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Impactos da mudança climática sobre ostrácodes de água doce (Crustacea, 

Ostracoda) 

 
RESUMO 

 

Espécies estão expostas às mudanças climáticas naturais ao longo de sua história evolutiva, 

entretanto o aquecimento global anômalo e as variações resultantes nos padrões pluviométricos 

afetam a sobrevivência, alteram a distribuição dos organismos e a rede de interações das 

espécies. O objetivo desta tese foi encontrar padrões em maior escala (nível de bacia e bioma) 

dos possíveis efeitos da mudança climática sobre a distribuição de ostrácodes de água doce da 

América do Sul, através de análise conjunta de diversos algoritmos de modelagem de 

distribuição de espécies.  A mudança climática foi baseada em duas hipóteses de aumento das 

emissões de carbono, os cenários moderado-otimista (RCP 4.5) e pessimista (RCP 8.5) de 

quatro modelos climáticos (AOGCMs) de 2050 e 2080. Na primeira abordagem foram 

apresentadas projeções de mudanças na riqueza e composição de espécies de ostrácodes e status 

de conservação de 61 espécies de treze bacias hidrográficas no Cone Sul. Na segunda 

abordagem foi avaliado o padrão geográfico de uma interação interespecífica simbiótica do tipo 

comensalismo através da adequabilidade climática de Elpidium (Ostracoda) e bromélias tanque 

da Mata Atlântica, além da disponibilidade de habitat para o Elpidium (presença de bromélias 

tanque) no futuro. Para ambas as abordagens, a mudança climática influenciou diretamente a 

diminuição das áreas de distribuição dos ostrácodes no futuro. Os resultados da primeira 

abordagem mostraram uma diminuição da riqueza de ostrácodes nas bacias do Cone Sul da 

América do Sul, e diferentes composições de espécies em 2050 e 2080, em ambos os cenários 

moderado-otimista e pessimista. A diminuição nas áreas de distribuição de ostrácodes alterará 

o status de conservação de diversas espécies para potencialmente ameaçadas. As áreas de 

ocorrência de Elpidium serão mais limitadas em tempos futuros e haverá menor disponibilidade 

de habitat, ou seja, menos espécies de bromélias tanque para interação. Em geral, os regimes 

de precipitação e temperatura são sincronizados com eventos fenológicos de história de vida 

das espécies, os quais determinam a direção da dispersão para o conjunto ambiental das 

condições ideais de sobrevivência no futuro. Os resultados contribuem como subsídio para 

incluir ostrácodes (e outros invertebrados) em planos de conservação de seus habitats em 

escalas geográficas mais amplas. 

 

Palavras-chave: Macroecologia. Modelos de distribuição de espécies. Conservação 

biológica. Espécies ameaçadas. Microcrustáceos. Plantas epífitas.  

Impactos antropogênicos. 



Impacts of climate change on freshwater ostracods (Crustacea, Ostracoda) 

 

ABSTRACT 

Species are exposed to natural climate change throughout their evolutionary history. However, 

anomalous global warming and resulting variations in rainfall patterns affect survival, alter the 

distribution of organisms and the network of species interactions. The aim of this thesis was to 

find larger-scale (basin and biome level) patterns for the possible effects of climate change on 

the distribution of South American freshwater ostracods through ensemble analysis of several 

species-distribution modelling algorithms. Here, climate change was based on two assumptions 

of increasing carbon emissions, the moderate-optimistic (RCP 4.5) and pessimistic (RCP 8.5) 

scenarios of four climate models (AOGCMs), from 2050 and 2080. In the first approach, 

projections of changes in ostracod species richness and composition were presented, and 

conservation status of 61 species from 13 river basins in the Southern Cone. In the second 

approach, the geographical pattern of a symbiotic interspecific interaction of commensalism 

type was evaluated through the climatic suitability of Elpidium (Ostracoda) and tank bromeliads 

of the Atlantic Forest, and the availability of habitat for Elpidium (presence of tank bromeliads) 

in the future. For both approaches, climate change directly influenced the decrease in future 

distribution areas of ostracods. The results of the first approach showed a decrease in ostracod 

richness in the Southern Cone basins of South America, and different species compositions in 

2050 and 2080, in both the moderate-optimistic and pessimistic scenarios. The decrease in the 

ranges of ostracods will change the conservation status of several species to “potentially 

threatened”. Elpidium ranges will be more limited in the future, and there will be less habitat 

availability, i.e. fewer tank bromeliad species for interaction. In general, precipitation and 

temperature regimes are synchronized with phenological life-history events of the species, 

which determine the direction of dispersal to the environmental set of optimal survival 

conditions in the future. Our results contribute to the inclusion of ostracods (and other 

invertebrates) in conservation plans for their habitats on larger geographical scales.  

Keywords: Macroecology. Species distribution models. Biological conservation. Threatened 

species. Microcrustaceans. Epiphytic plants. Anthropogenic impacts. 
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1 GENERAL INTRODUCTION 

Currently, about 2,330 species of non-marine ostracods are known, with 333 

Neotropical species, of which 250 species are endemic to this region (Meisch et al., 2019). 

Approximately 284 species are known in South and Central America, and about 126 

species in 40 genera occur in Brazil (Martens & Behen, 1994; Higuti et al., 2017; Ferreira 

et al., 2019, 2020; Higuti & Martens, 2020; Almeida et al., 2021 in press). 

Ostracods are small crustaceans, ranging from 0.3 mm to 5 mm in length. These 

organisms inhabit marine, brackish, freshwater and semi (terrestrial) environments 

(Smith et al., 2015). Ostracods have high diversity and abundance in the benthos and are 

associated with emerged and submerged vegetation of continental aquatic environments, 

such as permanent and isolated lakes, temporary ponds and rivers (Higuti et al., 2010; 

Liberto et al., 2012; Higuti & Martens, 2016; Conceição et al., 2018; Rosa et al., 2021; 

de Campos et al., 2021).  

Amongst freshwater habitats, phytotelmata are still poorly explored compared to 

other water bodies. Phytotelmata are structures formed by terrestrial plants that impound 

water, such as modified leaves, leaf axils, flowers, stem holes or depressions (Givnish, 

2011), forming a particular microhabitat. A common example of a phytotelma is the tank-

bromeliad. Ostracod species richness is particularly high in this habitat, and several new 

species are waiting to be described (Jocque et al.; 2013, Pinto, 2007; Pereira, 2013; 

Pereira, 2017). A special ostracod inhabiting tank-bromeliads belongs to the genus 

Elpidium Müller 1880. In the Neotropical region, 10 species of Elpidium 

(Limnocytheridae) have been recorded in tank-bromeliads from Cuba, Puerto Rico, 

Jamaica and Honduras (Müller, 1880; Picado, 1913; Tressler, 1941; Tressler, 1956; Little 

& Hebert, 1996; Pinto & Jocque, 2013; Pereira et al., 2019). In Brazil, so far, only one 

species, E. bromeliarum Müller 1880, is known.  
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Most species of ostracods are considered regionally or locally endemic, suggesting 

low dispersal rate, or limited colonization of new areas (Smith et al., 2015). Some 

biological characteristics of ostracods may facilitate their long-distance dispersal, such as 

the presence of desiccation-resistant eggs, which remain viable for a period of 50 to 100 

years (Martens, 1994), and can thus colonize a new habitat and successfully establish a 

new population. Dispersal of dormant eggs can occur by wind, aquatic plants, and animals 

(Horne et al., 1998). In addition, reproduction of many ostracod species, especially of the 

family Cyprididae, occurs by parthenogenesis (Martens et al., 2008), thus, a new 

population can be formed from a single specimen or egg.  

In recent decades, there has been an advance in taxonomic, biological and ecological 

research into freshwater ostracods (e.g. Castillo-Escriva et al., 2016, 2017; Pereira et al., 

2017; Martens et al., 2019; Conceição et al., 2020; Ferreira et al., 2020; Almeida et al. 

2021; Rosa et al. 2020). However, several gaps remain regarding the biological and 

ecological issues of this group, such as life cycle, trophic relationship, biological 

invasions, climate change, and environmental quality, etc.  

Currently, climate change is one of the most discussed topics worldwide. Human-

induced climate change exceeds the range of natural warming of the planet and it will 

select the species to persist in the environment (Somero, 2009; Quinteiro & Wiens, 2013). 

Although there is little evidence of current species extinction caused by climate change, 

its effects are expected to surpass habitat destruction as the main threat to biodiversity in 

the coming decades (Leadley et al., 2010).  

The persistence and (re) distribution of species under the effect of climate change 

depends on their physiological limits (Catullo et al., 2015). When environmental 

conditions are close to the extremes of these limits, individual performance is affected 

(Holt & Jørgensen, 2015), reflected in demographic changes (Pomara et al., 2014) as well 
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as in species composition and richness (Lemes et al., 2013; Ferro et al., 2014). The 

consequences are: i) species have their range reduced by adverse climate conditions 

(Davis et al., 2013; Quintero & Wiens, 2013); ii) they migrate and disperse to new  

climatically suitable areas (Chen et al., 2011); iii) they undergo extinction processes 

(Thomas et al., 2004). 

Ecological niche modelling (ENM) is commonly used to assess the potential 

distribution of species (Peterson et al., 2011). ENMs use different correlational 

mathematical approaches based on the environmental requirements in which the species 

is present to indicate areas that are potentially suitable for its establishment (Peterson et 

al., 2011). Thus, the use of global variables is common because there is a lack of data on 

the physiological extent of most species, which can only be determined from experiments.  

Predictive modelling of species distribution has been an extremely useful tool for 

answering questions about ecology and conservation biology, mainly in terrestrial 

environments, but few of them have used invertebrates (Diniz-Filho et al., 2010). Aquatic 

environments are still poorly studied compared to terrestrial ones, and most ENM 

analyses were performed for vertebrates, mainly fish (Ruaro et al., 2019; Lopes et al., 

2017). 

Ostracods were used as a model group for ecological niche modelling analyses 

because they have wide global distribution (Meisch et al., 2019) in freshwater 

environments (Martens et al., 2008). Ostracods are important components mediating 

ecosystem functions in aquatic environments, by participating in nutrient cycling 

(detritivorous species) and constituting a link in the food chain (phytophilic species) 

between secondary producers and consumers (Smith & Delorme, 2010),  
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This thesis aimed to find larger-scale (basin and biome level) patterns for the possible 

effects of climate change on the distribution of South American non-marine ostracods 

and identify areas of interest for conservation. For this, we used an ensemble approach of 

several ENM algorithms that predict the distribution area in present and future time. 

Climate change was based on two hypotheses of increased carbon emissions, the 

moderate-optimistic (Representative Concentration Pathways, RCP 4.5) and pessimistic 

(RCP 8.5) scenarios of four climate models (AOGCMs) from 2050 and 2080. In the first 

part, projections of changes in the diversity component (richness and composition 

species) of ostracods from 13 river basins in the Southern Cone of South America were 

presented. In addition, we listed 61 potential ostracod species that tend to be threatened 

by climate change. In the second part, the geographical pattern of a symbiotic interspecific 

interaction of the commensalism type was assessed through the climatic suitability of 

Elpidium and tank bromeliad species from the Atlantic Forest. The objective was to 

evaluate how climate change affecta i) the distribution of Elpidium and the richness of 

tank bromeliads ii) the availability of habitat for Elpidium (presence of tank bromeliads) 

iii) the geographical pattern of the interaction between Elpidium and tank bromeliads. 
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2 PREDICTED CHANGES IN THE DISTRIBUTION OF OSTRACODA 

(CRUSTACEA) FROM RIVER BASINS IN THE SOUTHERN CONE OF 

SOUTH AMERICA, UNDER TWO CLIMATE CHANGE SCENARIOS 

 

ABSTRACT 

 

1. Global warming is expected to affect all levels of biological organisation. While many 

studies predict changes in the distribution of individual species as a result of climate 

change, few have assessed such changes at community level. Here, we use ostracods 

(bivalves micro-crustaceans) to assess the effects of climate change on regional species 

richness, (re-) distribution and community composition across the river basins of the 

Southern Cone of South America. 

2. Using a range of niche-based models, we present projections of changes in diversity 

components of South American ostracod in light of two hypotheses on increased carbon 

emissions, (1) the moderate-optimistic (RCP 4.5) and (2) the pessimistic (RCP 8.5) 

scenarios from four climate models on 2050 and 2080 scenarios. 

3. Future projections show increase in the number of (mapped) cells with a richness up to 

five species as compared to present day situations. The La Plata basin (LPLA) presents 

the highest species loss, mainly in the Paraguay and Paraná rivers, while the species gain 

occurred mainly in the La Puna Region, North Chile - Pacific Coast and southern LPLA 

basins. Under all scenarios, the ostracod community compositions were different. 

4. Global change might impact ostracod communities even on a medium term (2050). 

Despite losses of local species in all future scenarios, a small portion of the LPLA was 

identified as a potential future climatic refuge for ostracod communities, while the 

distribution area in Patagonia was predicted to be extremely small for some ostracods at 
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the southernmost parts of South Argentina – South Atlantic Coast and South Chile – 

Pacific Coast basins in 2050 and 2080. 

5. We hope that these findings will contribute to conservation plans, including for small 

organisms such as invertebrates, regarding biodiversity preservation. 

 

Keywords: Macroecology; Species distribution models; Biological conservation; 

Threatened species; Microcrustaceans.   
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2.1 Introduction 

An increase up to 4.8°C in global surface temperature has been predicted over the 

next 100 years (IPCC, 2014). Global warming causes severe changes in multiple and 

interconnected climatic and environmental components, affecting biotic systems from the 

individual performance of organisms to large-scale ecosystem processes (Woodward et 

al., 2010). In freshwater environments, such as rivers and their drainage systems, climate 

change alters natural ecosystem dynamics, triggering a series of effects on flow regimes, 

water temperature and quality (Ficke et al., 2007), thus contributing to the variability of 

limnological attributes (Phillips et al., 2015; Sinha et al., 2017). 

Although species are exposed to natural climate change throughout their 

evolutionary history, it is expected that anomalous global warming and resulting 

variations in rainfall patterns will strongly affect the survival and change the distribution 

of organisms (Stenseth et al., 2002; Woodward et al., 2010). The vulnerability of species 

to climate change will therefore depend, amongst others, on their physiological limits to 

thermal stress and to desiccation. Species with higher phenotypic (including 

physiological) plasticity will have a higher ability to adapt to environmental change 

(Catullo et al., 2015). As a result, tolerant species will remain in the environment 

(Quintero & Wiens, 2013), concentrating in areas of climatic refuge (Davis et al., 2013) 

or moving to new suitable areas, if dispersal potential and pathways are maintained (Chen 

et al., 2011). Species unable to tolerate new habitat conditions will tend become extinct, 

at least locally (Thomas et al., 2004). 

Whereas many studies predict changes in the distribution of individual species as 

a result of climate change, few have assessed such changes at community levels (Berg et 

al., 2010). For example, the response of individual species to environmental changes may 
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lead to the disappearance of sympatric species and/or may cause the introduction of 

allopatric species that do not currently occur in the community (Gilman et al., et al., 2010; 

Sheldon et al., 2011). This is so, because as new values of climatic variables change the 

environmental envelope of species, new parts of their niches will be occupied by others 

(Williams & Jackson, 2007). Thus, climate change will not only influence regional or 

local species distributions, but will also lead to changes in the network of species 

interactions that can, consequently, affect  ecosystem functioning and resulting ecosystem 

services (Bellard et al., 2012; Hewitt et al., 2012). 

Ecological Niche Modelling (ENM) has been used for predicting areas of species 

distribution (i.e. areas covered by the ecological niche, where the species has the potential 

to survive a range of available environmental conditions) in both current and future times, 

which correlate the scenopoetic predictors (ecological variables that do not interact with 

others, and change very slowly, e.g. environmental-climatic variables) with the 

occurrence of species through a range of mathematical statistical methods (Peterson et 

al., 2011). According to the ENMs assumption, it is possible to assess the suitability of 

species in the community through the richness values obtained from the overlap of niche 

projections generated for each species at different times (Ferrier & Guisan, 2006). 

Here, we used Ostracoda (small, bivalved crustaceans) as the model group for 

ecological niche modelling analyses, because of the generally wide and global 

distribution (Meisch et al., 2019) in freshwater environments (Martens et al., 2008), 

mainly in sediments and amongst roots of aquatic macrophytes (Higuti et al., 2010). 

These organisms play important roles in aquatic ecosystems, constituting several nodesin 

the food webs, because they feed on algae, debris and zooplankton, and are preyed upon 

by a variety of aquatic insects and fish (Mesquita-Joanes et al., 2012 and references 

therein). For the present study, we have compiled ostracod collection data from the 
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literature on South America to represent part of the aquatic invertebrate’s fauna, which is 

still poorly studied in the context of ENM (Diniz-Filho et al., 2010a). This is the first 

study intended to protect ostracod species in the face of an imminent future of climate 

change. 

The objective of the present study is to model the potential distribution of 

ostracods in the Southern Cone of South America, assessing the effects of climate change 

on the species richness, their (re-) distribution and community composition across the 

river basins of this part of the continent. Using a range of niche-based models, we present 

projections of changes in diversity components (richness and species composition) of 

South American ostracods, applying the concepts of two hypotheses on increased carbon 

emissions: (1) the moderate-optimistic (Representative Concentration Pathways, RCP 

4.5) and (2) the pessimistic (RCP 8.5) scenarios of four climate models (Atmosphere–

Ocean General Circulation Models - AOGCMs) for 2050 and 2080. Firstly, we estimated 

species richness in the different time periods in line with carbon emission scenarios, thus 

identifying potential areas of climate refuge for the ostracods. Secondly, we identified the 

main regions with loss or gain of species, as well as those suffering severe changes in 

species composition as a result of climate change. Thirdly, we also mapped the predictive 

uncertainties embedded in the ecological niche modelling, quantifying the individual 

contribution of different sources of variation entering the models related to ENMs, carbon 

emission scenarios (RCPs) and climate models (AOGCMs). Finally, we listed 61 

potential ostracod species that are potentially threatened by climate change.  

 

2.2 Material and Methods 

2.2.1 Study area 
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Our study area comprises thirteen river basins in the Southern Cone of South 

America (Figure 1). These basins are situated in Argentina, Chile, Paraguay and Uruguay, 

southern Brazil and southwestern Bolivia. The thirteen river basins include a variety of 

individual ecosystems: wetlands, Atlantic Forest, Brazilian Savanna and fields that 

harbour an extensive biodiversity (Watanabe et al., 2012). Amongst the basins here 

selected, La Plata (LPLA) stands out as the second largest drainage area in South America 

and the fifth largest in the world (Coronel et al., 2006). Amongst the rivers that form the 

LPLA basin, the Paraná River is the largest, with a length of approximately 4,300 km, 

followed by the Paraguay River with a length of 2,550 km. 
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Figure 1 River basins in the Southern Cone of South America, derived from HydroSHEDs 

database. Sub-basins of the Paraná and Paraguay rivers are as proposed by Tucci (2004) 

and the boundaries of the Patagonia region as described by Morrone (2015). 

 

2.2.2 Observed occurrences of species 

 

We used distribution data of ostracod species from the entire South America 

(except for the adjacent islands) to obtain a finer representation of the “climatic niche” of 

each species. Occurrences of species were obtained from the database of the Global 

Biodiversity Information Facility (GBIF, accessed 2017; http://www.gbif.org/), from a 

literature review (published papers, theses, dissertations and academic abstracts) sourced 

on Google Scholar (http://www.googlescholar.com/) until May 2018, and from the 

ostracod database of the laboratory of Macroinvertebrate Ecology (Centre of Research in 

Limnology, Ichthyology and Aquaculture (Nupélia) of the State University of Maringá 

(UEM), Brazil), the latter also comprising unpublished data. The Nupélia-ostracod 

database comprises identifications from samples from across Brazil, including from  

streams (Paraná State), reservoirs (Paraná State) and from a variety of habitats from the 

four major Brazilian floodplains: Upper Paraná (Paraná State), Amazon (Amazon State), 

Middle Araguaia (Goiás State) and Pantanal South-Matogrossense (Mato Grosso do Sul 

State) (Lansac-Tôha et al., 2021). We selected relevant species based on the global check 

list by Meisch et al. (2019) and extracted the occurrence data for the Neotropical region. 

For searches on GBIF and Google Scholar, we used the binomen of each species (and its 

synonyms, when necessary) as search terms. We applied geographical coordinates of the 

vicinity of the study area from papers without georeferenced data, using Google Maps 

(https://www.google.com.br/maps). 
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2.2.3 Climatic and environmental variables 

 

The limits of species distributions at large spatial resolutions are defined mainly 

by abiotic variables (Pearson & Dawson, 2003), which are determinants of the 

establishment, survival and potential to reproduce of populations (Soberón, 2007). For 

example, temperature affects the enzymatic activity of living organisms, thus influencing 

the metabolic rate and other physiological aspects (Cohen & Morin, 1990; Brown et al. 

2004; Somero, 2009; Dallas & Ross-Gillespie, 2015). Precipitation, on the other hand, 

determines the seasonal variations of water level in freshwater ecosystems, regulating the 

life cycles of species and influencing survival strategies of aquatic fauna (Thomaz et al., 

2007). Several studies reported on the influence of temperature and precipitation on 

ostracod distribution (Cohen & Morin, 1990; Mesquita-Joanes et al., 2012; Rossi et al., 

2012; Conceição et al., 2018). Therefore, as predictors of species distribution, we used 

four climatic variables related to the tolerance limits of species: maximum air temperature 

of the warmest month (°C; TMAX), minimum air temperature of the coldest month (°C; 

TMIN), precipitation of the wettest month (mm; PMAX) and precipitation of the driest 

month (mm; PMIN). These data were obtained from WorldClim v.2.1 

(http://www.worldclim.org/), with resolution of 5-arcmin.  

We also used two hydrological variables obtained from the geographical database 

HYDRO1K (see https://www.usgs.gov/media/files/hydro-1k-readme): mean elevation 

(altitude) value of the stream segment’s from-node (m; FRMDN) and the median of 

Strahler stream order of the segment (STRORD). The altitude is important because of the 

influence and restriction imposed on species distribution mainly by the Andes and Serra 

do Mar mountain chains, and Strahler values are related to stream segment’s order, whith 
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lower values being associated with smaller rivers and higher values associated with larger 

ones. The variables FRMDN and STRORD were considered as temporally stationary to 

perform the future modelling. 

The climatic variables for the future times of 2050 and 2080 were taken from 

CCAFS-Climate (5-arcmin, Climate Change, Agriculture and Food Security; 

http://ccafs-climate.org). The climatic variables of the future periods were generated by 

the empirical model of the Intergovernmental Panel on Climate Change, Fifth Assessment 

Report (Fifth Assessment Report ¬- IPCC - Ar5, 2014). Four AOGCMs (Atmospheric-

Ocean General Circulation Models) were considered: CSIRO - MK3 (Australia's 

Commonwealth Scientific and Industrial Research's General Organization - Mark 3, 

http://www.csiro.au); MIROC5 (Model for Interdisciplinary Research on Climate, 

http://www.glisaclimate.org); MRI (Meteorological Research Institute, http://www.mri-

jma.go) and CCSM4 - NCAR (Community Climate System Model - National Center for 

Atmospheric Research, http://www.cesm.ucar.edu). Two scenarios of greenhouse gas 

concentration pathways (Representative Concentration Pathway - RCP) were considered 

for each AOGCM: an intermediate level (RCP 4.5) and a high level of emissions of effect 

gases (RCP 8.5). 

The Variance Inflation Factor (VIF) was used to test multicollinearity problems 

in our set of variables. All VIF values were below five, indicating that there is no inflation 

of standard errors by collinearity/redundancy (Kline, 1998). 

All climatic and environmental variables were rescaled according to the spatial 

resolution of our grid (see below), in order to obtain the climatic and environmental 

layers. 
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2.2.4 Ecological niche modelling 

 

Descriptions of the river basins of the Southern Cone of South America were 

derived from GloRic in HydroSHEDS database (Dallaire et al., 2018 - 

https://www.hydrosheds.org/pages/gloric). We adapted the South American rivers 

network from GloRic, removing the rivers of 1st and 2nd order and rescheduled the data 

to decrease the spatial resolution of the features of the rivers network more adequate to 

both our analysis scale and our species occurrence data. We used this hydrological 

network to construct a geographical grid with a spatial resolution of 15 km² (7735 cells, 

EPSG: 6933 in meters) for species mapping occurrences and as well as for the production 

of climatic-environmental layers. We plotted all occurrences on this grid and generated a 

matrix of presence / pseudo-absence of the species. Here, pseudo-absences refer to cells 

in which a given species was not recorded, instead of cells in which the species is absent. 

The ecological niche modelling was based on 61 ostracod species (see Table S1 in 

Appendix A topic for the species list). The presence/pseudo-absence matrix was used 

along with the climatic-environmental layers as inputs in the ecological niche modelling 

process. 

The modelling protocol was structured to predict the ostracod species distribution 

for the present time and future (2050 and 2080) in both scenarios the moderate-optimistic 

(Representative Concentration Pathways, RCP 4.5) and the pessimistic (RCP 8.5). We 

used six ENMs: Bioclim (BIO, Busby, 1991) based on bioclimatic envelope logic; 

Euclidean Distance (EUC—Carpenter et al., 1993), Gower Distance (GOW, Gower, 

1971) based on the environmental distance approach, Ecological Niche Factor Analysis 

(ENF, Hirzel et al., 2002) based on multivariate analysis, Maximum Entropy (MAX, 

Phillips et al., 2006) and Genetic Algorithm for Rule-set Production (GAR, Stockwell & 

Peters, 1999) based on a machine learning technique.  
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Different ENMs lead to distinct predictions of environmental suitability for 

species occurrences,  generating uncertainties about which model is more appropriate to 

represent the geographical distribution of the species in question (Araújo & New, 2007; 

Diniz-Filho et al., 2009; 2010b; Rangel & Loyola, 2012). Previous studies have reduced 

this uncertainty through a joint forecast that combines the suitability outputs from 

different ENMs (Araújo & New, 2007; Marmion et al., 2009), and generates a consensus 

model (CONS). CONS minimize the errors that affect each ENM differently, tending to 

cancel each other out, resulting in a reliable and moderate solution (Terribile et al., 2010). 

The CONS model was obtained for each species and time scenario and their results were 

interpreted separately. To obtain the CONS model, we first adjusted the individual models 

for each species as follows. 

The aforementioned presence/pseudo-absence matrix and the climatic and 

environmental layers were used to perform the ENMs, thus obtaining a climatic-

environmental suitability matrix and subsequently the potential distribution of each 

species.  

To generate the predictions for each ENM, 75% of the species occurrence data 

were randomly used for calibration (training data) and 25% for evaluation (testing data). 

This process was replicated 100 times, in order to have an equal chance of selecting true 

absences and dividing data, as well as to reduce the variability in the model-building 

process and subsequent predictions. Then, the continuous prediction of the climatic-

environmental suitability (ranging from 0 to 1, in which values equal to 1 correspond to 

ideal habitat conditions and values equal to 0 correspond to suboptimal habitat conditions 

for the species) from each ENM was converted into binary vectors of presence/pseudo-

absence (0/1) in the grid cells by means of the threshold that maximizes sensitivity and 

specificity values in the Receiver Operational Characteristic (ROC) curve. The ROC 
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curve is created by plotting the proportion of true positives (equivalent to the sensitivity 

or absence of omission error) against the proportion of false positives (equivalent to 1-

specificity or the commission error), thus displaying how well an algorithm responds to 

threshold changes (Peterson et al., 2008). As a result of our analytical protocol, a total of 

600 predictions (6 ENMs x 100 randomizations) for the present climate, and 2,400 

predictions (6 ENMs x 100 randomizations x 4 AOGCMs) for each scenario (4.5 and 8.5) 

of the future climate conditions (2050 and 2080) were calibrated for each species. This 

procedure allowed us to generate a frequency of projections in the ensemble, which were 

weighted by True Skill Statistics (TSS—Allouche et al., 2006), with better models having 

more weight in our consensus projections. The TSS, which is described as 

Sensitivity + Specificity – 1, range from − 1 (model result not better than a random 

prediction) to + 1 (ideal prediction). The consensus models (CON) were generated using 

the majority consensus rule (Diniz-Filho et al., 2009), which considers presence of the 

species only in the cells where at least 50% of the ENMs predicted the species as present. 

Analysis of uncertainties concerning the use of ENMs and their consensus, and 

the evaluation of the variations sources magnitude of the sources that contribute to the 

predictive differences amongst the maps (i.e. ENMs x AOGCMs x RCPs) are described 

in the Apendix B. 

 

2.2.5 Diversity metrics 

 

We determined the species richness from the results of modelled presence and 

absence data generated by CONS (see M&M, in Appendix B) for each individual species, 

according the community modelling strategy of ‘predict first, assemble later’ (sensu 

Overton et al., 2002). 
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We calculated the richness from each basin in all scenarios to explore areas and 

basins with gain and loss of richness in the different RCPs under the assumptions that 

species could reach a new suitable climate space (e.g. dispersal with no constraint). For 

this, we calculated the richness debt (DRicx) derived from the expression: DRicx = 

RICFx - RICP; where DRicx = richness debt in scenario x, RICFx = local richness in 

future scenario x and RICP = local richness in the current time. The richness debt was 

calculated for each cell and presented in class interval of five richness. We also calculated 

the proportion of gain and loss in each cell for each future scenario by the equation:  

DRicclassX (%) = (NTcell X 100)/NclassX, 

where DRicclassX = proportion of the richness debt in X class scenario (five by five), NTcell 

= 7735 (number of cells for geographical grid in Southern Cone, NclassX = Number of cells 

with richness = X in class X. 

 We used the sum of the richness of all basin cells / number of basin cells for 

explore the richness average loss in river basins in each future scenarios. 

A pair-wise Multivariate Permutational Variance Analysis (PERMANOVA) was 

performed to evaluate changes amongst species composition at present time and future 

times (2050 and 2080) in both emission carbon scenarios (4.5 and 8.5). We considered 

“time” as categorical variable and used Jaccard distance, with a total of 999 permutations 

to test significance (p<0.005). 

 

2.2.6 Categories threatened species based on ecological modelling 

 

Currently, the IUCN uses five criteria (A-E) to classify the threat risk of species 

(IUCN, 2012). Criterion B of the IUCN Red List uses the extent of occurrence and area 
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of occupation of a species to provide data on its current conservation status. Tropical and 

subtropical environments lack detailed and reliable data of species occurrence for many 

taxa compared to the northern continent environments, mainly for aquatic invertebrates. 

For this reason, we used the current and future range sizes (area of occupancy under 

universal migration) in the Southern Cone region of South America to create a list of 

ostracod species potentially threatened by climate change (i.e. a synthetic view of species 

redistribution). 

Loss in range size was calculated by subtracting future potential range size from 

the present potential range size, under both carbon emission scenarios (4.5 and 8.5). We 

considered five categories, based on the IUCN Red List Criteria (2012), according to 

Thuiller et al. (2005), Maiorano et al. (2011) and Lourenço-de-Morais al. (2019):  

I. Nonthreatened (NT): loss of <30% of potential future distribution area or gain of 

climatic suitability; 

II. Vulnerable (VU): loss between 30% and 49% of potential future distribution area; 

III. Endangered (EN): loss between 50% and 80% of potential future distribution area; 

IV. Critically endangered (CR): loss of >80% of potential future distribution area  

V. Extinct (EX): loss of 100% of potential future distribution distribution area; 

 We grouped the threatened species into each category and present the individual 

results in the Table S1 and Table S2. 

The geographical grid cells, species occurrence plotting, rescheduling of climate-

environmental variables and the maps were performed using the QGis 3.4.5 software 

(QGIS Development Team, 2021). The ecological niche modelling was generated in the 

computing platform BioEnsembles (Diniz-Filho et al., 2009). PERMANOVA were 
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carried out in the software R 3.3.1 (R Development Core Team, 2021) using the vegan 

(Oksanen et al., 2016) and ggplot2 (Wickham, 2016) packages. Graphics were made with 

the LibreOffice 6.2.4 software (THE DOCUMENT FOUNDATION. LibreOffice, 2021). 

 

2.3 Results 

We modelled 61 species that currently occur along South America river basins 

(Table S1 for species list). La Plata basin has the highest number of species occurrence 

(Figure 2). 
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Figure 2 Occurrences of 61 ostracod species in South America. In order to obtain a more 

general representation of each species' climatic niche, occurrences were collected 

considering a territory larger than the focal study area. 

 

2.3.1 Changes in species richness 

 

In the present time, the CONS model showed, through the superposition of the 

species distribution outputs, that the highest values of richness (30-40) are located in the 

centre-north of the LPLA basin, followed by intermediate values (15-30) in the north of 

the SACB basin and low richness (0-10) throughout the PREG, SACA, NEGR, west of 

SASA and PCOC (see abbreviations on Figure 1). In the moderate-optimistic carbon 

emission scenario (4.5) in 2050, the highest richness is concentrated in the tributaries on 

the left margin of the Paraguay River and in tributaries on both margins of the Paraná 

River (LPLA). In the pessimistic carbon emission scenario (8.5) in 2050, the richness in 

the tributaries on the left margin of the Paraguay River tends to be reduced, and the 

highest values are concentrated mainly in the Upper Paraná River part. In the scenario 

2080-4.5, the species (less than 30) are mainly restricted to the Upper Paraná River region, 

while the richness drops to the minimum richness values (0-05) in other basins. In the 

2080-8.5 scenario, a richness between 25 and 35 is observed in a large area of the Upper 

Paraná River, while SACA and SACB stand out of the rest of the basins with low richness 

(up to 10). For all future scenarios, the richness in the PREG, SACA and Patagonian 

basins (COLO, CPAT, NEGR, SASA) is reduced from 5-10 species to 0-5. A small area 

of the Upper Paraná River and its tributaries, as well as SACA and the centre of SACB, 

keeps high richness values (30-35). Such areas can be considered as potential climatic 

refuge areas (Figure 3). 
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The proportion of cells which are poor in species (up to five species) increases 

over time in all scenarios. Such proportions range from 49.67% at present time to 65.64% 

(2050-4.5), 70.65% (2050-8.5), 79.91% (2080-4.5) and 74.76% (2080-8.5) at future 

times. In addition, future projections show an increase in the number of cells with a 

richness of up to five species compared to the present time, demonstrating local losses of 

species in all future scenarios (Figure 3). 
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Figure 3 Distribution of ostracod richness in the Southern Cone of South America in present and future times, for the two different carbon 

emission scenarios. The consensus map was derived from the integration of the six ecological niche models applied here (BIO, EUC, ENF, 

GOW, GAR, MAX).
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The basins with the highest average richness for both the present time and in future 

scenarios were SACB, followed by LPLA and SACA (Figure 4). In all future scenarios, the 

predictions show a reduction in mean richness when compared to the present time. The highest 

species loss in the 2050-4.5 scenario occurs in CPAT, which loses 3.33 species per cell, 

followed by NEGR with 3.26 and PREG with 2.63 species per cell lost. In the 2050-8.5 

scenario, the highest reduction occurs in CPAT with 4.24 species per cell lost, followed by 

NEGR with 3.90 and SACB with 2.72. In the 2080 scenarios, the losses are even higher:  in the 

moderate-optimistic carbon emission scenario (4.5) there is a reduction of 5.34 species per cell 

in CPAT, 5.25 in NEGR and 5.24 in PREG, while in the pessimistic carbon emission scenario 

(8.5), a reduction of 4.91 species per cell occurs in LPLA, 4.63 in CPAT and 4.41 in the NEGR 

basins (Figure 5). 

 

 

Figure 4 Ostracod species richness projected for present time and future scenarios of the 13 

river basins of the Southern Cone of South America. Predictions were generated by CONS. 
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Figure 5 Loss of average ostracod species richness in the present time and future scenarios of 

the 13 basins of the Southern Cone of South America. Predictions were generated by CONS. 

 

2.3.2 Dispersal and redistribution 

 

Future scenarios also show redistributions of species as a result of climate change. 

richness debt (DRic) shows the local loss and gain of species (Figure 6). For both 2050-4.5 and 

2050-8.5 scenarios, the north region of LPLA shows the highest species loss, while species gain 
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occurs mainly in LPUN, PCCH and the southern LPLA basins. In the 2080-4.5 scenario, the 

loss of species spread throughout the study area, with the highest losses concentrated in the 

north and along the Paraguay River, while species gain is projected for few cells only in LPLA. 

In the 2080-8.5 scenario, species loss tends to occur mainly in the north of the SACB, in the 

tributaries on the left margin of the Paraguay River and on the right margin of the Paraná River 

(LPLA). In all scenarios, the south of SASA and PCOC and the southeast of the LPLA shows 

gain of species, which demonstrates that there may be a trend for higher migration of species 

in this Southern Cone region (Figure 6). 

 

 



45 

 

 

 

Figure 6 Richness Debt of ostracod at different future times (2050 and 2080) and carbon 

emission scenarios (4.5 and 8.5), and the respective gain and loss of species in the cells. 

Predictions were generated by CONS. 

The Dricclass is high in all scenarios ranging from 77.92% (2050-4.5) to 94.50% (2080-

4.5). The highest proportion of species loss occurs between cells with one and five species in 

scenarios 2050-4.5 (63.36%), 2050-8.5 (62.52%), 2080-4.5 (94.50%) and 2080-8.5 (82.10%). 

Species gain is less than 12% during the next 30 years (2050-4.5) and less than 4% during the 

next 60 years (Figure 6). The redistribution of species owing to climate change changes 

composition of communities over the time. PERMANOVA shows significant differences at all 

times and in all scenarios (all comparisons with p value = 0.001). 

 

2.3.3 Conservation status 

 

The number of threatened species tends to increase over time. In 2050, 39 ostracod 

species (in the 4.5 scenario) and 23 species (in the 8.5 scenario) are classified as Nonthreatened 

(NT).  This number drops to 12 species in 2080 in both the 4.5 and the 8.5 scenarios. In the 

moderate-optimistic scenario, from 2050 to 2080 there is an increase from 3 to 19 species which 

are to be considered Endangered (EN), 8 to 13 species are Critically Endangered (CR) and 3 to 

6 species become extinct (EX) (Figure 7).  

From 2050 to 2080 (in the 8.5 scenario), the number of species classified as CR 

increases from 8 to 10, while 5 to 7 species become EX (Figure 7). The list of species, as well 

as data on distribution area (km2) and number of cells occupied, are presented in the Appendix 

A (Table S2). 

 



46 

 

 

 

 

Figure 7 Number of ostracod species classified as Nonthreatened (NT), Vulnerable (VU), 

Endangered (EN), Critically endangered (CR) and Extinct (EX) based at Criterion B of the 

IUCN Red List,for both future times (2050 and 2080) and different carbon emission scenarios 

(4.5 and 8.5). 

 

2.4 Discussion 

 

2.4.1 Changes in species richness 

 

Our modelling results show that there will be a reduction in ostracod species richness in 

the Southern Cone of South America in the middle (2050) and at the end (2080) of the 21st 

century, and that the proportion of the number of cells harbouring up to five species will tend 
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to increase over time under both carbon emission scenarios (4.5 and 8.5). There is some 

similarity in the 2050 simulations between the moderate-optimistic (4.5) and the pessimistic 

(8.5) scenarios, which indicates that (global) climate changes may impact ostracod communities 

even at medium time frames (2050), mainly in the LPLA (La Plata) basin and in basins at the 

extreme south of South America (CPAT - Central Patagonia Highlands, NEGR - Negro, SASA 

- South Argentina, South Atlantic Coast and PCOC - South Chile, Pacific Coast). Similar 

species losses are expected in several animal communities worldwide (Thomas et al., 2004; 

Simaika & Samways, 2015; Lourenço-de-Moraes, et al., 2019), for example in fish 

communities in the LPLA basin (Ruaro et al., 2019).  

A greater decrease in species richness was expected in the LPLA basin, as this basin has 

presently the highest ostracod species richness, e.g., in its northern part, corresponding to the 

Upper Paraná River (see Higuti et al., 2017, 2020). Large rivers, such as Paraná and Paraguay, 

their tributaries and associated waterbodies in their floodplains, generally hold a wide diversity 

of species, and this is also true for ostracods (Higuti et al. 2007, 2010). Natural seasonal 

fluctuations, such as drought and flood periods, greatly increase environmental heterogeneity 

which in turn supports a high diversity of species (Campos et al., 2019). The LPLA basin is 

highly impacted by anthropogenic influences. The construction of more than 30 dams in the 

Paraná River basin have had devastation effects on biodiversity (Agostinho et al., 2004b). 

However, the Upper Paraná River floodplain is situated in the last stretch of more than 200 km 

in Brazilian rivers which is free of dams (Agostinho et al., 2004b), and moreover comprises 

three larger conservation units (Agostinho et al., 2004a). Therefore, this area still has a semi-

natural flood regime, which is the main structuring force acting on aquatic communities, such 

as those of ostracods (Conceição et al., 2018). Our results moreover show that the Upper Paraná 

River is the region which maintains a high ostracod species richness, even under the 2050-8.5, 

the 2080-4.5 and the 2080-8.5 scenarios. 
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Climate refugia are important for populations to persist during adverse climatic events 

and to subsequently re-colonize surrounding areas, when environments return to favourable 

conditions (Woodward et al., 2010). When oscillations in environments are faster and with 

larger amplitudes, as is predicted by the scenarios on climate change for 2050 and 2080, and 

species are unable to change location (see below), populations become susceptible to extinction. 

The presence of refugia in the LPLA will potentially preserve communities of presently 

sympatric species, since ostracods are considered good regional (at basin level) dispersers 

(Martens et al., 2008; Campos et al. 2018). However, the probability of dispersion of allopatric 

species towards the refugia in LPLA might be quiet low, because of the large distances to be 

covered and because lack of connectivity between basins (Bush & Hoskins, 2016), especially 

between the southernmost basins of South America. The south-central portion of the LPLA is 

also a climate refuge for a keystone fish (Salminus brasiliensis) (Ruaro et al., 2019), which 

migrates large distances and is appreciated in artisanal and sport fishing. The preservation of 

the area for this top predator will also cover large areas of ostracod occurrence. 

Generally low numbers of species have been recorded in all basins, except in LPLA and 

SACB, in the present time and this panorama of species scarcity will worsen in the future under 

all climate change scenarios. The Patagonian region, especially CPAT, NEGR and PREG, will 

be severely impacted by climate change in most future scenarios, and shows the highest average 

loss of richness in ostracod communities. These results are of concern, because many of these 

ostracod species are adapted to living in cold regions, e.g. with temperatures ranging from 0 to 

-20ºC in the coldest month (Parueiro et al., 1998). Global warming scenarios all show that such 

areas will decrease in size, also in the southern cone of South America, and the distribution 

areas of such species will shrink owing to temperature increase. This can cause extinctions, 

because in order to remain within their ideal thermal ranges, such species will need to migrate 

towards either higher elevations or higher latitudes (Root et al., 2003; Simaika & Samways, 
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2015). In addition, our results show that species gains are predicted to occur in extremely small 

areas, which are also difficult to access, in the southernmost portions of SASA and PCOC 

basins under the predictions for 2050 and 2080.  

 

2.4.2 Dispersal and redistribution 

 

The upper portion of the Paraguay River and along the Upper and Middle Paraná (in the 

LPLA) are the most impacted areas in terms of species redistributions, especially in the 

pessimistic scenarios (2050-8.5 and 2080-8.5), where there was a reduction of up to 25 species 

compared to 40 species at present time. The redistribution of communities will cause novel 

species compositions under all scenarios, which is in agreement with other studies which have 

found large changes in species composition of communities owing to the effects of climate 

change (Dijkstra et al. (2011) on marine subtidal communities; Liu et al. (2017) on grassland; 

Nunez et al. (2019) in a meta-analysis of close to 100 studies). In addition, our results show that 

in all analysed future scenarios, there will be more loss of species in cells (decrease up to 94.5%) 

than gain of species in cells (increase of up to 11.83%). This may be related to the fact that most 

of the ostracod species modelled here (see Table S1 for species list) have a restricted 

distribution (i.e. belonging to a single basin). Most non-marine ostracods, especially those of 

the family Cyprididae which comprise most of the species reported on here, have a series of 

biological traits that makes them in theory very efficient dispersers: many species have mostly 

parthenogenetic populations, many species are active swimmers and live in the pleuston of 

floating plants and almost all species have dry-resistant eggs that can survive for many decades 

(see review in Horne & Martens, 1998). Yet, only few taxa have inter-continental or even 

continent-wide distributions. 
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2.4.3. Conservation status 

 

Our results indicate an increase in the number of species categorized by Criterion B of 

the IUCN Red List as potentially threatened (VU, EN, CR and EX), especially for the end of 

this century (2080), and this under both scenarios (4.5 and 8.5). This is worrying, because 

invertebrates are generally neglected in conservation studies (Diniz-Filho et al., 2010a), and 

this is also true for ostracods (Conceição et al., 2020). Therefore, extinction scenario’s for 

invertebrates are rarely taken into account in biodiversity management plans, which often rely 

on information on vertebrates and plants. However, owing to the increase of studies on the role 

of many invertebrates in ecosystem services, the IUCN has published red lists for species native 

to Europe and the Mediterranean, including certain invertebrate groups (Nieto et al., 2014; 

Smith et al., 2014; Hochkirch et al., 2016; Numa et al., 2016; Cálix et al., 2018). However, no 

such invertebrates red list exists for South America as a whole, even though there are some 

regional or national red lists made by countries such as Brazil (ICMBio, 2018). Despite the 

important role of invertebrates for the ecosystem functioning and resulting ecosystem services 

(see Sundar et al., 2020 for a review), there is still a large knowledge gap that prevents the 

development of specific conservation studies and plans for such communities (Diniz-Filho et 

al, 2010a; Cardoso et al., 2011a). For example, Linnean, Wallacean, Eltonian, Presbyterian and 

Raunkiaeran shortfalls (Hortal et al., 2015) and Darwinian shortfalls (Diniz-Filho et al., 2013) 

are huge, mainly because basic research on (macro-) invertebrates is scarce and underfunded 

(Cardoso et al., 2011b). Therefore, there is the need for research investments on aquatic 

invertebrates to increase our knowledge, which is required to guide scientifically underpinned 

decision-making processes. Identifying which invertebrate species and communities are 

threatened at both short and longer temporal scales and where such species and communities 

could find climate refugia is critical to initiate habitat protection and management plans 

(Thomas et al., 2008; Guisan et al., 2013). 
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2.5 Conclusions 

We explore the potential impacts of climate change on ostracod communities in river 

basins in the Southern Cone of South America. Our results contribute to the reduction of the 

Wallacean shortfall of ostracod species in this part of the continent, thus providing scientific 

knowledge to guide plans for the conservation of this group and its habitats at broader 

geographical scales. The present study also guides prioritization measures by identifying 

potential refugia for potentially threatened communities and by providing an initial indication 

of the conservation status of selected ostracod species in the face of climate change. We 

encourage further research on ecological niche analyses of other aquatic invertebrates in order 

to also include them in conservation plans of freshwater biodiversity. 
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APPENDIX A - List of ostracod species of the Southern Cone of South America, with a summary of the climate change effects on threat 

categories based on area of species distribution under two carbon emission scenarios (4.5 and 8.5) of 2050 and 2080. 

 

Table S1 List of ostracod species of the Southern Cone of South America, with a summary of the climate change effects on threat categories based 

on area of species distribution under two carbon emission scenarios (4.5 and 8.5) of 2050. OC = Occupied cells; OSR = Occupied cells range; OCT 

= Proportion of occupied cells in relation to present; L = Losses; TC = Threat classification; NT = Nonthreatened; VU = Vulnerable; EN = 

Endangered; CR = Critically endangered; EX = Extinct. 

 
Current time 2050 4.5 2050 8.5 

OC 

(km2) 

OSR OC 

(km2) 

OSR OCT 

(%) 

L (%) TC OC 

(km2) 

OSR OCT 

(%) 

L (%) TC 

Family Candonidae             

Candobrasilopsis anisitsi (Daday, 1905) Higuti & Martens, 2012 3940 197 100 5 2.54 -97.46 CR 160 8 4.06 -95.94 CR 

Candobrasilopsis brasiliensis (Sars, 1901) Higuti & Martens, 2012 27160 1358 20000 1000 73.64 -26.36 NT 16800 840 61.86 -38.14 VU 

Candobrasilopsis elongata Higuti & Martens, 2014 23120 1156 22820 1141 98.70 -1.30 NT 18420 921 79.67 -20.33 NT 

Candobrasilopsis rochai Higuti & Martens, 2012 28680 1434 25640 1282 89.40 -10.60 NT 24620 1231 85.84 -14.16 NT 

Physocypria schubarti Farkas, 1958 34940 1747 36340 1817 104.01 4.01 NT 35400 1770 101.32 1.32 NT 

Family Cyprididae 
            

Amphicypris nobilis Sars, 1901 10940 547 1440 72 13.16 -86.84 CR 100 5 0.91 -99.09 CR 
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Bradleytriebella lineata (Victor & Fernando, 1981) Savatenalinton & Martens, 

2010 

29260 1463 29920 1496 102.26 2.26 NT 23920 1196 81.75 -18.25 NT 

Cabelodopsis hispida (Sars, 1901) Higuti & Martens, 2012 22660 1133 18180 909 80.23 -19.77 NT 13380 669 59.05 -40.95 VU 

Chlamydotheca colombiensis Roessler, 1985 12400 620 1020 51 8.23 -91.77 CR 1500 75 12.10 -87.90 CR 

Chlamydotheca deformis (Farkas, 1958) Kotzian, 1974 18820 941 13800 690 73.33 -26.67 NT 6740 337 35.81 -64.19 EN 

Chlamydotheca iheringi (Sars, 1901) Klie, 1930 28760 1438 24820 1241 86.30 -13.70 NT 19700 985 68.50 -31.50 VU 

Chlamydotheca incisa (Claus, 1892) Sharpe, 1910 47300 2365 35860 1793 75.81 -24.19 NT 33040 1652 69.85 -30.15 VU 

Chlamydotheca riograndensis Kotzian, 1974 1040 52 260 13 25.00 -75.00 EN 240 12 23.08 -76.92 EN 

Cypretta costata G.W. Müller, 1898 31940 1597 27780 1389 86.98 -13.02 NT 26500 1325 82.97 -17.03 NT 

Cypretta vivacis Würdig & Pinto, 1993 10920 546 7160 358 65.57 -34.43 VU 3200 160 29.30 -70.70 EN 

Cypricercus ariariensis (Roessler, 1986) Martens & Behen 1994 20500 1025 18440 922 89.95 -10.05 NT 13960 698 68.10 -31.90 VU 

Cypridopsis fuhrmanni Méhes, 1914 12380 619 8580 429 69.31 -30.69 VU 8540 427 68.98 -31.02 VU 

Cypridopsis vidua (O. F. Müller, 1776) Brady, 1867 61580 3079 43020 2151 69.86 -30.14 VU 39120 1956 63.53 -36.47 VU 

Cypris pubera O.F. Müller, 1776 100 5 100 5 100 0.00 NT 340 17 340.00 240.00 NT 

Diaphanocypris meridana (Furtos, 1936) Würdig & Pinto, 1990 31760 1588 32840 1642 103.40 3.40 NT 23040 1152 72.54 -27.46 VU 

Eucypris virens (Jurine, 1820) Daday, 1900 37460 1873 23620 1181 63.05 -36.95 VU 15660 783 41.80 -58.20 EN 

Hemicypris communis (Klie, 1940) Purper & Würdig-Maciel, 1974 13120 656 21340 1067 162.65 62.65 NT 20120 1006 153.35 53.35 NT 

Herpetocypris helenae G.W. Müller, 1908 520 26 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Heterocypris hyalina Klie, 1930 5380 269 4800 240 89.22 -10.78 NT 2200 110 40.89 -59.11 EN 

Heterocypris incongruens (Ramdohr, 1808) Claus, 1892 51260 2563 45980 2299 89.70 -10.30 NT 41900 2095 81.74 -18.26 NT 
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Heterocypris panningi Brehm, 1934 9960 498 11480 574 115.26 15.26 NT 8360 418 83.94 -16.06 NT 

Heterocypris similis Klie, 1933 nec Wierzejski, 1893 3980 199 120 6 3.02 -96.98 CR 20 1 0.50 -99.50 CR 

Kapcypridopsis megapodus Cuminsky et al., 2005 800 40 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Neocypridopsis nana (Sars, 1901) Klie, 1940 19460 973 15420 771 79.24 -20.76 NT 8900 445 45.73 -54.27 EN 

Paranacypris samambaiensis Higuti et al., 2009 7620 381 8620 431 113.12 13.12 NT 7740 387 101.57 1.57 NT 

Potamocypris schubarti Klie, 1940 1860 93 1660 83 89.25 -10.75 NT 220 11 11.83 -88.17 NT 

Potamocypris smaragdina (Vávra, 1891) Daday, 1900 6240 312 160 8 2.56 -97.44 CR 200 10 3.21 -96.79 CR 

Sarscypridopsis aculeata (Costa, 1847) McKenzie, 1977 18320 916 9740 487 53.17 -46.83 VU 7520 376 41.05 -58.95 EN 

Stenocypris major (Baird, 1859) Daday, 1898 30180 1509 23980 1199 79.46 -20.54 NT 20820 1041 68.99 -31.01 VU 

Stenocypris malayica Victor & Fernando, 1981 25460 1273 19680 984 77.30 -22.70 NT 16360 818 64.26 -35.74 VU 

Strandesia bicuspis (Claus, 1892) G.W. Müller, 1912 46680 2334 53780 2689 115.21 15.21 NT 47980 2399 102.78 2.78 NT 

Strandesia lansactohai Higuti & Martens, 2013 13740 687 10240 512 74.53 -25.47 NT 6620 331 48.18 -51.82 EN 

Strandesia mutica (Sars, 1901) G.W. Müller, 1912 14300 715 13400 670 93.71 -6.29 NT 11380 569 79.58 -20.42 NT 

Strandesia nupelia Higuti & Martens, 2013 20720 1036 18880 944 91.12 -8.88 NT 17220 861 83.11 -16.89 NT 

Strandesia obtusata (Sars, 1901) G.W. Müller, 1912 36660 1833 20380 1019 55.59 -44.41 VU 9100 455 24.82 -75.18 EN 

Strandesia psittacea (Sars, 1901) Roessler, 1990 24260 1213 24660 1233 101.65 1.65 NT 9340 467 38.50 -61.50 EN 

Strandesia tolimensis Roessler, 1990 23400 1170 22260 1113 95.13 -4.87 NT 16360 818 69.91 -30.09 VU 

Strandesia variegata (Sars, 1901) G.W. Müller, 1912 7280 364 5280 264 72.53 -27.47 NT 1060 53 14.56 -85.44 CR 

Strandesia velhoi Higuti & Martens, 2013 16520 826 13940 697 84.38 -15.62 NT 12660 633 76.63 -23.37 NT 

Strandesia venezolana Broodbakker, 1983 260 13 2420 121 930.77 830.77 NT 1680 84 646.15 546.15 NT 
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Tonnacypris lutaria (Koch, 1838) Diebel & Pietrzeniuk, 1975 820 41 40 2 4.88 -95.12 CR 0 0 0.00 -100 EX 

Family Darwinulidae 
            

Alicenula serricaudata (Klie, 1935) Rossetti & Martens, 1998 33580 1679 28840 1442 85.88 -14.12 NT 27360 1368 81.48 -18.52 NT 

Darwinula stevensoni (Brady & Robertson, 1870) Brady & Robertson, 1885 40920 2046 23100 1155 56.45 -43.55 VU 18520 926 45.26 -54.74 EN 

Penthesilelula aotearoa (Rossetti et al., 1998) Rossetti & Martens, 1998 36200 1810 16860 843 46.57 -53.43 EN 18200 910 50.28 -49.72 VU 

Penthesilenula brasiliensis (Pinto & Kotzian, 1961) Rossetti & Martens, 1998 40200 2010 34480 1724 85.77 -14.23 NT 30180 1509 75.07 -24.93 NT 

Penthesilenula incae (Delachaux, 1928) Rossetti & Martens, 1998 10880 544 9900 495 90.99 -9.01 NT 6440 322 59.19 -40.81 VU 

Pseudocandona agostinhoi Higuti & Martens, 2014 22240 1112 22840 1142 102.70 2.70 NT 21240 1062 95.50 -4.50 NT 

Pseudocandona cillisi Higuti & Martens, 2014 11400 570 11000 550 96.49 -3.51 NT 9040 452 79.30 -20.70 NT 

Vestalenula botocuda Pinto et al., 2003 23540 1177 25420 1271 107.99 7.99 NT 18880 944 80.20 -19.80 NT 

Vestalenula pagliolii (Pinto & Kotzian, 1961) Rossetti & Martens, 1998 48780 2439 43480 2174 89.13 -10.87 NT 36620 1831 75.07 -24.93 NT 

Family Ilyocyprididae 
            

Ilyocypris ramirezi Cusminsky and Whatley, 1996 39520 1976 27120 1356 68.62 -31.38 VU 24220 1211 61.29 -38.71 VU 

Family Limnocytheridae 
            

Cytheridella ilosvayi Daday, 1905 31400 1570 32640 1632 103.95 3.95 NT 26840 1342 85.48 -14.52 NT 

Limnocythere cusminskyae Ramón Mercau et al. 2014 15640 782 3720 186 23.79 -76.21 VU 3180 159 20.33 -79.67 EN 

Limnocythere patagonica Cusminsky & Whatley, 1996 7980 399 160 8 2.01 -97.99 CR 0 0 0.00 -100 EX 

Limnocythere rionegroensis Cusminsky & Whatley, 1996 2880 144 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Family Notodromadidae 
            

Newnhamia patagonica (Vávra, 1898) Vávra, 1901 9860 493 1660 83 16.84 -83.16 CR 800 40 8.11 -91.89 CR 
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Table S2 List of ostracod species of the Southern Cone of South America with a summary of the climate change effects on threat categories based 

on area of species distribution under two carbon emission scenarios (4.5 and 8.5) of 2080. OC = Occupied cells; OSR = Occupied cells range; OCT 

= Proportion of occupied cells in relation to present; L = Losses; TC = Threat classification; NT = Nonthreatened; VU = Vulnerable; EN = 

Endangered; CR = Critically endangered; EX = Extinct. 

 
Current time 2080 4.5 2080 8.5 

OC 

(km2) 

OSR OC 

(km2) 

OSR OCT 

(%) 

L (%) TC OC 

(km2) 

OSR OCT 

(%) 

L (%) TC 

Family Candonidae             

Candobrasilopsis anisitsi (Daday, 1905) Higuti & Martens, 2012 3940 197 20 1 0.51 -99.49 CR 0 0 0.00 -100 EX 

Candobrasilopsis brasiliensis (Sars, 1901) Higuti & Martens, 2012 27160 1358 10060 503 37.04 -62.96 EN 17600 880 64.80 -35.20 VU 

Candobrasilopsis elongata Higuti & Martens, 2014 23120 1156 11240 562 48.62 -51.38 EN 13560 678 58.65 -41.35 VU 

Candobrasilopsis rochai Higuti & Martens, 2012 28680 1434 22740 1137 79.29 -20.71 NT 13460 673 46.93 -53.07 EN 

Physocypria schubarti Farkas, 1958 34940 1747 29180 1459 83.51 -16.49 NT 35680 1784 102.12 2.12 NT 

Family Cyprididae 
            

Amphicypris nobilis Sars, 1901 10940 547 100 5 0.91 -99.09 CR 80 4 0.73 -99.27 CR 

Bradleytriebella lineata (Victor & Fernando, 1981) Savatenalinton & Martens, 

2010 

29260 1463 10420 521 35.61 -64.39 EN 13300 665 45.45 -54.55 EN 

Cabelodopsis hispida (Sars, 1901) Higuti & Martens, 2012 22660 1133 14420 721 63.64 -36.36 VU 8260 413 36.45 -63.55 EN 
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Chlamydotheca colombiensis Roessler, 1985 12400 620 1600 80 12.90 -87.10 CR 15420 771 124.35 24.35 NT 

Chlamydotheca deformis (Farkas, 1958) Kotzian, 1974 18820 941 5600 280 29.76 -70.24 EN 6520 326 34.64 -65.36 EN 

Chlamydotheca iheringi (Sars, 1901) Klie, 1930 28760 1438 15340 767 53.34 -46.66 VU 15340 767 53.34 -46.66 VU 

Chlamydotheca incisa (Claus, 1892) Sharpe, 1910 47300 2365 21040 1052 44.48 -55.52 EN 30520 1526 64.52 -35.48 VU 

Chlamydotheca riograndensis Kotzian, 1974 1040 52 260 13 25.00 -75.00 EN 0 0 0.00 -100 EX 

Cypretta costata G.W. Müller, 1898 31940 1597 24540 1227 76.83 -23.17 NT 28400 1420 88.92 -11.08 NT 

Cypretta vivacis Würdig & Pinto, 1993 10920 546 1620 81 14.84 -85.16 CR 4520 226 41.39 -58.61 EN 

Cypricercus ariariensis (Roessler, 1986) Martens & Behen 1994 20500 1025 13700 685 66.83 -33.17 VU 15640 782 76.29 -23.71 NT 

Cypridopsis fuhrmanni Méhes, 1914 12380 619 2240 112 18.09 -81.91 CR 5920 296 47.82 -52.18 EN 

Cypridopsis vidua (O. F. Müller, 1776) Brady, 1867 61580 3079 34960 1748 56.77 -43.23 VU 28320 1416 45.99 -54.01 EN 

Cypris pubera O.F. Müller, 1776 100 5 0 0 0.00 -100 EX 40 2 40.00 -60.00 EN 

Diaphanocypris meridana (Furtos, 1936) Würdig & Pinto, 1990 31760 1588 22860 1143 71.98 -28.02 NT 33820 1691 106.49 6.49 NT 

Eucypris virens (Jurine, 1820) Daday, 1900 37460 1873 5720 286 15.27 -84.73 CR 6640 332 17.73 -82.27 CR 

Hemicypris communis (Klie, 1940) Purper & Würdig-Maciel, 1974 13120 656 21220 1061 161.74 61.74 EN 23400 1170 178.35 78.35 CR 

Herpetocypris helenae G.W. Müller, 1908 520 26 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Heterocypris hyalina Klie, 1930 5380 269 2540 127 47.21 -52.79 EN 660 33 12.27 -87.73 CR 

Heterocypris incongruens (Ramdohr, 1808) Claus, 1892 51260 2563 33840 1692 66.02 -33.98 VU 39700 1985 77.45 -22.55 NT 

Heterocypris panningi Brehm, 1934 9960 498 5380 269 54.02 -45.98 VU 13860 693 139.16 39.16 VU 

Heterocypris similis Klie, 1933 nec Wierzejski, 1893 3980 199 60 3 1.51 -98.49 CR 140 7 3.52 -96.48 CR 

Kapcypridopsis megapodus Cuminsky et al., 2005 800 40 0 0 0.00 -100 EX 0 0 0.00 -100 EX 
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Neocypridopsis nana (Sars, 1901) Klie, 1940 19460 973 10220 511 52.52 -47.48 VU 9560 478 49.13 -50.87 EN 

Paranacypris samambaiensis Higuti et al., 2009 7620 381 3900 195 51.18 -48.82 VU 9480 474 124.41 24.41 NT 

Potamocypris schubarti Klie, 1940 1860 93 560 28 30.11 -69.89 EN 5040 252 270.97 170.97 NT 

Potamocypris smaragdina (Vávra, 1891) Daday, 1900 6240 312 0 0 0.00 -100 EX 40 2 0.64 -99.36 CR 

Sarscypridopsis aculeata (Costa, 1847) McKenzie, 1977 18320 916 1940 97 10.59 -89.41 CR 11020 551 60.15 -39.85 VU 

Stenocypris major (Baird, 1859) Daday, 1898 30180 1509 21120 1056 69.98 -30.02 VU 21700 1085 71.90 -28.10 NT 

Stenocypris malayica Victor & Fernando, 1981 25460 1273 9940 497 39.04 -60.96 EN 9240 462 36.29 -63.71 EN 

Strandesia bicuspis (Claus, 1892) G.W. Müller, 1912 46680 2334 22600 1130 48.41 -51.59 EN 31200 1560 66.84 -33.16 VU 

Strandesia lansactohai Higuti & Martens, 2013 13740 687 4800 240 34.93 -65.07 EN 7220 361 52.55 -47.45 VU 

Strandesia mutica (Sars, 1901) G.W. Müller, 1912 14300 715 6400 320 44.76 -55.24 EN 10820 541 75.66 -24.34 NT 

Strandesia nupelia Higuti & Martens, 2013 20720 1036 6980 349 33.69 -66.31 EN 4420 221 21.33 -78.67 EN 

Strandesia obtusata (Sars, 1901) G.W. Müller, 1912 36660 1833 6640 332 18.11 -81.89 EN 11160 558 30.44 -69.56 EN 

Strandesia psittacea (Sars, 1901) Roessler, 1990 24260 1213 17320 866 71.39 -28.61 NT 13920 696 57.38 -42.62 VU 

Strandesia tolimensis Roessler, 1990 23400 1170 18420 921 78.72 -21.28 NT 14020 701 59.91 -40.09 VU 

Strandesia variegata (Sars, 1901) G.W. Müller, 1912 7280 364 6040 302 82.97 -17.03 NT 6300 315 86.54 -13.46 NT 

Strandesia velhoi Higuti & Martens, 2013 16520 826 9620 481 58.23 -41.77 VU 6440 322 38.98 -61.02 EN 

Strandesia venezolana Broodbakker, 1983 260 13 1460 73 561.54 461.54 NT 9700 485 3730.77 3630.77 NT 

Tonnacypris lutaria (Koch, 1838) Diebel & Pietrzeniuk, 1975 820 41 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Family Darwinulidae 
            

Alicenula serricaudata (Klie, 1935) Rossetti & Martens, 1998 33580 1679 24720 1236 73.62 -26.38 NT 21100 1055 62.84 -37.16 VU 
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Darwinula stevensoni (Brady & Robertson, 1870) Brady & Robertson, 1885 40920 2046 10960 548 26.78 -73.22 EN 8840 442 21.60 -78.40 CR 

Penthesilelula aotearoa (Rossetti et al., 1998) Rossetti & Martens, 1998 36200 1810 1960 98 5.41 -94.59 CR 17500 875 48.34 -51.66 EN 

Penthesilenula brasiliensis (Pinto & Kotzian, 1961) Rossetti & Martens, 1998 40200 2010 19160 958 47.66 -52.34 EN 18400 920 45.77 -54.23 EN 

Penthesilenula incae (Delachaux, 1928) Rossetti & Martens, 1998 10880 544 3960 198 36.40 -63.60 EN 6900 345 63.42 -36.58 VU 

Pseudocandona agostinhoi Higuti & Martens, 2014 22240 1112 19040 952 85.61 -14.39 NT 12200 610 54.86 -45.14 VU 

Pseudocandona cillisi Higuti & Martens, 2014 11400 570 9840 492 86.32 -13.68 NT 4900 245 42.98 -57.02 EN 

Vestalenula botocuda Pinto et al., 2003 23540 1177 10260 513 43.59 -56.41 EN 10960 548 46.56 -53.44 EN 

Vestalenula pagliolii (Pinto & Kotzian, 1961) Rossetti & Martens, 1998 48780 2439 24860 1243 50.96 -49.04 VU 32320 1616 66.26 -33.74 VU 

Family Ilyocyprididae 
            

Ilyocypris ramirezi Cusminsky and Whatley, 1996 39520 1976 7360 368 18.62 -81.38 CR 2320 116 5.87 -94.13 CR 

Family Limnocytheridae 
            

Cytheridella ilosvayi Daday, 1905 31400 1570 29620 1481 94.33 -5.67 NT 20520 1026 65.35 -34.65 VU 

Limnocythere cusminskyae Ramón Mercau et al. 2014 15640 782 1280 64 8.18 -91.82 CR 1860 93 11.89 -88.11 CR 

Limnocythere patagonica Cusminsky & Whatley, 1996 7980 399 20 1 0.25 -99.75 CR 0 0 0.00 -100 EX 

Limnocythere rionegroensis Cusminsky & Whatley, 1996 2880 144 0 0 0.00 -100 EX 0 0 0.00 -100 EX 

Family Notodromadidae 
            

Newnhamia patagonica (Vávra, 1898) Vávra, 1901 9860 493 280 14 2.84 -97.16 CR 500 25 5.07 -94.93 CR 
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APPENDIX B - Material and methods 

Uncertainty partitioning analysis 

Principal component analysis (PCA) (Legendre & Legendre, 2012) was used to compare 

richness derived from alternative ENMs and their consensus for different RCPs and times 

periods. This analysis allowed us to (i) assess the degree of different ENMs converge in 

estimating the climatic suitability of ostracods community and (ii) determine which model 

represents the main variation amongst suitability maps (Diniz-Filho et al., 2010).  

The first two Principal Component Analysis (PCA) axes explained a large proportion of 

variation in species richness for the maps generated by different ENMs (Figure S1). In general, 

the explanation ratio for the Axis 1 ranged from 50.7% (2080-8.5) to 53.7% (2050-8.5) and for 

Axis 2 from 14.9% (2080-8.5) to 18.6% (Current time). In all periods and scenarios, the CONS 

model had the highest loading for the first PCA axis, reflecting the main direction of variation 

amongst richness maps. Thus, we used only the results generated from the CONS to interpret 

the predictions of the ostracod distribution in the Southern Cone basins of South America. 

Although PCA is used to assess the similarity (or divergence) of maps produced by 

different algorithms, it does not allow a formal evaluation of the relative magnitude of the 

sources (i. e. ENMs x AOGCMs x RCPs), contributing to the predictive differences amongst 

the maps (e.g. Diniz-Filho et al., 2009). To deal with this issue, we performed a three-way 

ANOVA without replication (Sokal & Rohlf, 1995; Legendre & Legendre, 2012) in each cell 

of the full dataset using the species richness as a response variable and ENMs, AOGCMs, and 

RCPs as factors (see Diniz-Filho et al., 2009). Then, we obtained the sum of squares that 

estimates the variance that can be attributed to each component and their interactions (i.e., 

ENM × AOGCM, ENM × RCP, AOGCM × RCP, and ENM × AOGCM × RCP). Because there 

is no replication in ANOVA, it is not possible to disentangle the residual variance (i.e., part of 
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variation not explained by ENM, AOGCM, and RCP), but it is still possible to evaluate the 

main effects (Diniz-Filho et al., 2009, 2010b) and identify the degree of uncertainty sources 

that affect different portions of the Southern Cone basins. The uncertainties analyze is crucial 

when ENMs are generated under multiple RCPs to guide conservation translocation, such as in 

our study. The ENMs combined analysis is the best and the only option to provide more reliable 

future projections (Thuiller et al., 2019). 

The uncertainty partitioning analysis showed that the greatest variation incorporated in 

the predictions is due to the use of different ENMs in both future times, 2050 and 2080 (88.12% 

and 66.26% of the variance , respectively) and the smallest variations were found mainly in the 

RCP components and their interactions with AOGCM (Table S3). 
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Figure S1 Principal component loadings on the first two axes of the PCA for the environmental 

suitability of ostracod species richness in the Southern Cone of South America at the present 

and future times for two different carbon emission scenarios. BIO = bioclim, EUC =, Euclidean 

distance, GOW = Gower distance; GAR = genetic algorithm for rule-set production, ENF = 

ecological Niche factor analysis, MAX = maximum entropy, and CON = consensus model. 
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Table S3 Median proportion of the total sum of squares (SS) derived from the three-way 

ANOVA of the Southern Cone of South America, evaluating the relative contribution of 

representative concentration pathways (RCPs), ecological niche models (ENM) and 

Atmospheric-Ocean General Circulation Models (AOGCM) to the ostracod species richness 

distribution at two future times (2050 and 2080). Max = maximum; Min = minimum. 

Source 

2050 2080 

SS (%) 

median Min-max 

SS (%) 

median Min-max 

RCP 0.40 0.00 - 0.09 0.70 0.00 - 0.11 

ENM 88.12 0.20 - 1.00 66.26 0.15 - 0.96 

AOGCM 2.37 0.00 - 0.32 3.26 0.00 - 0.23 

RCP x ENMs 1.49 0.00 - 0.17 10.83 0.00 - 0.52 

RCP x AOGCM 1.00 0.00 - 0.20 1.67 0.00 - 0.13 

ENM x AOGCM 4.19 0.00 - 0.43 10.73 0.00 - 0.36 

Third-order interaction 2.43 0.00 - 0.24 6.55 0.0 - 0.26 
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3 CLIMATE CHANGE WILL AFFECT PHYTOTELM FAUNA: A LOOK AT 

THE BIOTIC INTERACTION BETWEEN ELPIDIUM MÜLLER, 1980 

(CRUSTACEA, OSTRACODA) AND TANK BROMELIADS 

(BROMELIACEAE) IN THE ATLANTIC FOREST HOTSPOT 

 

ABSTRACT 

 

It is recognised that climatic factors determine the distribution limits of species in the 

environmental space, as well as interactions with other organisms. A close biotic interaction 

occurs between a phytotelm Elpidium and tank bromeliads in Atlantic Forest hotspot. The 

diversity of bromeliads, and consequently the phytotelmata fauna, has been threatened by 

climate change, since species have their distribution range reduced by adverse climate 

conditions, migrate and disperse to new climatically suitable areas and suffer extinction 

processes. We evaluated the geographical pattern of a symbiotic interspecific interaction of 

commensalism type through the climatic suitability of Elpidium and tank bromeliads, and the 

availability of habitat for Elpidium (presence of tank bromeliads) in the future. Climate change 

was based on two assumptions of increasing carbon emissions, the moderate-optimal (4.5) and 

pessimistic (8.5) scenarios of four climate models, from 2050 and 2080. Climate change will 

be gradually restrict the Elpidium distribution area in the future (2050 and 2080) in both carbon 

emission scenarios (4.5 and 8.5). Also, richness tank bromeliads decrease in future times and 

there will be less habitat availability for Elpidium. Climatic refuge areas for Elpidium have been 

identified in the Atlantic coastal region .The unavailability of habitat can aggravate the 

dispersion and survival of Elpidium in the future, since tank bromeliads can disperse in suitable 

regions opposite to Elpidium. The narrowing of the predicted distribution areas of tank 

bromeliad species to a common region may result in a new pool of species in phytotemata 

communities. The loss or inclusion of other phytotemata species can directly influence the 

network of biotic interactions of Elpidium, such as the reorganization of food webs that 

consequently affects ecosystem functioning. By mapping the possible commensal interaction 

between Elpidium and tank bromeliads we provide insights into the direction of ecological 

interaction networks under climate change scenarios. 

 

Keywords: conservation, epiphyte plants, micro crustaceans, neotropical, rainforest, species 

distribution models. 

 

3.1 Introduction 

 

The extreme increase in greenhouse gas emissions to the atmosphere has become one 

of the most compelling environmental problems worldwide (Bharti, Srivastava & Thakur, 

2021). Unbridled emissions, mainly of carbon dioxide, have caused a number of changes in 



77 

 

 

 

climatic events. Besides the increase in global temperature, climate change includes increased 

variability and unpredictability of rainfall regimes, occurrence of increasingly extreme flood 

and drought events, and the alteration of water quality and flow regime of continental water 

bodies, among other unintended consequences (Van Vliet, Ludwig & Kabat, 2013; IPCC, 2014; 

Fischer & Knutti, 2015; Donat et al., 2016). These events have recorded effects on both physical 

and biological aspects in aquatic and terrestrial environments (Woodward et al., 2016). 

It is recognised that climatic factors determine the limits of species distribution in 

environmental space (Grinnell, 1917; Pearson & Dawson, 2003). In addition, there are other 

factors that drive the establishment and survival of a species, such as interactions with other 

organisms (Barggren, et al. 2009). Hutchinson (1957) proposed the distinction of two niches: 

the fundamental niche, where the species has the potential to survive a range of favourable 

environmental conditions, and the realised niche which corresponds to the portion of the 

fundamental niche where in fact the species survives due to the constraints imposed by biotic 

interactions. Assuming that species occurrence in nature is determined on large spatial scales 

by their responses to a set of environmental conditions (reflecting the Grinnellian component 

of the ecological niche, sensu Soberón, 2007), Ecological Niche Models (ENMs) have been 

widely used. These analyses have been applied to predict the range of a species based on the 

relationship between occurrence data and climatic/environmental determinants (Peterson et al., 

2011). Studies on the impact of climate change on biological interactions have already been 

published under various facets, such as predation (Romero et al., 2018), host-parasites (Furlong 

& Zalucki, 2017), loss of symbionts (Glynn et al., 2001) and pathogens (Kiesecker et al., 2001). 

However, the association of biotic interactions in the ENM approach has still been little 

employed due to the high complexity of the interactions and the difficulty of obtaining spatially 

explicit data representing such interactions, which consequently makes it difficult to insert them 

in models (Mestre et al., 2013). 
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A close biotic interaction occurs between a small crustacean, Elpidium Müller 1880 

(Ostracoda, Limnocytheridae) and bromeliads. Occurrences of this genus have been recorded 

only in bromeliads that accumulate water (Lopez & Rios, 2001; Pires et al., 2016; Gonçalves, 

et al., 2017; Pereira et al., 2019), or in phoresis with animals that occasionally move among 

these plants, mainly frogs (Lopez, Rodrigues & Rios, 1999; Sabagh et al., 2011; Sabagh & 

Rocha, 2014; Araújo et al., 2019). 

Among the 52 endemic plant families in the Americas, Bromeliaceae is the most diverse 

in tropical and subtropical regions (Ulloa Ulloa et al., 2017). With 2,700 species, bromeliads 

occur in almost all habitat types in South America (Benzing, 2000). In habitats with high 

precipitation and humidity, bromeliads are found in greater diversity and abundance (Krömer, 

et al., 2005) and can occur at more than 4,000 m altitude (Smith & Till, 1998). Some genera of 

bromeliads have rosette-shaped leaves that overlap each other and form rainwater storage tanks 

(known as "tank bromeliads") (Givnish, 2011). Water storage associated with the accumulation 

of detritus constitutes natural aquatic microcosms with nutrients that provide shelter for diverse 

communities of invertebrates, such as insects (Ferreira-Keppler et al., 2017) and 

microcrustaceans (Jocque et al., 2013). 

Elpidium is a genus of Ostracoda (Crustacea) that occurs in tank bromeliads from 

Central America (Picado, 1913; Tressler, 1941; Tressler, 1956; Little & Hebert, 1996) and 

South America (Lopez et al., 1999; Araújo et al., 2019). Elpidium bromeliarium was described 

in 1880 by Müller from bromeliads of southern Brazil (Santa Catarina State). It was only in 

1970 that this species was revised and redescribed by Pinto and Purper with the designation of 

a neotype for the species E. bromeliarium. These authors illustrated markedly different 

morphotypes of this species, creating uncertainty about the existence of only one species. In 

addition, studies on phytotelmata in Brazil have recorded the occurrence of only E. 
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bromeliarium, causing doubts about the correct identification of the species (refs). Current 

knowledge about Elpidium diversity is still poor, given the discovery of several new species in 

Brazilian territory (Pinto, 2007; Pereira, 2013; Pereira, 2017). 

 The diversity of bromeliads, and consequently the phytotelmata fauna, has been 

threatened by several disturbances, such as species invasion, habitat fragmentation, and climate 

change (Brook, Sodhi & Bradshaw, 2008). Climate change will significantly alter the 

distribution of species in ecosystems. Besides, biotic interactions will also be affected, as 

species that interact with each other may individually change their areas of distribution at 

different speeds and in various directions during migration or dispersal (Suttle, Thomsen & 

Power, 2007). Loss of biodiversity and changes in species interactions can negatively affect 

ecosystem functions (Balvanera et al., 2014; Isbell, et al., 2015). 

 In the case of Elpidium (and other phytotelmata), the loss of bromeliad species results 

in complete habitat loss and disassembles entire ecological communities in a unique ecosystem 

that has received scarce attention compared to other freshwater systems (Dézerald et al., 2016). 

Here, the geographical pattern of a symbiotic interspecific interaction of the commensalism 

type through climatic suitability was assessed for Elpidium and tank bromeliads in the Atlantic 

Forest, based on ecological niche models. In this context, this study estimated the distribution 

of Elpidium and tank bromeliads of the Atlantic Forest, as well as areas of biotic interaction 

between these species in the biome. Then, we assessed how climate change, projected through 

two carbon emission scenarios (moderate-optimistic - Representative Concentration Pathway 

(RCP) 4.5 and pessimistic – RCP 8.5) in two future times (2050 and 2080) affect i) the 

distribution of Elpidium and tank bromeliad richness ii) the availability of habitat for Elpidium 

(presence of tank bromeliads) iii) the geographical pattern of Elpidium and tank bromeliad 

interaction. 
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3.2 Material and Methods 

3.2.1 Study area 

 

The Atlantic Forest occurs in eastern Brazil (~ 95%), but it also extends into Argentina, 

Paraguay and Uruguay (Ribeiro et al. 2009), covers an area of huge mountain range and is 

constituted by three types of forests: i) Dense Ombrophilous Forest (or Tropical Rain Forest): 

with altitudes between 5-2,000 m, average annual temperature of 25°C and well distributed 

precipitation throughout the year, ranging from 1,250-2,000 mm, and can exceed 2,000 mm in 

the highest mountains (Behling, 2002; IBGE, 2012); ii) Mixed Ombrophilous Forest (or 

Araucaria Forest): located in southern Brazil, composed of highland vegetation, dominated by 

the primitive genera Araucaria, Drymis and Podocarpus, on highlands (<500 m) and mountains 

(400 - 1,000 m), average annual temperature ranges from 12°C to 18°C, annual precipitation 

varies from 1,400-2,200 mm and there are no pronounced dry periods (Behling, 2002; IBGE, 

2012); iii) Semideciduous Seasonal Forest (or Subcaducifolia Tropical Forest): located in 

south-eastern Brazil, average annual temperature between 20 and 26°C, annual precipitation 

varies from 1,000 and 1,500 mm in the tropical zone, characterized by intense summer rains 

and dry periods between 3 and 5 months, in the subtropical zone there is no dry period and the 

average monthly temperatures in winter are below 15°C, which determines the partial fall of 

the foliage and physiological remains of the vegetation (Behling, 2002; IBGE, 2012). 

The Atlantic Forest is considered one of the world’s biodiversity hotspots (Myers et al., 

2000; Mittermeier et al., 2004); it represents only 0.8% of the Earth's surface, but is the habitat 

of more than 5% of vertebrate species (2.1 % endemic) and 5% of the world's plant species 

(2.7% endemic) (Myers et al., 2000; Mittermeier et al., 2004; SOS Mata Atlântica, 2017). The 

Atlantic Rainforest originally extended along almost the entire coastline of Brazil, comprising 
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about 150 million hectares with high environmental heterogeneity (Ribeiro et al., 2009) (Figure 

1). However, due to successive deforestation for vegetal and mineral extraction, areas for 

agriculture and pastoral use, increased urban expansion over the years and environmental 

impacts generated by 145 million Brazilians inhabiting its area (SOS Mata Atlântica, 2017), 

only 11-16% of its original cover remains (Ribeiro et al., 2009). 

 

Figure 1 Original extent of the Atlantic Rainforest in South America. 



82 

 

 

 

3.2.2 Observed occurrences of species 

 

 Occurrence records (corresponding to the pair of latitude and longitude coordinates of 

the location where the species was recorded) of Elpidium in South America were obtained from 

scientific articles, theses and dissertations through searches in Google Scholar 

(http://www.googlescholar.com) until December 2020, besides sampling data from the 

Entomology Laboratory of the University of Paraíba and Micropaleontology Laboratory of the 

University of Brasília. In addition, we used occurrence records available in the Global 

Biodiversity Information Facility (GBIF) database (GBIF, 2019a; https://www.gbif.org/). To 

this end, records of Elpidium species occurring in a polygon corresponding to the area of South 

America were downloaded. Occurrences of the bromeliads were obtained from the GBIF (GBIF 

2019b) and Specieslink (http://www.splink.org.br/) databases, looking for information for the 

family Bromeliaceae. Records with ambiguities, doubtful information, without geographical 

coordinates and that did not have the precise species name (e.g. species with cf. and aff.) were 

excluded. Taxonomic problems of synonymy and name changes of bromeliads were also 

corrected and validated by Flora do Brasil (www.floradobrasil.jbrj.gov.br). 

 Occurrences were obtained for 1,220 species of bromeliads that inhabit South America. 

Three criteria were used to select bromeliad species for this study: i) species that inhabit the 

Atlantic Forest; ii) species capable of retaining rainwater (tank bromeliads); iii) species present 

in at least 10 cells of our grid (more details in the Ecological Niche Modelling section). For the 

first criterion, all occurrence points of bromeliad species in the Atlantic Forest were mapped, 

and species that did not belong to the biome were excluded. Species of doubtful occurrence 

were consulted in the Flora do Brasil database and excluded. The second criterion was based 

on a set of literature (Givinish et al., 2007, Givinish et al., 2011, Givinish et al., 2014). Finally, 
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312 tank bromeliad species were used for ecological niche modelling analyses (for species list 

see Table S1 in APPENDIX A). 

 

3.2.3 Climatic and environmental variables 

 

We obtained 19 bioclimatic variables for the present climate from the WorldClim database 

version 2.1 (http://www.worldclim.org/) and future climate scenarios from Climate Change, 

Agriculture and Food Security (CCAFS-Climate, http://ccafs-climate.org) at a spatial 

resolution of 5 minutes. For present time, the rasters files are interpolated climate data from 

1950 to 2000 (Hijmans et al., 2005) and for the future scenarios they correspond to 2040-2069 

and 2070-2099, developed by the Intergovernmental Panel on Climate Change (IPCC), Fifth 

Assessment Report (IPCC, 2014). Four Atmosphere-Ocean General Circulation Models 

(AOGCMs) were considered: Community Climate System Model (CGCM2, 

http://www.cesm.ucar.edu), Commonwealth Scientific and Industrial Research Organization of 

Australia (CSIRO, http://www.csiro.au), Model for Interdisciplinary Research on Climate 

(MIROC, http://www.glisaclimate.org) and Meteorological Research Institute (MRI, 

http://www.mri-jma.go), which were generated by applying the delta downscaling method on 

the original data from the IPCC report. The carbon emission scenarios for each AOGCM were 

based on the two Representative Concentration Pathways (RCPs): moderate-optimistic (4.5) 

and pessimistic (8.5). Here, the term "optimistic" means a scenario of lower greenhouse gas 

accumulation in the Earth's atmosphere in the future, and the term "pessimistic" means a 

scenario of higher greenhouse gas accumulation (IPCC, 2014). The altitude variable (ALT) was 

also considered due to the influence and restriction imposed on the distribution of species 

mainly by the mountain ranges of the Serra do Mar and the highlands along the extent of the 

Atlantic Forest. ALT was obtained from USGS EROS (United States Geological Survey - Earth 
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Resources Observation and Science Center, https://earthexplorer.usgs.gov) by Shuttle Radar 

Topography Mission (SRTM) at a spatial resolution of 250 meters. ALT was considered as a 

temporally stationary variable and thus considered in the dataset to perform the modelling for 

future times (2050 and 2080). 

 The set of variables was tested for collinearity using the variance inflation factor (VIF). 

Variables that did not indicate redundancy problems (values below 2.0 (Kock & Lynn, 2012)) 

were BIO2 = Mean Diurnal Range (Mean of monthly (max temperature - minimum 

temperature)), BIO3 = Isothermality ((BIO2/BIO7) ×100)), BIO8 = Mean Temperature of 

Wettest Quarter, BIO13 = Precipitation of Wettest Month and ALT. 

The original data resolution for current and future climate variables and ALT were rescaled 

to grid resolution (see below). 

 

3.2.4 Ecological niche modelling 

 

Species occurrences were mapped on a grid (10 km x 10 km spatial resolution, EPSG 6933) 

that covered South America (except the adjacent islands) and generated a matrix of presence 

and pseudo-absence. Presence was considered when the species was within the grid cell, 

independently of the number of occurrences, and pseudo-absence was the non-occurrence of 

species within the grid cell, so named because the data do not imply the real absence of the 

species in the cell. In this way, we considered the entire climatic variation of each species in 

South America; however, we present the results only for the Atlantic Forest. The presence and 

pseudo-absence matrix was associated with the climatic-environmental layers to perform the 

niche modelling analyses. Bromeliad species with fewer than 10 occurrences were excluded to 

avoid model bias, and a total of 312 tank bromeliad species were included in this study. 
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The modelling protocol was structured on predicting species distribution for the present 

time and for four future scenarios (2050-4.5, 2050-8.5, 2080-4.5 and 2080-8.5). Six ENMs were 

used: Bioclim (BIO, Busby, 1991) based on bioclimatic envelope logic; Euclidean Distance 

(EUC-Carpenter, Gillison, & Winter, 1993), Gower Distance (GOW, Gower, 1971) based on 

the environmental distance approach, Ecological Niche Factor Analysis (ENF, Hirzel et al, 

2002) based on multivariate analysis, Maximum Entropy (MAX, Phillips et al., 2006) and 

Genetic Algorithm for Rule Making (GAR, Stockwell & Peters, 1999) based on a machine 

learning technique. Different ENMs lead to distinct predictions of environmental suitability for 

the occurrence of the species, generating uncertainties about which model is more appropriate 

to represent the geographical distribution of the species in question (Araújo & New, 2007; 

Diniz-Filho et al., 2009; 2010b; Rangel & Loyola, 2012). These uncertainties are reduced 

through an ensemble prediction that combines the suitability results of different ENMs (Araújo 

& New, 2007; Marmion et al., 2009), and generates a consensus model (CONS). CONS 

minimizes the errors affecting each ENM differently, which tend to cancel each other out, 

resulting in a reliable and moderate solution (Terribile et al., 2010). The CONS model was 

obtained for each species (Elpidium and tank bromeliads) in present time and temporal scenario, 

and only its results were interpreted. To obtain the CONS model, first the individual models 

were fitted for each species and time as described below. 

The aforementioned presence and pseudo-absence matrix and the climatic-environmental 

layers were used to perform the ENMs, thus obtaining a climatic-environmental suitability 

matrix and subsequently the potential distribution of each species. 

 To generate the predictions for each ENM, 75% of the species occurrence data were 

randomly used for calibration (training data) and 25% for evaluation (test data). This process 

was replicated 100 times to reduce variability in the model building process and subsequent 

predictions. The continuous prediction of climatic-environmental suitability ranges from 0 to 
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1, where values equal to 1 correspond to optimal habitat conditions and values equal to 0 

correspond to habitat conditions not suitable for the species. Each prediction resulting from the 

ENMs was converted into binary presence/absence vectors (0/1) in the grid cells by means of 

the threshold that maximizes the sensitivity values (proportion of correctly predicted presences) 

and specificity values (proportion of correctly predicted absences) on the Receiver Operating 

Characteristic (ROC) curve. The ROC curve is created by plotting the proportion of true 

positives (equivalent to sensitivity) against the proportion of false positives (equivalent to 1-

specificity), with these proportions generated from multiple decision threshold values, thus 

showing how an algorithm responds to threshold changes (Peterson, Papes & Saberón., 2008). 

Considering the analytical protocol employed here, a total of 600 predictions (6 ENMs x 100 

randomizations) were generated for each species for the current climate, and 9,600 predictions 

for future predictions (6 ENMs x 4 AOGCMs x 2 RCPs x 100 randomizations x 2 futures). In 

all, 3,005,400 predictions were performed (600 + 9,600 x 313 species, which were Elpidium 

and 312 tank bromeliads). 

True Skill Statistics (TSS-Allouche et al., 2006) was used as a discriminative technique of 

the predictive performance of the models. The TSS corresponds to Sensitivity + Specificity - 1, 

with a scale of values ranging from - 1 (model result no better than a random prediction) to + 1 

(optimal prediction). Models with TSS less than 0.5 were excluded from the analyses. The 

consensus model (CONS) for climate-environmental suitability resulted from the average 

among all ENM suitability results weighted by their TSS values. Thus, the model with the 

highest TSS received the greatest weight, which decreased in descending order towards the 

model with the lowest TSS. CONS models for presence and absence were generated using the 

majority consensus rule (Diniz-Filho et al., 2009), which considers the presence of the species 

only in cells where at least 50% of the ENMs predicted the species as present. 
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To determine the patterns of species richness of Atlantic Forest bromeliads, we employed 

the community-level modelling strategy of "predict first, assemble later" (Overton et al., 2002), 

in which the ranges (predicted presence and absence vectors) of individual species are modeled 

one by one as a function of environmental predictors and then overlaid to obtain the value of 

species richness in each grid cell. 

 

3.2.5 BAM diagram 

 

 The potential niche was considered as the set of environmental conditions in the 

geographical space that favour the survival and reproduction of a species. Geographical space 

is composed of grid squares that cover regions in which a species is distributed (Peterson, 2011). 

 Through set theory (Hrbacek and Jech, 1999) and the niche concept proposed through 

the Biotic-Abiotic-Movement (BAM) diagram by Soberón and Peterson (2005) it is possible to 

predict hypothetical interactions of a particular species in geographic space. The BAM diagram 

comprises the restrictions imposed by biotic (B), abiotic (A) and movement/dispersion (M) 

factors, so that B corresponds to the region of the geographic space in which biotic interactions 

benefit its existence; A to the region of the geographic space whose set of environmental 

variables favour the growth and reproduction rate; M to the available and accessible area of the 

species. Considering a free dispersion scenario, where M is fully accessible and contains A and 

B ((A ∪ B) ⊂ M) it is possible to determine three cases of Elpidium-Bromeliad tank interactions 

(Figure 2) and to count how many tank bromeliad species per grid cell are/will be available for 

interaction with Elpidium and how many tank bromeliads are/will not be available for 

interaction. 
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Figure 2 BAM diagrams (B = biotic limit; A = abiotic limit; M = movement limit) representing 

three possible interactions between environmental and biotic factors in the geographic space of 

a species distribution model without movement/dispersion limitations, adapted from Mestre et 

al., 2013. (A) Biotic factors limiting the occurrence of the species in the geographical space. 

(B) Biotic factors limiting the occurrence of the species in the geographical space. (C) Abiotic 

and biotic factors limiting the occurrence of the species in the geographical space. 

 

The realized niche corresponds to the "subset of the fundamental niche corresponding to 

environmental conditions under which species is a superior competitor and can persist" defined 

by Hutchinson (1957). Thus, it is not possible to predict exclusively through present climate 

and future scenarios which portion of the Elpidium fundamental niche would be limited by 
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competition (or other negative interaction) within the tank bromeliads, given the complexity of 

biotic relationships in a real environment. Therefore, we considered only the availability of 

commensal species for Elpidium (hereafter called habitat availability) as a proxy of more 

favourable sites for commensal relationships. Thus, areas with gains and losses of tank 

bromeliads (commensal organisms of Elpidium) in the different RCPs were explored under 

assumptions that species could redistribute according to the new adequate climatic space. The 

number of possible interactions was counted using the expression: 

DHabx = HabFx – HabP 

where DHabx = habitat availability for Elpidium in scenario X, HabFx = tank bromeliad richness 

in future scenario x and HabP = tank bromeliad richness at present time. DHabx was calculated 

for each cell and represented on maps organized into equal interval classes. Proportion values 

of tank bromeliad richness (%) are shown in Table 2 

To account for the possible number of commensal interactions, we used the richness value 

of tank bromeliads in each grid cell where Elpidium was predicted to occur in the geographic 

space. Thus, the possible number of interactions was based on the sum of the number of cells 

occupied by tank bromeliads in the biome, and temporal variations were analysed using the 

frequency distribution of the number of occupied cells. 

The rescaling of climate-environmental variables, grid construction, species occurrence 

analyses and map construction were performed with QGis 3.4.5 software (QGIS Development 

Team, 2021). ENMs were generated using the BioEnsembles computing platform (Diniz-Filho 

et al., 2009). Graphing was performed with LibreOffice 6.2.4 software (THE DOCUMENT 

FOUNDATION. LibreOffice, 2021). 
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3.3 Results 

3.3.1 Ecological Niche Modelling (ENM) 

 

Elpidium was projected to occur along almost the entire extension of the Atlantic coast, to 

the southwest and extreme south of the Atlantic Forest (AF) at the present time. In future 

scenarios, there is a decrease in the area suitable for its distribution. In 2050, Elpidium is 

projected to occur along the Atlantic coast, with the number of cells with presence of the 

phytotelm ostracod reduced from 23.14% at the present time to 12.23% and 12.58% in scenarios 

4.5 and 8.5, respectively (Figure 3, Table 1). In future scenarios, there is a decrease in the area 

suitable for its distribution. In 2050, Elpidium is projected to occur along the Atlantic coast, 

with the number of cells with presence of the phytotelmata ostracod reduced from 23.14% at 

the present time to 12.23% and 12.58% in scenarios 4.5 and 8.5, respectively (Table 1, Figure 

3). For the year 2080, Elpidium maintains distribution along the Atlantic coast, but with the 

area suitable for its distribution even more limited, with the number of occupied cells decreasing 

to 4.98% and 4.79% in scenarios 4.5 and 8.5, respectively (Table 1, Figure 3). 

 

Table 1 Percentage of grid cells predicted with absence and presence of Elpidium in current and 

future time (2050 and 2080), considering the different carbon emission scenarios. Projections 

generated by CONS. 

 Present time 2050-4.5 2050-8.5 2080-4.5 2980-8.5 

Absence 
76.86 87.77 87.42 95.02 95.21 

Presence 
23.14 12.23 12.58 4.98 4.79 

Total 100 100 100 100 100 
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Figure 3 Distribution area of Elpidium in the Atlantic Forest in current and future time (2050 and 2080), considering the different scenarios of 

carbon emission. Projections generated by CONS. 
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Areas with higher richness values of tank bromeliads were identified along the Atlantic 

Ocean coast, with richness peaks located in the central-eastern portion of the AF at the present 

time (Figure 4). For the future, there is a tendency for the areas of higher richness values to 

decrease. Overall, cells with a high number of tank bromeliad species (above 150 species) were 

located especially in the central-eastern, south-eastern and southernmost region of the AF. Peak 

richness is restricted to a smaller region of the central-eastern portion of the AF when compared 

to the present time (Figure 4). In both 2050 and 2080, the moderate-optimal scenario (4.5) 

projections showed a decrease in the proportion of high richness cells and an increase in the 

proportion of both low richness cells (1-25 species) and cells that lost species (richness = 0) 

(Table 2). In the pessimistic scenario (8.5), in general, there is a decrease in the proportion of 

all richness classes greater than 25-50 species and an increase in the proportion of cells with 

low richness, especially for 2080 (Table 2). 
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Figure 4 - Richness of tank bromeliads in the Atlantic Forest at present and future time for different carbon emission scenarios. Projections 

generated by CONS. 
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Table 2 - Proportion of tank bromeliad richness classes (%) in the Atlantic Forest at current and 

future time for the different carbon emission scenarios. 

Tank bromeliads richness Present time 2050-4.5 2050-8.5 2080-4.5 2080-8.5 

0 6.57 14.95 3.92 19.2 0.48 

1-25 33.49 52.57 43.31 51.87 65.68 

25-50 17.87 14.65 15.87 13.72 14.34 

50-75 11.61 7.18 11.08 7.06 6.69 

75-100 9.60 3.64 8.17 3.80 4.06 

100-125 7.40 2.50 4.55 1.75 3.56 

125-150 4.34 2.12 3.80 0.98 2.21 

150-175 3.06 1.28 3.29 0.66 1.70 

175-200 2.66 0.77 2.74 0.45 0.71 

200-225 2.10 0.30 1.78 0.37 0.44 

225-250 1.08 0.05 1.06 0.14 0.14 

250-275 0.22 0.00 0.43 0.00 0.00 

Total 100 100 100 100 100 

 

3.3.2 BAM diagram 

 

The habitat availability analysis for Elpidium (DHabx) showed that areas with a gain in tank 

bromeliad species occurred mainly in the south-central AF and small areas in the northern 

portion. In all future scenarios, along the Atlantic coast and in the interior of the biome there is 

a decrease in the number of tank bromeliads richness for interaction (Figure 4). Between the 

moderate-optimistic scenarios, 2080-4.5 has the highest loss of species (13,606 cells with less 

tank bromeliads) followed by 2050-4.5 with 13,077 cells (Table 3). In the pessimistic scenarios, 

areas with species gains occur mainly to the south-central and northern interior of the AF 

(Figure 4), showing 10,570 cells lost species in 2080-8.5 in relation to the present and 8,552 in 

2050-8.5.
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Figure 4 - Habitat availability for Elpidium (DHabx) with areas of loss and gain of tank bromeliads for different future Atlantic Forest carbon 

emission scenarios. Negative values mean a loss of tank bromeliads and positive values a gain of tank bromeliads, 0 corresponds to the number of 

stable cells. Predictions generated by CONS. 
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Table 3 - Habitat availability for Elpidium (DHabx) with number of cells corresponding to losses (L) and gains (G) of tank bromeliads for the 

different future Atlantic Forest carbon emission scenarios. SC = number of stable cells. Predictions generated by CONS. 

 Tank bromeliads number 

0 01 ~ 25 25 ~ 50 50 ~ 75 75 ~ 100 100 ~ 125 125 ~ 150 150 ~ 175 175 ~ 200 200 ~ 225 225 ~ 250 Total 

2
0
5
0
-4

.5
 L - 6.043 3.021 1.702 1.130 666 295 137 58 19 6 13.077 

G - 1.813 307 99 64 45 8 0 0 0 0 2.336 

SC 0 - - - - - - - - - - 0 

2
0
5
0
-8

.5
 L - 4.059 2.228 1.261 691 248 54 14 - - - 8.552 

G - 3.389 1.118 751 359 171 102 69 49 13 0 6.021 

SC 840 - - - - - - - - - - 840 

2
0
8
0
-4

.5
 L - 6.101 2.848 1.916 1.426 733 319 172 56 35 0 13.606 

G - 1.535 147 56 50 16 3 0 0 0 0 1.807 

SC 0 - - - - - - - - - - 0 

2
0
8
0
-8

.5
 L - 3.987 2.471 1.509 1.161 761 387 196 80 17 1 10.570 

G - 3.256 477 314 189 139 88 43 0 0 0 4.406 

SC 437 - - - - - - - - - - 437 
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A number of 3,566 cells with possible interactions between Elpidium and tank bromeliads 

was predicted by the consensus for the present time, followed by 1,939 for 2050-8.5, 1,886 in 

2050-4.5, 768 in 2080-4.5 and 738 in 2080-8.5. In all future times, the interaction frequency 

follows a normal distribution, with a higher number of interactions occurring in fewer cells. A 

lower number of possible interactions were observed in the future scenarios, mainly for 2080, 

than for the present time (Figure 6). 
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Figure 6 Frequency of possible interactions between Elpidium and tank bromeliads for present 

time and for different future Atlantic Forest carbon emission scenarios. Predictions generated 

by CONS. 

The refuge areas with the greatest number of tank bromeliad species available for 

Elpidium in all future scenarios are concentrated along the eastern Atlantic coast in 2050 and 

in the south-eastern coastal region in 2080 (Figure 7). Areas with greater unavailability of 

habitat for Elpidium are concentrated along the north-eastern region of the Atlantic coast in 

2050, and in small areas to the north in 2080.
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Figure 7 - Areas with possible interaction of Elpidium and tank bromeliads for the present time and for different future carbon emission 

scenarios in the Atlantic Forest. Predictions generated by CONS. 

. 
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3.4 Discussion 

Climate change will lead to a reduction of Elpidium distribution area and bromeliad 

richness in the Atlantic Rainforest, and consequently a change in interspecific interaction. This 

reduction will occur to a greater degree in the long term (2080) than in the medium term (2050), 

threatening biodiversity and leading to species extinction. One of the effects that climate change 

promotes in the dynamics of populations is the alteration of their distributions in geographical 

space, such as the expansion or reduction of distribution areas corresponding to the 

environmental niche (Araújo & Rahbek, 2006). This is because precipitation and temperature 

regimes are synchronized with phenological life-history events of species (Bellard et al., 2012; 

Araújo et al., 2013), which determines their displacement to the environmental set of ideal 

survival conditions. For example, lack of rainfall can substantially alter the water volume in the 

bromeliad tank, favouring communities dominated by organisms with smaller body size (e. g 

unicellular and invertebrates), due to the weakening of biotic interactions, mainly predation by 

larger body organisms (e. g. invertebrates and vertebrates) (Dézerald et al., 2015; Dorn & Cook, 

2015; Amundrud & Srivastava, 2016). On the other hand, dispersal of Elpidium is also limited, 

as colonisation of other tank bromeliads by these ostracods occurs through phoresis by animals, 

such as anurans and snakes (Lopez, Rodrigues & Rios, 1999). The ostracods may be attached 

to their body or pass unharmed through the gut of these vertebrates (Lopez et al., 2002). 

 In all future scenarios, areas with loss of bromeliad tank species were larger than areas 

of gain. The latter were pronounced mainly in the central-southern region of the Atlantic Forest 

(AF). Regions with more abundant humid conditions o favour the dispersion of tank bromeliad 

species (Gentry & Dodson, 1987) and consequently their associated fauna, as the predicted area 

of occurrence of bromeliads overlaps the areas of occurrence of phytotemata (Richardson et al., 

2000). On rainy days, Elpidium can move in the tank bromeliad through the water that slides 
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between the leaves (Maguire, 1971) increasing the chances of the population finding some 

disperser. The largest volume of water in the bromeliad ponds occurs during the period of 

highest rainfall, when the bromeliad ponds are full and consequently are visited by amphibians 

which probably have greater activity during this period. In fact, Araújo et al. (2020) showed 

that this phytotherm was more associated with the skin of anurans for dispersal in bromeliads 

of the Atlantic Forest during the rainy season. Considering a scenario of free dispersion in 

geographical space to overlap the distribution of Elpidium and bromeliad tanks, it is important 

to note that Elpidium dispersers will also face consequences due to climate change. Lourenço-

de-Morais et al (2019) evidenced a reduction in snake richness also for the central-eastern 

region of the Atlantic Forest in 2080, which may result in changes in the networks of Elpidium 

interactions. 

 Our results show a worrying panorama in relation to Elpidium distribution in the future, 

with the loss of almost half of the suitable areas along the Atlantic coast in the medium term 

(2050), to the prevalence of ¼ of the occurrence projected in the present in the long term (2080). 

This loss of potential area for distribution may be even greater considering that commensal 

species, such as Elpidium, may not occupy the same areas of tank bromeliads as at present, 

because species may disperse to suitable areas located in opposite regions and at different times 

(Suttle, Thomsen & Power, 2007). The loss of climatic suitability for Elpidium in the northern 

Atlantic Forest region at the end of the century indicates a propensity for extinction risk. 

Climate unsuitability is expected to decrease the intrinsic rate of population growth, leading to 

extinction scenarios over time if unfavourable conditions persist (Lopes et al., 2017). 

 Historically, a combination of geographical and ecological dispersal under genetic 

bottleneck effect has led to diversification of endemic Elpidium populations (Little & Hebert, 

1996). Due to the lack of knowledge on species interactions and the effects of interactions on 
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individual survival and fitness (Eltonian deficit), it is difficult to infer whether new 

combinations with tank bromeliad species are likely to be successful. Studies on the mutualistic 

relationship of multiple host species and their inhabitant fauna are still few. Vasconcelos, 

Antonelli & Napoli (2017) reported that populations of the phytotelm frog, Phyllodytes 

melanomystax (Hylidae), will be negatively affected with the reduction of suitable areas of the 

bromeliad Vriesea procera by 2050. Similarly, Elpidium is also likely to be affected due to the 

unavailability of tank bromeliads in some regions of the Atlantic Forest, such as the north-

eastern Atlantic coast, especially in the 2080 scenarios that showed a drastic reduction in the 

number of possible interactions. 

 Climatic refuge areas for Elpidium have been identified in the Atlantic coastal region. 

Due to climate change, the narrowing of the predicted distribution areas of tank bromeliad 

species to a common region may result in a new pool of species in phytotelmata communities, 

which may facilitate or restrict the distribution of Elpidium. Although the amount of habitats 

available for colonization may remain constant in refuge areas, the loss or inclusion of other 

phytotelmata species can directly influence the network of biotic interactions of Elpidium, such 

as the reorganization of food webs that consequently affects ecosystem functioning (Montoya 

& Raffaelli, 2010; Pires et al., 2016; Dezerald et al., 2018). 

 

3.5 Conclusions 

 This study contributes to the understanding of interspecific interactions in the spatial 

and temporal distribution of biological diversity in an aquatic ecosystem (phytotelmata fauna) 

that has been little studied in relation to other ecosystems (rivers and lakes). Large-scale 

environmental changes are expected as a result of global climate change and will consequently 

alter biotic interaction networks. Mapping the possible commensal interaction between 
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Elpidium and tank bromeliads provides insights into the pathways of ecological interaction 

networks under climate change scenarios. Since the loss of suitable areas of tank bromeliads 

reduces the availability of habitat for phytotelmata fauna, there is consequently a tendency for 

a decrease in endemic biological diversity (such as Elpidium) and visiting fauna (such as 

amphibians and reptiles) that use this type of ecosystem to feed. 

 The results presented here can be used by decision makers to create future targets for 

mitigating the impacts of climate change and developing more efficient environmental policy 

for the conservation of biological processes in one of the richest biodiversity hotspots and most 

threatened areas of the planet, which still has 12% of native forest fragments left, the Atlantic 

Forest. 
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APPENDIX A - List of bromeliad tanks used for niche modelling analysis with possible 

interaction with Elpidium. 

Table S1 - List of bromeliad tanks used for niche modelling analysis with possible interaction 

with Elpidium. 

Code Specie 
Nº presence 

on grid 

sp1 Aechmea alba Mez 46 

sp2 Aechmea alopecurus Mez 11 

sp3 Aechmea amorimii Leme 12 

sp4 Aechmea angustifolia Poepp. & Endl. 91 

sp5 Aechmea aquilega (Salisb.) Griseb. 271 

sp6 Aechmea araneosa L.B.Sm. 21 

sp7 Aechmea azurea L.B.Sm. 11 

sp8 Aechmea bambusoides L.B.Sm. & Reitz 15 

sp9 Aechmea vallerandii (Carriere) Erhardt, Gotz & Seybold 52 

sp10 Aechmea bicolor L.B.Sm. 33 

sp11 Aechmea blanchetiana (Baker) L.B.Sm. 74 

sp12 Aechmea blumenavii Reitz 87 

sp13 Aechmea brevicollis L.B.Sm. 55 

sp14 Aechmea bromeliifolia (Rudge) Baker 387 

sp15 Aechmea burle-marxii E.Pereira 12 

sp16 Aechmea calyculata (E.Morren) Baker 116 

sp17 Aechmea canaliculata Leme & H.Luther 10 

sp18 Aechmea capixabae L.B.Sm. 18 

sp19 Aechmea castanea L.B.Sm. 17 

sp20 Aechmea castelnavii Baker 53 

sp21 Aechmea caudata Lindm. 129 

sp22 Aechmea chantinii (Carriere) Baker 35 

sp23 Aechmea coelestis (K.Koch) E.Morren 57 

sp24 Aechmea comata (Gaudich.) Baker 41 

sp25 Aechmea conifera L.B.Sm. 13 

sp26 Aechmea contracta (Mart. ex Schult. & Schult.f.) Baker 76 

sp27 Aechmea corymbosa (Mart. ex Schult. & Schult.f.) Mez 101 

sp28 Aechmea constantinii (Mez) L.B.Sm. 39 

sp29 Aechmea curranii (L.B.Sm.) L.B.Sm. & M.A.Spencer 24 

sp30 Aechmea cylindrata Lindm. 80 

sp31 Karawata depressa (L.B.Sm.) J.R.Maciel & G.Sousa 13 

sp32 Aechmea disjuncta (L.B.Sm.) Leme & J.A.Siqueira 20 

sp33 Aechmea distichantha Lem. 349 

sp34 Aechmea echinata (Leme) Leme 11 

sp35 Aechmea egleriana L.B.Sm. 16 



114 

 

 

 

 

sp36 Aechmea farinosa (Regel) L.B.Sm. 16 

sp37 Aechmea fasciata (Lindl.) Baker 45 

sp38 Aechmea fernandae (E.Morren) Baker 40 

sp39 Aechmea floribunda Mart. ex Schult. & Schult.f. 17 

sp40 Aechmea froesii (L.B.Sm.) Leme & J.A.Siqueira 20 

sp41 Aechmea fulgens Brongn. 58 

sp42 Aechmea gamosepala Wittm. 127 

sp43 Aechmea gracilis Lindm. 37 

sp44 Aechmea huebneri Harms 24 

sp45 Aechmea kertesziae Reitz 26 

sp46 Aechmea kleinii Reitz 13 

sp47 Aechmea lamarchei Mez 122 

sp48 Aechmea leptantha (Harms) Leme & J.A. Siqueira 74 

sp49 Aechmea leucolepis L.B.Sm. 10 

sp50 Aechmea lingulata (L.) Baker 137 

sp51 Aechmea lingulatoides Leme & H.Luther 22 

sp52 Aechmea longifolia (Rudge) L.B.Sm. & M.A.Spencer 74 

sp53 Aechmea maasii Gouda & W.Till 27 

sp54 Aechmea macrochlamys L.B.Sm. 41 

sp55 Aechmea marauensis Leme 109 

sp56 Aechmea melinonii Hook. 38 

sp57 Aechmea mertensii (G.Mey.) Schult. & Schult.f. 796 

sp58 Aechmea miniata Beer ex Baker 149 

sp59 Aechmea mollis L.B.Sm. 42 

sp60 Karawata multiflora (L.B.Sm.) J.R.Maciel & G.Sousa 195 

sp61 Aechmea muricata (Arruda) L.B.Sm. 45 

sp62 Aechmea nudicaulis (L.) Griseb. 724 

sp63 Aechmea organensis Wawra 83 

sp64 Aechmea orlandiana L.B.Sm. 11 

sp65 Aechmea ornata Baker 153 

sp66 Aechmea patentissima (Mart. ex Schult. & Schult.f.) Baker 103 

sp67 Aechmea pectinata Baker 79 

sp68 Aechmea penduliflora Andre 69 

sp69 Aechmea perforata L.B.Sm. 59 

sp70 Aechmea phanerophlebia Baker 133 

sp71 Aechmea pineliana (Brong. ex Planch.) Baker 122 

sp72 Aechmea poitaei (Baker) L.B.Sm. & M.A.Spencer 28 

sp73 Aechmea racinae L.B.Sm. 44 

sp74 Aechmea ramosa Mart. ex Schult. & Schult.f. 177 

sp75 Aechmea recurvata (Klotzsch) L.B.Sm. 371 

sp76 Aechmea roberto-seidelii E.Pereira 17 

sp77 Aechmea rodriguesiana (L.B.Sm.) L.B.Sm. 28 

sp78 Aechmea rubiginosa Mez 60 

sp79 Karawata saxicola (L.B.Sm.) J.R.Maciel & G.Sousa 64 

sp80 Aechmea setigera Mart. ex Schult. & Schult.f. 128 
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sp81 Aechmea sphaerocephala Baker 19 

sp82 Aechmea sulbahianensis Leme, Amorim & J.A. Siqueira 19 

sp83 Aechmea tillandsioides (Mart. ex Schult. & Schult.f.) Baker 196 

sp84 Aechmea tocantina Baker 155 

sp85 Aechmea tomentosa Mez 41 

sp86 Aechmea turbinocalyx Mez 66 

sp87 Aechmea vanhoutteana (Van Houtte) Mez 21 

sp88 Aechmea victoriana L.B.Sm. 73 

sp89 Aechmea warasii E.Pereira 34 

sp90 Aechmea weilbachii Didr. 30 

sp91 Aechmea werdermannii Harms 25 

sp92 Aechmea williamsii (L.B.Sm.) L.B.Sm. & M.A.Spencer 13 

sp93 Aechmea winkleri Reitz 27 

sp94 Alcantarea duarteana (L.B.Sm.) J.R.Grant 26 

sp95 Alcantarea extensa (L.B.Sm.) J.R.Grant 101 

sp96 Alcantarea geniculata (Wawra) J.R.Grant 48 

sp97 Alcantarea glaziouana (Leme) J.R.Grant 12 

sp98 Alcantarea imperialis (Carriere) Harms 47 

sp99 Alcantarea nahoumii (Leme) J.R.Grant 63 

sp100 Alcantarea patriae Versieux & Wand. 46 

sp101 Alcantarea trepida Versieux & Wand. 50 

sp102 Araeococcus chlorocarpus (Wawra) Leme & J.A.Siqueira 23 

sp103 Araeococcus flagellifolius Harms 92 

sp104 Araeococcus goeldianus L.B.Sm. 15 

sp105 Araeococcus micranthus Brongn. 318 

sp106 Araeococcus nigropurpureus Leme & J.A.Siqueira 24 

sp107 Araeococcus parviflorus (Mart. ex Schult. & Schult. f.) Lindm. 192 

sp108 Araeococcus sessiliflorus Leme & J.A.Siqueira 26 

sp109 Billbergia alfonsijoannis Reitz 15 

sp110 Billbergia amoena (Lodd.) Lindl. 203 

sp111 Billbergia brachysiphon L.B.Sm. 19 

sp112 Billbergia decora Poepp. & Endl. 19 

sp113 Billbergia distachia (Vell.) Mez 171 

sp114 Billbergia elegans Mart. ex Schult. & Schult.f. 71 

sp115 Billbergia euphemiae E.Morren 92 

sp116 Billbergia horrida Regel 43 

sp117 Billbergia iridifolia (Nees & Mart.) Lindl. 69 

sp118 Billbergia lietzei E.Morren 10 

sp119 Billbergia lymanii E.Pereira & Leme 16 

sp120 Billbergia matogrossensis Leme 10 

sp121 Billbergia meyeri Mez 22 

sp122 Billbergia morelii Brongn. 56 

sp123 Billbergia nutans H.H.Wendl. ex Regel 231 

sp124 Billbergia porteana Brong. ex Beer 129 

sp125 Billbergia pyramidalis (Sims) Lindl. 79 
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sp126 Billbergia sanderiana E.Morren 36 

sp127 Billbergia saundersii Bull 38 

sp128 Billbergia tweedieana Baker 13 

sp129 Billbergia violacea Beer 22 

sp130 Billbergia vittata Brongn. ex Morel 59 

sp131 Billbergia zebrina (Herb.) Lindl. 122 

sp132 Canistropsis billbergioides (Schult. & Schult.f.) Leme 130 

sp133 Canistropsis burchellii (Baker) Leme 19 

sp134 Canistropsis microps (E.Morren ex Mez) Leme 44 

sp135 Canistrum alagoanum Leme & J.A.Siqueira 14 

sp136 Canistrum aurantiacum E.Morren 36 

sp137 Canistrum camacaense Martinelli & Leme 14 

sp138 Canistrum montanum Leme 10 

sp139 Canistrum pickelii (A.Lima & L.B.Sm.) Leme & J.A.Siqueira 13 

sp140 Catopsis berteroniana (Schult. & Schult.f.) Mez 89 

sp141 Catopsis sessiliflora (Ruiz & Pav.) Mez 73 

sp142 Edmundoa lindenii (Regel) Leme 113 

sp143 Eduandrea selloana (Baker) Leme et al. 13 

sp144 Fosterella hatschbachii L.B.Sm. & Read 28 

sp145 Fosterella penduliflora (C.H.Wright) L.B.Sm. 40 

sp146 Guzmania brasiliensis Ule 62 

sp147 Guzmania lingulata (L.) Mez 237 

sp148 Guzmania melinonis Regel 37 

sp149 Guzmania monostachia (L.) Rusby ex Mez 15 

sp150 Guzmania patula Mez & Wercklé 14 

sp151 Guzmania roezlii (E.Morren) Mez 23 

sp152 Guzmania vittata (Mart. ex Schult. & Schult.f.) Mez 37 

sp153 Hohenbergia augusta (Vell.) E.Morren 42 

sp154 Hohenbergia belemii L.B.Sm. & Read 37 

sp155 Hohenbergia blanchetii (Baker) E.Morren ex Mez 40 

sp156 Hohenbergia catingae Ule 206 

sp157 Hohenbergia horrida Harms 15 

sp158 Hohenbergia littoralis L.B.Sm. 28 

sp159 Hohenbergia ramageana Mez 42 

sp160 Hohenbergia ridleyi (Baker) Mez 94 

sp161 Hohenbergia salzmannii (Baker) E.Morren ex Mez 25 

sp162 Hohenbergia stellata Schult. & Schult.f. 58 

sp163 Hohenbergia utriculosa Ule 23 

sp164 Hohenbergia vestita L.B.Sm. 19 

sp165 Lymania alvimii (L.B.Sm. & R.W.Read) R.W.Read 20 

sp166 Lymania corallina (Brong. ex Beer) R.W.Read 20 

sp167 Lymania globosa Leme 11 

sp168 Lymania smithii R.W.Read 44 

sp169 Neoregelia bahiana (Ule) L.B.Sm. 51 

sp170 Neoregelia carolinae (Beer) L.B.Sm. 21 
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sp171 Neoregelia compacta (Mez) L.B.Sm. 13 

sp172 Neoregelia concentrica (Vell.) L.B.Sm. 17 

sp173 Neoregelia cruenta (R.Graham) L.B.Sm. 33 

sp174 Neoregelia eleutheropetala (Ule) L.B.Sm. 31 

sp175 Neoregelia farinosa (Ule) L.B.Sm. 14 

sp176 Neoregelia johannis (Carriere) L.B.Sm. 15 

sp177 Neoregelia laevis (Mez) L.B.Sm. 34 

sp178 Neoregelia leviana L.B.Sm. 11 

sp179 Neoregelia macrosepala L.B.Sm. 21 

sp180 Neoregelia myrmecophila (Ule) L.B.Sm. 20 

sp181 Neoregelia pascoaliana L.B.Sm. 14 

sp182 Neoregelia sarmentosa (Regel) L.B.Sm. 11 

sp183 Neoregelia simulans L.B.Sm. 13 

sp184 Neoregelia wilsoniana M.B.Foster 21 

sp185 Nidularium amazonicum (Baker) Linden & E.Morren ex Lindm. 61 

sp186 Nidularium amorimii Leme 14 

sp187 Nidularium angustibracteatum Leme 17 

sp188 Nidularium angustifolium Ule 10 

sp189 Nidularium antoineanum Wawra 25 

sp190 Nidularium bicolor (E.Pereira) Leme 16 

sp191 Nidularium campo-alegrense Leme 12 

sp192 Nidularium camposportoi (L.B.Sm.) Wand. & B.A.Moreira 10 

sp193 Nidularium cariacicaense (W.Weber) Leme 25 

sp194 Nidularium fulgens Lem. 10 

sp195 Nidularium innocentii Lem. 277 

sp196 Nidularium itatiaiae L.B.Sm. 12 

sp197 Nidularium longiflorum Ule 51 

sp198 Nidularium marigoi Leme 14 

sp199 Nidularium minutum Mez 11 

sp200 Nidularium procerum Lindm. 158 

sp201 Nidularium purpureum Beer 16 

sp202 Nidularium rosulatum Ule 13 

sp203 Nidularium rutilans E.Morren 27 

sp204 Nidularium scheremetiewii Regel 19 

sp205 Portea alatisepala Philcox 25 

sp206 Portea fosteriana L.B.Sm. 12 

sp207 Portea grandiflora Philcox 25 

sp208 Portea nana Leme & H.Luther 10 

sp209 Portea petropolitana (Wawra) Mez 56 

sp210 Portea silveirae Mez 22 

sp211 Quesnelia arvensis (Vell.) Mez 34 

sp212 Quesnelia augusto-coburgii Wawra 11 

sp213 Quesnelia humilis Mez 26 

sp214 Quesnelia imbricata L.B.Sm. 43 

sp215 Quesnelia indecora Mez 17 
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sp216 Quesnelia kautskyi C.M.Vieira 17 

sp217 Quesnelia lateralis Wawra 20 

sp218 Quesnelia liboniana (De Jongle) Mez 27 

sp219 Quesnelia marmorata (Lem.) R.W.Read 11 

sp220 Quesnelia quesneliana (Brongn.) L.B.Sm. 30 

sp221 Quesnelia strobilispica Wawra 28 

sp222 Quesnelia testudo Lindm. 17 

sp223 Racinaea aerisincola (Mez) M.A.Spencer & L.B.Sm. 46 

sp224 Racinaea spiculosa (Griseb.) M.A.Spencer & L.B.Sm. 205 

sp225 Ronnbergia brasiliensis E.Pereira & L.A.Penna 10 

sp226 Vriesea altodaserrae L.B.Sm. 76 

sp227 Vriesea atra Mez 23 

sp228 Vriesea billbergioides E.Morren ex Mez 26 

sp229 Vriesea bituminosa Wawra 64 

sp230 Vriesea brusquensis Reitz 10 

sp231 Vriesea capixabae Leme 11 

sp232 Vriesea carinata Wawra 414 

sp233 Vriesea erythrodactylon E.Morren ex Mez 20 

sp234 Vriesea clausseniana (Baker) Mez 30 

sp235 Vriesea corcovadensis (Britten) Mez 40 

sp236 Vriesea crassa Mez 27 

sp237 Vriesea delicatula L.B.Sm. 12 

sp238 Vriesea diamantinensis Leme 18 

sp239 Vriesea drepanocarpa (Baker) Mez 38 

sp240 Vriesea duvaliana E.Morren 40 

sp241 Vriesea ensiformis (Vell.) Beer 167 

sp242 Vriesea erythrodactylon E.Morren ex Mez 88 

sp243 Vriesea exaltata Leme 10 

sp244 Vriesea flammea L.B.Sm. 137 

sp245 Vriesea flava A.F.Costa, H.Luther & Wand. 54 

sp246 Vriesea fosteriana L.B.Sm. 11 

sp247 Vriesea friburgensis Mez 277 

sp248 Vriesea gigantea Gaudich. 102 

sp249 Vriesea gradata (Baker) Mez 27 

sp250 Vriesea guttata Linden & Andre 90 

sp251 Tillandsia heliconioides Kunth 43 

sp252 Vriesea heterostachys (Baker) L.B.Sm. 72 

sp253 Vriesea hieroglyphica (Carriere) E.Morren 16 

sp254 Vriesea hoehneana L.B.Sm. 39 

sp255 Vriesea hydrophora Ule 11 

sp256 Vriesea incurvata Gaudich. 283 

sp257 Vriesea inflata (Wawra) Wawra 44 

sp258 Vriesea interrogatoria L.B.Sm. 12 

sp259 Vriesea itatiaiae Wawra 28 

sp260 Vriesea jonghei (K. Koch) E.Morren 35 
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sp261 Vriesea lancifolia (Baker) L.B.Sm. 32 

sp262 Vriesea limae L.B.Sm. 10 

sp263 Vriesea longicaulis (Baker) Mez 52 

sp264 Vriesea longiscapa Ule 27 

sp265 Vriesea lubbersii (Baker) E.Morren 30 

sp266 Vriesea maguirei L.B.Sm. 11 

sp267 Vriesea minarum L.B.Sm. 43 

sp268 Vriesea minor (L.B.Sm.) Leme 14 

sp269 Vriesea minuta Leme 11 

sp270 Vriesea modesta Mez 17 

sp271 Vriesea morrenii Wawra 14 

sp272 Vriesea neoglutinosa Mez 64 

sp273 Vriesea oligantha (Baker) Mez 83 

sp274 Vriesea pabstii McWill. & L.B.Sm. 11 

sp275 Vriesea paraibica Wawra 23 

sp276 Vriesea paratiensis E.Pereira 16 

sp277 Vriesea pardalina Mez 14 

sp278 Vriesea pauperrima E.Pereira 18 

sp279 Vriesea philippocoburgii Wawra 135 

sp280 Vriesea platynema Gaudich. 190 

sp281 Vriesea platzmannii E.Morren 23 

sp282 Mezobromelia pleiosticha (Griseb.) Utley & H.Luther 35 

sp283 Vriesea poenulata (Baker)  Mez 19 

sp284 Vriesea procera (Mart. ex Schult. & Schult.f.) Wittm. 242 

sp285 Vriesea psittacina (Hook.) Lindl. 105 

sp286 Vriesea racinae L.B.Sm. 11 

sp287 Vriesea recurvata Gaudich. 20 

sp288 Vriesea regnellii Mez 12 

sp289 Vriesea reitzii Leme & A.F.Costa 19 

sp290 Vriesea rhodostachys L.B.Sm. 11 

sp291 Vriesea rodigasiana E.Morren 169 

sp292 Vriesea rubra (Ruiz & Pav.) Beer 22 

sp293 Vriesea ruschii L.B.Sm. 21 

sp294 Vriesea sazimae Leme 13 

sp295 Vriesea scalaris E.Morren 95 

sp296 Vriesea sceptrum Mez 23 

sp297 Vriesea schwackeana Mez 15 

sp298 Vriesea seideliana W.Weber 14 

sp299 Vriesea simplex (Vell.) Beer 90 

sp300 Vriesea stricta L.B.Sm. 13 

sp301 Vriesea thyrsoidea Mez 12 

sp302 Vriesea tijucana E.Pereira 18 

sp303 Vriesea triligulata Mez 16 

sp304 Vriesea unilateralis (Baker) Mez 57 

sp305 Vriesea vagans (L.B.Sm.) L.B.Sm. 111 
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sp306 Vriesea vellozicola Leme & J.A.Siqueira 16 

sp307 Vriesea wawranea Antoine 15 

sp308 Werauhia gigantea (Mart. ex Schult. & Schult.f.) J.R.Grant 28 

sp309 Werauhia gladioliflora (H.Wendl.) J.R.Grant 26 

sp310 Wittrockia cyathiformis (Vell.) Leme 64 

sp311 Wittrockia gigantea (Baker) Leme 20 

sp312 Wittrockia superba Lindm. 29 
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4 CONCLUDING REMARKS 

Through ecological niche analyses, it was possible to identify changes in the distribution 

patterns of non-marine ostracod species due to the effect of increased carbon emissions. Climate 

change will decrease the richness of ostracods in the Southern Cone basins of South America, 

mainly in the La Plata basin, in the medium term (2050) and long term (2080). We indicate a 

small part of the LPLA as a potential future climatic refuge for the ostracods communities that 

must be preserved in order to safeguard the biological diversity of the group. However, 

restrictions imposed by future climate forecasts will restrict some species of ostracods in poorly 

returned areas, especially in the extreme south of South America, potentially causing extinction 

processes. Considering the decrease in the distribution areas, there will be an increase in the 

number of species categorized as potentially threatened, especially towards the end of this 

century (2080) in both moderate-optimistic (4.5) and pessimistic (8.5) scenarios. 

Besides to demonstrating the effects of climate change at the community level, we show 

how interactions can be affected through the commensal relationship between the Elpidium 

phytotelmata and tank bromeliads. In this case, in addition to gradually restricting the Elpidium 

distribution area between the futures (2050 and 2080) in the carbon emission scenarios (4.5 and 

8.5) there is a factor that can aggravate the dispersion and survival of this ostracod: the 

unavailability of habitat (presence of tank bromeliads), since tank bromeliads can disperse in 

suitable regions opposite to Elpidium. Although the high complexity of biotic interactions is 

difficult to be analyzed, the mapping of the possible commensal interaction Elpidium and tank 

bromeliads can provide insights into the routing of ecological interaction networks under 

climate change scenarios. 

To mitigate the effects of climate change on the ostracods community and other 

invertebrates, it is still necessary to have more studies that accumulate knowledge about 
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dispersion and distribution of species in order to include them in freshwater conservation plans, 

which still neglect them. , and to support environmental policies that preserve the diversity and 

biological interactions in river basins of the Southern Cone of South America and in the 

phytotelm of the remaining of the Atlantic Forest. 
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