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ABSTRACT  25 

 26 

One key strategy to publicise the benefits of nature more effectively to people is to 27 

correlate indicators of human well-being with conservation needs. Turtles are important 28 

and publicly visible ecological indicator groups. We use continental turtles as flagship 29 

umbrella species in the Brazilian Atlantic Forest hotspot to design a conservation 30 

strategy that incorporates taxonomic (TD), functional (FD) and phylogenetic diversity 31 

(PD) for improved cost-effective outcomes. We first analyse the effectiveness of the 32 

current arrangement of protected areas (PAs) in safeguarding species by calculating the 33 

mean percentage overlap. We create three conservation models that differ in the amount 34 

of TD, FD and PD preserved. Each model defines a distinct plan (and cost) of paying 35 

landowners to participate in set-aside programs to preserve local habitats. We also 36 

analyse the performance of indicator species in representing TD, FD and PD gains and 37 

economic costs induced by payments for ecosystem services. The results show that 38 

species of continental turtles are not well conserved in the PAs. The spatial distribution 39 

of TD is highly correlated with that of FD and PD in the biome with high values in the 40 

central region, extreme North, and South of the Atlantic Forest, due to the co-existence 41 

of the evolutionary lineages. We suggest a program for conservation planning to protect 42 

a threatened biodiversity hotspot, the ecosystem functions provided by  flagship 43 

umbrella species, and its associated ecological and evolutionary values. Our findings are 44 

providing a representation of ecological and evolutionary values of continental turtles 45 

with annual economic benefits from environmental management tools. 46 

 47 

Keywords:  48 
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 51 

1. Introduction 52 

The importance of continental turtles for the stability and functioning of 53 

ecosystems is widely recognised (Hansen et al., 2010; Vitt and Caldwell, 2014; 54 

Matsumoto et al., 2014; Viana et al., 2017; Stanford et al., 2018). Their vast ecological 55 

contributions play a key role in aquatic and terrestrial habitats, as well as the flux 56 

between them, which are directly related to their sensitivity to environmental change 57 

(Schneider et al., 2009; Matsumoto et al., 2014). Affected by pollution, habitat loss, 58 

predatory hunting, and the pet trade (TEWG, 2015), more than half of the species of 59 

continental turtles (i.e., freshwater turtles and tortoises) are endangered with extinction 60 

(Rhodin et al., 2017), making them one of the most threatened vertebrate groups on 61 

Earth (Rhodin et al., 2018). In addition to controlling trophic dynamics in many 62 

ecosystems, continental turtles have significant environmental functions (Junk, 1997; 63 

Viana et al., 2017; Stanford et al., 2018). For one, these species can affect nutrient 64 

cycling at the ecosystem level, which in many cases ensures habitat quality for other 65 

species groups (Fuentes et al., 2014). Their interactions in the functioning of ecosystems 66 

also include soil bioturbation, seed dispersal, and ecosystem engineering processes 67 

(Hansen et al., 2010; Vitt and Caldwell, 2014; Viana et al., 2017). Loss of continental 68 

turtles in ecosystems can alter primary production and the community structure of 69 

faunal food chains, reduce energy transfer between ecosystems, and impact the quality 70 

of drinking water (Hopkins et al., 2013). However, turtles’ important contributions to 71 

natural ecosystems are highly threatened by habitat loss, pollution, and climate change - 72 
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with broad ecological consequences to human well-being (Fuentes et al., 2014; Stanford 73 

et al., 2018).  74 

 To simplify complex conservation problems into feasible strategies, the flagship 75 

and umbrella species concepts were developed for common ecological proxies 76 

(Veríssimo et al., 2011; Stuber and Fontaine, 2018). Based on similar ecological 77 

requirements, the concept of umbrella species suggests the protection of a wide range of 78 

co-occurring species as a shortcut for the conservation in ecosystems (Fleishman et al., 79 

2000: Seddon and Leech, 2008). Charismatic and well-known species to the public can 80 

be named as flagships species, are primarily intended to promote public awareness and 81 

to raise funds for conservation (Veríssimo et al., 2011). In this context, continental 82 

turtles can be defined as flagship umbrella species (i.e., flagship and umbrella species) 83 

whose conservation confers both functions (Caro, 2010). Many continental turtle 84 

species are freshwater, so actions that promote public and political involvement with 85 

these iconic freshwater species would give greater visibility to freshwater ecosystems 86 

and can motivate the public to take conservation action (Kalingat et al., 2017). 87 

However, the efficiency of such selected shortcuts in achieving conservation goals 88 

depends on how well represented are their ecological components (Dietz et al., 2015). 89 

Additional conservation actions are needed to safeguard the effectiveness of these 90 

conservation shortcuts among taxonomic groups without protection, particularly for 91 

continental turtles, which have only 10% of their range protected (Roll et al., 2017). 92 

Current environmental challenges facing humanity – including that of preserving 93 

key groups such as continental turtles – require effective approaches to biodiversity 94 

conservation planning (Corlett, 2015). Although controversial (Silvertown, 2015), one 95 

of the most realistic options is to incorporate the economic values of environmental 96 
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management into biodiversity policy-making (Atkinson et al., 2012). Given that 97 

conservation efforts are often limited by time and money (Naeem et al., 2016), a 98 

multifaceted framework of biodiversity components is key to ensure functioning 99 

ecosystems that provide social and ecological benefits in changing landscapes (Pollock 100 

et al., 2017). Ecological (functional) and evolutionary (phylogenetic) diversity are also 101 

needed to ensure biodiversity persistence in a changing world (Pressey et al., 2007). 102 

Functional diversity is a biodiversity dimension that represents the extent of ecological 103 

differences between species, based on differences in their morphological (e.g., body 104 

size), physiological (e.g., poisonous), or life history (e.g., habit) (Petchey and Gaston, 105 

2006). Phylogenetic diversity reflects the evolutionary histories of the species that 106 

coexist in a given area and quantifies how much of the Tree of Life is represented 107 

locally – an issue particularly relevant when one aims to preserve the evolutionary and 108 

adaptive potential of a biota over time (Magurran, 2004). Understanding the 109 

associations between the functional and phylogenetic components among species helps 110 

to formulate a hypothesis about evolutionary changes in the structure of communities 111 

(Hof et al., 2010). Any well-planned strategy for the conservation of functional and 112 

phylogenetic diversity requires detailed prior knowledge of the geographic distribution 113 

of the species to be evaluated (Campos et al., 2017), along with knowledge of their 114 

phenotypes and evolution.  115 

Here, we exemplify how the integration of information sources (spatial ranges 116 

and species richness, their phenotypes and life history, and evolutionary history) can be 117 

added to cost-effectiveness–based assessments for improved conservation outcomes. 118 

While crucial to protect threatened biodiversity hotspots and their ecosystem 119 

functioning relationships (Lawler and White, 2008), most analyses to date have not yet 120 
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compared and selected effective strategies for benefit-targeting conservation while 121 

considering multiple dimensions of biodiversity – particularly those reflecting their 122 

ecological and evolutionary legacies (Carbayo and Marques, 2011). How much does it 123 

cost to preserve these multiple dimensions within one group of organisms, and which 124 

targets should be selected by conservation strategies? While the evolutionary and 125 

ecological monetary value of species and taxonomic groups are often implicitly 126 

acknowledged in conservation planning, only a few studies have addressed this issue in 127 

an ecological landscape planning framework (e.g., Banks-Leite et al., 2014; Petersen et 128 

al., 2016). 129 

We use continental turtles (i.e., freshwater turtles and tortoises) as flagship 130 

umbrella species to illustrate how to incorporate knowledge of taxonomic, functional, 131 

and phylogenetic diversity in the Brazilian Atlantic Forest while integrating economic 132 

costs into practical conservation planning. We show a multifaceted framework of 133 

biodiversity components proposed as strong drivers of ecological and evolutionary 134 

processes in feasible conservation strategies. To verify the effectiveness of the existing 135 

protected areas (PAs), we first evaluate whether their current distribution in the 136 

Brazilian Atlantic Forest is efficient to protect the species of continental turtles. We then 137 

conduct a spatial prioritization scheme for biodiversity conservation and management 138 

by estimating cost-effective values for land set-asides under three scenarios that differ in 139 

the amount of taxonomic (TD), functional (FD) and phylogenetic diversity (PD) of 140 

continental turtles that they preserve.  141 

 142 

2. Methods 143 

2.1. Study area 144 
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We focus our analyses on the Brazilian Atlantic Forest Biodiversity Hotspot 145 

(Myers et al., 2000), which once covered around 150 million ha, and yet is now reduced 146 

to 6-10% of its Pre-Columbian range (Ribeiro et al., 2009). In this domain, 147 

heterogeneous environmental conditions are provided by a wide range of climatic belts 148 

and vegetation formations (Ribeiro et al., 2009): the forest has an altitudinal range that 149 

extends from sea level to up to 2,000 m above sea level in the mountain chains of the 150 

Serra do Mar and Serra da Mantiqueira (Cavarzere and Silveira, 2012). The longitudinal 151 

range of the forest allows it to harbour differences in tree composition due to a 152 

diminishing gradient in rainfall from the coast to the interior, and its latitudinal range 153 

extends into tropical and subtropical environments (Ribeiro et al., 2009) (Fig. 1 and Fig. 154 

S1).  155 

 156 

2.2. Spatial data 157 

We obtained spatial data from 15 species of continental turtles (two tortoises and 158 

13 freshwater turtles) that occur in the Brazilian Atlantic Forest to create an updated 159 

database of geographic distribution maps for all species. For that, we gathered the 160 

species distribution maps provided by the Chelonian Research Foundation and Turtle 161 

Conservancy ( Rhodin et al., 2017; https://iucn-tftsg.org/checklist/) in association with 162 

the  IUCN/SSC Tortoise and Freshwater Turtle Specialist Group, Turtle Conservation 163 

Fund, Global Wildlife Conservation, Conservation International, and IUCN Red List 164 

database (www.iucnredlist.org/), version 2020.3 (IUCN, 2020).  We also consulted 165 

Brazil’s Chelonian Red List (Vogt et al., 2015) and the Reptile Red List of the Espirito 166 

Santo State (Bérnils et al. in press) to confirm the geographic distribution of 167 

Chelonoidis denticulatus (see Table S1 for details). 168 

https://iucn-tftsg.org/checklist/
http://www.iucnredlist.org/
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To compile a list of species supported by the existing network of protected areas 169 

(PAs), we then compiled spatial data on the distribution of PAs of the Atlantic Forest 170 

from the Brazil’s Ministry of Environment database (MMA, 2017). We used only those 171 

PAs falling within IUCN (www.iucnredlist.org) categories (I to IV, IUCN 2020), which 172 

represent National, State, and Municipal PAs, a total of 133 protected areas. We then 173 

superimposed the species distribution data on a gridded representation of the PAs and 174 

the Brazilian Atlantic Forest, with a spatial resolution of 0.1 degrees (~10km2 grid cell). 175 

In preparation for the subsequent analyses, we used ArcGIS Pro software (ESRI, 2019) 176 

to create a presence/absence matrix of species per grid cell (10,359 grid cells) and a 177 

matrix describing the percentage of the grid cell occupied by PAs (133 PAs covered 876 178 

grid cells vs. 10,359 grid cells). 179 

 180 

2.3. Effectiveness of the existing PAs network 181 

To demonstrate the level of representativeness of the existing network of PAs in 182 

protects continental turtle diversity in the Atlantic Forest, we calculated the Mean 183 

Percentage Overlap - MPO. The MPO corresponds mean percentage of spatial overlap 184 

between the units in which the species occurs in the studied area and the protected areas 185 

(Sanchez-Fernandez and Abellán, 2015; Lourenço-de-Moraes et al., 2019a).  First, we 186 

obtained the spatial overlap (%) of each cell of the study area with the polygons of PAs. 187 

After, we used null models to test if the level of the MPO of each species was 188 

significantly different (lower or higher) than would be expected by chance, considered 189 

the number of occupied cells of each species (i.e., range size). For that, we used the 190 

software R (R Development Core Team, 2019) to compare the observed MPO value of 191 
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each species with MPO values obtained from 1,000 randomizations using a significance 192 

level of p < 0.05. 193 

 194 

2.4. Estimating Taxonomic, Functional and Phylogenetic diversity 195 

To estimate and map Taxonomic Diversity (TD), we added the number of turtle 196 

species in each one of the 10,359 grid cells of the Brazilian Atlantic Forest. To map 197 

Functional Diversity (FD), we built a database of six major categories of functional 198 

traits of continental turtles, representing morphology, life history, and behaviour 199 

characteristics (e.g., Vogt et al. 2015; see Table S2). The traits are: 1) body size 200 

(maximum length of the species); 2) habitat (open area, forest, or both); 3) habit (semi-201 

aquatic or terrestrial); 4) time of activity (day, night, or both); 5) diet (annelids, 202 

molluscs, arthropods, fishes, amphibians, mammals, birds, aquatic plants, or terrestrial 203 

plants/seeds); 6) environment (forest floor, swamp/lake, stream, river, or stream and 204 

river). For details of specific functions and ecosystem supporting services of each one 205 

of the functional traits assessed, see Table S3. To estimate the FD at each grid cell we 206 

followed Petchey and Gaston (2006) and 1) constructed a species-trait matrix; 2) 207 

converted the species-trait matrix into a species distance matrix, using Gower distances 208 

(Pavoine et al., 2009); 3) clustered the distance matrix into a dendrogram (UPGMA); 209 

and 4) calculated the total functional diversity in each grid cell by summing the 210 

dendrogram branch lengths leading to all species expected to be found in each grid cell 211 

in the biome.  212 

To estimate the Phylogenetic Diversity (PD) represented by continental turtles of 213 

the Brazilian Atlantic Forest, we used the turtle phylogeny inferred by Crawford et al. 214 

(2015) to calculate Faith’s (1992) PD index. Faith’s PD has been shown to appropriately 215 
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account for relatedness between taxa and evolutionary history in a conservation context 216 

(Pio et al., 2011). This PD index comprises the sum of the branch lengths in a 217 

phylogenetic tree of all species assessed and is often used in studies of phylogenetic 218 

diversity of co-occurring species (e.g., Rodrigues and Gaston, 2002; Safi et al., 2011; 219 

Trindade-Filho et al., 2012).  220 

To verify whether FD and PD were influenced by species richness (Devictor et 221 

al., 2010), we then applied independent swap null models (Swenson, 2014) in each cell 222 

of the 10,359 grid cells in Brazilian Atlantic Forest. Through them, we were able to ask 223 

if functional and phylogenetic diversity estimates were significantly different (lower or 224 

higher) than would be expected by chance at each cell. We computed 1,000 replicates of 225 

FD and PD, obtaining a p-value of predicted FD and PD as compared to the distribution 226 

of the random replicates. We then used simple linear regression models (testing 227 

normality through the Shapiro-Wilk test (Shapiro and Wilk, 1965) to evaluate 228 

correlations between TD, FD, and PD in each grid cell. All spatial analyses were 229 

performed using the packages "ade4", "picante", "FD", and "vegan" through the R 230 

software (R Development Core Team, 2019). 231 

 232 

2.5. Cost-effective conservation targets 233 

We used the cost-effective conservation strategy proposed for the Brazilian 234 

Atlantic Forest by Banks-Leite et al. (2016) to attribute an economic value for each km2 235 

of forest remnant preserved. These values of payment for ecosystem services paid 236 

annually per hectare were based on 21 pre-established pilot programs supported by the 237 

Ministry of Environment of Brazil. These pilot projects were strictly related to payment 238 

for the establishment and maintenance of settlements in the Atlantic Forest. Following 239 
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Banks-Leite et al. (2016), we set the value to be given to private forest owners analysing 240 

only non-PAs (areas under no protection). We assumed that areas that are already 241 

protected, through payment of ecosystem services in set-aside programs, as US$ 13,273 242 

for each km2, annually. To compare the trade-offs between biodiversity gains and 243 

economic costs, we implemented and contrasted three set-aside models, each based on a 244 

different conservation scenario, adapted from Campos et al. (2017):  245 

})/N))/0.5]TD (( [(0.9
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 248 

Model 1 identifies areas that hold very high levels of per-cell FD, PD, and TD ≥ 249 

90% (0.9) of the total observed in each cell of the 10,359 grid cells in the Brazilian 250 

Atlantic Forest; Model 2 identifies areas that hold high levels of per-cell FD, PD, and 251 

TD ≥ 70% (0.7) of the total observed; Model 3 identifies areas that hold medium levels 252 

of per-cell FD, PD, and TD ≥ 50% (0.5) of the total observed (N). We did not consider 253 

areas with FD, PD, and TD values lower than 50% of the total observed in the 254 

conservation targets assessed (i.e., Model 1, Model 2, and Model 3).  255 

Validating the implications of these models for applied ecology, we show a 256 

practical example of how to use this modelling approach in landscape planning, 257 

integrating biodiversity gains and economic costs through payments for ecosystem 258 

services (Fig. 2).  259 

 260 

2.6. Continental turtles as indicator species of conservation priority  261 
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To evaluate the efficiency of species indicator groups in representing one of the 262 

models for each priority model proposed, we calculated the Indicator Value Index 263 

(IndVal) of Dufrene and Legendre (1997). The IndVal index ranges from 0 to 1 and 264 

represents the proportional association between a species and a site group (i.e., Model 1, 265 

2, or 3) (Dufrene and Legendre, 1997). To verify the performance of each species as a 266 

potential indicator, we used optimization routines based on the concept of 267 

complementarity (Vane-Wright et al., 1991; Howard et al., 1998; Cabeza and Moilanen, 268 

2001). Thus, we evaluated whether the performance of the species indicator groups was 269 

higher or lower than that expected randomly, under a 95% confidence interval with 270 

1,000 permutations. Within a random distribution, species with p ≤ 0.05 were 271 

considered as potential species indicators of the spatial extent of each conservation 272 

scenario (i.e., Model 1, 2, or 3). This analysis was performed through the R software (R 273 

Development Core Team, 2019), using the "labdsv" package (Roberts, 2016). 274 

 275 

3. Results 276 

Estimates of MPO (i.e., mean percentage overlap) demonstrate that protected 277 

areas comprise a very small percentage of the range of the continental turtles that 278 

occupy the Brazilian Atlantic Forest. On average, only 1.5% of the species ranges are 279 

currently protected (individual species ranging from 0.1 to 5.9 %, SD ±1.6%; Table 1, 280 

Fig. 3). In 47% of the species, the level of protection is not significantly different than 281 

that expected by chance. Only 33% of the species (Acanthochelys radiolata, 282 

Chelonoidis denticulatus, Hydromedusa maximiliani, H. tectifera, and Trachemys 283 

dorbigni) had their distribution patterns significantly higher than expected by chance 284 

(Table 1, Fig. 3) with well level of representativeness of PAs network.  285 
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The maps show high taxonomic, functional and phylogenetic diversity in the 286 

east-central region, mainly in the regions of the mountain ranges of the Serra do Mar, 287 

the Central Corridor of the Atlantic Forest (CCAF), and the Pernambuco Endemism 288 

Centre (PEC) (Fig. 4 and Fig. S2). The highest values of TD, FD, and PD are distributed 289 

in the north-eastern portion of the forest (PEC), the central region (north and centre of 290 

Serra do Mar and south of CCAF), and south region (Rio Grande do Sul state) (Fig. 4 291 

and Fig. S1). Null models suggest that FD and PD values are different from those 292 

expected by chance (p < 0.001), indicating a non-random pattern of FD and PD. 293 

Functional, phylogenetic and taxonomic diversity are highly correlated (Fig. 5). 294 

Our results show that Model 1 (i.e., 90% of TD, FD, and PD) selects the region 295 

north of the Serra do Mar and south of CCAF. Model 1 represents the highest-priority 296 

regions due to having 90% of TD, FD, and PD for conservation. The Model 2 (i.e., 70% 297 

of TD, FD, and PD) select the region from the south, centre, and north of the Serra do 298 

Mar, to the south of CCAF, and the PEC. Model 3 (i.e., 50% of TD, FD, and PD) 299 

selects most of the Atlantic Forest domain, north, centre and south of Serra do Mar, 300 

south of CCAF, north, centre, and south of PEC, and western of Paraná and Santa 301 

Catarina. Model 1 has a small area when compared to Model 2 and 3 that showed larger 302 

land areas, which require higher investments. It is also important to note that Model 2 303 

covers areas with high PD values in the northern, centre and southern of biome (see 304 

Table 2, Fig. 6, and Fig. S1).  305 

Our results show that the species that indicate the models with areas with higher 306 

TD, FD and PD are Mesoclemmys hogei (IndVal 0.84) and C. denticulatus (IndVal 307 

0.74) for Model 1; C. carbonarius (IndVal 0.57) and Kinosternon scorpioides (IndVal 308 



14 

 

0.53) for Model 2; and Rhinoclemmys punctularia (IndVal 0.15) for Model 3 (Fig. 7, 309 

Table 3).  310 

 311 

4. Discussion 312 

Focusing on freshwater turtles and tortoises as flagship umbrella species, our 313 

findings report new priority areas for conservation in the Brazilian Atlantic Forest that 314 

may maximize the representation of biodiversity components at the lowest economic 315 

cost. In a world where conservation action is often limited by land-use costs (Lawler 316 

and White, 2008), the inclusion of economic factors is crucial in determining effective 317 

priorities for applied conservation (Silvertown, 2015; Sutton et al., 2016). In the book 318 

“Turtles in Trouble”, Stanford et al. (2018) highlighted a need to conserve endangered 319 

continental turtles on Earth. We suggest set-asides conservation scenarios through 320 

potential trade-offs for ecological and evolutionary processes with economic benefits. 321 

Under such ecological planning, biodiversity contribution to economic growth can be 322 

assessed in multiple ways of environmental protection. 323 

In general, the approach to choosing umbrella species is limited by differences in 324 

the ecological conditions required by individual species, and with a large number of 325 

species co-occurring, their needs are more likely to be different from those of umbrella 326 

species (Wang et al., 2018). In our approach, we use several species of continental 327 

turtles and map the points with the highest TD, FD and PD, to get the most information 328 

and consequently many sympatric species in terrestrial and aquatic ecosystems. Our 329 

approach does not only take into account species richness but their ecological and 330 

evolutionary values that would not be found using only species richness, mainly in 331 

continental turtles that have two distinct phylogenetic origins. Therefore, this approach 332 
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can have important evolutionary consequences that can also benefit co-occurring 333 

species. Functional traits arise through natural selection processes based on ecological 334 

pressures to which species are subjected the evolutionary changes (e.g., Grant and 335 

Grant, 2014). Thus, it is expected that co-occurring species will benefit from this 336 

strategy since many researchers have found an evolutionary congruence between 337 

different taxonomic groups (e.g., Zhou et al., 2019). However, we suggest further 338 

studies to confirm this spatial pattern in different taxonomic groups, which limits the 339 

dispersion and distribution of species. 340 

Similar to studies of Atlantic Forest snakes (Lourenço-de-Moraes et al., 2019a), 341 

we reveal that the ranges of most species of continental turtles lay outside of the current 342 

network of PAs in the Brazilian Atlantic Forest. The conservation scenario is 343 

worrisome, as 67% of the species have restricted distributions and a low level of 344 

representativeness in the PA network. The species Mesoclemmys vanderhaegei is the 345 

most alarming case; the present configuration of PAs fails to overlap with its range 346 

entirely. In this context, the ecological and evolutionary values promoted by these 347 

animals in the Atlantic Forest are threatened. However, this species (M. vanderhaegei) 348 

occurs in other biomes such as Pantanal and Cerrado, suggesting further studies on this 349 

species to ensure its conservation. 350 

We find that continental turtles of the Brazilian Atlantic Forest exhibit 351 

taxonomic diversity characteristics that are correlated with their ecological and 352 

evolutionary diversity patterns. This observed pattern is similar to the previously 353 

reported for the Atlantic Forest amphibians (Campos et al., 2017; Lourenço-de-Moraes 354 

et al., 2019b). Moreover, distribution patterns show that the species that co-exist in the 355 

north of Serra do Mar, south of CCAF, extreme north-eastern and southern regions of 356 
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the Brazilian Atlantic Forest are phylogenetically distinct from each other, much more 357 

so than the species that co-exist out of those areas. This leads to a spatial pattern of 358 

accumulation of phylogenetic diversity that is unique to this group and an important 359 

issue to be considered in the conservation process. The pattern results from the joint 360 

presence of representatives of the suborder Cryptodira and Pleurodira: these two distinct 361 

evolutionary lineages occur in sympatry mainly in the extreme north (e.g., Kinosternon 362 

scorpioides and Phrynops geoffroanus) and in the extreme south of the biome (e.g., 363 

Trachemys dorbigni and Hydromedusa tectifera). Given the absence of PAs in these 364 

regions, our results point to conservation gaps and help to guide the establishment of 365 

new private and public reserves. 366 

Apart from this accumulation of PD in the south and north, other areas that hold 367 

high ecological and evolutionary diversity values (i.e., TD, FD and PD) of continental 368 

turtles agree with several studies of other endemic groups (i.e., Serra do Mar, CCAF, 369 

and PEC). These regions have been considered important refuges for biodiversity, 370 

especially amphibians (Carnaval et al., 2014; Campos et al., 2014; Santos et al., 2020) 371 

and snakes (Moura et al., 2017).  372 

We argue for the use of Model 1 (i.e., very high priority) and Model 2 (i.e., high 373 

priority) as an indicator of new key conservation areas in the Atlantic Forest with 374 

crucial implications in landscape planning (see Fig. 2). The regions prioritized by 375 

Model 1 and 2 – that is, those sites that hold 90 % and 70% of the TD, FD and PD 376 

diversity dimensions respectively in continental turtles – also corresponds to the 377 

approximate location of Pleistocene climatic refugee inferred for amphibians (Carnaval 378 

et al., 2009), and a known Anthropocene refugee for amphibians and snakes (Lourenço-379 

de-Moraes et al., 2019a, b; Santos et al., 2020). Because these same areas are poorly 380 
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protected by the current PA network (2.9% of its extension), and given that turtles and 381 

amphibians are the most endangered vertebrates (Hoffman et al., 2010; Rhodin et al., 382 

2018), they seem especially appropriate for conservation efforts under limited budgets 383 

(Campos et al., 2017). Indicator species of the prioritization arrangement flagged by 384 

Model 1 include Mesoclemmys hogei, which is listed as critically endangered by the 385 

Tortoise and Freshwater Turtle Specialist Group (TFTSG) and the Brazilian Red List 386 

(Vogt et al., 2015), and recognized as endangered by IUCN (2020). According to 387 

Rhodin et al. (2017), the tortoise Chelonoidis denticulatus was considered outside of the 388 

Atlantic Forest. However, the species already has been found in the forests of south 389 

Bahia and Espirito Santo states (Vogt et al., 2015; Bérnils et al. in press). Our findings 390 

suggest this species as a potential indicator group for the conservation of evolutionary 391 

and ecological values of continental turtles in the Brazilian Atlantic Forest (Model 1 – 392 

very high priority), which is also listed as near threatened by TFTSG and vulnerable by 393 

the IUCN (2020).  394 

While we acknowledge that our models present solutions for the current time, 395 

the conservation of Atlantic Forests corridors (Campos et al., 2020) may allow species 396 

to take shelter in known climatic refuges (i.e., Serra do Mar, CCAF, and PEC), which 397 

are also protected by the models presented here. Continental turtles are under intense 398 

pressure from humans (Stanford et al., 2018; Fagundes et al., 2018), being negatively 399 

affected by the advancement of human development, agriculture, and land and water 400 

pollution (Lourenço-de-Moraes et al., 2018; Stanford et al., 2018; Figueiredo et al., 401 

2019). In the Atlantic Forest, natural areas have been heavily impacted by 402 

anthropogenic activity over the last 500 years (Dean, 1995), giving way to agriculture 403 

and pasture mainly (Ribeiro et al., 2009); human-made fires also are a known cause of 404 



18 

 

freshwater turtle death (Oliveira et al., 2018). Despite previous analyses of extinction 405 

risks (e.g., Vogt et al., 2015), our results show that the taxonomic, functional and 406 

phylogenetic dimensions of the diversity of Atlantic Forest continental turtles are still 407 

not protected – and propose a novel way to prioritize new areas for conservation that 408 

effectively preserve the ecological and evolutionary dimensions of regional turtle 409 

diversity, even under financial stress. The fact that new species of continental turtles are 410 

still expected to be discovered and described makes the expansion of PAs even more 411 

desirable (Oliveira et al., 2018). 412 

The current political crisis and budget cuts to Brazilian science demand 413 

improved environmental action and funding for land-based investments guided by an 414 

understanding of biodiversity values and contributions. Although applied here to 415 

freshwater turtles and tortoises, our approach can be expanded and used in conservation 416 

plans of any other taxonomic group. We hope this framework can be useful for 417 

decision-makers and key conservation players aiming to protect the multiple dimensions 418 

of biodiversity under limited budgets.  419 
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Tables 707 

Table 1 708 

Mean percentage of spatial overlap (MPO) between the range of continental turtle 709 

species and protected areas in the Brazilian Atlantic Forest. Results of null models 710 

describing the representativeness of the species in protected areas: (+) denotes values 711 

significantly higher than expected by chance, (-) denotes values significantly lower than 712 

expected by chance, and (*) denotes non-significant (p < 0.05) values. The 713 

nomenclature follows Uetz (2019). 714 

N Species 

MPO 

Observed 

MPO 

randomised 

Representativeness 

sp1 Acanthochelys radiolata 3.06 2.07 + 

sp2 Acanthochelys spixii 2.39 2.07 * 

sp3 Chelonoidis carbonarius 1.89 2.06 * 

sp4 Chelonoidis denticulatus 3.80 2.05 + 

sp5 Hydromedusa maximiliani 5.98 2.06 + 

sp6 Hydromedusa tectifera 3.51 2.07 + 

sp7 Kinosternon scorpioides 2..02 2.09 * 

sp8 Mesoclemmys hogei 2.21 2.06 * 

sp9 Mesoclemmys tuberculata 1.44 2.06 * 

sp10 Mesoclemmys 

vanderhaegei 

0.88 2.06 - 

sp11 Phrynops geoffroanus 1.75 2.07 - 

sp12 Phrynops hilarii 1.40 2.06 * 

sp13 Phrynops williamsi 2.21 2.09 * 
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sp14 Rhinoclemmys punctularia 0.12 2.06 - 

sp15 Trachemys dorbigni 3.53 2.10 + 

 715 

716 
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Table 2  717 

Table 2: Cost-effective conservation of evolutionary and ecological values (TD, FD, 718 

and PD) of continental turtles in the Brazilian Atlantic Forest. Model 1, very high 719 

priority (90% of TD, FD, and PD); Model 2, high priority (70% of TD, FD, and PD); 720 

Model 3, medium priority (50% of TD, FD, and PD). Percentage of rivers, forest 721 

remnants, protected areas (PAs), and area (km2) are also provided.  722 

Priority    

Scenarios 

Rivers 

(%) 

Forest 

remnants (%) 

PAs 

(%) 

Area 

(km2) 

Cost-effectiveness 

(million dollars/year) 

Model 1 1.15 12.10 6.90 1,377.76 18.28 

Model 2 17.61 14.20 6.85 62,106.92 824.34 

Model 3 19.69 15.04 5.96 95,028.13 1,261.30 

 723 

724 
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Table 3 725 

Species indicator groups for the conservation of evolutionary and ecological values 726 

(TD, FD, and PD) of continental turtles in the Brazilian Atlantic Forest. Model 1, very 727 

high priority (90% of TD, FD, and PD); Model 2, high priority (70% of TD, FD, and 728 

PD); Model 3, medium priority (50% of TD, FD, and PD). The nomenclature follows 729 

Uetz (2019). 730 

Species indicator groups Conservation targets IndVal p-value 

Mesoclemmys hogei Model 1 0.84 0.001 

Chelonoidis denticulatus Model 1 0.74 0.001 

Hydromedusa maximiliani Model 1 0.66 0.001 

Acanthochelys radiolata Model 1 0.51 0.002 

Phrynops geoffroanus Model 1 0.44 0.003 

Chelonoidis carbonarius Model 2 0.57 0.001 

Kinosternon scorpioides Model 2 0.53 0.001 

Mesoclemmys tuberculata Model 2 0.45 0.001 

Rhinoclemmys punctularia Model 3 0.16 0.025 

731 
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Figures 732 

 733 

Fig. 1. Spatial distribution of the Brazilian Atlantic Forest. (a) Pre-Columbian 734 

distribution of Brazilian Atlantic Forest in South America; (b) forest remnants and main 735 

rivers in the Brazilian Atlantic Forest. Source: SOS Mata Atlântica & INPE (2019). 736 



36 

 

 737 

Fig. 2. The figure shows the hypothetical application of Model 1 (very high priority) for 738 

the conservation of continental turtles in four-steps landscape planning. In step 1, the 739 

choice of the Model which can help in the area where the decision-maker will conserve; 740 

in step 2, to find in the specialized literature or field research, the indicator species of 741 

the chosen model; in step 3, to calculate the size of the area to be conserved using the 742 

formula indicated in the figure (in American dollar USD); and finally, in step 4, the 743 

payment to the landowner to maintain the area conserved by the ecosystem services 744 

provided. 745 

 746 
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 747 

Fig. 3. Relationship of the Mean Percentage Overlap (MPO), percentage of spatial 748 

overlap between continental turtles’ distribution and PAs in the Brazilian Atlantic 749 

Forest, and the number of cells occupied by the species. (a) Species are numbered and 750 

represented by black dots. The dashed lines show mean percentage overlap from 1,000 751 

randomisations, and grey surface represents the random range, which indicates the 752 

range of 95% of the randomised data; (b) percentage of continental turtles’ species that 753 

are well represented by MPO. 754 

755 
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 756 

 757 

Fig. 4. Spatial distribution of Taxonomic Diversity (TD), Functional diversity (FD), and 758 

Phylogenetic Diversity (PD) of continental turtles in the Brazilian Atlantic Forest.   759 

760 
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 761 

 762 

Fig. 5. Relationships between Taxonomic Diversity (TD), Functional diversity (FD), 763 

and Phylogenetic Diversity (PD) of continental turtles in the Brazilian Atlantic Forest. 764 

(a) TD vs. PD, (b) TD vs. FD, and (c) FD vs. PD.  765 

766 
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 767 

 768 

Fig. 6. Spatial distribution of the three prioritization models for the conservation of 769 

evolutionary and ecological values (TD, FD, and PD) of continental turtles in the 770 

Brazilian Atlantic Forest. Model 1 flags areas holding 90% of TD, FD and PD; Model 771 

2, 70% of TD, FD and PD; Model 3, 50% of TD, FD and PD.  772 
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 773 

Fig. 7. Species indicator groups for the conservation of evolutionary and ecological 774 

values (TD, FD, and PD) of continental turtles in the Brazilian Atlantic Forest. Model 1, 775 

very high priority (90% of TD, FD and PD); Model 2, high priority (70% of TD, FD 776 

and PD);  Model 3, medium priority (50% of TD, FD and PD). (*) Species with the 777 

highest IndVal values. The nomenclature follows Uetz (2019).  778 


