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Abstract  Lumpfish are a commercially significant 
marine fish that are harvested in roe fisheries and 
used as cleaner fish in salmon farming, however, lit-
tle is known of the environmental factors shaping the 
ecological niche of the species at global scale. As 
captive reared lumpfish are sensitive to warm water, 
the geographic distribution of wild populations may 
change as sea temperatures rise under expected cli-
mate change. After investigating the ecological niche 
of the lumpfish using Species Distribution Models, 
we found that nitrate concentration, ice cover, dif-
fuse attenuation, and temperature predicted the prob-
ability of lumpfish occurrence. Through modelling 

distribution under expected climate change forecasts 
within a realistic scenario, we found reduced proba-
bility of lumpfish occurrence in areas which currently 
support roe harvest and cleaner fish industry. Future 
conservation of the species and fisheries management 
should account for changes in lumpfish distribution as 
the range shifts northward.

Keywords  Ecological niche model · Marine 
conservation · Aquaculture · Fisheries · Cleaner fish · 
Management

Introduction

Climate change leads to shifts in species distributions 
as populations move from traditional ranges to 
occupy newer regions that better suit their ecological 
niche (Donelson et al., 2019). These shifts may affect 
how economically important species, including 
those used in fisheries and aquaculture, can be used 
in future (Froehlich et  al., 2018). Investigating how 
environmental parameters, such as temperature, shape 
the current distribution of commercially important 
species can help predict future range shifts under 
expected climate change models. These forecasts 
provide critical insight for conservation management, 
and are vital for protecting heavily exploited species 
or those that are sensitive to particular environmental 
parameters (Bosch et al., 2018).
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Lumpfish, Cyclopterus lumpus Linnaeus, 1758, a 
semi-pelagic/demersal species, are a commercially 
significant marine fish found across the North 
Atlantic. Spawning females are harvested for roe, with 
up to 8000 tonnes collected per year from fisheries 
predominately located in Canada, Greenland, Iceland, 
and Norway (Kennedy et  al., 2018). Lumpfish are 
also used as cleaner fish to control parasitic lice, 
Lepeophtheirus salmonis (Krøyer, 1837) in farms 
of Atlantic salmon, Salmo salar Linnaeus, 1758, 
and a rapidly growing cleaner fish industry has 
been established in Canada, Iceland, Faroe Islands, 
Ireland, UK, and Norway (Whittaker et al., 2018). An 
estimated 50 million juveniles are reared in hatcheries 
each year to supply cleaner fish for salmon farms, 
with commercial supplies almost exclusively derived 
from wild caught parent broodstock (Powell et  al., 
2018). Despite their economic significance, there are 
still knowledge gaps regarding the biogeography and 
the environmental niche of wild lumpfish, as most 
contemporary studies focus on optimizing conditions 
for aquaculture production of juveniles rather than the 
natural ecology or habitat preference of all life stages 
of the species (Garcia‐Mayoral et al., 2016). Captive-
reared lumpfish are sensitive to temperature and do 
not survive prolonged exposure above 15 °C, though 
they can withstand water flow up to 110  cm/s−1, 
and show hypoxic stress at less than 63% O2 (Hvas 
et  al., 2018; Remen et  al., 2022). There are distinct 
genetic groups across the North Atlantic (Jónsdóttir 
et al., 2018; Pampoulie et al., 2014; Whittaker et al., 
2018), however, it is unknown whether these groups 
show any distinction in ecological niche. Declines 
in wild adult populations have been attributed to 
increasing harvest pressure. For instance, sex and 
size bias harvest is associated with skewed population 
dynamics in Canadian roe fisheries (Hoenig & 
Hewitt, 2005). Although lumpfish are classed as 
Near Threatened by the IUCN (Lorance et al., 2015), 
more recent analysis suggests the species should be 
considered Threatened in parts of the North Atlantic 
(Atkinson et al., 2017).

Species Distribution Models (SDMs) use the niche 
concept to describe the environmental conditions 
required by a species (Soberón, 2007; Peterson et al., 
2011). In this method, the occurrence of a species 
are correlated with a set of habitat predictors using 
different techniques to investigate factors responsible 
for observed distributions (Franklin, 2010). SDMs are 

increasingly applied to marine species to delimitate 
conservation areas (Marshall et  al., 2014), manage 
marine invasive species (Blanco et  al., 2021) and 
estimate impacts of climate change on a species 
(Cristofari et al., 2018); though most SDMs are still 
applied to answer theoretical questions (Robinson 
et  al., 2017). Therefore, SDMs provide valuable 
tools for analyzing broad-scale distributions of 
economically important fish stocks, such as lumpfish, 
to plan future conservation, inform development 
of aquaculture and fisheries (Rose et  al., 2016; 
Wittmann et  al., 2016; Oyinlola et  al., 2020) and 
forewarn of potential consequences of climate change 
(Schickele et al., 2021). Therefore, this study has two 
aims: (1) identify variables which shape the niche and 
current distribution of wild lumpfish, (2) assess the 
potential impact of rising sea temperature on lumpfish 
distribution given the species’ known sensitivity to 
temperature.

Material & methods

Study area, occurrences and predictors

Geographical background delimitation is key 
for parameterization and evaluation of the SDM 
and selecting biologically meaningful regions 
has been implemented in analyses on different 
species (Acevedo et  al., 2012), including selecting 
biogeographical regions where multiple species 
share similar environmental adaptations (Barve et al., 
2011). Therefore, our study area corresponds with the 
marine biogeographical regions where lumpfish are 
currently distributed as described by Costello et  al. 
(2017). These integrated regions contain information 
on multiple environmental factors and heterogeneity 
related to the evolution of biota: NE Atlantic, 
Norwegian Sea, N American Boreal and NW North 
Atlantic corresponding with the realms 3, 4, 8 and 18 
in Costello et al. (2017). The Baltic sea was omitted 
from this macroecological study given it is composed 
of brackish water (Muus & Nielsen, 1999).

The occurrence records were collected from 
GBIF [https://​doi.​org/​10.​15468/​dl.​hjwebg (Fig. S1)] 
with 8414 records mainly corresponding to adult 
specimens. After curation, distribution records were 
extracted to the 100 × 100  km2 grid size resolution. 
This resolution has been considered sufficient to test 

https://doi.org/10.15468/dl.hjwebg
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major changes in distribution using climatic and non-
climatic predictors (Araújo & Guisan, 2006). Higher 
grid resolution has been used in SDM applied to fish 
species in global models or those considering various 
oceans (Tittensor et  al., 2010; Pompa et  al., 2011) 
but we chose a lower resolution to capture potential 
variability at a larger scale (Austin & Van Niel, 2011).

Environmental variables were extracted from the 
Bio-ORACLE v2.0 database developed for ecological 
niche modelling (Assis et al., 2018; Tyberghein et al., 
2012). Environmental data had a 5 arcmin resolution 
(i.e. 9.2  km at the equator) and included predictors 
related to sea temperature, salinity, ice concentrations 
or nutrients. Due to the lack of knowledge of the 
main drivers shaping lumpfish distribution, we 
considered the most widely available predictors at 
mean depth (Table 1). We accounted for collinearity 
by calculating the Variance Inflation Factor 
[VIF(Dormann et al., 2013)], based on the R-squared 
value of the regression of one variable against all 
other variables and defined as:

and excluded predictors with VIF > 10 (Table 1).

Modeling approach

Sampling bias in occurrence data can result in over-
representation of environmental predictors in more 
intensively surveyed areas (Phillips et  al. 2009). 

VIFj = 1(1 − R2

i
)

Sampling effort can be included in models but it is 
rarely quantified for larger regions (Anderson, 2012), 
therefore, to minimize sampling bias we focused our 
analysis on geographic filtering or splitting of data 
into bins corresponding to the 2982 grids composing 
the study area to overcome potential sampling bias 
(Gallardo & Aldridge, 2013).

We used an ensemble model to combine predic-
tions from different models to minimize uncertainty 
from this selection technique (Marmion et al., 2009). 
For this, we used biomod2 package in R (Thuiller 
et  al., 2016) including Generalized Linear Model 
(Hosmer & Lemeshow, 2000), Generalized Additive 
Models (Hastie & Tibshirani, 1990), Random For-
est (Cutler et  al., 2007), Artificial Neural Networks 
(Manel et al., 1999) and Classification Trees Analysis 
(Breiman et al. 1984) as modelling algorithms. Each 
ensemble was calculated by averaging model predic-
tions weighted by Receiver Operating Characteristics 
(ROC) and True Skill Statistics (TSS) (Hao et  al., 
2019). We randomly selected the pseudo-absences in 
the training and testing databases and run the models 
100 times with different combinations of presences 
and pseudo-absences (Barbet-Massin et  al., 2012). 
We evaluated the models using 100 replications for 
cross-validation (Roberts et  al. 2017), as independ-
ent data was unavailable (Araújo et al., 2005). Cross-
validation is a common procedure that consists of 
training each model tree with a random selection of 
70% of the presence-absence data, and the remaining 
30% are used to test the model (Pearson, 2010). As 

Table 1   Predictors in bold 
had VIF scores smaller than 
10 (Hairs et al. 1998) and 
were therefore included in 
the Species Distribution 
Models

Predictor (units) Description

Chlorophym (mg/m3) Chlorophyll concentration
CurrentVel (m−1) Current velocity
DissolvO2m (mol/m3) Dissolved molecular oxygen concentration
Nitratemea (mol/m3) Nitrate concentration
Phytoplank (μmol/m3) Carbon phytoplankton biomass
PrimaryPro (g/m3/day) Primary production
Salinityme (in PSS scale) Sea water salinity PSS
Temperature (°C) Sea water temperature
Cloudmean (%) Cloud cover
Diffuseatt (m−1) Light at the sea floor
Icecoverme (%) Sea ice concentration fraction
Icethikmea (m) Sea ice thickness
PARmean (Einstein/m2/day) Photosynthetically available radiation
pHmean pH
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a measure of model performance, we calculated the 
TSS [True Skill Statistics (Allouche et al., 2006)] and 
AUC [Area Under Curve (Fielding & Bell, 1997)] 
which are commonly used statistics for measuring 
accuracy of SDMs (Elith et  al., 2006). SDM per-
form better than random when AUC is more than 
0.5 (Swets, 1988) and TSS is more than 0 (Allouche 
et al., 2006). Ensembles were created only including 
models which quality based on AUC and TSS were 
higher than 0.5. and the mean of the predicted suit-
ability values for the 100 ensembles was plotted as 
current and forecasted suitability maps (see below).

The importance of variables included in the mod-
els was assessed for each of the 100 repetitions, and 
the average used as a final relevance value for each 
predictor of lumpfish distribution. We used caret 
library version 6.0–80 (Kuhn et al., 2020) in R to cre-
ate response curves for the 100 models, which were 
extracted and compiled to investigate responses of 
lumpfish occurrence to predictors.

We projected the resulting model under increasing 
temperatures of climate change expected under the 
Representative Concentration Pathway (RCP) 4.5 
scenario (Thomson et  al., 2011) to investigate the 
possible future distribution of lumpfish in 2050 and 
evaluate the effect of rising temperature on lumpfish 
aquaculture and conservation. The RCP 4.5, in 
which emissions will reach their peak in 2040 and 
then decline, is considered the most likely baseline 
scenario and was therefore used to forecast lumpfish 
distribution under the most plausible conditions. 
The RCP 4.5 scenario was based on an average of 

atmosphere–ocean circulation models including the 
Community Climate System Model 4 (CCSM4), 
the Hadley Centre Global Environmental Model 2 
(HadGEM2-ES) and the Model for Interdisciplinary 
Research on Climate 5 (MIROC5) as described in 
(Assis et al., 2018).

Results

The discrimination capacity of the 100 models 
composing the final ensemble model had an average 
AUC of 0.956 and an average TSS of 0.790. The 
minimum discrimination obtained was 0.952 for the 
AUC and 0.758 for the TSS (Table S1). This indicated 
that all models included in the final ensemble had 
high discrimination and predictive ability.

Variables shaping current distribution

Based on averages for variables included in the 100 
models, lumpfish occurrence was explained by rela-
tive nitrate concentration (28.9%), ice cover (18.2%), 
diffuse attenuation (14.6%), temperature (7.7%), 
phytoplankton (6.9%), cloud cover (6.7%), dissolved 
oxygen (6.1%), PAR (5.7%), pH (3.9%) and current 
velocity (1.3%) (Fig. 1).

Nitrate showed a negative association with lump-
fish distribution, and lumpfish occurrence dramati-
cally decreased when nitrate concentrations were 
above 15  nmol/m3. Ice cover was also negatively 
associated with lumpfish occurrence. The model 

Fig. 1   Relative importance 
of environmental predictors 
over 100 averaged ensemble 
models of lumpfish occur-
rence
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showed lumpfish occurrence was lower in areas with 
brighter diffuse attenuation, reaching highest prob-
ability of occurrence in areas with 1.5% and then 
probability slowly decreased as light dissipation 
decreased (Fig.  2). As predicted, there was a nega-
tive relationship between temperature and lumpfish 
occurrence (Fig.  2). The temperature at mean depth 
of benthic areas showed a negative relationship with 
lumpfish suitability. Lumpfish preferred temperatures 
between 3  °C and 10  °C, with probability of occur-
rence sharply declining in areas with an average tem-
perature of more than 10 °C (Fig. 2).

There was a slight decrease in occurrence with 
increased phytoplankton levels, and a positive 
association between cloud cover and lumpfish 
presence. Lumpfish were predominantly located in 
areas with oxygen levels between 200 and 400 mol/
m3, with peak occurrence at 275  mol/m3. Extreme 
high and low levels of Photosynthetically Available 
Radiation (PAR) was negatively associated with 
lumpfish occurrence, with greatest occurrence found 
between 24 and 35 Einstein/m2/day. The models 
showed pH and current velocity had relatively low 
importance for lumpfish occurrence (Fig. 2).

Predicted distribution under climate change

The model predicted that suitable areas for lump-
fish in eastern Atlantic at present included the North 
Sea, Norwegian Sea, Barents Sea extending up to 
Svalbard, and the waters around the British Isles and 
Ireland (Fig.  3). Suitable areas identified toward the 
center of the range included waters surrounding Ice-
land and southern Greenland. In the western Atlantic, 
the model identified currently suitable areas as span-
ning most of the Canadian coast from New Brun-
swick in the south up to Newfoundland and Labrador 
in the north.

Under predicted climate change (RCP 4.5) suit-
ability for lumpfish will decrease in the south of 
the range (Fig.  4). Our model forecasts the highest 
reductions in the eastern Atlantic will occur around 
southern and western Ireland, areas between eastern 
Iceland, the Faroe Islands and northern Scotland, as 
well as parts of the Norwegian Sea (Fig. 5). The high-
est reductions in the western Atlantic are predicted 
around the coasts of New Brunswick and Nova Sco-
tia. Suitability is predicted to increase in the north of 

the range, suggesting populations may shift to occupy 
new regions in the Barents Sea around Svalbard, 
coastal regions of northern Greenland, and into the 
Hudson Strait (Fig. 5).

Discussion

This study is the first to model the ecological niche of 
lumpfish across the Atlantic, and to assess the possible 
impacts of climate change on future population 
distribution of the species. We found that nitrate 
concentration was the most significant predictor 
of lumpfish distribution. Nitrate concentration 
is an important predictor for the distribution of 
other marine fishes across diverse environments 
(Macpherson, 2002; Mellin et  al., 2010) as nitrogen 
availability is associated with nutrient flow and 
determines primary production, meaning areas 
with higher nitrate levels are more likely to support 
primary producers such as phytoplankton which will 
in-turn support fish populations (Switzer et al., 2003). 
However, our model identified a negative relationship 
between nitrate concentration and the probability of 
lumpfish occurrence, which seems counterintuitive 
based on the mechanism described above (Chassot 
et al., 2007). This might indicate that other dynamics, 
such as temporal variability of primary productivity 
(Conti & Scardi, 2010) or ratio of secondary to 
primary production, is more relevant for lumpfish 
distribution  (Friedland et  al., 2012). We found 
additional negative associations between lumpfish 
occurrence and phytoplankton abundance and diffuse 
attenuation, alongside a positive association between 
lumpfish occurrence and cloud cover. Taken together, 
these findings imply lumpfish prefer dark and/or deep 
environments. Indeed, tagging studies show adult 
lumpfish spend extended time at depths exceeding 
400 m and exhibit regular vertical migrations through 
pelagic and demersal zones (Kennedy et  al., 2015). 
These preferred habitats are not conducive for 
primary production via phytoplankton and may also 
have lower nitrate levels. It is also possible that the 
ratio of secondary to primary production is more 
relevant for lumpfish distribution, especially given 
that lumpfish feed on jellyfish, crustaceans and small 
fish (Eliasen et al., 2018; Roy, 2021).

Probability of lumpfish occurrence was greater at 
temperatures below 10  °C and in areas with lower 
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ice cover. This aligns with research from aquacul-
ture facilities which report juvenile lumpfish housed 
in conditions above 10 °C showed reduced breeding 
performance, abnormal swimming behaviour, and 
increased mortality rates (Hvas et al., 2018; Imsland 
et  al., 2019; Pountney et  al., 2020). As average sea 
temperatures rise, wild populations in the south of 
the range will be exposed to warmer conditions that 

challenge the species’ upper thermal limit (Ern et al., 
2016). Therefore, lumpfish distribution will likely be 
pushed northward in a manner similar to other marine 
ectotherms (Sunday et  al., 2012). Rising sea tem-
peratures will also decrease ice coverage in the north 
of the range (Serreze et  al., 2007), making this area 
more suitable and pulling distribution northwards. 
The combined net effect of warming temperatures in 
the south and reducing ice coverage in the north may 
account for the observed poleward shift of lumpfish 
populations as described by the SDM.

Roe fisheries target mature females as they return to 
coastal areas and spawn in spring and early summer. 

Fig. 2   Response curves for lumpfish occurrence according to 
the ensemble model. The grey area shows the response curves 
for the 100 models and the black line shows the trend line for 
the 100 models

◂

Fig. 3   Suitability map for lumpfish in the species’ current 
global distribution. Light colours indicate low values of suit-
ability, corresponding to areas with unfavorable conditions. 

Dark colours indicate high values, representing the most 
favorable areas according to environmental predictors selected 
by the ensemble models

Fig. 4   Suitability map for lumpfish in the species’ forecasted 
global distribution under the predicted RCP 4.5 scenario. Light 
colours indicate low values of suitability, corresponding to 

areas with unfavorable conditions. Dark colours indicate high 
values, representing the most favorable areas according to the 
environmental predictors selected by the ensemble models
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Greenland has one of the fastest growing lumpfish 
fisheries, with roe harvest focused predominately 
along the western coast (Johannesson, 2006; Kennedy 
et  al., 2018). The SDM forecasts reduced suitability 
for lumpfish in the west of Greenland, whereas, 
suitability is predicted to increase in the south and 
east of Greenland, perhaps owing to polar currents 
bringing cold water to the region (Pampoulie et  al., 
2014). Commercial scale roe harvest may therefore 
become unsustainable and efforts shift from the west 
to the southern and eastern coasts of the country.

Although the current distribution of lumpfish 
aligns with regions of intensive salmon aquacul-
ture, thus allowing the species’ use as cleaner fish 
to control parasitic lice in farms (Garcia de Leaniz 
et al., 2022), the SDM predicts declining suitability 
for lumpfish across these areas by 2050. The great-
est declines are forecasted in southwest Ireland, 
north Scotland, Faroe Islands, and southeast Ice-
land. Given that warmer temperatures will increase 
the growth rates of lice and exacerbate infestation 
on salmon farms (Costello, 2006), the reduced 
effectiveness of lumpfish as a control agent in these 
areas may incur significant impacts for the industry. 
Deploying lumpfish in farms located in regions with 
an average water temperature higher than 10  °C 
will yield increasingly ineffective parasite control 
and risk the health and welfare of lumpfish. There-
fore, salmon farms intending on using lumpfish 

as cleaner fish for long-term parasite control may 
need to relocate to areas with cooler water tempera-
tures. Alternatively, farms located in southern areas 
should focus on different methods of parasite con-
trol including species of cleaner fishes that tolerate 
warmer temperatures, such as the ballen, Labrus 
bergylta (Ascanius, 1767) or goldsinny wrasse, Cte-
nolabrus rupestris (Linnaeus, 1758) in Europe and 
cunner wrasse, Tautogolabrus adspersus (Walbaum, 
1792) in Canada (Whittaker et al., 2021; Yuen et al., 
2019).

It should be noted that the lack of contemporary 
knowledge on wild lumpfish populations hinders the 
predictive ability of the SDM. Better understanding 
the natural ecology of the species, including spatial 
and temporal variation in diet, predation threats, and 
niche distinction across the range would increase the 
predictive power of future ecological models. This 
would ideally include information about dispersal, 
species interactions or ontogenetic niche shifts (Rob-
inson et al., 2017). Also, demographic data (e.g. cur-
rent reproduction, growth or mortality rates in the 
wild) will contribute to the development of mecha-
nistic SDM (Fordham et  al., 2013). Combined with 
environmental predictors, this will help design more 
effective conservation and management action for 
sustainable aquaculture (Maulu et al., 2021).

Fig. 5   Map showing changes in the probability of lumpfish 
occurrence between current conditions and conditions under 
climate change RCP4.5 scenario by 2050. Dark  blue colours 

indicate higher future suitability, whereas red colours indicate 
lower future suitability
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Conclusions

This study sheds light on the ecological niche of 
the lumpfish at global scale, identifying nitrate, ice 
cover, diffuse attenuation and temperature as major 
drivers of lumpfish distribution. Temperatures over 
10 ºC are detrimental for lumpfish, which will shift 
their distribution northwards as sea-temperatures 
rise due to climate change. This holds significant 
consequences for aquaculture, fisheries and 
conservation of the species.

Author contributions  MR-R and BW: conceived the idea. 
MR-R: compiled, curated and analyzed the data and both 
authors interpreted the outputs, contributed to manuscript 
writing, gave approval for publication and will correspond 
regarding the study.

Funding  Open Access funding provided thanks to the 
CRUE-CSIC agreement with Springer Nature. This study 
was supported by “Make Our Planet Great Again” grant from 
Campus France and Maria Zambrano grant from Spanish 
Government to M.R-R.

Data availability  The data used is derived from public 
domain resources, but all data and R scripts are available on 
request from M.R.R.

Declarations 

Conflict of interest  The authors have no conflict of interest.

Open Access  This article is licensed under a Creative 
Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Acevedo, P., A. Jiménez-Valverde, J. M. Lobo & R. Real, 2012. 
Delimiting the geographical background in species distri-
bution modelling. Journal of Biogeography 39(8): 1383–
1390. https://​doi.​org/​10.​1111/j.​1365-​2699.​2012.​02713.x.

Allouche, O., A. Tsoar & R. Kadmon, 2006. Assessing the 
accuracy of species distribution models: prevalence, 

kappa and the true skill statistic (TSS). Journal of Applied 
Ecology 43(6): 1223–1232. https://​doi.​org/​10.​1111/j.​
1365-​2664.​2006.​01214.x.

Araújo, M. B. & A. Guisan, 2006. Five (or so) challenges for 
species distribution modelling. Journal of Biogeography 
33(10): 1677–1688. https://​doi.​org/​10.​1111/j.​1365-​2699.​
2006.​01584.x.

Araújo, M. B., R. G. Pearson, W. Thuiller & M. Erhard, 2005. 
Validation of species–climate impact models under cli-
mate change. Global Change Biology 11(9): 1504–1513. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2005.​01000.x.

Assis, J., L. Tyberghein, S. Bosch, H. Verbruggen, E. A. Ser-
rão & O. De Clerck, 2018. Bio-ORACLE v2.0: Extend-
ing marine data layers for bioclimatic modelling. Global 
Ecology and Biogeography 27(3):277–284 doi:https://​
doi.​org/​10.​1111/​geb.​12693.

Atkinson, B., C. Environment, C. C. Canada & C. o. t. S. o. 
E. W. i. Canada, 2017. COSEWIC Assessment and Sta-
tus Report on the Lumpfish, Cyclopterus Lumpus, in 
Canada. COSEWIC, Committee on the Status of Endan-
gered Wildlife in Canada = COSEPAC, Comité sur la 
situation des espèces en péril au Canada.

Austin, M. P. & K. P. Van Niel, 2011. Improving species 
distribution models for climate change studies: variable 
selection and scale. Journal of Biogeography 38(1): 1–8. 
https://​doi.​org/​10.​1111/j.​1365-​2699.​2010.​02416.x.

Barbet-Massin, M., F. Jiguet, C. H. Albert & W. Thuiller, 
2012. Selecting pseudo-absences for species distribu-
tion models: how, where and how many? 3(2):327–338 
doi:https://​doi.​org/​10.​1111/j.​2041-​210X.​2011.​00172.x.

Barve, N., V. Barve, A. Jiménez-Valverde, A. Lira-Noriega, 
S. P. Maher, A. T. Peterson, J. Soberón & F. Villalobos, 
2011. The crucial role of the accessible area in ecologi-
cal niche modeling and species distribution modeling. 
Ecological Modelling 222(11): 1810–1819. https://​doi.​
org/​10.​1016/j.​ecolm​odel.​2011.​02.​011.

Blanco, A., A. R. Larrinaga, J. M. Neto, J. Troncoso, G. 
Méndez, P. Domínguez-Lapido, A. Ovejero, L. Pereira, 
T. M. Mouga, R. Gaspar, B. Martínez, M. F. L. Lemos 
& C. Olabarria, 2021. Spotting intruders: Species distri-
bution models for managing invasive intertidal macroal-
gae. Journal of Environmental Management 281:111861 
doi:https://​doi.​org/​10.​1016/j.​jenvm​an.​2020.​111861.

Bosch, S., L. Tyberghein, K. Deneudt, F. Hernandez & O. De 
Clerck, 2018. In search of relevant predictors for marine 
species distribution modelling using the MarineSPEED 
benchmark dataset. Diversity and Distributions 24(2): 
144–157. https://​doi.​org/​10.​1111/​ddi.​12668.

Breiman, L., J. Friedman, R. Olshen & C. J. Stone, 1984. 
Classification and Regression Trees. Wadsworth Inter-
national Group, Belmont, California.

Chassot, E., F. Mélin, O. Le Pape & D. Gascuel, 2007. Bottom-
up control regulates fisheries production at the scale of 
eco-regions in European seas. Marine Ecology Progress 
Series 343: 45–55. https://​doi.​org/​10.​3354/​meps0​6919.

Conti, L. & M. Scardi, 2010. Fisheries yield and primary pro-
ductivity in large marine ecosystems. Marine Ecology 
Progress Series 410: 233–244.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-2699.2012.02713.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.1111/j.1365-2486.2005.01000.x
https://doi.org/10.1111/geb.12693
https://doi.org/10.1111/geb.12693
https://doi.org/10.1111/j.1365-2699.2010.02416.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.1016/j.jenvman.2020.111861
https://doi.org/10.1111/ddi.12668
https://doi.org/10.3354/meps06919


2098	 Hydrobiologia (2023) 850:2089–2100

1 3
Vol:. (1234567890)

Costello, M. J., 2006. Ecology of sea lice parasitic on farmed 
and wild fish. Trends in Parasitology 22(10): 475–483. 
https://​doi.​org/​10.​1016/j.​pt.​2006.​08.​006.

Costello, M. J., P. Tsai, P. S. Wong, A. K. L. Cheung, Z. Basher 
& C. Chaudhary, 2017. Marine biogeographic realms and 
species endemicity. Nature Communications 8(1): 1057. 
https://​doi.​org/​10.​1038/​s41467-​017-​01121-2.

Cristofari, R., X. Liu, F. Bonadonna, Y. Cherel, P. Pistorius, 
Y. Le Maho, V. Raybaud, N. C. Stenseth, C. Le Bohec 
& E. Trucchi, 2018. Climate-driven range shifts of the 
king penguin in a fragmented ecosystem. Nature Cli-
mate Change 8(3): 245–251. https://​doi.​org/​10.​1038/​
s41558-​018-​0084-2.

Cutler, D. R., T. C. Edwards, K. H. Beard, A. Cutler, K. T. 
Hess, J. Gibson & J. J. Lawler, 2007. Random Forest for 
Classification in Ecology. Ecology 88(11): 2783–2792. 
https://​doi.​org/​10.​1890/​07-​0539.1.

Garcia de Leaniz, C., C. Gutierrez Rabadan, S. I. Barrento, R. 
Stringwell, P. N. Howes, B. A. Whittaker, J. F. Minett, R. 
G. Smith, C. L. Pooley, B. J. Overland, L. Biddiscombe, 
R. Lloyd, S. Consuegra, J. K. Maddocks, P. T. J. Deacon, 
B. T. Jennings, S. Rey Planellas, A. Deakin, A. I. Moore, 
D. Phillips, G. Bardera, M. F. Castanheira, M. Scolamac-
chia, N. Clarke, O. Parker, J. Avizienius, M. Johnstone & 
M. Pavlidis, 2022. Addressing the welfare needs of farmed 
lumpfish: Knowledge gaps, challenges and solutions. 
Reviews in Aquaculture 14(1): 139–155. https://​doi.​org/​
10.​1111/​raq.​12589.

Donelson, J. M., J. M. Sunday, W. F. Figueira, J. D. Gaitán-
Espitia, A. J. Hobday, C. R. Johnson, J. M. Leis, S. D. 
Ling, D. Marshall, J. M. Pandolfi, G. Pecl, G. G. Rodg-
ers, D. J. Booth & P. L. Munday, 2019. Understanding 
interactions between plasticity, adaptation and range 
shifts in response to marine environmental change. Phil-
osophical Transactions of the Royal Society B: Biologi-
cal Sciences 374(1768): 20180186. https://​doi.​org/​10.​
1098/​rstb.​2018.​0186.

Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, 
G. Carré, J. R. G. Marquéz, B. Gruber, B. Lafourcade, P. 
J. Leitão, T. Münkemüller, C. McClean, P. E. Osborne, 
B. Reineking, B. Schröder, A. K. Skidmore, D. Zurell & 
S. Lautenbach, 2013. Collinearity: a review of methods 
to deal with it and a simulation study evaluating their 
performance. 36(1):27–46 doi:https://​doi.​org/​10.​1111/j.​
1600-​0587.​2012.​07348.x.

Eliasen, K., E. Danielsen, Á. Johannesen, L. L. Joensen & 
E. J. Patursson, 2018. The cleaning efficacy of lumpfish 
(Cyclopterus lumpus L.) in Faroese salmon (Salmo salar 
L.) farming pens in relation to lumpfish size and season-
ality. Aquaculture 488: 61–65. https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2018.​01.​026.

Elith, J., C. H. Graham, R. P. Anderson, M. Dudík, S. Ferrier, 
A. Guisan, ... & N. E. Zimmermann, 2006. Novel meth-
ods improve prediction of species’ distributions from 
occurrence data. Ecography 29(2):129–151 doi:https://​
doi.​org/​10.​1111/j.​2006.​0906-​7590.​04596.x.

Ern, R., T. Norin, A. K. Gamperl & A. J. Esbaugh, 2016. 
Oxygen dependence of upper thermal limits in fishes. 
Journal of Experimental Biology 219(21): 3376–3383. 
https://​doi.​org/​10.​1242/​jeb.​143495.

Fielding, A. H. & J. F. Bell, 1997. A review of methods 
for the assessment of prediction errors in conservation 
presence/absence models. Environmental Conserva-
tion 24(1): 38–49. https://​doi.​org/​10.​1017/​S0376​89299​
70000​88.

Fordham, D. A., C. Mellin, B. D. Russell, R. H. Akçakaya, C. 
J. Bradshaw, M. E. Aiello‐Lammens, J. M. Caley, S. D. 
Connell, S. Mayfield & S. A. J. G. c. b. Shepherd, 2013. 
Population dynamics can be more important than physi-
ological limits for determining range shifts under climate 
change. 19(10):3224–3237.

Franklin, J., 2010. Mapping species distributions: spatial infer-
ence and prediction, Cambridge University Press:

Friedland, K. D., C. Stock, K. F. Drinkwater, J. S. Link, R. 
T. Leaf, B. V. Shank, J. M. Rose, C. H. Pilskaln & M. J. 
Fogarty, 2012. Pathways between Primary Production 
and Fisheries Yields of Large Marine Ecosystems. PLOS 
ONE 7(1):e28945 doi:https://​doi.​org/​10.​1371/​journ​al.​
pone.​00289​45.

Froehlich, H. E., R. R. Gentry & B. S. Halpern, 2018. Global 
change in marine aquaculture production potential under 
climate change. Nature Ecology & Evolution 2(11): 1745–
1750. https://​doi.​org/​10.​1038/​s41559-​018-​0669-1.

Gallardo, B. & D. C. Aldridge, 2013. The ‘dirty dozen’: socio-
economic factors amplify the invasion potential of 12 
high-risk aquatic invasive species in Great Britain and 
Ireland. 50(3):757–766 doi:https://​doi.​org/​10.​1111/​1365-​
2664.​12079.

Garcia-Mayoral, E., M. Olsen, R. Hedeholm, S. Post, E. E. 
Nielsen & D. Bekkevold, 2016. Genetic structure of West 
Greenland populations of lumpfish Cyclopterus lumpus. 
Journal of Fish Biology 89(6): 2625–2642. https://​doi.​org/​
10.​1111/​jfb.​13167.

Hairs, J. F., R. E. Anderson, R. L. Tatham & W. C. Black, 
1998. Multivariate data analysis. Englewood Cliffs, NJ: 
Printice Hall.

Hao, T., J. Elith, G. Guillera-Arroita & J. J. Lahoz-Monfort, 
2019. A Review of Evidence about Use and Performance 
of Species Distribution Modelling Ensembles like BIO-
MOD. 25(5): 839–852. https://​doi.​org/​10.​1111/​ddi.​12892.

Hastie, T. J. & R. J. Tibshirani, 1990. Generalized additive 
models, Vol. 43. CRC Press:

Hoenig, J. M. & D. A. Hewitt, 2005. What Can We Learn 
about Mortality from Sex Ratio Data? A Look at Lump-
fish in Newfoundland. Transactions of the American Fish-
eries Society 134(3): 754–761. https://​doi.​org/​10.​1577/​
T04-​125.1.

Hosmer, D. W. & S. Lemeshow, 2000. Special topics. Applied 
Logistic Regression, Second Edition:260–351.

Hvas, M., O. Folkedal, A. Imsland & F. Oppedal, 2018. Meta-
bolic rates, swimming capabilities, thermal niche and 
stress response of the lumpfish, Cyclopterus lumpus. Biol-
ogy Open 7(9) doi:https://​doi.​org/​10.​1242/​bio.​036079.

Imsland, A. K. D., M. Danielsen, T. M. Jonassen, T. A. Hang-
stad & I.-B. Falk-Petersen, 2019. Effect of incubation tem-
perature on eggs and larvae of lumpfish (Cyclopterus lum-
pus). Aquaculture 498: 217–222. https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2018.​08.​061.

Johannesson, J., 2006. Lumpfish caviar: from vessel to con-
sumer. Food & Agriculture Org.

https://doi.org/10.1016/j.pt.2006.08.006
https://doi.org/10.1038/s41467-017-01121-2
https://doi.org/10.1038/s41558-018-0084-2
https://doi.org/10.1038/s41558-018-0084-2
https://doi.org/10.1890/07-0539.1
https://doi.org/10.1111/raq.12589
https://doi.org/10.1111/raq.12589
https://doi.org/10.1098/rstb.2018.0186
https://doi.org/10.1098/rstb.2018.0186
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1016/j.aquaculture.2018.01.026
https://doi.org/10.1016/j.aquaculture.2018.01.026
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1242/jeb.143495
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1371/journal.pone.0028945
https://doi.org/10.1371/journal.pone.0028945
https://doi.org/10.1038/s41559-018-0669-1
https://doi.org/10.1111/1365-2664.12079
https://doi.org/10.1111/1365-2664.12079
https://doi.org/10.1111/jfb.13167
https://doi.org/10.1111/jfb.13167
https://doi.org/10.1111/ddi.12892
https://doi.org/10.1577/T04-125.1
https://doi.org/10.1577/T04-125.1
https://doi.org/10.1242/bio.036079
https://doi.org/10.1016/j.aquaculture.2018.08.061
https://doi.org/10.1016/j.aquaculture.2018.08.061


2099Hydrobiologia (2023) 850:2089–2100	

1 3
Vol.: (0123456789)

Jónsdóttir, Ó. D. B., J. Schregel, S. B. Hagen, C. Tobiassen, S. 
G. Aarnes & A. K. D. Imsland, 2018. Population genetic 
structure of lumpfish along the Norwegian coast: aquacul-
ture implications. Aquaculture International 26(1): 49–60. 
https://​doi.​org/​10.​1007/​s10499-​017-​0194-2.

Kennedy, J., S. Þ Jónsson, H. G. Ólafsson & J. M. Kasper, 
2015. Observations of vertical movements and depth 
distribution of migrating female lumpfish (Cyclopterus 
lumpus) in Iceland from data storage tags and trawl sur-
veys. ICES Journal of Marine Science 73(4): 1160–1169. 
https://​doi.​org/​10.​1093/​icesj​ms/​fsv244.

Kennedy, J., C. M. F. Durif, A.-B. Florin, A. Fréchet, J. Gauth-
ier, K. Hüssy, S. Þ Jónsson, H. G. Ólafsson, S. Post & 
R. B. Hedeholm, 2018. A brief history of lumpfishing, 
assessment, and management across the North Atlantic. 
ICES Journal of Marine Science 76(1): 181–191. https://​
doi.​org/​10.​1093/​icesj​ms/​fsy146.

Kuhn, M., J. Wing, S. Weston, A. Williams, C. Keefer, A. 
Engelhardt, T. Cooper, Z. Mayer, B. Kenkel & R. C. 
Team, 2020. Package ‘caret’. The R Journal 223:7.

Lorance, P., R. Cook, J. Herrera, L. de Sola, A. Florin & C. 
Papaconstantinou, 2015. Cyclopterus lumpus. The IUCN 
Red List of Threatened Species 10.

Macpherson, E., 2002. Large-scale species-richness gradients 
in the Atlantic Ocean. Proceedings of the Royal Society of 
London Series B: Biological Sciences 269(1501): 1715–
1720. https://​doi.​org/​10.​1098/​rspb.​2002.​2091.

Manel, S., J.-M. Dias, S. Buckton & S. Ormerod, 1999. Alter-
native methods for predicting species distribution: an 
illustration with Himalayan river birds. Journal of Applied 
Ecology 36(5): 734–747. https://​doi.​org/​10.​1046/j.​1365-​
2664.​1999.​00440.x.

Marmion, M., M. Parviainen, M. Luoto, R. K. Heikkinen & W. 
Thuiller, 2009. Evaluation of consensus methods in pre-
dictive species distribution modelling. Diversity and Dis-
tributions 15(1): 59–69. https://​doi.​org/​10.​1111/j.​1472-​
4642.​2008.​00491.x.

Marshall, C. E., G. A. Glegg & K. L. Howell, 2014. Species 
distribution modelling to support marine conservation 
planning: The next steps. Marine Policy 45: 330–332. 
https://​doi.​org/​10.​1016/j.​marpol.​2013.​09.​003.

Maulu, S., O. J. Hasimuna, L. H. Haambiya, C. Monde, C. G. 
Musuka, T. H. Makorwa, B. P. Munganga, K. J. Phiri & 
J. D. Nsekanabo, 2021. Climate change effects on aqua-
culture production: sustainability implications, mitigation, 
and adaptations. Frontiers in Sustainable Food Systems 
5:609097 doi:https://​doi.​org/​10.​3389/​fsufs.​2021.​609097.

Mellin, C., C. J. A. Bradshaw, M. G. Meekan & M. J. Caley, 
2010. Environmental and spatial predictors of species 
richness and abundance in coral reef fishes. Global Ecol-
ogy and Biogeography 19(2): 212–222. https://​doi.​org/​10.​
1111/j.​1466-​8238.​2009.​00513.x.

Muus, B. J. & J. G. Nielsen, 1999. Sea fish. Scandinavian fish-
ing year book.

Oyinlola, M. A., G. Reygondeau & C. C. C. Wabnitz, 2020. 
Projecting global mariculture diversity under climate 
change. Global Change Biology 26(4): 2134–2148. 
https://​doi.​org/​10.​1111/​gcb.​14974.

Pampoulie, C., S. Skirnisdottir, G. Olafsdottir, S. J. Helyar, 
V. Thorsteinsson, S. Þ Jónsson, A. Fréchet, C. M. Durif, 
S. Sherman & M. Lampart-Kałużniacka, 2014. Genetic 

structure of the lumpfish Cyclopterus lumpus across the 
North Atlantic. ICES Journal of Marine Science 71(9): 
2390–2397.

Pearson, R. G., 2010. Species’ distribution modeling for con-
servation educators and practitioners.

Peterson, A. T., J. Soberón, R. G. Pearson, R. P. Anderson, E. 
Martínez-Meyer, M. Nakamura & M. B. Araújo, 2011. 
Ecological niches and geographic distributions (MPB-49) 
Ecological Niches and Geographic Distributions (MPB-
49), Princeton University Press:

Phillips, S. J., M. Dudík, J. Elith, C. H. Graham, A. Lehmann, 
J. Leathwick & S. Ferrier, 2009. Sample selection bias 
and presence-only distribution models: implications for 
background and pseudo-absence data. Ecological Appli-
cations 19(1): 181–197.

Pompa, S., P. R. Ehrlich & G. Ceballos, 2011. Global distribu-
tion and conservation of marine mammals. Proceedings 
of the National Academy of Sciences 108(33): 13600–
13605. https://​doi.​org/​10.​1073/​pnas.​11015​25108.

Pountney, S. M., I. Lein, H. Migaud & A. Davie, 2020. High 
temperature is detrimental to captive lumpfish (Cyclop-
terus lumpus, L) reproductive performance. Aquaculture 
522:735121 doi:https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2020.​735121.

Powell, A., J. W. Treasurer, C. L. Pooley, A. J. Keay, R. Lloyd, 
A. K. Imsland & C. Garcia de Leaniz, 2018. Use of lump-
fish for sea-lice control in salmon farming: challenges and 
opportunities. Reviews in Aquaculture 10(3): 683–702. 
https://​doi.​org/​10.​1111/​raq.​12194.

Remen, M., A. M. Nes, T. A. Hangstad, P. Geraudie, P. Reyn-
olds, T. C. Urskog, A. Hanssen, S. O. Stefansson & A. 
K. D. Imsland, 2022. Temperature and size-dependency 
of lumpfish (Cyclopterus lumpus) oxygen requirement 
and tolerance. Aquaculture 548:737576 doi:https://​doi.​
org/​10.​1016/j.​aquac​ulture.​2021.​737576.

Roberts, D. R., V. Bahn, S. Ciuti, M. S. Boyce, J. Elith, G. 
Guillera-Arroita, S. Hauenstein, J. J. Lahoz-Monfort, B. 
Schröder & W. Thuiller, 2017. Cross-validation strate-
gies for data with temporal, spatial, hierarchical, or phy-
logenetic structure. Ecography 40(8): 913–929.

Robinson, N. M., W. A. Nelson, M. J. Costello, J. E. Suther-
land & C. J. Lundquist, 2017. A Systematic Review of 
Marine-Based Species Distribution Models (SDMs) 
with Recommendations for Best Practice. Frontiers 
in Marine Science 4(421) doi:https://​doi.​org/​10.​3389/​
fmars.​2017.​00421.

Rose, P. M., M. J. Kennard, D. B. Moffatt, F. Sheldon & G. 
L. Butler, 2016. Testing Three Species Distribution Mod-
elling Strategies to Define Fish Assemblage Reference 
Conditions for Stream Bioassessment and Related Appli-
cations. PLOS ONE 11(1):e0146728 https://​doi.​org/​10.​
1371/​journ​al.​pone.​01467​28.

Roy, J., 2021. Morphological diet analysis of the lumpfish 
(Cyclopterus lumpus): a cleaner fish inside Newfoundland 
salmon sea cages. University of Guelph.

Schickele, A., E. Goberville, B. Leroy, G. Beaugrand, T. Hat-
tab, P. Francour & V. Raybaud, 2021. European small 
pelagic fish distribution under global change scenarios. 
Fish and Fisheries 22(1): 212–225. https://​doi.​org/​10.​
1111/​faf.​12515.

https://doi.org/10.1007/s10499-017-0194-2
https://doi.org/10.1093/icesjms/fsv244
https://doi.org/10.1093/icesjms/fsy146
https://doi.org/10.1093/icesjms/fsy146
https://doi.org/10.1098/rspb.2002.2091
https://doi.org/10.1046/j.1365-2664.1999.00440.x
https://doi.org/10.1046/j.1365-2664.1999.00440.x
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1016/j.marpol.2013.09.003
https://doi.org/10.3389/fsufs.2021.609097
https://doi.org/10.1111/j.1466-8238.2009.00513.x
https://doi.org/10.1111/j.1466-8238.2009.00513.x
https://doi.org/10.1111/gcb.14974
https://doi.org/10.1073/pnas.1101525108
https://doi.org/10.1016/j.aquaculture.2020.735121
https://doi.org/10.1016/j.aquaculture.2020.735121
https://doi.org/10.1111/raq.12194
https://doi.org/10.1016/j.aquaculture.2021.737576
https://doi.org/10.1016/j.aquaculture.2021.737576
https://doi.org/10.3389/fmars.2017.00421
https://doi.org/10.3389/fmars.2017.00421
https://doi.org/10.1371/journal.pone.0146728
https://doi.org/10.1371/journal.pone.0146728
https://doi.org/10.1111/faf.12515
https://doi.org/10.1111/faf.12515


2100	 Hydrobiologia (2023) 850:2089–2100

1 3
Vol:. (1234567890)

Serreze, M. C., M. M. Holland & J. Stroeve, 2007. Perspec-
tives on the Arctic’s Shrinking Sea-Ice Cover. Science 
315(5818): 1533–1536. https://​doi.​org/​10.​1126/​scien​ce.​
11394​26.

Soberón, J., 2007. Grinnellian and Eltonian niches and geo-
graphic distributions of species. Ecology Letters 10(12): 
1115–1123.

Sunday, J. M., A. E. Bates & N. K. Dulvy, 2012. Thermal toler-
ance and the global redistribution of animals. Nature Cli-
mate Change 2(9): 686–690. https://​doi.​org/​10.​1038/​nclim​
ate15​39.

Swets, J., 1988. Measuring the accuracy of diagnostic systems. 
Science 240(4857): 1285–1293. https://​doi.​org/​10.​1126/​
scien​ce.​32876​15.

Switzer, A. C., D. Kamykowski & S.-J. Zentara, 2003. Map-
ping nitrate in the global ocean using remotely sensed sea 
surface temperature. Journal of Geophysical Research: 
Oceans 108(C8) https://​doi.​org/​10.​1029/​2000J​C0004​44.

Thomson, A. M., K. V. Calvin, S. J. Smith, G. P. Kyle, A. 
Volke, P. Patel, S. Delgado-Arias, B. Bond-Lamberty, M. 
A. Wise, L. E. Clarke & J. A. Edmonds, 2011. RCP4.5: 
a pathway for stabilization of radiative forcing by 2100. 
Climatic Change 109(1):77 https://​doi.​org/​10.​1007/​
s10584-​011-​0151-4.

Thuiller, W., D. Georges, R. Engler, F. Breiner, M. D. Georges 
& C. W. Thuiller, 2016. Package ‘biomod2’.

Tittensor, D. P., C. Mora, W. Jetz, H. K. Lotze, D. Ricard, E. 
V. Berghe & B. Worm, 2010. Global patterns and predic-
tors of marine biodiversity across taxa. Nature 466(7310): 
1098–1101. https://​doi.​org/​10.​1038/​natur​e09329.

Tyberghein, L., H. Verbruggen, K. Pauly, C. Troupin, F. 
Mineur & O. De Clerck, 2012. Bio-ORACLE: a global 
environmental dataset for marine species distribution 

modelling. Global Ecology and Biogeography 21(2): 272–
281. https://​doi.​org/​10.​1111/j.​1466-​8238.​2011.​00656.x.

Whittaker, B. A., S. Consuegra & C. G. de Leaniz, 2018. 
Genetic and phenotypic differentiation of lumpfish 
(Cyclopterus lumpus) across the North Atlantic: implica-
tions for conservation and aquaculture. PeerJ 6: e5974.

Whittaker, B. A., S. Maeda & E. G. Boulding, 2021. Strike a 
pose: Does communication by a facultative cleaner fish, 
the cunner wrasse (Tautogolabrus adspersus), facilitate 
interaction with Atlantic salmon (Salmo salar)? Applied 
Animal Behaviour Science 236:105275 https://​doi.​org/​10.​
1016/j.​appla​nim.​2021.​105275.

Wittmann, M. E., M. A. Barnes, C. L. Jerde, L. A. Jones & D. 
M. Lodge, 2016. Confronting species distribution model 
predictions with species functional traits. Ecology and 
Evolution 6(4): 873–879. https://​doi.​org/​10.​1002/​ece3.​
1898.

Yuen, J. W., T. Dempster, F. Oppedal & M. Hvas, 2019. Physi-
ological performance of Ballan wrasse (Labrus bergylta) 
at different temperatures and its implication for cleaner 
fish usage in Salmon aquaculture. Biological Control 135: 
117–123. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2019.​05.​
007.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1126/science.1139426
https://doi.org/10.1126/science.1139426
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1126/science.3287615
https://doi.org/10.1126/science.3287615
https://doi.org/10.1029/2000JC000444
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.1038/nature09329
https://doi.org/10.1111/j.1466-8238.2011.00656.x
https://doi.org/10.1016/j.applanim.2021.105275
https://doi.org/10.1016/j.applanim.2021.105275
https://doi.org/10.1002/ece3.1898
https://doi.org/10.1002/ece3.1898
https://doi.org/10.1016/j.biocontrol.2019.05.007
https://doi.org/10.1016/j.biocontrol.2019.05.007

	The global ecological niche of lumpfish (Cyclopterus lumpus) and predicted range shifts under climate change
	Abstract 
	Introduction
	Material & methods
	Study area, occurrences and predictors
	Modeling approach

	Results
	Variables shaping current distribution
	Predicted distribution under climate change

	Discussion
	Conclusions
	Anchor 12
	References




