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q Laboratório de Ecologia e Conservação de Tetrápodes Marinhos e Costeiros, Universidade da Região de Joinville - UNIVILLE, São Francisco do Sul, 89240-000, SC, 
Brazil
r Aquatic Mammals Laboratory - LAMAQ, Ecology and Zoology Departament, Universidade Federal de Santa Catarina, Florianópolis, SC, Brazil
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A B S T R A C T

Ocean warming, acidification, and deoxygenation are expected to intensify without significant climate mitiga
tion. In the tropics, rising ocean temperatures may push marine species to their thermal limits, leading to re
distributions and cascading effects on communities and ecosystems. We evaluate how future climate change 
scenarios could impact the habitat suitability of an endemic species of the western tropical Atlantic Ocean, the 
Guiana dolphin, Sotalia guianensis. Using data from systematic surveys conducted between 1987 and 2023 
complemented by open-source databases, we built the most comprehensive occurrence dataset for the species 
and developed ensemble Species Distribution Models to predict future distributions under the latest CMIP6 
projected scenarios—‘optimistic’ (SSP1-2.6), ‘intermediate’ (SSP2-4.5), ‘pessimistic’ (SSP5-8.5)—using expert 
knowledge to validate model predictions in the present. Our models project substantial range contractions under 
all climate scenarios. By 2070, under the pessimistic scenario, suitable habitat is expected to decline by 46.9 %, 
nearly doubling the habitat loss projected under the optimistic scenario (23 %). Guiana dolphins are expected to 
lose habitat in northeastern Brazil and along the Caribbean coast (except Costa Rica). Remaining suitable areas 
are expected to become fragmented and confined to southeastern and southern Brazil, where the coastal zone is 
the most urbanized and degraded. Currently, only 21.6 % of the predicted Guiana dolphin range overlaps with 
Marine Protected Areas (MPAs), and just 1.8 % is covered by MPAs that prohibit extractive activities—a small 
proportion expected to decline from 19 % to 14 % in the future. Our study highlights the urgent need to 
incorporate climate change into conservation strategies for coastal tropical marine predators.

1. Introduction

Coastal and marine ecosystems have undergone warming, acidifi
cation, and deoxygenation in recent decades (IPCC, 2019). Future pro
jections warn that these effects will intensify, especially if climate 
change mitigation efforts fail (e.g., Bryndum-Buchholz et al., 2019). In 
tropical marine ecosystems, ocean temperatures are reaching or 
exceeding the thermal limits for many species, triggering phenological 
changes (e.g., Edwards and Richardson, 2004), declining biomass (e.g., 
Bryndum-Buchholz et al., 2019), and shifts in geographical range (e.g., 
Dahms and Killen, 2023). Marine biodiversity is redistributing (Pecl 
et al., 2017) at an accelerating pace (e.g., Poloczanska et al., 2013; 
Pinsky et al., 2019), with cold-habitat species shifting poleward to track 
suitable environmental conditions (e.g., Pinsky et al., 2020; Dahms and 
Killen, 2023) or facing habitat loss beyond their physiological limits (e. 
g., Assis et al., 2017; Hodapp et al., 2023), heightening extinction risks, 
particularly for range-restricted species (Manes et al., 2021).

Species Distribution Modeling (SDM) is a valuable tool to inform 

conservation actions by projecting how species distributions may 
change under different climate change scenarios (e.g., McHenry et al., 
2019; Hodapp et al., 2023). However, there is a concerning gap in 
studies focused on marine species (Manes et al., 2021). Most marine 
SDM research has used emission scenarios from the earlier Coupled 
Model Intercomparison Project (i.e., CMIP5), available in global data
bases such as Bio-ORACLE v.2.0 (Assis et al., 2017). Recently, 
BIO-ORACLE v.3.0 was released with CMIP6 projections based on 
Socio-Shared Economic Pathways (SSPs), offering higher spatial reso
lution and 13 additional variables—including chemical variables such as 
Nitrate, Phosphate, Chlorophyll and others (Assis et al., 2024). This 
improved database provides an opportunity to reassess the influence of 
climate change with more reliable predictions and meaningful variables.

Studies on how climate change impacts the spatial and trophic 
ecology of marine mammals are gaining traction, but much of it has 
focused on temperate and polar species and ecosystems (e.g., Kaschner 
et al., 2011; Silber et al., 2017; Hamilton et al., 2019; Peters et al., 2022). 
For example, exclusively aquatic mammals, such as narwhals (Monodon 
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monoceros) and belugas (Delphinapterus leucas), have expanded their 
ranges due to ice sheet melting (e.g., Frouin-Mouy et al., 2017; Cham
bault et al., 2020), whereas the ranges of polar bears and seals have been 
shrinking, with demographic consequences (e.g., Hamilton et al., 2019). 
While cetacean distributions are predicted to shift poleward (e.g., 
Macleod, 2009; Peters et al., 2022), there has been no comprehensive 
analysis of the influence of climate change on tropical marine mammal 
species.

The Guiana dolphin, Sotalia guianensis, is a coastal-estuarine habitat 
specialist, endemic to subtropical and tropical coasts in the western 
South Atlantic Ocean, ranging from Nicaragua to southern Brazil 
(Simões-Lopes, 1998; Edwards and Schnell, 2001). Guiana dolphin 
populations typically consist of individuals with small home ranges 
(~1–50 km), often exhibiting high site fidelity and/or residency, in 
discrete populations with limited gene flow (e.g., Espécie et al., 2010; 
Cantor et al., 2012; Oshima and Santos, 2016; Caballero et al., 2018; 
Barrios-Garrido et al., 2021; Meirelles et al., 2022; Anibolete et al., 
2024). Due to their primary use of estuarine and coastal habitats, Guiana 
dolphin populations overlap with human activities, including port op
erations, fishing, tourism, and urban/industrial development on land, 
resulting in multiple cumulative stressors (e.g., Van Bressem et al., 2009; 
Azevedo et al., 2017; Barrios-Garrido et al., 2021; Maciel et al., 2023). 
The species is considered ‘Near Threatened’ (NT) on the IUCN Red List 
(Secchi et al., 2018), but regional assessments rank it at higher 
risk—“Vulnerable” (VU) in Brazil and Colombia, and “Endangered” in 
French Guiana. In 2018, the International Whaling Commission 
(IWC/SC67b) designated the Guiana dolphin as a priority species for 
evaluating conservation status (Domit et al., 2021). Climate change may 
exacerbate the effects of anthropogenic impacts on Guiana dolphins, 
highlighting the need to project potential range shifts in the near future.

Here, we evaluate the potential effects of climate change on Guiana 
dolphin distribution and assess how the current Marine Protected Areas 
(MPA) network may protect their habitat both now and in the future. We 
used three climate change scenarios that represent a gradient of climate 
mitigation efforts (Riahi et al., 2017). The analysis is based on the most 
comprehensive collaborative dataset on Guiana dolphin occurren
ces—systematically collected across seven countries over four decades, 
supplemented by online databases — combined with recent climate 
model projections from the Couple Model Intercomparison Project 
Phase 6 (CMIP6). We hypothesize that: (i) the Guiana dolphin distri
bution range will contract, particularly under the most pessimistic 
climate projections; (ii) populations near the equator will face greater 
range contraction than those at higher latitudes; and (iii) the range of 
the Guiana dolphin will be insufficiently covered by Marine Protected 
Areas (MPAs).

2. Methods

2.1. Occurrence records

We compiled the most comprehensive dataset of Guiana dolphin 
sightings (hereafter referred to as occurrences) from primary and sec
ondary sources, covering the period from 1987 to 2023 (Supplementary 
material A, Table S1, Fig. S1), across the species’ known distribution. 
Sighting survey protocols varied considerably across the Guiana dol
phin’s range due to logistical and financial constraints. Generally, we 
used small to medium-sized vessels (5–20 m) following systematic 
routes at low speeds (10–20 km/h) under favorable weather conditions 
(Beaufort Sea state ≤3) (Supplementary material A, Table S1). Guiana 
dolphin detections were made by naked eyes, supplemented by binoc
ulars. Group positions were recorded using handheld GPS devices or by 
noting the direction and number of reticles from the binoculars 
(Table S1). Additionally, we gathered Guiana dolphin occurrence re
cords from global (GBIF, AquaMaps, OBIS-SEAMAP, speciesLink) and 
regional databases (Sistema de Monitoramento de Mamíferos Marinhos - 
SIMMAM and Portal Brasileiro da Biodiversidade). We removed records 

with obvious positional errors, such as those inland or grossly outside 
the species’ range. Then, we compiled all primary and secondary 
occurrence records into a single database. To reduce spatial autocorre
lation issues and to avoid non-independent records caused by hetero
geneous sampling across data sources, we removed all records <15 km 
away from each other using the package ‘spThin’ v. 2.9–1 in the R 
environment 4.4 (Aiello-Lammens et al., 2015).

2.2. Climatic variables

Based on our database, supplemented by experts’ knowledge, we 
extracted climatic variables within a species-specific polygon con
strained to depths of up to 50 m, rather than using the traditional IUCN 
polygon (up to ~2000 m depth). This approach excluded areas not used 
by Guiana dolphin, thereby reducing bias in model parameters estima
tion and performance (Araújo et al., 2019). We then created a buffer of 1 
degree of latitude around the northern and southern limits of the spe
cies’ distribution to accommodate potential range gain from climate 
change (Braz et al., 2019).

We used the Bio-ORACLE v.3.0 to gather topography and oceano
graphic and chemical variables at the water surface to model Guiana 
dolphin distribution at a resolution of 0.05◦ during two time periods: 
present (2000–2020) and future (2060–2070) (Assis et al., 2024) 
(Figure S2.1, Supplementary material B). The goal for 2060–2070 was to 
understand potential mid-term changes in the distribution of Guiana 
dolphins. The updated Bio-ORACLE averages 11 climate models and 
extends biologically relevant data layers from current conditions to the 
end of the 21st century under Shared Socioeconomic Pathway scenarios 
(SSP) based on a multi-model ensemble from CMIP6 (Assis et al., 2024).

To create an ecologically plausible model, instead of including all 
oceanographic, topographic, and chemical variables available, we 
selected those that could be directly or indirectly relevant to Guiana 
dolphin, based on the species’ biology (Araújo et al., 2019). Variables 
were then extracted for both present and future climate change sce
narios. We excluded variables with high correlation (Spearman corre
lation >0.7) and multicollinearity (Variance Inflation Factor >3) 
(Hijmans et al., 2024). Out of 11 relevant variables to Guiana dolphins, 
seven were retained in our models: distance to the coast, current di
rection, current speed, primary productivity, slope, salinity, and sea 
surface temperature (Table S2).

We used three climate change scenarios: SSP1-2.6 (called ‘optimistic’ 
hereafter), SSP2-4.5 (‘intermediate’ hereafter), and SSP5-8.5 (‘pessi
mistic’ hereafter). These scenarios reflect how different climate miti
gation strategies could influence species range loss due to climate 
change (e.g., Riahi et al., 2017). Scenario SPP1-2.6 is optimistic, being 
described as “taking the green road”, with global policies and economies 
aligned with a sustainable path, reaching 1.8 ◦C of warming above 
pre-industrial levels in global surface temperature by 2100; SPP2-4.5 
follows current trends, being an intermediate scenario that reaches 
2.7 ◦C of warming by 2100; finally, SPP5 the most extreme scenario is 
described as “taking the highway”, with policies and economies aimed 
for the development of human capital and technologies to manage 
environmental systems, reaching 4.4 ◦C by the end of the century (Riahi 
et al., 2017; IPCC et al., 2021). We refer to SSP1-2.6 as the ‘optimistic’ 
scenario, rather than the more ambitious SSP1-1.9 (which envisions 
1.4 ◦C by 2100) because it is increasingly seen as utopian rather than 
achievable (IPCC et al., 2021; Lamboll et al., 2023).

2.3. Modeling procedures

To model the relationship between Guiana dolphin occurrence and 
the environment, we followed state-of-the-art best-practices standards 
(Araújo et al., 2019; Zurell et al., 2020). We used five modelling ap
proaches based on the type of input data: presence-absence models using 
regression techniques (Generalized Linear Model, Generalized Additive 
Model), decision trees (Boosted Regression Tree, Random Forest), and 
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presence-background models using Maximum entropy (MaxEnt). All 
analyses were conducted using the Biomod2 4.2–4 package in the R 
environment 4.4. (Thuiller et al., 2024) (Fig. 1).

We generated three sets of pseudo-absences using spatial stratifica
tion, creating three times the number of pseudo-absences compared to 
occurrence records, with a minimum distance of 30 km (Barbet-Massin 
et al., 2012). We calibrated the models using 70 % of the data for 
training and 30 % for testing, using a three-fold cross-validation tech
nique. Each model was replicated 10 times with a fixed prevalence of 
0.5. We estimated the relative importance of variables by shuffling each 
variable 100 times and comparing the predictions between the reference 

and shuffled models using Pearson correlation (Thuiller et al., 2019). A 
higher value indicates a greater influence on the model. We evaluated 
model performance using the True Skill Statistic (TSS) method. Only 
replicates with a TSS >0.7 were combined into a final ensemble model, 
weighted-by-TSS mean.

From the continuous predicted suitability values, we generated a 
binary model, where the threshold (presence or absence) was obtained 
by maximizing specificity and sensitivity values (Liu et al., 2013). We 
estimated uncertainty in the ensemble model based on the divergence or 
agreement of different models’ predictions. Values close to 1 indicate 
that most models agreed on the presence of the species, values close to 

Fig. 1. Flowchart outlining the modeling process for assessing the distribution of the Guiana dolphin, Sotalia guianensis, under various climate change scenarios. 
Initially, occurrence records were collected by over 40 specialists based on their systematic studies of the species and supplemented by online databases. These 
records were rigorously filtered and used to run 450 models, incorporating three sets of pseudo-absences, five algorithms, ten replicates, and a 3-fold cross-validation 
approach. Models achieving a TSS (True Skill Statistic) greater than 0.7 were selected to construct an ensemble model. From this ensemble, variable importance, 
response curves, and mapped predictions were derived and subsequently evaluated by the experts (co-authors). If the model outputs were deemed implausible, 
adjustments were made, including in order of preference, the inclusion of new occurrence records (if available), spatial rarefaction distances, pseudo-absence 
strategy, strategy of cross validation and parameter recalibration, if necessary, and/or. Upon validation, the present-day mapped predictions were projected onto 
three different climate change scenarios. These projections were then compared to determine the percentage of pixels representing stable, unsuitable (range loss), or 
suitable (range gain) habitat for the species.
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0 indicate agreement on absence, and values around 0.5 indicate 
divergent predictions (Thuiller et al., 2019). We then mapped the 
weighted-mean ensemble binary model for the present geographic 
space. Each author independently evaluated the response curves and the 
mapped predictions for the current study area to validate the model 
outputs. If predictions were deemed ecologically implausible, we 
adjusted model parameters to better align with expert ecological 
knowledge. In this step, parameters were adjusted in the following 
order: the spatial thinning criteria, pseudo-absence strategy, cross vali
dation strategy and algorithm parameters (Supplementary material E). 
Once ecological plausibility was achieved by most authors, we extrap
olated the present binary predictions to future scenarios to project 
species presence under ‘optimistic’, ‘intermediate’, and ‘pessimistic’ 
conditions for 2060–2070.

2.4. Post-processing

To assess whether the Guiana dolphin is projected to lose or gain 
suitable habitat in the future, we employed the ‘raster calculator’ tool 
within ArcGIS 10.8. This process involved subtracting the species’ 
presence or absence predictions for each grid under three climate 
change models from current conditions. Finally, we overlaid all model 
predictions (both present and future climate change scenarios) with a 
layer depicting all existing Marine Protected Areas (MPA), obtained 
from the World Database of Protected Areas (UNEP-WCMC & IUCN, 
2024). Then, we calculated the current coverage of the Guiana dolphin’s 
range within MPAs and assessed whether the proportion of the species 
range protected would change in the future.

3. Results

After spatially thinning 9055 records, 184 independent occurrence 
records of the Guiana dolphin were retained. Our ensemble model 
performed well with a low degree of error (TSS = 0.8, Sensitivity = 96.1, 
Specificity = 94.3) (Supplementary material C, Fig. S3.1). Three vari
ables were most important (Supplementary material C, Fig. S3.2) in 
predicting the distribution of the Guiana dolphin: areas close to the 
coast, moderate to warm waters (SST 23 to 27 ◦C), and close association 
with estuarine waters (salinity 18–25 ppm) (Fig. 2).

Under current conditions, Guiana dolphins were predicted to have a 
suitable range of 107,600 km2 compared to the 666,161 km2 of the 
model calibration area (Table S1 - Supplementary material D), occurring 
continuously along the southern to northern Brazilian coast, but only 
intermittently along the Caribbean region and Central America (Fig. 3). 
Interestingly, our ensemble model did not predict Nicaragua, the 
northernmost limit of the species, as suitable habitat.

In all future climate change scenarios, Guiana dolphins are projected 
to lose area, especially along the Caribbean, Guianas, the north, and 
northeastern Brazil. The range loss varied from 23 % in the ‘optimistic’ 
scenario and intensified with the severity of the climate change scenario: 
37.5 % in the ‘intermediate’ scenario, and 46.9 % in the ‘pessimistic’ 
(Fig. 4).

We project that only Costa Rica and southeastern-southern Brazil 
will retain key stable habitats and continuous areas for Guiana dolphins 
under all three scenarios (Fig. 4). In contrast, most of Panama, 
Colombia, Venezuela, and the Guiana coast are expected to lose suitable 
areas as climate change intensifies. For populations in northeastern and 
northern Brazil, their habitats are projected to become unsuitable under 
all scenarios (e.g., Pipa, Mucuripe embayment), with only fragmented 
patches of suitable areas remaining in the states of Pará, Alagoas, Ser
gipe, and southern Bahia. For example, in southern Bahia, the ‘pessi
mistic’ scenario predicts that this region will become mostly unsuitable 
and fragmented, with only small patches of suitable areas remaining. 
The area around Abrolhos National Park, further offshore, is predicted to 
be unsuitable under all scenarios. However, our model projected a gain 
in the southern limit of the Guiana dolphin range under all scenarios.

Currently, only 21.6 % (23,250 km2, Table S3) of the Guiana dolphin 
distribution overlaps with Marine Protected Areas. This overlap is pro
jected to decrease as climate change intensifies by 18.8 % in the ‘opti
mistic’, 16.3 % in the ‘intermediate’, and 14.1 % in the ‘pessimistic” 
scenario (Fig. 5). Only 1.8 % of the species range area is currently 
covered by MPAs that prohibit extractive activities such as fishing, 
mining, and dredging. This protection is projected to decrease to 1.2 % 
in the ‘optimistic’ scenario, 0.9 % in the ‘intermediate’ scenario, and 0.7 
% in the ‘pessimistic’ scenario (Fig. 5). However, the range lost outside 
MPAs is projected to be twice that lost within MPAs (Supplementary 
material D, Figure S4.1).

Fig. 2. Response curves from a weighted-mean ensemble model depicting the relationship between habitat suitability for the Guiana dolphin, Sotalia guianensis, and 
each explanatory variable. SST = Sea Surface Temperature.
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4. Discussion

Our models project that climate change mitigation could reduce 
Guiana dolphins’ range loss by up to half by 2070. These losses are 
projected to be more pronounced in lower latitudes, driven by the 
contraction and fragmentation of suitable habitats for Guiana dolphins. 
Existing Marine Protected Areas (MPAs) offer insufficient protection 
across much of the current species’ range, and our models predict that 
this situation will deteriorate further over the next 40 years. These 
findings support our hypothesis that the Guiana dolphin’s distribution 
range would contract, particularly under the most pessimistic climate 
projections and near the equator, and that its range would be insuffi
ciently covered by current MPAs.

4.1. Projected distribution of Guiana dolphin

Our findings suggest that Guiana dolphins in northern and north
eastern Brazil, the Guianas, and the Caribbean Sea are at higher risk of 
local extinction as their environmental conditions are predicted to 
become unsuitable. Similar coastal areas at these latitudes have already 
shown signs of decline in pelagic species, such as sharks, over the past 
few decades (Chaudhary et al., 2021), and should experience a loss of 
primary productivity, biomass, and species richness in the next 70 years 
(IPCC, 2019). Increased sea surface temperatures in these areas may 
have direct and indirect effects on Guiana dolphins. For example, higher 
temperatures may lead to outbreaks of infectious diseases, such as 
morbillivirus and influenza A (e.g., Kebke et al., 2022), which could 
directly affect Guiana dolphin populations. Extended periods of marine 
heatwaves, which are expected to increase by 20 to 50-fold in the future, 
may affect Guiana dolphin survival and breeding, as has been observed 

for the tucuxi, Sotalia fluviatilis, and the boto, Inia geoffrensis, in the 
Amazon region (Fleischmann et al., 2024). Indirectly, changes in prey 
distribution and abundance may negatively impact foraging success 
(Nagelkerken et al., 2023).

Under the ‘optimistic’ climate change scenario, the loss of the Guiana 
dolphin range is predicted to be half of that in the most ‘pessimistic’ 
projections. In the optimistic scenario, extensive areas along the coast of 
Colombia, Venezuela (e.g., Maracaibo Lake System and Eastern Up
welling System), northern (e.g., Pará state), and northeastern Brazil (e. 
g., Bahia and Sergipe states) would remain suitable for Guiana dolphin. 
However, as climate change worsens, these areas are projected to 
become unsuitable, emphasizing the importance of climate mitigation 
for protecting biodiversity and the ecosystem services it provides.

Our models predict that Guiana dolphin distribution is smaller than 
the IUCN range polygon (Table S1, Supplementary material D). While 
this reduced range does not meet the criteria for categorizing the species 
as ‘vulnerable’ under IUCN Criterion B2, it provides the critical insight 
that the species is less widespread than previously thought. In fact, IUCN 
range maps are known to overestimate the distribution of many species, 
making improved range maps highly needed, since they are important to 
inform conservation actions (Brooks et al., 2019).

Nicaragua, the northernmost limit of the species, was predicted as 
unsuitable both in current and future scenarios. To date, only two 
published studies have documented the species in the area (Carr and 
Bonde, 2000; Edwards and Schnell, 2001). In Nicaragua, between 1992 
and 1998, Guiana dolphins (but originally identified as S. fluviatilis) 
were reported to be common along the eastern coast of Miskito (Carr and 
Bonde, 2000; Edwards and Schnell, 2001). Since then, no aerial or boat 
surveys have been done to follow up the status of Guiana dolphins in this 
area (May-Collado, personal communication). Nicaragua is 

Fig. 3. Predicted distribution of the Guiana dolphin, Sotalia guianensis, under present climatic conditions (2000–2020). The ensemble weighted-mean model 
highlights suitable and unsuitable areas, revealing that the International Union for Conservation of Nature (IUCN) range polygon overestimates the species distri
bution (. FG = French Guiana.
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characterized by saline waters (35–36 ppm) and high temperatures 
(28–28.5 ◦C) (Fig. S1, Supplementary material B), which exceed the 
ecological threshold predicted by the model’s response curves (Fig. 2). 
Under climate change scenarios, water temperatures are expected to rise 
even further. In the ‘pessimistic’ scenario, an increase of 1.5–1.6 ◦C is 
projected, making the area increasingly unsuitable for the species 
(Fig. S1, Supplementary material B). However, increased sampling effort 
is needed to confirm the absence of the species or to redefine the 
northern limit of its distribution.

Our models also show that Guiana dolphin distribution is currently 
more fragmented than previously thought (e.g., da Silva et al., 2010; de 
Jesus-Lobo et al., 2021). Under climate change scenarios, this frag
mentation is expected to intensify. Generally, smaller and fragmented 
populations tend to experience a reduction in genetic diversity, and 
when isolated, inbreeding can lead to the fixation of deleterious genes, 
reducing individual fitness and their ability to adapt to extreme and 
unpredicted climatic events (Caballero et al., 2018). The strong site fi
delity, low dispersal capabilities (e.g., Rossi-Santos et al., 2007; Bar
rios-Garrido et al., 2016; Anibolete et al., 2024), and restricted gene flow 
(Caballero et al., 2018) of Guiana dolphin should exacerbate these 
impacts.

Guiana dolphins in Costa Rica and southeastern to southern Brazil 
could inhabit key stable areas under all climate change scenarios. 
Despite the expected warming and increase in salinity in Costa Rica (see 
Figs. S4 and S5 – supplementary material B), current speed and direction 
are projected to remain stable, likely maintaining the counterclockwise 
circulation of the Columbia-Panama Gyre, which increases local pro
ductivity (Andrade and Barton, 2000). Along the southeastern-southern 
Brazilian axis, SST and salinity are predicted to remain stable across all 
scenarios, reinforcing these areas as potential climate refugia for the 
species. However, some of these populations are already experiencing 
rapid human-induced environmental changes. For example, in north
eastern, southeastern, and southern Brazil, Guiana dolphin habitats are 
located near industrial and large port areas (e.g., Azevedo et al., 2017; 
de Jesus-Lobo et al., 2021; Maciel et al., 2023; Meirelles et al., 2023) and 
are subject to bycatch in coastal fisheries (e.g., Freitas et al., 2021) and 
exposed to the tourism industry (e.g., Moura et al., 2019). The syner
gistic and cumulative effects of these activities are driving population 
declines, with consequences for their behavior and health (e.g., Gua
nabara Bay: Azevedo et al., 2017; Paranaguá Estuarine Complex: de 
Jesus-Lobo et al., 2021; Sepetiba Bay: Maciel et al., 2023). In contrast, 
Guiana dolphin in Costa Rica overlap with a Natural Wildlife Refuge and 
a RAMSAR site (wetland designated to be of international importance 
under the RAMSAR convention). There, the dolphins do not seem to face 
the same level of human pressure as those in other parts of their range. 
Boat presence is relatively low, incidental mortality in fishing gear has 
not been confirmed, and the tourism industry around these dolphins is 
limited (May-Collado et al., 2017).

It is important to acknowledge some caveats in our approach and on 
our results. The scarcity of records along large stretches of the northern- 
northeastern coast of Brazil and the Caribbean coast (Fig. S1 - 

Fig. 4. Guiana dolphin, Sotalia guianensis, range changes under different 
climate change scenarios modeled by a weighted-mean ensemble model. Sce
narios: optimistic SSP1-26 (top), intermediate SSP2-45 (middle), and pessi
mistic SSP5-85 (bottom) for years 2060–70. The models indicate a range loss in 
the northeastern and northern regions of Brazil, and throughout the Caribbean 
Sea, worsening under more severe climate change scenarios.

Fig. 5. Percentage of the predicted range of Guiana dolphin, Sotalia guianensis, 
covered by Marine Protected Areas (MPAs). Most of the range is covered by 
MPAs categories (V and VI) where the presence of human activities, such as 
fishing, tourism, and/or port activities, are common. Present period covers 
2000–2020 while future time periods span 2060–70.
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Supplementary material A) is due to limited research efforts in these 
areas, which may cause the model to inflate the species’ degree of range 
fragmentation. Our models have omission errors in these regions (e.g., 
Ceara state coastal area), so these results should be interpreted 
cautiously. One potential explanation for this bias is that Guiana dol
phins in these regions may inhabit more saline, open coastal waters 
instead of the brackish inland waters of bays and estuaries, where this 
species is more commonly observed. When a species uses a broad range 
of habitat types, the relationships between predictors can be obscured 
when data on species occurrence is compiled across different habitats.

Extreme events, such as marine heat waves, were not considered. 
Given that these events are expected to increase 50-fold this century 
(Pörtner et al., 2019), they have the potential to drastically alter fish 
distribution and biomass across a wide range of species (e.g., Thompson 
et al., 2022). However, data with the required spatial and temporal 
resolution to account for extreme events are not yet readily available. 
We recommend making such data available so that future studies can 
better capture the dynamic nature of climatic variability in marine 
predators.

4.2. Marine Protected Areas and future directions

Marine protected areas (MPAs) within the Guiana dolphins’ range 
are relatively small (Mean ± SD = 201 ± 424 km2), poorly connected 
(May-Collado et al., 2016) and were not specifically designed to target 
this species. Additionally, they currently cover less than a quarter of the 
species’ known range, making them unlikely to significantly contribute 
to its conservation. Most of these MPAs are concentrated along Brazil’s 
northern coast and southeastern-southern axis. Across the Guiana dol
phin’s distribution, only four MPAs are specifically intended to protect 
the species. However, their management plans do not provide adequate 
goals for this purpose. MPAs that prohibit extractive activities and have 
the highest potential for biodiversity protection and recovery cover less 
than 2 % of the Guiana dolphin’s distribution, limiting their potential to 
safeguard the species. These more restrictive MPAs are also small and 
poorly connected, making them likely ineffective for Guiana dolphin 
protection (Supplementary material C, Fig. S3). However, 
well-designed, small-sized MPAs located in regions with high densities 
of Guiana dolphins and their prey are likely to be at least partially 
effective.

Our analysis indicates that if climate change is not mitigated, MPAs’ 
coverage area could decrease to 34.8 % along the Guiana dolphin dis
tribution, with less than 15 % coverage in the “pessimistic” scenario. 
Additionally, many of these MPAs permit fishing, port, and tourist ac
tivities, which can undermine their role in safeguarding Guiana dolphin 
habitats and food resources (e.g., Wedekin et al., 2010; Macedo et al., 
2020; Tardin et al., 2020). However, we highlight that most of the range 
loss is expected to occur outside MPAs (Supplementary material B, 
Fig. S2), reinforcing their potential as climate refugia. Since climate 
change refugia can facilitate the long-term persistence of species across 
generations, they represent a promising nature-based solution to miti
gate climate change (Keppel and Kavousi, 2015; Cooley et al., 2022). 
However, the role of MPAs in providing climate refugia for marine 
megafauna remains to be properly investigated.

We recommend that both proactive and reactive conservation mea
sures should be taken (see Brooks et al., 2006). As a reactive approach, 
in the short-term, we recommend strengthening existing MPAs and 
establishing new ones in southeastern Colombia, central and northern 
Venezuela and northern Brazil, where Guiana dolphins are projected to 
lose habitat but retaining small patches of stable habitat, particularly 
under ‘optimistic’ and ‘intermediate’ climate scenarios. These areas may 
serve as potential local refugia in the future.

Proactively, we suggest implementing new MPAs in regions where 
Guiana dolphins are expected to have less intense or no range loss from 
climate change, such as southeastern-southern Brazil. This approach 
would protect the climate refugia habitats of Guiana dolphins and their 

prey, but also help some populations under intense anthropogenic 
stressors (e.g., Guanabara Bay: Azevedo et al., 2017; Paranaguá Estua
rine Complex: Moura et al., 2021; Sepetiba Bay: Maciel et al., 2023).

The creation of MPAs can benefit from systematic conservation 
planning, a structured approach to identify and prioritize areas for 
biodiversity conservation while maximizing ecological, social, and 
economic benefits (Margules and Pressey, 2000). As discussed earlier, 
there are important gaps in occurrence data for the Guiana dolphin. Our 
study, along with previous work (de Jesus-Lobo et al., 2021), highlights 
areas where Guiana dolphin surveys are most needed across its entire 
range, such as Nicaragua, Guyana, Suriname, and some parts of northern 
Brazil. Our models predict that these regions are currently suitable for 
Guiana dolphins but will face severe range contraction in the future, 
especially under a ‘pessimistic’ scenario. Urgent allocation of limited 
research resources to these and other poorly sampled areas within the 
Guiana dolphin distribution will unveil crucial life history and popula
tion parameters needed to update conservation status at the regional 
level, inform the creation of new protected areas, and management of 
existing ones. Lastly, adequate means of control and law enforcement 
should accompany those MPAs, to ensure their efficiency on the field.

5. Conclusion

Our study highlights that climate change is expected to fragment and 
reduce the total range of suitable areas for Guiana dolphins. However, 
the climate mitigation associated with the most optimistic scenario 
(SSP1-2.9) is expected to reduce the Guiana dolphin range loss in half. 
The current network of Marine Protected Areas (MPAs) is not enough to 
protect dolphin habitats both currently and in the future. That is 
particularly concerning since Guiana dolphins face unprecedented 
challenges from multiple and cumulative human activities, which are 
likely to be exacerbated by climate change over the next four decades. 
The creation of carefully placed and controlled MPAs or the change in 
the management of existing ones could increase the resilience of the 
Guiana dolphin to climate change by removing additional stressors on 
the species.
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Santos (PMC-BS)”. We also thank Sea Route/Samburá dedicated crew, 
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