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1  |  INTRODUC TION

Reports have shown that climate change will affect marine species 
in less time than terrestrial species due to an accelerated change 
in oceanographic environmental conditions (Sorte et al., 2010). 
Nevertheless, so far, most climate change studies in marine envi-
ronments have been conducted studying effects on corals and fish 
(Przeslawski et al., 2008). Amongst marine organisms, sessile spe-
cies or those with slow displacement are the most vulnerable to 
environmental changes because of their difficulty in locating bet-
ter conditions (Pörtner et al., 2014). Likewise, organisms in tropical 
zones usually have less tolerance to environmental changes than 
organisms in temperate zones (Compton et al., 2007; Donelson 
et al., 2012). In this context, mollusks in tropical areas face a 

complicated future under diverse global warming scenarios (Khoo 
& Chin, 1983).

The genus Elysia (Subclass: Heterobranchia, Order: Sacoglossa) 
comprises 148 species of benthic gastropod that are usually known 
as “sea slugs.” They live in shallow waters, algae and coral reef hab-
itats mainly along the tropical regions of the world; in the Western 
Atlantic Ocean, only two species occur in temperate latitudes 
(E. chlorotica and E. patagonica). Members of this genus present a 
greenish coloration and a U- shaped radula that allows them to suc-
tion cytoplasmic contents out of algae. They are simultaneous her-
maphrodites with internal cross- fertilization and deposit their egg 
masses in host algae. When these eggs hatch, they release a veliger 
that may be planktotrophic or lecithotrophic, depending on the spe-
cies. Some species present poecilogony (larval variation dependents 
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Abstract
Elysiais a genus of sea slugs in which some species can “steal” chloroplasts (klepto-
plasty) from algae and keep them photosynthetically active inside their cells. Solar- 
powered animals are more susceptible to climate change as photosynthesis can 
increase the stress for these animals in extreme environmental conditions. Here, we 
used the Maxent algorithm and environmental envelopes (i.e. the multi- dimensional 
environmental space in which a species can occur) to model the ecological niche of 
21 Elysia species in the Caribbean to estimate their current and future potential distri-
bution. We then used predicted distributions to map potential taxonomical richness 
and to describe the representation of the genus inside the marine protected areas 
(MPAs). For most species, we show an expansion of the northern and southern range 
of distribution, but a reduction in the central part. Although changes in richness ap-
peared in different areas, predictions emphasize four large extensions that have a 
potential current richness of 13 and will have no species in the future: Pamlico Sound, 
North Carolina; the southwest of the Gulf of Mexico; the Great Bahama Bank; and the 
southwest of Brazil. Out of the total area with environmental conditions adequate for 
at least one of the species in the genus, 24.7% is located within MPAs.
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on environmental stimulus) and require a metamorphic signal for 
metamorphosis, such as the presence of the algae that they feed 
upon (Dionísio et al., 2013). Kleptoplasty— the ability to “steal” chlo-
roplasts from the algae they feed upon and keep them active in their 
digestive cells— is also a peculiarity of some of the species in this 
group (Cruz et al., 2014; Pierce & Curtis, 2012; Rumpho et al., 2011). 
This physiological condition offers major advantages to the group, 
but it also poses a risk for individuals under environmental stress, 
making them more vulnerable to the effects of climate change 
(Dionísio et al., 2017).

Experimental laboratory research and some local- scale field 
studies have reported the negative impact of climate change on 
some species of Heterobranchia. For example, Dehnel and Kong 
(1979) observed the inhibition of embryonic development in Cadlina 
luteomarginata at temperatures higher than 20°C; Biermann et al. 
(1992) observed that the increase in solar radiation in the intertidal 
zone killed the embryos of Doris montereyensis, and a study by Moran 
and Woods (2007) documented that elevated temperatures resulted 
in low oxygen levels in Tritonia diomedea egg masses. Regarding the 
Elysia genus, at the time of this study, we only found a work carried 
out by Dionísio et al. (2017) who observed the negative effects of 
sea acidification and temperature increase on diverse reproductive 
aspects of the species E. crispata.

As many species in this genus are difficult to study in the wild 
because of their biological characteristics (e.g. low population den-
sities, cryptic colorations), most information on the group comes 
from fortuitous presence records. Under these limitations, ecolog-
ical niche modelling (ENM) has great potential as a tool for the study 
of sea slugs. With this method, the environmental requirements of 
the species under study are estimated by associating a set of points 
with geographic coordinates that represent its occurrence with the 
environmental conditions that correspond to each point. This infor-
mation is then used to identify ecologically similar regions within the 
studied area and estimate the potential distribution of the species 
(Soberón et al., 2017). Niche models can also be projected to assess 
the potential effects of future climate change on species’ distribu-
tions (Anderson, 2013).

Despite its potential, ENM has not been widely used to study 
the influence of climate change on the distribution of marine mol-
lusk species (Dambach & Rödder, 2011; Robinson et al., 2011). Saupe 
et al. (2014) modelled the ecological niches of 14 species of mol-
lusks and then projected them to future scenarios, finding a reduc-
tion in potential distribution areas and species- specific responses. 
Conversely, previous studies with other groups of marine organ-
isms have identified certain general patterns regarding distribution 
ranges, driven by global climate change. Poloczanska et al. (2016) 
observed an expansion of the geographic limits of the distribution of 
many species towards higher latitudes and deeper zones. For some 
species of Heterobranchia, the poleward range expansion due to 
global warming has been documented (Goddard et al., 2011; Nimbs 
& Smith, 2016, 2017, 2018), although at present, no analysis allows 
for a more detailed forecast of probable changes in their distribution 
under future climate change scenarios.

The first objective of this investigation was to assess the po-
tential effects of climate on the distribution of species in the Elysia 
genus through the Western Atlantic Ocean. Furthermore, we as-
sessed present and future geographic patterns of taxonomic rich-
ness. Finally, we evaluated the representativeness of the group 
inside the Marine Protected Areas. To do so, we modelled the eco-
logical niches of 21 species and projected them onto several differ-
ent future scenarios. As to the possible responses of these mollusks 
to climate change, we worked with two hypotheses: (1) environmen-
tal suitable areas for the Elysia genus will be moved towards higher 
latitudes, and (2) there will be a general reduction in the suitable 
areas for the distribution of the genus.

2  |  MATERIAL S AND METHODS

2.1  |  Biological data and determination of the 
historically accessible area

We included in our analysis all species in the genus Elysia that are 
distributed along the Western Atlantic Ocean (Krug et al., 2016; 
Muniain & Ortea, 1997) and that have presence records with co-
ordinates. We obtained presence records for each species from 
diverse online repositories: the Ocean Biogeographic Information 
System (OBIS, http://iobis.org), the Global Biodiversity Information 
Facility (GBIF, https://www.gbif.org/), Naturalista (https://www.
natur alista.mx/), the National Mollusk Collection of UNAM (CNMO), 
the Yucatan Marine Biodiversity mollusk collection (BDMY), the 
Academy of Natural Science (http://clade.ansp.org/malac ology/ colle 
ction s/), the Florida Museum of Natural History (http://speci fypor 
tal.flmnh.ufl.edu/iz/), the Smithsonian National Museum of Natural 
History (https://colle ctions.nmnh.si.edu/searc h/iz/), Instituto de 
Investigaciones Marinas y Costeras de Colombia (INVEMAR, http://
siam.invem ar.org.co/). Also, we considered occurrences collected 
from specialized scientific literature published from 2002 to 2017. 
The words that we used to search in the Google Scholar database 
were “Elysia” and the names of each species in Latin. We selected 
all papers that have presence records with coordinates, and which 
fulfil the taxonomic information presented by Krug et al. (2016) 
(References S1). We cleansed the final database by eliminating all 
duplicated records, georeferencing errors and occurrences located 
outside known geographic ranges for the species.

Additionally, as presence records of Elysia crispata were clus-
tered in areas more intensively sampled, we performed a spatial fil-
tering through the “Spatially Rarefy Occurrence Data” tool in the 
“SDMtoolbox” (Brown et al., 2017) of ArcGis 10.2 (© ESRI). We de-
fined three buffers (10, 20 and 65 km) for the spatial filtering which 
result in four databases; the original plus three filtered ones. Out of 
these four, we chose the one with the highest evaluation metrics 
(described below).

The region that has been accessible to the species, according to 
its dispersal capacities (M area sensu Soberón & Peterson, 2005), 
was determined through the superposition of presence records with 
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polygons that stand for the coastal marine ecoregions of the world 
(Spalding et al., 2007). Specifically, the M of each species was defined 
by polygons that intersect with at least one of its presence records. 
We also modified the M’s of some species based on spatial informa-
tion of the main oceanic currents, as they may influence the dispersion 
of many marine organisms (Gaines et al., 2003; Siegel et al., 2003).

2.2  |  Environmental data

As environmental data, we used Bio- ORACLE benthic layers 
(Tyberghein et al., 2012) for three different temporalities: the pre-
sent, the future in 2050 and the future in 2100. In turn, we used 
layers representing two different representative concentration path-
way (RCP) emission scenarios for each future period: one with more 
mitigation (RCP4.5) and another with a very high level of greenhouse 
gas emission levels (RCP8.5). A total of 18 variables were considered 
for each temporality and scenario, including six factors (maximum, 
average, minimum, range, minimum recorded yearly average and 
maximum recorded yearly average) for three variables: velocity of 
the current, temperature and salinity. These variables were obtained 
in ASCII raster format with a 5- minute arc resolution (~9.2 km2) and 
were cropped using the M of each species as a mask. The inclusion 
of M prevents the model from predicting suitable environmental 
conditions in areas that cannot be accessed by the species, gener-
ating meaningful evaluation metrics (Barve et al., 2011). To avoid 
overfitting in the models, we reduced collinearity in sets of variables 
through a Pearson's correlation analysis with the “Remove Highly 
Correlated Variables” tool in the “SDMtoolbox” (Brown, 2014) of 
ArcGis 10.2 (© ESRI). When two variables had an r	≥	0.8,	we	only	
kept the variable with the most biological significance.

2.3  |  Ecological niche modelling

Ecological niche models were built with MaxEnt 3.4 (Phillips et al., 
2017), a machine- learning algorithm that estimates the most uniform 
distribution (maximum entropy) of sampling points compared with 
background locations given the constraints derived from the data 
(Phillips et al., 2006). We chose this algorithm because of its high 
predictive performance using only presence data and its flexibility 
in parameter setting (Elith et al., 2011; Pearson et al., 2007; Wisz 
et al., 2008). MaxEnt was only used to model the ecological niche 
for those species with more than six presence records because al-
gorithms usually perform poorly with small amounts of data. Species 
that did not fulfil this criterion were treated with the different 
procedures described below. We employed the ENMeval package 
(Muscarella et al., 2014) in R (R Development Core Team, 2017) to 
identify the optimal configuration (balancing complexity and gener-
alization) of MaxEnt parameters for each species. ENMeval provides 
an automated method to execute MaxEnt models with different 
user- specified setting combinations (“regularization multiplier” and 
“features”). Models were assessed through an independent set of 

recorded presence data obtained through the “block” method for 
species with more than 20 reports and the “jackknife” method for 
species with less than 20 (Pearson et al., 2007; Shcheglovitova & 
Anderson, 2013). The parameter combination selected for each 
species was the one that generated a model with the lowest omis-
sion rate (OR), the largest area under the curve (AUC) and the delta 
Akaike's	criterion	corrected	(∆AICc)	closest	to	zero,	in	that	order	of	
priorities. The lower the omission rate, the higher the predictive ca-
pacity; AUC values higher than 0.5 indicate that the model provides 
more information than expected by chance, so it is a significance 
metric,	and	an	∆AICc	< 2 indicates models with lower complexity 
(Burnham & Anderson, 2002; Elith et al., 2011; Jiménez- Valverde, 
2012). Once the best “features” and “regularization multipliers” were 
selected, we generated MaxEnt models with five replicas in the algo-
rithm “bootstrap” functionality, 10,000 background points randomly 
selected within the M area, and a “logistic” output format, which is a 
raster map with continuous values that are commonly interpreted as 
environmental suitability (Merow et al., 2013). We used the median 
of replicas as the final map for each species.

Models for future scenarios were projected with two configura-
tions for the extrapolation: clamping and truncation. In clamping, ex-
treme values in the calibration area are used as a way to predict the 
transfer areas with the most extreme values, while in truncation, all the 
values outside the range of calibration data are not considered envi-
ronmental suitable (Qiao et al., 2019). Also, we used mobility- oriented 
parity (MOP) (Owens et al., 2013) to identify and map the risk of ex-
trapolation. This analysis enabled us to identify strict extrapolation 
areas; regions in transfer scenarios that present combinations of envi-
ronmental variables outside the ranges present in the calibration area.

To represent the potential distribution of each species, we re-
classified the continuous models obtained with Maxent into binary 
maps by applying a threshold criterion of 5% allowed omission in 
training data. That is, we extracted and ordered Maxent suitability 
scores predicted for each training occurrence from the highest to 
the lowest. Then, we subset the highest 95%, and for this new da-
tabase, we used the least Maxent score as a threshold value. Above 
this value, model scores are considered to represent species po-
tential distribution (Cooper & Soberón, 2018; Pearson et al., 2004). 
With this criterion, we assumed that 5% of the records with lower 
suitability could represent sink populations or mistakes that were 
not identified during the database cleansing phase. Additionally, the 
models were masked with a bathymetry layer with a maximum value 
of 40 m— the maximum depth at which the presence of the genus has 
been reported (Goodwin et al., 2011). The bathymetry layer was ob-
tained from the online repository Marspec (Sbrocco & Barber, 2013).

Four maps were generated for each species (2050 RCP4.5, 2050 
RCP8.5, 2100 RCP4.5 and 2100 RCP8.5). We obtained these maps 
by combining the present model to each of the future models al-
lowing us to visualize potential changes in the distribution of the 
species (gained area, lost area and conserved area). To determine 
the proportion of future change, we calculated the total of suitable 
pixels for each future scenario out of the total number of pixels in 
the study's area and we compared the outcome with the present.
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2.4  |  Potential richness

For estimating potential richness, we included the species that were 
not modelled with Maxent because of the low sample size. We es-
timated the potential distribution of this species through a manual 
reclassification procedure as follows. First, ecoregions coinciding 
with presence records were selected and environmental layers were 
cropped using those ecoregion areas. For the species with only one 
presence record, we assigned a value of one to every pixel that coin-
cided with the environmental value of each predictor in that record, 
and a value of zero to all the other pixels. In the species with two to 
six records, we computed the range for each predictor assigning a 
value of one to the pixels with values inside the range and zero to 
each of all the other pixels. We then summed these reclassified pre-
dictors, and a value of one was assigned to the pixels that had values 
in which overprediction was not observed (this value was different 
for each species), and zero to each of all the other pixels. This proce-
dure was carried out for the present and future scenarios.

To represent potential taxonomic richness, we stacked all the 
binary maps for the present and each future scenario (the ones gen-
erated through Maxent as well as those described in this section). 
We also computed the expected species turnover as the difference 
between the present and future scenarios.

2.5  |  Representation of Elysia in Marine Protected 
Areas (MPAs)

We overlaid the richness maps described in the previous section 
onto MPAs polygons obtained from the World Commission on 
Protected Areas (UNEP- WCMC & IUCN, 2019). Given that some 

MPAs superpose because areas with different IUCN protection cat-
egories co- exist in the same space, these areas were conflated to 
avoid double counts. Finally, we calculated the number of pixels con-
tained in the MPAs polygons for each richness value. This procedure 
was undertaken for the present model, as well as for every climate 
change scenario. We used the “Zonal Statistics as Table” tool in the 
“SDMtoolbox” (Brown, 2014) of ArcGis 10.2 (ESRI) to obtain the sta-
tistics on marine protected areas richness.

3  |  RESULTS

We obtained 314 spatially unique presence records representing 21 
out of the 29 species in this genus that occur in the Western Atlantic 
Ocean (Figure 1). Niche models for E. crispata were built using the 
database filtered through the 20 km buffer, as evaluation metrics 
showed a higher predictive power and less overfitting within this data-
set (Table S1). Once collinearity had been diminished, seven out of 18 
environmental predictors were used for modelling: maximum salinity, 
minimum salinity, maximum temperature, temperature range, the max-
imum velocity of currents, the minimum velocity of currents and range 
of the velocity of currents. Considering that the MOP only showed 
three strict extrapolation areas with a small surface for all scenarios 
(Figure S1), we chose the clamping procedure for future transfers.

In general, model assessment outcomes showed a good perfor-
mance	with	an	AUC	≥0.88	and	omission	rates	for	all	species	lower	
than 10%. The AICc criteria allowed us to select less complex mod-
els,	with	most	∆AICc	values	being	lower	than	two.	Nevertheless,	the	
values for three models were greater than two, and the values for 
three other models could not be calculated because the number of 
parameters exceeded the number of presence records (Table 1).

F I G U R E  1 Distributional	data	for	all	21	Elysia species in the West Atlantic Ocean
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SPECIE TO FO OR AUC ∆AICc F RM

Elysia buonoi 2 2 – – – – – 

Elysia canguzua 16 9 0.06 0.98 26.3 LQ 0.5

Elysia chlorotica 48 17 0.01 0.90 129.7 H 3

Elysia christinae 1 1 – – – – – 

Elysia cornigera 19 14 0.02 0.96 0.0 L 1

Elysia crispata 262 57 0.00 0.92 0.0 L 0.5

Elysia ellenae 9 6 – – – – – 

Elysia evelinae 16 14 0.02 0.96 NA H 1

Elysia flava 5 4 – – – – – 

Elysia marcusi 17 12 0.03 0.88 0.0 LQ 1.5

Elysia ornata 34 21 0.05 0.89 0.0 L 1

Elysia papillosa 19 18 0.01 0.91 0.0 L 1

Elysia patagonica 2 2 – – – – – 

Elysia patina 16 16 0.01 0.92 0.0 L 1.5

Elysia pawliki 2 2 – – – – – 

Elysia pratensis 19 16 0.01 0.90 0.0 LQ 1.5

Elysia serca 5 5 – – – – – 

Elysia subornata 34 26 0.00 0.95 1.9 LQ 2

Elysia taino 11 7 0.09 0.96 NA H 3.5

Elysia velutinus 63 42 0.07 0.91 0.0 LQ 3

Elysia zuleicae 27 23 0.03 0.91 5.9 L 3.5

Note: Only species with data for all columns were modelled in Maxent.
Abbreviations:	∆AICc,	delta	Akaike	corrected	by	sample	size	(NA:	when	the	number	of	parameters	
is higher than the number of records); AUC, area under the curve; F, features; FO, filtered 
occurrences; H, hinge; L, linear; OR, omission rates; P, product; Q, quadratic; RM, regularization 
multiplier; TO, total occurrences.

TA B L E  1 Summary	of	ecological	niche	
modelling inputs and evaluations

F I G U R E  2 Proportion	of	area	
predicted as environmentally suitable for 
species in the genus Elysia in the West 
Atlantic Ocean in the present against 
proportions predicted under different 
climate change scenarios. Abbreviation: 
RCP, representative concentration 
pathway
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Future projections show that environmentally suitable areas 
will be reduced for eight species by 2050 and 10 species by 2100 
RCP8.5. The most drastic reduction in the suitable area will amount 
to 59.1% for E. chlorotica in 2100 RCP8.5. However, an increase in 
the suitable area for E. canguzua, E. cornígera and E. taino is predicted 
for every scenario. Also, the general pattern is that suitable areas will 
likely expand at the extremes and contract in the tropics for most 
species. Displacements towards the northern extremes were pre-
dicted for 10 species in 2050 for both RCPs, while in 2100 RCP8.5, 
12 species will present displacements in that direction. Predictions 
show that seven species will be displaced to the southern extreme 
by 2050 for both RCPs and 11 species by 2100 RCP8.5. Species that 
did not present a 2100 southward displacement were E. chlorotica, E. 
evelinae and E. subornata (Figure 2) (Figures S2– S14).

Although reduction percentages and potentially affected regions 
were different for each species, we identified four large common 
contraction areas shared by most taxa: the first one is located in 

Brazil, from Alagoas up to the border of Bahia with Espirito Santo; 
the second is in Pamlico Sound, North Carolina, USA; the third is 
located in the Gulf of Mexico, from Cape Catoche in the Yucatan 
Peninsula to the border of Mexico with USA; and the fourth one is 
in the Great Bahama Bank. We selected E. ornata as an example for 
the visualization of future potential changes in geographical distri-
butions (Figure 3) and the individual models for all other species are 
included in the Supplementary Material S2– S14.

In the present, our models predict three coastal areas with high 
potential richness (the Caribbean, the Gulf of Mexico and the cen-
tral part of Brazil). The highest richness is observed between the 
Bahamas and the Dominican Republic. Nevertheless, richness in this 
region will be probably reduced in different climate change scenar-
ios (Figure 4). The lowest richness is predicted for the northern and 
southern extremes of the study area in all time periods (Figure 4). 
However, in climate change scenarios, there is an increase in rich-
ness towards temperate zones (Figure 5). In contrast, a reduction 

F I G U R E  3 Potential	shifts	in	the	area	
environmentally suitable for Elysia ornata 
under different climate change scenarios. 
Abbreviation: RCP, representative 
concentration pathway
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in richness to zero was estimated for North Carolina, USA, and the 
area between Alagoas and the borders of Bahia with Espirito Santo, 
Brazil, in every future scenario. In 2100 RCP8.5, richness was re-
duced to zero between Cape Catoche in the Yucatan Peninsula and 
the border of Mexico with the USA, and in the Great Bahama Bank 
(Figure 5).

Out of the total area with suitable environmental conditions for 
at least one of the species in the genus, 24.7% is represented inside 
MPAs. This area is reduced in the different climate change scenar-
ios, even if only slightly. Regarding the greatest potential richness 
(15 species), 7.5% is contained in MPA systems. Specifically in the 
Bahamas, the Turks and Caicos Islands and the Dominican Republic, 
this percentage increased up to 100% for 2100 RCP8.5 as, in this 
scenario, only one small area remains with a richness of 15 and it is 
wholly contained in the Silver and Navidad Bank Sanctuary in the 
Dominican Republic. On the contrary, some areas maintain a high 
potential richness in all scenarios, five of them stand out for having a 

richness higher than 13 and a larger extension, and they are not con-
tained in MPAs: the north of the Bahamas, the southwest of Florida, 
the southwest of Cuba, the limit of Honduras and Nicaragua and the 
middle part of Brazil (Figure 6).

4  |  DISCUSSION

The results of this study allowed us to prove our two hypotheses. 
Regarding the first, most of the species presented an expansion to-
wards higher latitudes in all scenarios. This displacement could be 
caused by the limitation of oxygen distribution mechanisms and 
alterations in the functions of organisms because of a decrease in 
cellular energy due to an increase in temperature in the present 
distribution area (Pörtner & Knust, 2007). Furthermore, marine ec-
totherms, in general, occupy all latitudes within their thermal tol-
erance limits, so an increase in sea temperature would also cause 

F I G U R E  4 Potential	taxonomic	richness	of	the	genus	Elysia in the West Atlantic Ocean. Abbreviation: RCP, representative concentration 
pathway
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a displacement towards latitudes with suitable conditions (Sunday 
et al., 2012). This coincides with other global research on marine 
organisms (Cheung et al., 2009; Poloczanska et al., 2016; Sunday 
et al., 2012), including Heterobranchia (Goddard et al., 2011, 2016; 
Nimbs & Smith, 2016). Specifically, in the West Atlantic Ocean, dis-
tributional poleward shifts have been documented for fiddler crabs 
(De Grande et al., 2021), common snook (Purtlebaugh et al., 2020), 
dinoflagellates (Kibler et al., 2015) and another species of sea slug, 
Bulla occidentalis (Saupe et al., 2014). In contrast, another climate 
change research forecasted that some gastropod in this region will 
not shift their distribution poleward as temperatures warm (Saupe 
et al., 2014), and that difference could be due to the complexity 
of each species’ niche. Nevertheless, we should keep in mind that 
sea slugs disperse during their larval stage and that larval displace-
ment and duration are closely linked to sea temperatures (O’Connor 
et al., 2007). As spawning is also regulated by temperature, species 
with planktotrophic larvae may be unable to find the phytoplankton 
required for feeding because of changes in sea thermal conditions 

(Edwards & Richardson, 2004; Hay et al., 2005). Certain species, in-
cluding some in the Elysia genus, that need a substrate as a metamor-
phic signal may be affected if changes in spawning periods prevent 
them from coinciding with the required substrate (Przeslawski et al., 
2008). Therefore, even if our predictions show a potential expansion 
of favourable environments towards higher latitudes, the effects 
of temperature during the larval stage could limit the dispersion of 
these organisms.

Concerning the second hypothesis, we observed a reduction 
in the favourable area for most species. Even if suitable conditions 
were displaced towards the extremes of the distribution, this ex-
pansion did not compensate for the loss caused by climate change. 
According to the climatic variability hypothesis, unlike species that 
originated in temperate areas, species in tropical areas present less 
adaptation to temperature changes for having evolved in more stable 
thermal environments and because the maximum temperatures of 
the environments they inhabit are closer to their lethal limits (Stuart- 
Smith et al., 2017; Sunday et al., 2012; Tewksbury et al., 2008). This 

F I G U R E  5 Potential	shifts	in	estimated	
richness of the genus Elysia in the West 
Atlantic Ocean under different climate 
change scenarios as compared to the 
present. Abbreviation: RCP, representative 
concentration pathway
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coincides with the loss of area predicted in our analysis for most 
species. Nevertheless, our predictions showed that favourable areas 
for the species E. chlorotica (which inhabits temperate zones) will 
be most affected by climate change, whereas those for three trop-
ical species (E. canguzua, E. cornígera and E. taino) will increase in all 
scenarios. As the geographic range of E. chlorotica is limited to the 
south by more tropical environments, its distribution in that direc-
tion would be further limited by an increase in sea temperatures. On 
the contrary, although we expected a northward displacement in the 
potential distribution of this species as a result of climate change, 
our results indicate that this expansion would not compensate for 
the reduction predicted for the southern part. Although there are 
no population studies of E. chlorotica that confirm the diminution of 
its distribution area, some studies report a reduction in the number 
of individuals and locations where they have been observed (Main, 
2018). No common morphological or physiological characteristic 
was found that could explain the future increase in favourable con-
ditions for E. canguzua, E. cornigera and E. taino.

Regarding potential richness patterns, in the regions where a 
greater loss is predicted, there is empirical evidence of the vulnera-
bilities and negative effects caused by climate change. For instance, 
an important increase in sea surface temperature has already been 
reported for the south of the Gulf of Mexico. It has also been de-
scribed an increase in the speed of sea- level rise, changes in the rain-
fall regime affecting freshwater discharge patterns, and alterations 
in the frequency and intensity of tropical storms (Yáñez- Arancibia 
et al., 2014). There are reports of coral mortality in the Great Bahama 
Bank as an outcome of the warming generated during ENSO and the 
extreme cooling events associated with cold fronts due to the prox-
imity to North America (Riegl, 2007). An increase in coral bleaching 
because of increasing temperatures was recorded in the coastal reefs 
in the southwest part of Brazil between 1998 and 2005 (Leão et al., 
2010). The region of Pamlico Sound, USA, has also been considered 
highly vulnerable to climate change. A larger increase in tempera-
ture salinity and sea levels is predicted for this region because it is a 
semi- closed ecosystem separated from the ocean by an island barrier 

F I G U R E  6 Potential	taxonomic	
richness of the genus Elysia in marine 
protected areas. The enlargement 
shows areas with high richness values 
that remain in every scenario and are 
not contained in MPAs. Abbreviations: 
MPA, marine protected area; RCP, 
representative concentration pathway
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(Kennish & Paerl, 2010). Even if MPAs represent an important conser-
vation strategy, they may not play a very effective role when facing a 
threat such as climate change (Hughes et al., 2017; Jones et al., 2004). 
Therefore, identifying geographical regions where the suitability for 
organisms remains stable in time may be an effective strategy for the 
conservation of species in a changing environment. In the case of the 
Elysia genus, conservation of areas with high richness inside areas 
that fulfil these conditions is recommended. For instance: the north 
of the Bahamas, southwest Florida, southwest Cuba, the border of 
Honduras with Nicaragua, and the central part of Brazil.

The procedure implemented in this work allowed us to estimate 
the potential distribution of species with few presence records, thus 
making a contribution to the knowledge of the geographic patterns 
of taxonomic richness and providing information that may be used 
for the conservation of these organisms. The preservation of this 
genus implies that a rare process in the animal kingdom will also 
be conserved: kleptoplasty. Finally, our maps also could be used as 
inputs to model and describe other dimensions of biodiversity (e.g. 
phylogenetic and functional), as well as to test biogeographical and 
macroecological hypothesis.

ACKNOWLEDG EMENTS
We thank the Posgrado en Ciencias Biológicas, UNAM, for academic 
support. We thank the students of EcolGeo Lab and the BDMY 
team for comments and suggestions. L.M. Jiménez was supported 
by a master fellowship from CONACYT (629713). Language Editing 
was financed by grants to N. Simões by the Harte Institute, the 
Harte Charitable Foundation. The computers that we used to run 
all the analyzes were funded by PAPIIT- DGAPA, UNAM (projects 
IA205817 and IN229020).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Lina Marcela Jiménez  https://orcid.org/0000-0003-3744-1435 

R E FE R E N C E S
Anderson, R. P. (2013). A framework for using niche models to estimate 

impacts of climate change on species distributions. Annals of the 
New York Academy of Sciences, 1297, 8– 28. https://doi.org/10.1111/
nyas.12264

Barve, N., Barve, V., Jiménez- Valverde, A., Lira- Noriega, A., Maher, S. 
P., Peterson, A. T., Soberón, J., & Villalobos, F. (2011). The crucial 
role of the accessible area in ecological niche modeling and species 
distribution modeling. Ecological Modelling, 222(11), 1810– 1819. 
https://doi.org/10.1016/j.ecolm odel.2011.02.011

Biermann, C. H., Schinner, G. O., & Strathmann, R. R. (1992). Influence of 
solar- radiation, microalgal fouling, and current on deposition site and 
survival of embryos of a dorid nudibranch gastropod. Marine Ecology 
Progress Series, 86, 205– 215. https://doi.org/10.3354/meps0 86205

Brown, J. L. (2014). SDMtoolbox: A python- based GIS toolkit for land-
scape genetic, biogeographic and species distribution model anal-
yses. Methods in Ecology and Evolution, 5, 694– 700. https://doi.
org/10.1111/2041- 210X.12200

Brown, J. L., Bennett, J. R., & French, C. M. (2017). SDMtoolbox 2.0: The 
next generation Python- based GIS toolkit for landscape genetic, 
biogeographic and species distribution model analyses. PeerJ, 5, 1– 
12. https://doi.org/10.7717/peerj.4095

Burnham, K. P., & Anderson, D. R. (2002). Model selection and in-
ference: A practical information- theoretical approach (2nd ed.). 
Springer- Verlag.

Cheung, W. W., Lam, V. W., Sarmiento, J. L., Kearney, K., Watson, R., 
& Pauly, D. (2009). Projecting global marine biodiversity impacts 
under climate change scenarios. Fish and Fisheries, 10(3), 235– 251. 
https://doi.org/10.1111/j.1467- 2979.2008.00315.x

Compton, T. J., Rijkenberg, M. J. A., Drent, J., & Persma, T. (2007). Thermal 
tolerance ranges and climate variability: A comparison between 
bivalves from differing climates. Journal of Experimental Marine 
Biology and Ecology, 352, 200– 211. https://doi.org/10.1016/j.
jembe.2007.07.010

Cooper, J. C., Soberón, J., & Morueta- Holme, N. (2018). Creating individ-
ual accessible area hypotheses improves stacked species distribu-
tion model performance. Global Ecology and Biogeography, 27, 156– 
165. https://doi.org/10.1111/geb.12678

Cruz, S., Calado, R., Serôdio, J., Jesus, B., & Cartaxana, P. (2014). Pigment 
profile in the photosynthetic sea slug Elysia viridis (Montagu, 
1804). Journal of Molluscan Studies, 80(5), 475– 481. https://doi.
org/10.1093/mollu s/eyu021

Dambach, J., & Rödder, D. (2011). Applications and future challenges in 
marine species distribution modeling. Aquatic Conservation: Marine 
and Freshwater Ecosystems, 21(1), 92– 100. https://doi.org/10.1002/
aqc.1160

De Grande, F. R., Arakaki, J. Y., Marochi, M., & Costa, T. M. (2021). Cold 
water temperatures define the poleward range limits of South 
American fiddler crabs. Estuarine, Coastal and Shelf Science, 260, 
107494. https://doi.org/10.1016/j.ecss.2021.107494

Dehnel, P. A., & Kong, D. C. (1979). Effect of temperature on develop-
mental rates in the nudibranch Cadlina luteomarginata. Canadian 
Journal of Zoology, 57, 1835– 1844.

Dionísio, G., Faleiro, F., Bilan, M., Rosa, I. C., Pimentel, M., Serôdio, J., 
Calado, R., & Rosa, R. (2017). Impact of climate change on the on-
togenetic development of ‘solar- powered’ sea slugs. Marine Ecology 
Progress Series, 578, 87– 97. https://doi.org/10.3354/meps1 2227

Dionísio, G., Rosa, R., Leal, M. C., Cruz, S., Brandão, C., Calado, G., 
Serôdio, J., & Calado, R. (2013). Beauties and beasts: A portrait 
of sea slugs aquaculture. Aquaculture, 408– 409, 1– 14. https://doi.
org/10.1016/j.aquac ulture.2013.04.033

Donelson, J. M., Munday, P. L., McCormick, M. I., & Pitcher, C. R. (2012). 
Rapid transgenerational acclimation of a tropical reef fish to climate 
change. Nature Climate Change, 2, 30– 32. https://doi.org/10.1038/
nclim ate1323

Edwards, M., & Richardson, A. J. (2004). Impact of climate change on 
marine pelagic phenology and trophic mismatch. Nature, 430, 881– 
884. https://doi.org/10.1038/natur e02808

Elith, J., Phillips, S. J., Hastie, T., Dudík, M., Chee, Y. E., & Yates, 
C. J. (2011). A statistical explanation of MaxEnt for ecolo-
gists. Diversity and Distributions, 17(1), 43– 57. https://doi.
org/10.1111/j.1472- 4642.2010.00725.x

Gaines, S., Gaylord, B., & Largier, J. (2003). Avoiding current oversights in 
marine reserve design. Ecological Applications, 13(1), 32– 46.

Goddard, J., Gosliner, T., & Pearse, J. (2011). Impacts associated with 
the recent range shift of the aeolid nudibranch Phidiana hiltoni 
(Mollusca, Opisthobranchia) in California. Marine Biology, 158, 
1095– 1109. https://doi.org/10.1007/s0022 7- 011- 1633- 7

Goddard, J., Treneman, N., Pence, W. E., Mason, D. E., Dobry, P. M., 
Green, B., & Hoover, C. (2016). Nudibranch range shifts associ-
ated with the 2014 warm anomaly in the Northeast Pacific. Bulletin 
Southern California Academy of Sciences, 115(1), 15– 41. https://doi.
org/10.3160/soca- 115- 01- 15- 40.1

https://orcid.org/0000-0003-3744-1435
https://orcid.org/0000-0003-3744-1435
https://doi.org/10.1111/nyas.12264
https://doi.org/10.1111/nyas.12264
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.3354/meps086205
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.7717/peerj.4095
https://doi.org/10.1111/j.1467-2979.2008.00315.x
https://doi.org/10.1016/j.jembe.2007.07.010
https://doi.org/10.1016/j.jembe.2007.07.010
https://doi.org/10.1111/geb.12678
https://doi.org/10.1093/mollus/eyu021
https://doi.org/10.1093/mollus/eyu021
https://doi.org/10.1002/aqc.1160
https://doi.org/10.1002/aqc.1160
https://doi.org/10.1016/j.ecss.2021.107494
https://doi.org/10.3354/meps12227
https://doi.org/10.1016/j.aquaculture.2013.04.033
https://doi.org/10.1016/j.aquaculture.2013.04.033
https://doi.org/10.1038/nclimate1323
https://doi.org/10.1038/nclimate1323
https://doi.org/10.1038/nature02808
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1007/s00227-011-1633-7
https://doi.org/10.3160/soca-115-01-15-40.1
https://doi.org/10.3160/soca-115-01-15-40.1


    |  11 of 12JIMÉNEZ Et al.

Goodwin, C., Picton, B., Breen, J., Edwards, H., & Nunn, J. (2011). 
Sublittoral survey Northern Ireland (2006– 2008). Northern Ireland 
Environment Agency Research and Development Series.

Hay, G. C., Richardson, A. J., & Robinson, C. (2005). Climate change and 
marine plankton. Trends in Ecology and Evolution, 20, 338– 344. 
https://doi.org/10.1016/j.tree.2005.03.004

Hughes, T. P., Kerry, J. T., Álvarez- Noriega, M., Álvarez- Romero, J. G., 
Anderson, K. D., Baird, A. H., Babcock, R. C., Beger, M., Bellwood, 
D. R., Berkelmans, R., Bridge, T. C., Butler, I. R., Byrne, M., Cantin, 
N. E., Comeau, S., Connolly, S. R., Cumming, G. S., Dalton, S. J., 
Diaz- Pulido, G., … Wilson, S. K. (2017). Global warming and recur-
rent mass bleaching of corals. Nature, 543, 373– 377. https://doi.
org/10.1038/natur e21707

Jiménez- Valverde, A. (2012). Insights into the area under the receiver 
operating characteristic curve (AUC) as a discrimination measure 
in species distribution modelling. Global Ecology and Biogeography, 
21, 498– 507. https://doi.org/10.1111/j.1466- 8238.2011.00683.x

Jones, G. P., McCormick, M. I., Srinivasan, M., & Eagle, J. V. (2004). 
Coral decline threatens fish biodiversity in marine reserves. 
Proceedings of the National Academy of Sciences of the United 
States of America, 101(21), 8251– 8253. https://doi.org/10.1073/
pnas.04012 77101

Kennish, M. J., & Paerl, H. W. (2010). Coastal lagoons: Critical habitats of 
environmental change (pp. 1– 12). CRC Press.

Khoo, H. W., & Chin, E. (1983). Thermal effects on some mangrove mol-
lusks. California Malacozoological Society, 26, 119– 123.

Kibler, S. R., Tester, P. A., Kunkel, K. E., Moore, S. K., & Litaker, R. W. (2015). 
Effects of ocean warming on growth and distribution of dinofla-
gellates associated with ciguatera fish poisoning in the Caribbean. 
Ecological Modelling, 316, 194– 210. https://doi.org/10.1016/j.ecolm 
odel.2015.08.020

Krug, P., Vendetti, J., & Valdés, Á. (2016). Molecular and morphologi-
cal systematics of Elysia Risso, 1818 (Heterobranchia: Sacoglossa) 
from the Caribbean region. Zootaxa, 4148(1), 1– 137. https://doi.
org/10.11646/ zoota xa.4148.1.1

Leão, Z. M. A. N., Kikuchi, R. K. P., Oliveira, M. D., & Vasconcellos, V. 
(2010). Status of Eastern Brazilian coral reefs in time of climate 
changes. Pan- American Journal of Aquatic Sciences, 5(2), 224– 235.

Main, D. (2018). Solar- powered slugs hide wild secrets but they’re van-
ishing. Retrieved from National Geographic website: https://
www.natio nalge ograp hic.com.au/anima ls/solar - power ed- slugs 
- hide- wild- secre tsbut - theyr e- vanis hing.aspx

Merow, C., Smith, M. J., & Silander, J. A. (2013). A practical guide to 
MaxEnt for modeling species’ distributions: What it does, and why 
inputs and settings matter. Ecography, 36(10), 1058– 1069. https://
doi.org/10.1111/j.1600- 0587.2013.07872.x

Moran, A. L., & Woods, H. A. (2007). Oxygen in egg masses: Interactive 
effects of temperature, age, and egg- mass morphology on oxygen 
supply to embryos. Journal of Experimental Biology, 210, 722– 731. 
https://doi.org/10.1242/jeb.02702

Muniain, C., & Ortea, J. (1997). First record of a sacoglossan (= 
Ascoglossan, Opisthobranchia) from Patagonia (Argentina): 
Description of a new species of genus Elysia Risso, 1818. Veliger, 
40(1), 29– 37.

Muscarella, R., Galante, P. J., Soley- Guardia, M., Boria, R. A., Kass, J. 
M., Uriarte, M., & Anderson, R. P. (2014). ENM eval: An R package 
for conducting spatially independent evaluations and estimating 
optimal model complexity for Maxent ecological niche models. 
Methods in ecology and evolution, 5(11), 1198– 1205. https://doi.
org/10.1111/2041- 210X.12261

Nimbs, M. J., & Smith, S. (2016). Welcome strangers: Southern range ex-
tensions for seven heterobranch sea slugs (Mollusca: Gastropoda) 
on the subtropical east Australian coast, a climate change hot 
spot. Regional Studies in Marine Science, 8, 27– 32. https://doi.
org/10.1016/j.rsma.2016.08.008

Nimbs, M. J., & Smith, S. D. (2017). Revision of the southern distribution 
limit for the tropical marine herbivore Syphonota geographica (A. 
Adams & Reeve, 1850)(Heterobranchia: Aplysiidae) in a global cli-
mate change hot- spot. Australian Zoologist, 38(4), 582– 589. https://
doi.org/10.7882/AZ.2017.019

Nimbs, M. J., & Smith, S. (2018). Beyond capricornia: Tropical sea slugs 
(Gastropoda, Heterobranchia) extend their distributions into the 
Tasman Sea. Diversity, 10(3), 2– 18. https://doi.org/10.3390/d1003 
0099

O’Connor, M. I., Bruno, J. F., Gaines, S. D., Halpern, B. S., Lester, S. E., 
Kinlan, B. P., & Weiss, J. M. (2007). Temperature control of larval 
dispersal and the implications for marine ecology, evolution, and 
conservation. Proceedings of the National Academy of Sciences of the 
United States of America, 104, 1266– 1271. https://doi.org/10.1073/
pnas.06034 22104

Owens, H. L., Campbell, L. P., Dornak, L. L., Saupe, E. E., Barve, N., 
Soberón, J., Ingenloff, K., Lira- Noriega, A., Hensz, C. M., Myers, C. 
E., & Peterson, A. T. (2013). Constraints on interpretation of eco-
logical niche models by limited environmental ranges on calibration 
areas. Ecological Modelling, 263, 10– 18. https://doi.org/10.1016/j.
ecolm odel.2013.04.011

Pearson, R., Dawson, T., & Liu, C. (2004). Modelling species dis-
tributions in Britain: A hierarchical integration of climate 
and land- cover data. Ecography, 27, 285– 298. https://doi.
org/10.1111/j.0906- 7590.2004.03740.x

Pearson, R. G., Raxworthy, C. J., Nakamura, M., & Peterson, A. 
T. (2007). Predicting species distributions from small num-
bers of occurrence records: A test case using cryptic geckos in 
Madagascar. Journal of Biogeography, 34, 102– 117. https://doi.
org/10.1111/j.1365- 2699.2006.01594.x

Phillips, S., Anderson, R., Dudík, M., Schapire, R., & Blair, M. (2017). 
Opening the black box: An open- source release of Maxent. 
Ecography, 40, 887– 893. https://doi.org/10.1111/ecog.03049

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). A maximum 
entropy modelling of species geographic distributions. Ecological 
Modelling, 190, 231– 259. https://doi.org/10.1016/j.ecolm 
odel.2005.03.026

Pierce, S. K., & Curtis, N. E. (2012). Cell biology of the chloroplast sym-
biosis in sacoglossan sea slugs. International Review of Cell and 
Molecular Biology, 293, 123– 148. https://doi.org/10.1016/B978- 0- 
12- 39430 4- 0.00009 - 9

Poloczanska, E. S., Burrows, M. T., Brown, C. J., García Molinos, J., Halpern, 
B. S., Hoegh- Guldberg, O., Kappel, C. V., Moore, P. J., Richardson, 
A. J., Schoeman, D. S., & Sydeman, W. J. (2016). Responses of ma-
rine organisms to climate change across oceans. Frontiers in Marine 
Science, 3, 1– 21. https://doi.org/10.3389/fmars.2016.00062

Pörtner, H. O., Karl, D. M., Boyd, P. W., Cheung, W. W. L., Lluch- Cota, S. 
E., Nojiri, Y., & Zavialov, P. O. (2014). Ocean systems. In C. B. Field, 
V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir, 
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S. 
Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea, & L. L. White 
(Eds.), Climate change 2014: Impacts, adaptation, and vulnerability. 
Part A: Global and sectoral aspects. Contribution of Working Group 
II to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change (pp. 411– 484). Cambridge University Press.

Pörtner, H. O., & Knust, R. (2007). Climate change affects marine fishes 
through the oxygen limitation of thermal tolerance. Science, 315, 
95– 97. https://doi.org/10.1126/scien ce.1135471

Przeslawski, R., Ahyong, S., Byrne, M., Wörheides, G., & Hutchings, 
P. (2008). Beyond corals and fish: The effects of climate 
change on noncoral benthic invertebrates of tropical reefs. 
Global Change Biology, 14(12), 2773– 2795. https://doi.
org/10.1111/j.1365- 2486.2008.01693.x

Purtlebaugh, C. H., Martin, C. W., & Allen, M. S. (2020). Poleward 
expansion of common snook Centropomus undecimalis in the 

https://doi.org/10.1016/j.tree.2005.03.004
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1111/j.1466-8238.2011.00683.x
https://doi.org/10.1073/pnas.0401277101
https://doi.org/10.1073/pnas.0401277101
https://doi.org/10.1016/j.ecolmodel.2015.08.020
https://doi.org/10.1016/j.ecolmodel.2015.08.020
https://doi.org/10.11646/zootaxa.4148.1.1
https://doi.org/10.11646/zootaxa.4148.1.1
https://www.nationalgeographic.com.au/animals/solar-powered-slugs-hide-wild-secretsbut-theyre-vanishing.aspx
https://www.nationalgeographic.com.au/animals/solar-powered-slugs-hide-wild-secretsbut-theyre-vanishing.aspx
https://www.nationalgeographic.com.au/animals/solar-powered-slugs-hide-wild-secretsbut-theyre-vanishing.aspx
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1242/jeb.02702
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1016/j.rsma.2016.08.008
https://doi.org/10.1016/j.rsma.2016.08.008
https://doi.org/10.7882/AZ.2017.019
https://doi.org/10.7882/AZ.2017.019
https://doi.org/10.3390/d10030099
https://doi.org/10.3390/d10030099
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1016/j.ecolmodel.2013.04.011
https://doi.org/10.1016/j.ecolmodel.2013.04.011
https://doi.org/10.1111/j.0906-7590.2004.03740.x
https://doi.org/10.1111/j.0906-7590.2004.03740.x
https://doi.org/10.1111/j.1365-2699.2006.01594.x
https://doi.org/10.1111/j.1365-2699.2006.01594.x
https://doi.org/10.1111/ecog.03049
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/B978-0-12-394304-0.00009-9
https://doi.org/10.1016/B978-0-12-394304-0.00009-9
https://doi.org/10.3389/fmars.2016.00062
https://doi.org/10.1126/science.1135471
https://doi.org/10.1111/j.1365-2486.2008.01693.x
https://doi.org/10.1111/j.1365-2486.2008.01693.x


12 of 12  |     JIMÉNEZ Et al.

northeastern Gulf of Mexico and future research needs. PLoS One, 
15(6), e0234083. https://doi.org/10.1371/journ al.pone.0234083

Qiao, H., Feng, X., Escobar, L. E., Peterson, A. T., Soberón, J., Zhu, G., 
&	Papeş,	M.	 (2019).	An	evaluation	of	 transferability	of	ecological	
niche models. Ecography, 42(3), 521– 534. https://doi.org/10.1111/
ecog.03986

R Development Core Team. (2017). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Riegl, B. (2007). Extreme climatic events and coral reefs: How much 
short- term threat from global change? In R. B. Aronson (Ed.), 
Geological approaches to coral reef ecology (pp. 315– 341). Springer.

Robinson, L. M., Elith, J., Hobday, A. J., Pearson, R. G., Kendall, B. E., 
Possingham, H. P., & Richardson, A. J. (2011). Pushing the limits in 
marine species distribution modelling: Lessons from the land present 
challenges and opportunities. Global Ecology and Biogeography, 20(6), 
789– 802. https://doi.org/10.1111/j.1466- 8238.2010.00636.x

Rumpho, M. E., Pelletreau, K. N., Moustafa, A., & Bhattacharya, D. (2011). 
The making of a photosynthetic animal. Journal of Experimental 
Biology, 214(2), 303– 311. https://doi.org/10.1242/jeb.046540

Saupe, E. E., Hendricks, J. R., Townsend Peterson, A., & Lieberman, B. S. 
(2014). Climate change and marine molluscs of the western North 
Atlantic: Future prospects and perils. Journal of Biogeography, 41(7), 
1352– 1366. https://doi.org/10.1111/jbi.12289

Sbrocco, E. J., & Barber, P. H. (2013). MARSPEC: Ocean climate lay-
ers for marine spatial ecology. Ecology, 94(4), 979. https://doi.
org/10.1890/12- 1358.1

Shcheglovitova, M., & Anderson, R. P. (2013). Estimating optimal com-
plexity for ecological niche models: A jackknife approach for spe-
cies with small sample sizes. Ecological Modelling, 269, 9– 17. https://
doi.org/10.1016/j.ecolm odel.2013.08.011

Siegel, D. A., Kinlan, B. P., Gaylord, B., & Gaines, S. D. (2003). Lagrangian 
descriptions of marine larval dispersion. Marine Ecology Progress 
Series, 260, 83– 96. https://doi.org/10.3354/meps2 60083

Soberón, J., Osorio- Olvera, L., & Peterson, A. T. (2017). Diferencias 
conceptuales entre modelación de nichos y modelación de áreas 
de distribución. Revista Mexicana de Biodiversidad, 88(2), 437– 441. 
https://doi.org/10.1016/j.rmb.2017.03.011

Soberón, J., & Peterson, T. A. (2005). Interpretation of models of fun-
damental ecological niches and species distributional areas. 
Biodiversity Informatics, 2, 1– 10. https://doi.org/10.17161/ bi.v2i0.4

Sorte, C. J. B., Williams, S. L., & Carlton, J. T. (2010). Marine range shifts 
and species introductions: Comparative spread rates and commu-
nity impacts. Global Ecology and Biogeography, 19, 303– 316. https://
doi.org/10.1111/j.1466- 8238.2009.00519.x

Spalding, M. D., Fox, H. E., Allen, G. R., Davidson, N., Ferdaña, Z. A., 
Finlayson, M., Halpern, B. S., Jorge, M. A., Lombana, A. L., Lourie, 
S. A., Martin, K. D., McManus, E., Molnar, J., Recchia, C. A., & 

Robertson, J. (2007). Marine ecoregions of the world: A bioregion-
alization of coastal and shelf areas. BioScience, 57(7), 573– 583. 
https://doi.org/10.1641/b570707

Stuart- Smith, R. D., Edgar, G. J., & Bates, A. E. (2017). Thermal limits to the 
geographic distributions of shallow- water marine species. Nature 
Ecology and Evolution, 1(12), 1846– 1852. https://doi.org/10.1038/
s4155 9- 017- 0353- x

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and 
the global redistribution of animals. Nature Climate Change, 2(9), 
686– 690. https://doi.org/10.1038/nclim ate1539

Tewksbury, J. J., Huey, R. B., & Deutsch, C. A. (2008). Putting the heat on 
tropical animals. Science, 320, 1296– 1297. https://doi.org/10.1126/
scien ce.1159328

Tyberghein, L., Verbruggen, H., Pauly, K., Troupin, C., Mineur, F., & De 
Clerck, O. (2012). Bio- ORACLE: A global environmental dataset 
for marine species distribution modelling. Global Ecology and 
Biogeography, 21, 272– 281. https://doi.org/10.1111/j.1466- 8238. 
2011.00656.x

UNEP- WCMC, & IUCN. (2019). Protected Planet: [Marine protected areas; 
The World Database on Protected Areas (WDPA)/The Global Database 
on Protected Areas Management Effectiveness (GD- PAME)]. Retrieved 
from www.prote ctedp lanet.net

Wisz, M. S., Hijmans, R. J., Li, J., Peterson, A. T., Graham, C. H., & Guisan, 
A., & The NCEAS Predicting Species Distributions Working Group. 
(2008). Effects of sample size on the performance of species distri-
bution models. Diversity and Distributions, 14, 763– 773. https://doi.
org/10.1111/j.1472- 4642.2008.00482.x

Yáñez- Arancibia, A., Day, J. W., Twilley, R. R., & Day, R. H. (2014). 
Manglares: Ecosistema centinela frente al cambio climático, Golfo 
de México. Madera y Bosques, 20, 39– 75. https://doi.org/10.21829/ 
myb.2014.200147

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Jiménez, L. M., Simões, N., & 
Yáñez- Arenas, C. (2022). Biodiversity and conservation of 
“solar- powered” sea slugs from the Western Atlantic under 
climate change scenarios. Marine Ecology, 00e1– 12. https://
doi.org/10.1111/maec.12706

https://doi.org/10.1371/journal.pone.0234083
https://doi.org/10.1111/ecog.03986
https://doi.org/10.1111/ecog.03986
https://doi.org/10.1111/j.1466-8238.2010.00636.x
https://doi.org/10.1242/jeb.046540
https://doi.org/10.1111/jbi.12289
https://doi.org/10.1890/12-1358.1
https://doi.org/10.1890/12-1358.1
https://doi.org/10.1016/j.ecolmodel.2013.08.011
https://doi.org/10.1016/j.ecolmodel.2013.08.011
https://doi.org/10.3354/meps260083
https://doi.org/10.1016/j.rmb.2017.03.011
https://doi.org/10.17161/bi.v2i0.4
https://doi.org/10.1111/j.1466-8238.2009.00519.x
https://doi.org/10.1111/j.1466-8238.2009.00519.x
https://doi.org/10.1641/b570707
https://doi.org/10.1038/s41559-017-0353-x
https://doi.org/10.1038/s41559-017-0353-x
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1126/science.1159328
https://doi.org/10.1126/science.1159328
https://doi.org/10.1111/j.1466-8238.2011.00656.x
https://doi.org/10.1111/j.1466-8238.2011.00656.x
http://www.protectedplanet.net
https://doi.org/10.1111/j.1472-4642.2008.00482.x
https://doi.org/10.1111/j.1472-4642.2008.00482.x
https://doi.org/10.21829/myb.2014.200147
https://doi.org/10.21829/myb.2014.200147
https://doi.org/10.1111/maec.12706
https://doi.org/10.1111/maec.12706

	Biodiversity and conservation of “solar-powered” sea slugs from the Western Atlantic under climate change scenarios
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Biological data and determination of the historically accessible area
	2.2|Environmental data
	2.3|Ecological niche modelling
	2.4|Potential richness
	2.5|Representation of Elysia in Marine Protected Areas (MPAs)

	3|RESULTS
	4|DISCUSSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


