breeding king penguin Aptenodytes patagonicus increased as 

sea surface temperature increased (Péron et al. 2012). Such 
warming could explain recent reports of breeding attempts at 
new, higher latitude sites by king penguins (Petry et al. 2013) 
and macaroni penguins Eudyptes chrysolophus (Gorman et al. 
2010). Furthermore, several studies have documented the 
effects of climate stochasticity on population dynamics of 
seabirds (Croxall 2002, Rolland et al. 2010, Barbraud et al. 
2012).

Besides climate change, another anthropogenic stressor 
with a major impact on marine biodiversity is fisheries 
(Worm et al. 2006, Grémillet and Boulinier 2009, Halpern 
et al. 2015). Impacts include a reduction in fish populations 
from overfishing (Pauly et al. 1998, Daskalov 2002, Scheffer 
et al. 2005) and incidental mortality (bycatch) of non-target 
organisms such as seabirds, marine mammals or sea turtles 
(Jiménez et al. 2010, Lewison et al. 2014), with repercussions 
for food webs contributing to biodiversity loss (Pauly et al. 
1998, Scheffer et al. 2005, Daskalov et al. 2007) ecosystem 
simplification (Scheffer et al. 2005, Möllmann et al. 2008, 
Howarth et al. 2014) and loss of ecosystem services (Worm 
et al. 2006). Climate change and fisheries may cause syner-
gistic effects on species and populations (Rolland et al. 2010, 
Walther 2010, Thomson et al. 2015). Bycatch in fisheries is 
one of the main causes for the alarming declines and high 
threat of extinction of albatrosses and large petrels (Croxall 
et al. 2012), with 100 000s of birds killed annually (Ander-
son et al. 2011, Žydelis et al. 2013). Fisheries distribution 
is often correlated with oceanographic indices, as the target 
species are usually associated with upwelling or temperature 
gradients (Santos 2000, Solanki et al. 2005, Klemas 2013), 
so it is likely that fisheries are also affected by climate change 
(Pinnegar et al. 2002, Perry et al. 2005, Brander 2010), and 
conflicts between conservation and fisheries may increase 
due climate change (Hobday et al. 2015a, b). Hence, under-
standing whether shifts in seabird distribution due to cli-
mate change may lead to greater overlap with fisheries is of 
high importance for their conservation. The southern oceans 
are rich in terms of diversity and abundance of seabirds, and 
include several major global resource hotspots (Karpouzi 
et al. 2007, Lascelles et al. 2016). Although the regions of 
greatest overlap between seabirds and fisheries may include 
only part of the overall distribution of those species (Kar-
pouzi et al. 2007), seabird bycatch rates in these areas can be 
high and have severe effects at the population level (Xavier 
et al. 2004, Lewison et al. 2014).

In this study we predict the distributions of multiple 
species of albatrosses and petrels, and fisheries, in the southern 
oceans under current climate conditions, and then project 
these distribution based on the Intergovernmental Panel for 
Climate Change (IPCC) scenarios for the years 2050 and 
2100. Our goal was to evaluate shifts in distribution of both 
selected seabird species and fisheries, and to quantify likely 
changes in the resulting overlap. We used an ensemble species 
distribution model (SDM) procedure to make robust predic-
tions and projections (Morin and Thuiller 2009, Goberville 
et al. 2015). Based on the literature we anticipated that most 
species will lose previously suitable habitat and will likely 
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show a poleward shift in distribution. We also expected 
that these latitudinal shift in distribution will lead to higher 
overlap with fisheries, as these are, similarly, likely to move, 
thus increasing the likelihood of seabird bycatch events. 
Indeed, the most challenging science issues in the coming 
decades is to assess the synergetic effects between climate 
change and fisheries on the food webs of the Southern Ocean 
(Kennicutt et al. 2014a, b).

Methods

Seabird tracking

We used data collected from the following seabird species 
using Global Location Sensing (GLS) loggers: black-browed 
albatrosses Thalassarche melanophris from Bird Island, South 
Georgia (Phillips et al. 2005, Mackley et al. 2010) and New 
Island, Falkland Islands (Grémillet et al. 2000), grey-headed 
albatrosses T. chrysostoma from Bird Island, South Georgia 
(Croxall et  al. 2005), northern giant petrels Macronectes 
halli from Bird Island, South Georgia (González-Solís et al. 
2008), southern giant petrels M. giganteus from Bird Island, 
South Georgia (González-Solís et  al. 2008) and from Ele-
phant Island, South Shetland Islands (Krüger et al. unpubl.), 
Tristan albatrosses Diomedea dabbenena from Gough Island 
(Reid et  al. 2013), wandering albatrosses D. exulans from 
Bird Island, South Georgia (Mackley et al. 2010) and white-
chinned petrels Procellaria aequinoctialis from Bird Island, 
South Georgia (Phillips et al. 2006) (Supplementary material 
Appendix 1 Table A1).

Climate and environmental variables

The environmental predictors used in the SDMs were sea surface 
temperature (SST), chlorophyll-a concentration (CHL), 
wind speed (WIND), ice cover (ICE) and bathymetry (BATH) 
downloaded from the NOAA CoastWatch browser (< www.
coastwatch.pfeg.noaa.gov/coastwatch >) (Supplementary  
material Appendix 1 Table A2, Fig. A1). We choose these 
variables because other studies showed that they are good 
proxies for seabird distribution and habitat use (Catry et al. 
2013), with several studies pointing out these as the most 
important in seabird modelling (Hazen et  al. 2012, Quill-
feldt et al. 2013, Legrand et al. 2016). Furthermore there is 
empirical evidence for some seabird populations of shifts in 
distributions in response to spatial changes in some of those 
variables (Péron et al. 2010, Weimerskirch et al. 2012). We 
processed these data in ESRI ArcGIS 10.2 to extract annual 
means on a 1°  1° grid size, which corresponds to the mean 
error of the tracking devices (≈180 km; Phillips et al. 2004).

Seabird distribution modelling

We estimated suitable habitat for the study species in 
the Southern Ocean by combining tracking data with 
environmental predictors through an ensemble species distribu-
tion modelling approach (Oppel et al. 2012, Scales et al. 2016) 

using the ‘Biomod2’ package (Thuiller 2003, Thuiller et  al. 
2009) within the R environment (R Core Team). Slight dif-
ferences in species distributions among models increases when 
distribution are forecasted towards future projections even for 
models with similar outputs in current predictions (Elith et al. 
2010, Goberville et  al. 2015); however, the use of ensemble 
models improve results by reducing bias and problems associ-
ated with over-fitting (Thuiller et al. 2009, Elith et al. 2010, 
Scales et al. 2016). The logic behind ensemble modelling is that 
the final distribution is a joint solution that combines all the 
models “emphasizing the ‘signal’ emerging from the noise asso-
ciated with different model outputs” (Araújo and New 2007) 
then forecasting species’ distribution in a more conservative 
way, under uncertainties of projected environmental variables 
(Thuiller 2004, Araújo and New 2007, Thuiller et al. 2009, 
Zhang et al. 2015). For detailed discussions on the pros and 
cons of species distribution models, please see Thuiller (2003, 
2004), Araújo and New (2007), Lozier et al. (2009), Thuiller 
et  al. (2009), Zhang et  al. (2015) and Planque (2016). For 
details and parameters of the models we used on our analysis, 
see Supplementary material Appendix 1 Table A3.

As GLS data provide presence-only data, SDM require  
the creation of pseudo-absences to calculate probabilistic 
relations of distribution with environmental variables 
(VanDerWal et  al. 2009, Barbet-Massin et  al. 2012). We 
created 10 000 pseudo-absences using the species range 
exclusion ‘sre’ method, which forces the pseudo-absences to 
be generated from within the core habitat area used by the 
species (Barbet-Massin et al. 2012, Legrand et al. 2016). We 
applied a cross-validation procedure by setting aside 80% of 
the data-set for training the models and 20% for evaluation.

After the modelling we generated ensembles predictions 
and projections of occurrence using the full dataset and 
statistic models (check ‘models assembly rules’ on Thuiller 
et  al. 2014). The models were permuted 10 times for 
training/calibrating and to calculate the importance of vari-
ables, which is measured as the change in the models’ accu-
racy by excluding one variable in turn and retaining the 
remainder. We used the true skill statistic and area under 
the receiver operational characteristic curve AUC to evalu-
ate model accuracy (Allouche et al. 2006, Liu et al. 2009). 
AUC and TSS both compare sensitivity and specificity out-
puts between the 80% data used for calibration with the 
20% used for evaluation. Sensitivity measures the percent-
age of presence cases that are classified correctly (true positive 
rate) by the models, and specificity measures the percent-
age of pseudo-absences cases correctly classified as absences 
(true negative rate) by the models. Accuracy can be linked 
to the number of presences (Hernández et  al. 2006, Wisz 
et  al. 2008), the method of generating pseudo-absences 
and the number of pseudo-absences (Barbet-Massin et  al. 
2012). An excessive number of pseudo-absences when there 
are fewer presences can inflate the accuracy of the models, 
which in our case is not a problem considering the large 
numbers of presence points. On the other hand, an increas-
ing number of presences makes the relation of distribution 
with environmental variables more robust, thus increasing  
models’ accuracy (Hernández et al. 2006, Wisz et al. 2008).
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Climate and species projections

The IPCC developed four scenarios for climate change based 
on the Coupled Model Intercomparison Project CMIP5, 
called Representative Concentration Pathways (RCPs). 
RCPs are based on different greenhouse gas and air pol-
lutants emissions and their radiative forcing (IPCC 2014). 
One scenario assume low emissions with global temperature 
remaining close to the pre-industrial climate (RCP 2.6), 
two scenarios assumes intermediate emissions (RCP 4.5 and 
RCP 6.0) and one scenario assumes high emissions (RCP 
8.5). Environmental and climate variables were projected 
by the National Oceanic and Atmospheric Administration 
Geophysical Fluid Dynamics Laboratory (NOAA – GFDL), 
using the coupled climate–carbon earth system models 
(ESM), which takes into account biogeochemical compo-
nents that regulate carbon circulation on ocean, land, atmo-
sphere and biosphere (IPCC 2014). Two distinct models are 
based on differential assumptions concerning vertical layers 
of ocean circulation, one based on water depth (ESM2M) 
and the other on water density (ESM2G) (Dunne et  al. 
2012, 2013). Both models are assumed to have high power 
of prediction (Dunne et al. 2012, 2013); however, we choose 
to use the projections of the ESM2M as its predictions for 
several ocean surface variables were slightly better than the 
ESM2G (Dunne et  al. 2012). Projections generated from 
the ESM2M models were downloaded from the NOAA 
CMIP5 data portal (< http://nomads.gfdl.noaa.gov >). After 
applying SDM, we generated the ensemble mean statistic to 
predict species distributions using all the models. Those sta-
tistics were then applied to the climate projections for 2050 
and 2100 under each RCP scenario. We also entered BATH 
in the projections as a fixed variable. We created polygons 
from the mean distribution provided by ensemble projec-
tions, using the mean threshold probability from the models 
with AUC  0.9 and TSS  0.8 for setting species presence 
(Jiménez-Valverde and Lobo 2007, Barbet-Massin et  al. 
2012). We opted for this level of accuracy because the ‘sre’ 
method for generating pseudo-absences tends towards over-
optimistic models (Thuiller et al. 2014).

Specific measures of change

We used the polygons from the mean ensemble SDM to cal-
culate the centre of the distribution for each species for pre-
dictions and projections. A latitudinal shift was calculated by 
subtracting the centre positions of the predictions from the 
respective centre positions of the projections. For instance, 
when the centre of distribution of a species moved south, 
the latitude range shift will be negative, and positive when it 
moved north. This corresponds to the number of degrees of 
dislodgement of the future distribution in relation to the cur-
rent distribution. Habitat suitability change was calculated 
for each species based on the species range change analysis 
(SRC) as the percentage of suitable habitat change, using the 
Biomod2 (Thuiller 2003, Thuiller et  al. 2009). SRC varies 
between –100 and 100, where values below zero indicate 
range loss, values equal to zero indicate a stable range and 
values above zero indicate new habitats acquired.

Fisheries projection

Halpern et al. (2015) used catch data from the ‘Sea Around 
Us’ project (< www.seaaroundus.org/ >) to estimate the spa-
tial distribution of industrial fishing effort, dividing fisheries 
into four main categories, based on the mean rates of overall 
bycatch (Watson et  al. 2006): pelagic low-bycatch, pelagic 
high-bycatch, demersal low-bycatch and demersal high-
bycatch. By definition, low-bycatch fisheries were considered 
to be more selective in the number and type of organisms 
they catch, whereas the opposite applies to high-bycatch fish-
eries, which capture a higher proportion of non-target organ-
isms and produce more discards (Hall et al. 2000, Pauly et al. 
2002, Davies et al. 2009, Zhou et al. 2010). Hence, high-
bycatch fisheries may represent a greater threat for seabirds if 
there is also a high risk of seabird bycatch; however, they also 
provide a source of supplementary food. Discard volume and 
seabird bycatch risk are linked, since discarding attracts sea-
birds to fishing vessels, and in the absences of seabird bycatch 
mitigation, the number killed can be related to the number 
attending the fishing vessel (Yeh et al. 2013).

Fisheries distribution is often correlated with oceano-
graphic predictors, as the target species are usually associ-
ated with upwelling or temperature gradients (Santos 2000, 
Solanki et  al. 2005, Klemas 2013). Based on this assump-
tion, we used catch data in Halpern et al. (2015) (< https://
knb.ecoinformatics.org/#view/doi:10.5063/F1S180FS >) to 
indicate fishery presence; any pixel with a catch value above 
the minimum value was considered to be a presence, hence 
selecting areas above the minimal fishing intensity (Supple-
mentary material Appendix 1 Fig. A2), for high-bycatch fish-
eries (n  4237 points) and low-bycatch fisheries (n  8091 
points). We entered these points in an ensemble modelling 
procedure, similar to the procedure used for seabird mod-
elling, aiming to predict fisheries activities distribution and 
project the fishery activities’ distribution towards the future 
climate change scenarios for years 2050 and 2100. As with 
seabirds, we generated polygons using threshold of the mod-
els with AUC  0.9 and TSS  0.8.

It is important to note that the estimation of fisheries 
catch distribution in Halpern et al. (2015) was based on data 
from the Food and Agriculture Organizations of the United 
Nations (FAO), and likely to be substantial underestimates, 
as shown in catch reconstructions by Pauly and Zeller (2016). 
However, as we used a low recorded catch threshold to predict 
fisheries presence, our model is probably a good approxima-
tion, given that peaks in reconstructed catches match peaks 
in catches reported to the FAO (Pauly and Zeller 2016).

Statistical analysis

Species distribution changes
We used permutational multivariate analysis of variance 
(PERMANOVA) implemented by the ‘vegan’ R-package 
(Oksanen et  al. 2013) to compare differences in latitudi-
nal shift and species range change 1) among each scenarios 
(representative concentration pathway; RCP 2.6, RCP  
4.5, RCP 6.0 and RCP 8.5) for 2050 and 2100 using spe-
cies, and 2) among species, using scenarios, respectively, 
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as the repetitions. The similarity metric was Euclidian dis-
tance, and significance was calculated by 999 permutations.

Species and fisheries overlaps
We used geographically weighted principal component anal-
ysis (GWPCA) on the ‘GWmodel’ package in R environment 
(Lu et al. 2014) to evaluate the shifts in seabird and fisheries 
distributions on a 5  5 degree spatial grid, using the proba-
bility of occurrence of each species and fisheries currently and 
for the year 2100. Geographically-weighted models account 
for local variation in the response variables that would not 
be detected by a simple global model (Lu et  al. 2014). As 
‘biomod2’ outputs are represented as percentages, data were 
arcsine transformed in order to meet the normality assump-
tions of PCA. GWPCA Significance was calculated using a 
Monte Carlo test, with 99 resampling events. To represent 
the variability in the overlaps in spatial terms, we mapped the 
local cross-validation scores of the GWPCA (Lu et al. 2014) 
interpolated on a spatial grid by a natural neighbour proce-
dure in ArcGis 10.2 (Childs 2004). Cross-validation scores 
represent the localized amount of variability captured in the 
GWPCA components, so are useful for visualising how the 
multivariate data behave spatially (Lu et al. 2014).

The GWPCA loadings represent the position of species 
and fisheries on each axis, and the distance between their 
centroids represents a quantification of their overlaps. So we 
measured the Euclidean distance of each species to fisher-
ies in the bi-dimensional space of GWPCA in the predic-
tion and in the scenarios. We subtracted the distance in the 
scenarios from the distance in the prediction in order to 
calculate shifts in levels of overlap with fisheries. Negative 
values would mean that a species increased its spatial over-
lap with fisheries (as it reduced its bi-dimensional distance 
from fisheries in the projections), whereas positive values 
mean that a species decreased its overlaps (as it increased its 
bi-dimensional distance from fisheries in the projections). 
Noteworthy current distribution and all projected scenarios 
were entered as separated variables in the same GWPCA, so 
changes in the bidimensional distance were always regarding 
spatial changes in time and scenarios, than simply a change 
in spatial overlap.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.64217 > (Krüger et al. 2017).

Results

Seabird species – predicted and projected distributions

Model’s accuracy was high for all species and models 
(AUC  0.9, TSS  0.8; Supplementary material Appen-
dix 1 Table A4), except the model multiple adaptive regres-
sion splines for black-browed albatross (AUC  0.775, 
TSS  0.531). Sea surface temperature (SST) had the highest 
permutation importance for most species (0.523  0.19) 

usually followed by CHL (0.240  0.20) or wind 
(0.186  0.06), with the exception of white-chinned petrel 
(CHL  0.661 vs SST  0.325) (Supplementary mate-
rial Appendix 1 Table A4). A visual comparison between 
predictions and projections indicates clearly that suitable 
habitat moved south for all species, and most species lost 
suitable habitat (Fig. 1; Supplementary material Appendix 1 
Fig. A3–A9).

Fisheries predicted and projected distribution

There was a high predictive power of the fisheries distribu-
tion models for both high-bycatch (AUC  0.98  0.03, 
TSS  0.90  0.05) and low-bycatch (AUC  0.96  0.03; 
TSS  0.87  0.06; Supplementary material Appendix 1 
Table A5), except surface range envelop for low-bycatch 
fisheries (AUC  0.89, TSS  0.78). Both high-and low-
bycatch fisheries distributions were mostly related to wind 
and SST (Supplementary material Appendix 1 Table A5). 
High-bycatch fisheries clearly gained habitat in southern 
waters, and occupied several previously unsuitable areas in 
tropical and subtropical waters (Fig. 2; Supplementary mate-
rial Appendix 1 Fig. A10 ). Low-bycatch fisheries, despite 
maintaining the latitudinal range, were predicted to con-
tract in overall range in all scenarios but gained new areas 
in the southeast Atlantic and south Pacific oceans (Fig. 2; 
Supplementary material Appendix 1 Fig. A11).

Species distribution changes

Neither latitude shift or species range change differed among 
scenarios (PERMANOVA pseudo-F3,48  0.17, R2  0.01, 
p  0.96), between years 2050 and 2100 (PERMANOVA 
pseudo-F1,48  0.06, R2  0.01, p  0.89), nor their interaction 
(PERMANOVA pseudo-F3,48  0.15, R2  0.01, p  0.98). 
As these variables differed among species (PERMANOVA 
pseudo-F6,49  247.77, R2  0.96, p  0.001), scenarios can-
not be compared readily across species; however, they can be 
used to evaluate changes within species. The mean suitable 
habitat of all species was displaced towards the south (Fig. 3a).  
Tristan albatross and white-chinned petrel showed the great-
est latitude shift, moving almost 10° towards the south  
(Fig. 3a). The range of black-browed albatross, Tristan alba-
tross, and white-chinned petrel increased, but by  10%, 
whereas the ranges of wandering albatross and grey-headed 
albatross decreased substantially (by 70%; Fig. 3b).

Species and fisheries overlaps

The geographically weighted PCA axis one (PC1) captured 
73.8% of the data variation, and axis two (PC2) cap-
tured the remaining 26.2% (Monte-Carlo p  0.01). The 
amount of variability captured by PC1 was clearly related 
to the segregation of fisheries (negative values) and sea-
birds (positive values) and was consistent in all represen-
tative concentration pathway (RCP) scenarios (Fig. 4). In 
contrast, PC2 captured the variability in the data regarding 
fisheries and seabird overlaps for year 2100 (positive values) 
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Figure 1. Species probability of occurrence from zero (blue) to one (red) and the predicted area of occurrence above the models’ thresholds 
(dashed black line), contrasted to the median area of occurrence for all the climate change scenarios together (solid black line). Black-
browed albatross (BBA), grey-headed albatross (GHA), northern giant petrel (NGP), southern giant petrel (SGP), Tristan albatross (TA), 
wandering albatross (WA) and white-chinned petrel (WCP).
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(Fig. 4). The only species with negative values on PC2 for 
all scenarios was the southern giant petrel, indicating the 
highest segregation from fisheries in relation to the predic-
tion (Fig. 4). Most species converged in their distribution 
towards the same area (wandering albatross, white-chinned 
petrel, northern giant petrel, grey-headed albatross and 
black-browed albatross) in all the scenarios RCP 2.6  
(Fig. 4b), RCP 4.5 (Fig. 4c), RCP 6.0 (Fig. 4d) and RCP 
8.5 (Fig. 4e). The reduction in spatial overlap with fisheries 
for all scenarios (Fig. 4b, c, d, e) is more evident when the 
mean principal component distance from fisheries on pro-
jections is calculated (Fig. 4f ). Southern giant petrel moved 

the greatest distance from high-bycatch fisheries and both 
grey-headed albatross and wandering albatross showed the 
smallest change (Fig. 4f ). However, the distribution of low-
bycatch fisheries suggests a resulting increase in likely levels 
of overlap with seabirds (Fig. 4b, c, d, e); indeed, only for 
grey-headed albatross and wandering albatross was the over-
lap likely to be reduced. The greatest variability in the level 
of seabird-fisheries overlap was in temperate and Antarctic 
waters between 40°S and 60°S in both the Atlantic and 
Indian oceans, which coincides with areas where there was 
projected increases in species ranges and overlap with both 
low- and high-bycatch fisheries (Fig. 5).

Figure 2. High and low bycatch fisheries probability of occurrence from zero (blue) to one (red) and the predicted area of occurrence above the 
models’ thresholds (dashed black line), contrasted to the median area of occurrence for all the climate change scenarios together (solid black line).

Figure 3. Mean  SD (a) latitude shift and (b) species range change of black-browed albatross (BBA), grey-headed albatross (GHA), northern 
giant petrel (NGP), southern giant petrel (SGP), Tristan albatross (TA), wandering albatross (WA) and white-chinned petrel (WCP).
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Discussion

We found very high accuracy values for most models, which 
indicates that the group of variables selected for the models are 
excellent to predict spatial distribution of seabirds species, as 
it has been showed by other empirical and modelling studies 
(Pinaud and Weimerskirch 2007, Hazen et al. 2012, Legrand 
et al. 2016). In fact, sea surface temperature, chlorophyll-a 
concentration and bathymetry have been demonstrated to be 
the best predictor variables to model the seabirds’ spatial dis-
tribution (Hazen et al. 2012, Quillfeldt et al. 2013, Legrand 
et al. 2016), and wind have been increasingly found to be of 
high importance to a multitude of seabirds (Adams and Flora 
2009, González-Solís et al. 2009, Weimerskirch et al. 2012, 
Dehnhard et  al. 2013, Ramírez et  al. 2013, Legrand et  al. 
2016, Tarroux et  al. 2016). Furthermore, using a smaller 
amount of key variables is a better approach than adding sev-
eral correlated variables that could add noise to the modelling 
exercise and somehow hamper the models’ predictive capac-
ity to generate the projections (Merow et al. 2013). We have 
to acknowledge, however, the influence of scale on seabirds’ 
habitat use (Hunt and Schneider 1987, Pinaud and Weimer-
skirch 2005, Thiebault and Tremblay 2013). But even at finer 
spatial and temporal scales those variables are still important 
for several seabird species (Pinaud and Weimerskirch 2005, 

2007) even on modelling studies (Péron et al. 2012, Ludynia 
et al. 2013, Scales et al. 2016). Recent studies using a similar 
approach also produced accuracy values above 0.95 (Russell 
et al. 2015, Legrand et al. 2016).

Seabird species distribution

The change in seabird distribution that we found using the 
RCP scenarios matched the expectations of poleward shifts 
of marine predators according to several theoretical models 
(Lenoir et al. 2011, Hazen et al. 2012, Russell et al. 2015). 
However, we found that some species reduced their northern 
range without necessarily gaining new habitat towards the 
south. So, it is more accurate to say, at least for four species 
(grey-headed albatross, northern and southern giant petrels, 
wandering albatross), that there is likely to be a contraction 
in their northern distribution instead of poleward move-
ments as a result of climate change. The three species that 
moved substantially poleward in our projections gained only 
small percentages of new habitat (black-browed albatross, 
Tristan albatross and white-chinned petrel). This is consistent 
with results of Russell et al. (2015) which projected that 15 
out of 23 seabird species will reduce their range in European 
waters according to IPCC, with their main distributions also 
shifting poleward. Our results are also consistent with Hazen 

Figure 4. Biplot of the geographically weighted principal component analysis (GWPCA) showing the species and fisheries centroid predic-
tion (a) and projections for year 2100 over climate change scenarios RCP 2.6 (b), RCP 4.5 (c), RCP 6.0 (d) and RCP 8.5 (e) representing 
the shifts in species and fisheries overlaps, and the mean GWPCA bi-dimensional distance of species from high-bycatch fisheries (f )  
and low-bycatch fisheries (g) on projections in relation to the prediction. Black-browed albatross (BBA), grey-headed albatross (GHA), 
northern giant petrel (NGP), southern giant petrel (SGP), Tristan albatross (TA), wandering albatross (WA), white-chinned petrel (WCP), 
high-bycatch fisheries (HIGH) and low-bycatch fisheries (LOW).

 16000587, 2018, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ecog.02590 by B

M
IS C

oordinator - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



203

et al. (2012) which predicted range increases and poleward 
shifts for three procellariiform species in the northern Pacific 
Ocean. Range contraction and poleward shifts have been 
projected for several groups of marine and terrestrial organ-
isms, including seaweed (Takao et  al. 2015, Marzloff et  al. 
2016), marine fish (Lenoir et  al. 2011, Hazen et  al. 2012, 
Jones et al. 2013, Sunday et al. 2015), marine invertebrates 
(Cheung et al. 2009, Stuart-Smith et al. 2015, Sunday et al. 
2015, Marzloff et al. 2016), marine mammals (Hazen et al. 
2012), insects (Beaumont and Hughes 2002, Kwon and Lee 
2015, Kwon et al. 2015), ticks (Williams et al. 2015), terres-
trial birds (Araújo et al. 2005), and trees (Morin and Thuiller 
2009, Goberville et al. 2015). Such changes were also pro-
jected to reflect in spatial redistribution of biodiversity with 
consequences for ecosystem functioning (Constable et  al. 
2014, García Molinos et al. 2015, Stuart-Smith et al. 2015).

Our predicted latitudinal shifts are within the range of 
those detected using empirical data on distributions of sea-
birds that have changed in the last two to three decades 
(Péron et al. 2010, Weimerskirch et al. 2012). We found lat-
itudinal shifts of wandering albatross which matched those 
reported by Weimerskirch et al. (2012); around 5° towards 
the south. Perón et al. (2010) also report a poleward shift 
in the at-sea distributions of wandering albatrosses, giant 
petrels and white-chinned petrels. Thus, we believe our 
findings are within realistic expectations. This is alarm-
ing, as two species in this study (grey-headed albatross and 
wandering albatross) were projected to experience a range 
contraction of almost 70%, which was consistent for all 
scenarios for 2050 and 2100. These two species are highly 
threatened with decreasing population trends – grey-headed 
albatross is endangered (Birdlife International 2016a) and 
wandering albatross is vulnerable (Birdlife International 
2016b). The rate of breeding pairs’ decline of grey-headed 
albatross, globally, is projected to be 65.4% (range 50 to 

80%) in three generations (Birdlife International 2016a), 
and of wandering albatross is expected to be  30% in 70 
yr (Birdlife International 2016b), as both species presented 
population declines around one and five percent per year 
in the last decades (ACAP 2010). Most of those decreases 
are attributed to fisheries seabird bycatch, but losing suit-
able area due to climatic change would put extra pressure 
on such highly threatened species (Barbraud et  al. 2012). 
At a smaller scale, there is the risk that favourable foraging 
habitat will move further from the breeding grounds (Ainley 
and Hyrenbach 2010, Péron et al. 2010), forcing seabirds to 
increase their foraging effort (Péron et al. 2012, Paiva et al. 
2013a, b). However, changes in the environment can also 
have positive consequences, for example for wandering alba-
trosses which have shown long-term increases in foraging 
performance by reducing time spent commuting in faster 
winds; however, as climate change becomes more extreme, 
these benefits may disappear (Weimerskirch et  al. 2012). 
Our results do not provide the temporal detail to evalu-
ate whether favourable foraging habitat during incubation 
and chick-rearing would be at increasing distances from the 
respective colonies; however, for two species, the Tristan 
albatross and the grey-headed albatross, the core of the year-
round suitable habitat moves dangerously away from their 
breeding grounds. In the case of the Tristan albatross it is 
critical as this species only breed regularly on Gough Island. 
Studies of habitat suitability at a finer temporal scale for this 
species are highly needed, as it is critically endangered.

Fisheries distribution

We found an increase in suitable habitat for high-bycatch 
fisheries, which would increase the spatial and population 
impacts of this type of fishery, which is already widely distrib-
uted in global oceans and known to have major effects on food 

Figure 5. Cross-validation (CV) scores coefficients of the geographically weighted principal component analysis, representing the spatiality of 
shifts in species and fisheries overlaps, and lines of the distribution limits of fisheries types and species in the scenarios. The warm colours 
indicate zones of higher CV scores, where there was the greater amount of shifts and overlap of species and fisheries in the projected scenarios.
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webs (Halpern et  al. 2015). Industrial fisheries catches are 
decreasing (Pauly and Zeller 2016), following the decline of 
the main target stocks (Brander 2010). However, even under 
the situation of decreasing and collapsing stocks, some fisher-
ies have increased effort to compensate for the lower catch, 
i.e. increasing number of nets, hooks, fishing in remote areas, 
fishing deeper, and investing in technological advancements 
to locate and capture fish (Pauly et al. 2002, Brander 2010), 
so expanding their operational area to embrace a larger num-
ber of marine habitats. World Fisheries have been expanding 
since 1950 to occupy over almost all the open oceans in the 
last decades, avoiding only the least productive waters (Pauly 
et al. 2002, Swartz et al. 2010). Our projections showed that 
high-bycatch fisheries may expand towards areas that are 
currently unsuitable for fisheries, with potentially deleteri-
ous effects. Furthermore, as oceanographic conditions shift, 
fisheries may have to expand in overall extent to match the 
changing distribution of target species. Hence, the southward 
expansion of fishing activities that has progressed in the last 
60 yr (Swartz et al. 2010) may continue increasing to include 
more of the waters closer to what are currently subantarctic 
islands, and potentially further south into Antarctic.

On the other hand, low-bycatch fisheries reduced in the 
extent of suitable habitat in all scenarios. As this type of 
fishery is more selective (Pauly et al. 2002, Zhou et al. 2010), 
it is logical to assume that decreases in suitable areas reflects 
more closely the loss in habitat for the small number of tar-
get species. Selective fisheries are more efficient but may have 
large effects by removing high biomass of key species in eco-
systems, with top-down effects on marine food webs and a 
high risk of massive over-fishing and stock collapse (Halpern 
et  al. 2008, Zhou et  al. 2010). Without effective manage-
ment, these fisheries can rapidly become unsustainable (Pauly 
et al. 2002, Zhou et al. 2010), which is a key issue given that 
high seas management is considerably difficult (Hobday et al. 
2015b). Such a trade-off between increased high-bycatch 
fisheries and decreased low-bycatch fisheries would support 
the call for the balanced fishing strategy proposed in response 
to climate change by Zhou et al. (2010).

Our results suggest that the impacts of fisheries on global 
oceans will increase under climate change unless there is 
improved management to reduce deleterious effects (high 
rates of bycatch and over-fishing). There are ways to do this 
such as using special baits to reduce seabird bycatch, fish-
ing at night and setting economical penalties for bycatches 
(Cox et al. 2007, Worm et al. 2009, Tuck et al. 2011). How-
ever, effects of fisheries are likely to change with a shift in 
distribution if this involves a different targeted stock or fish-
ing methods, which makes it difficult to anticipate the full 
consequences of climate change.

Species and fisheries overlaps

Seabird population responses to the combined effects of cli-
matic change and fisheries are highly variable (Barbraud et al. 
2012). Studies have recorded increases (Delord et  al. 2008, 
Péron et al. 2010, Rolland et al. 2010) or decreases in seabird 
abundance (Delord et  al. 2008, Thomson et  al. 2015) if 

conditions warm, that may compensate for, or exacerbate the 
population-level effects of incidental mortality and the ener-
getic contribution from feeding on discards and offal (Rolland 
et  al. 2010). Scavenger species may benefit from interac-
tions with fisheries by feeding on discards if the bird bycatch 
rate is low (Furness et  al. 2007). This is thought to explain 
increases in populations of several gull species (Bicknell et al. 
2013), giant petrels (Quintana et al. 2006, Delord et al. 2008, 
Copello and Quintana 2009) and black-browed albatross (dis-
cards from trawl fishery increased breeding success, Rolland 
et al. 2010). As high-bycatch fisheries often provide extensive 
discards (Hall et al. 2000, Harrington et al. 2005, Zhou et al. 
2010), these scavenging seabirds could suffer under scenarios 
that predict reduced overlap. However, some scientists argue 
that it would be appropriate if population sizes of scavenging 
seabirds returned to levels typical of years prior to the advent of 
industrial fisheries because the current, artificially-high num-
bers can have major impacts on other types of prey, including 
smaller seabirds (Votier et al. 2004, Furness et al. 2007).

The main effects of fisheries on seabirds are population 
decreases due to incidental mortality (Rolland et al. 2010, Bar-
braud et al. 2012, Thomson et al. 2015), so increases in overlap 
with fisheries would entail a greater risk. Our results showed 
that several species would overlap less in the future with high-
bycatch fisheries, independent of the climate change scenario. 
A tendency for a southerly shift to decouple bird from fisheries 
distributions in the Indian Ocean, and the conservation ben-
efits, were stressed by Weimerskirch et al. (2012), and seem 
likely to occur elsewhere. However, species that were displaced 
from most of the projected distribution of high-bycatch fish-
eries also lost the northern portion of their current range, so 
the net response may be negative; indeed, for four species, the 
reduction in overlap with high-bycatch fisheries comes from 
range contraction. On the other hand, wandering albatross 
and grey-headed albatross, the two species with the highest 
range reduction, were predicted to increase their level of over-
lap with low-bycatch fisheries. As both species are declining 
largely because of incidental mortality, the consequences of 
climatic change are, ultimately, likely to reflect the extent to 
which measures are taken to minimise seabird bycatch by dif-
ferent fleets, which may vary a great deal (Waugh et al. 1999, 
Nel et al. 2003, Rolland et al. 2010, Tuck et al. 2011).

Overall there was a reduced overlap with fisheries for all 
scenarios, except for three main oceanic regions; northeast of 
the Antarctic Peninsula in the Scotia Sea, the central South 
Atlantic and the south Indian Ocean, where practically all 
species converged. Currently, there is little seabird bycatch 
in this first region, as the fisheries are well-regulated by the 
Commission for the Conservation of Antarctic Marine Living 
Resources (Waugh et al. 2008), contrasting to higher levels of 
bycatch further north within International Commission for 
the Conservation of Atlantic Tunas ICCAT or the Commis-
sion for the Conservation of Southern Blue-fin Tuna CCSBT 
areas (Bugoni et al. 2008, Yeh et al. 2013). The monitoring 
and standard of management of fishing practices in this area 
needs to be maintained, and in the other regions to improve 
in order to reduce the wider ecosystem-level impacts. Efforts 
to reduce incidental mortality and the amount of discarding 
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are increasing including the development of technical solu-
tions such as the use of ‘hook Pods’ (< http://fishtekmarine.
com/hookpod.php >) (Gilman et  al. 2005, Bull 2007, Pas-
coe et al. 2013), and initiatives that increase public awareness 
of the actions needed to protect seabirds, like the Save the 
Albatross campaign hosted by The Royal Society for the Pro-
tection of Birds (< www.rspb.org.uk/joinandhelp/donations/
campaigns/albatross/index.aspx >), or the Agreement on the 
Conservation of Albatrosses and Petrels (< www.acap.aq/ >). 
Improved management of both bycatch and discards would 
also benefit other aquatic wildlife and the overall health of 
marine ecosystems (Furness et al. 2007, Bellido et al. 2011), 
and there are several possibilities of fisheries management 
approaches taking in account climate change scenarios to 
which base present and future actions (Hobday et al. 2015b, 
Ogier et al. 2016).

Conclusions

Consistent trends towards range contraction and poleward 
shift of Southern Ocean seabirds trigger an alarm to conser-
vationists. Climate change may alter the suitability of habitat 
for several species and limit their distribution within our (and 
individual seabirds’) lifetime. Seabirds’ populations may start 
to experience the effects of increased costs to find food and 
deteriorated environmental condition within four decades. It 
would also require a dramatic change on the location of prior-
ity areas for conservation in the Oceans, which is nowadays 
a troublesome topic. A likely convergence of several highly 
threatened seabird species towards areas of high risk of bycatch 
also displaced by climate change, poses the need to continu-
ously monitor fisheries and when needed mitigate bycatch 
of seabirds and other marine taxa. Reduced ranges for low-
bycatch (selective) fisheries should be viewed with caution, as 
this may in fact be depicting a low abundance of target prey-
species which may already be at risk from over-fishing.
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