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Abstract 

Biodiversity is declining at unprecedented rates in a rapidly changing world in which most 

species remain to be discovered. Thus, it is essential that countries generate mechanisms to 

quantitatively measure biodiversity and monitor its changes. Uruguay, in particular, covers a 

peculiar area where multiple bioregions of South America converge geographically, potentially 

driving unique biodiversity hotspots that result from the biogeographic connection of multiple 

bioregions. However, whether such hotspots exist in this country remains an open question, 

given the exceptionally limited knowledge about larger-scale biodiversity patterns. Although 

efforts have been made to document the distribution of biodiversity in Uruguay, comprehensive 

studies across the tree of life are limited and have received less attention. The aim of this study 

was to use Uruguay as a model region to quantify the patterns and processes of biodiversity 

across the Tree of Life. A key finding was to reveal that a strong sampling bias has historically 

affected the reconstruction of diversity patterns across all taxonomic groups in Uruguay. 

Therefore, it is not possible to draw definite conclusions as to whether the patterns of 

biodiversity we observe are real or fabricated by tactical sampling practices. This study 

highlights the critical knowledge shortfall situation in which Uruguay stands and, at the same 

time, suggests a first approach and a path to transit to start tackling this issue. Every finding in 

our study is a critical step towards the ambition to start a scientific quantification of biodiversity 

in this country, to provide a resource for organisations and scientists, and to raise awareness at 

the government level.  
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Chapter 1 

General Introduction  
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Global change  

The Anthropocene 

The rate of global change in climate and in the destruction of habitats throughout the past 50 

years is unprecedented in human history (Butchart et al. 2010; Cardinale et al. 2012; CBD 

2020; WWF 2020), comparable both in speed and magnitude to the five previous mass 

extinctions in the history of the Earth (Dirzo et al. 2014; Steffen et al. 2011; Urban 2015). 

Future scenarios consistently show that biodiversity will continue to decline over the century 

– as the pressures driving this decline are intensifying (IPCC 2014) – and will cascade onto 

affecting ecosystem functioning and human well-being (CBD 2020; Jantz et al. 2015; Pereira 

et al. 2010). The most pressing and direct drivers of this impact are associated to the changes 

in land and sea use, direct exploitation of organisms, climate change, pollution and invasion of 

alien species (IPBES 2019). Indirect drivers of change have also been recognised, such as 

human patterns of production and consumption, human population dynamics and trends, trade, 

and technological innovations, amongst others (IPBES 2019).  

Over the last few decades, scientists have evaluated the risks and impact of future climate 

change  (IPCC 2007, 2014) and have called for transformative changes from policy makers 

(Díaz et al. 2019). However, according to the last Global Biodiversity Outlook assessment of 

the Convention on Biological Diversity, none of the 20 Aichi Biodiversity Targets – a set of 

measurable goals agreed in 2010 with a 2020 deadline – have been fully reached (CBD 2020). 

Nonetheless, there are several studies quantifying how conservation actions have contributed 

at global scale (Bolam et al. 2020; Cazalis et al. 2020) comprising highly valuable examples 

that demonstrate the power that these tools can have in the direction of impeding biodiversity 

loss.  
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Biodiversity loss 

Declines in biodiversity and extinction risks fluctuate over time and geographic space. In the 

last 500 years, more than 600 vertebrate species have become extinct worldwide (IPBES 2019) 

and those remaining show a 68% average decrease in their population abundances (WWF 

2020). Invertebrate populations over the past 40 years show a massive worldwide decline (e.g. 

45% in insects (Wagner 2020)) and around 40% of species are threatened with extinction 

(Dirzo et al. 2014). Conversely, the extinction rate of plant species is essentially slower than 

for animals (Cronk 2016; Nic Lughadha et al. 2020), yet nearly 600 seed plant species have 

gone extinct over the past three centuries (Humphreys et al. 2019; Nic Lughadha et al. 2020).  

As the Anthropocene progresses facing the above challenges (Dirzo et al. 2014; Steffen et al. 

2011; Young et al. 2016), the majority of species remain to be discovered (Mora et al. 2011). 

Despite 250 years of taxonomic classification, 86% of the existing species at the terrestrial 

level and 91% of the species in the ocean still await description (Mora et al. 2011; Stork 2018). 

Likewise, more than 50% of plant species have likely been discovered and more than 90% of 

fungi remain unknown (Cheek et al. 2020). Among those species that have been discovered 

only 5% have been evaluated for conservation to date (IUCN 2020; Pimm et al. 2014). For 

instance, most plant and fungal species lack a global extinction risk assessment (IUCN 2020), 

while it is estimated that 39% of all known and unknown (i.e. predicted) vascular plant species 

are currently threatened with extinction (Nic Lughadha et al. 2020). Therefore, under a critical 

global change scenario and a high need for informed decision making , it is now more important 

than ever for countries to generate mechanisms to quantitatively measure biodiversity and 

monitor its changes (Jarvis et al. 2020; Yoccoz et al. 2001). 
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Global biodiversity 

Organisation across spatial, temporal and taxonomic scales 

Biodiversity is asymmetrically distributed across the globe: it varies among and within 

geographic regions, between terrestrial and aquatic environments, and among different taxa 

(Brown 1995; Gaston & Blackburn 2008; Lomolino et al. 2017). Variation within gradients 

across space (e.g. latitude, longitude, altitude and depth) and environment (e.g. topography, 

temperature and humidity) have been reported for a wide variety of taxonomic groups across a 

range of spatial resolutions (Gaston 2000; Worm & Tittensor 2018). Some of the most general 

patterns that can be found in nature are that the number of species almost always increases as 

a function of the area (Lomolino 2000) and, that for many different groups of organisms, 

species diversity is greater in the tropics and declines steadily towards the poles (Hillebrand 

2004; Willig et al. 2003). However, these patterns can often be the result of a variety of different 

causal pathways deeply related to the spatial, temporal and taxonomic scale of the studies 

(Vellend 2016; Zhao et al. 2016) and, therefore, general theories to infer processes from these 

patterns are rather limited (D'Amen et al. 2017; Rapacciuolo & Blois 2019; Worm & Tittensor 

2018). 

 

Drivers and processes 

Numerous underlying driving environmental factors causing the non-random patterns of 

biodiversity globally have been hypothesised (Worm & Tittensor 2018). These can be 

described within three categories: 1) factors promoting biodiversity (e.g. solar radiation, 

thermal energy, productivity and environmental stability), 2) factors limiting biodiversity (e.g. 

environmental stress, disturbance or seasonality), and 3) factors focused on the habitat where 

the diversity pattern emerges (e.g. habitat size, complexity or shape) (Worm & Tittensor 2018). 

In addition, four fundamental high-level processes are proposed to be in place: the movement 
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of organisms across space (dispersal), random changes in species’ relative abundances (drift), 

deterministic differences in fitness between individuals of different species (selection), and the 

creation of new species (speciation) (Rapacciuolo & Blois 2019; Vellend 2016). All in all, 

when considering the drivers and predictors of biodiversity patterns (e.g. species abundance, 

occurrence, composition, and diversity), it is crucial to consider that the processes operating 

vary across multiple scales of space and time (Chase et al. 2020) and the taxonomic group 

considered. 

 

Biodiversity hotspots  

‘Biodiversity hotspots’ are areas characterised by exceptionally high relative concentrations of 

species, or with unusually high numbers of endemic and endangered species (Myers 1988, 

2003; Myers et al. 2000). There are currently 35 areas defined as biodiversity hotspots across 

the world (Mittermeier et al. 2011), combined they cover a surface area of 3.4 million km2 

(2.3% of the world’s land area). Recent studies have also focused in hotspots of evolutionary 

history and functional diversity, that consider species that support unique and irreplaceable 

roles within the ecosystem (Davies & Cadotte 2011; Marchese 2015). 

Hotspots are considered regions of primary concern for conservation planning. Resources for 

conservation are limited (Waldron et al. 2013), therefore, it is critical for spatial conservation 

prioritisation to identify these areas of high value where efforts should be allocated (Eken et 

al. 2004; Fletcher & Fortin 2018). Ecological criteria such as vulnerability, irreplaceability and 

representativeness have been used to select priority areas (Marchese 2015; Mittermeier et al. 

2011), which have exerted unprecedented impacts for the implementation of conservation 

actions (Böhm et al. 2013; Roll et al. 2017).  

The macroecological hypothesis postulates that biodiversity hotspots are driven by 

environmental factors varying through geographic space (i.e. some areas are more prone to 
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host exceptional diversities of organisms across different lineages) with different level of 

variable influence according to the taxon under analysis (Gaston & Blackburn 2008). Within 

large spatial scales, species richness of higher taxa, such as genera and families, are expected 

to covary closely (i.e. latitudinal or altitudinal diversity gradients) (Hillebrand 2004; Willig et 

al. 2003) and therefore can be explained by similar sets of climate and environment variables 

(Currie et al. 2004). However, increasing evidence shows that areas of high species richness 

are not always concordant with hotspots of endemism or threat (Feng et al. 2011; Orme et al. 

2005; Westgate et al. 2014) and incongruities between spatial occurrence of peaks in the 

richness of different taxon groups are often observed (Roll et al. 2017). This is primarily 

important when identifying areas in which to maximise conservation investments, given that 

the selection of a particular metric as a surrogate (e.g. species-richness) can greatly influence 

the decision making process to mitigate the effects of anthropogenic drivers (Davies & Cadotte 

2011). 

 

Quantifying macroecological patterns of biodiversity 

Metrics and scales 

A crucial step towards a better understanding and management of biodiversity often consist of 

mapping species distributions for the identification of such biodiversity hotspots (Davies & 

Cadotte 2011; Franklin 2010). Biodiversity can be measured on the basis of several species 

level metrics, such as species richness, endemism and extinction vulnerability (Hughes et al. 

2002; Myers et al. 2000; Orme et al. 2005), as well as considering evolutionary history and 

functional diversity (Davies & Cadotte 2011). Perhaps the simplest and most practical measure 

of biodiversity in terms of the ease and amount of data acquirement is species richness – 

number of species recorded at a given location (Peterson et al. 2011; Worm & Tittensor 2018). 

Communities may differ in species richness measures because of differences in underlying 
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numbers of species they assemble, differences in the shape of the relative abundance 

distribution (e.g. few abundant species and many rare), or due to differences in the number of 

individuals that are being sampled (i.e. detectability, sampling bias) (Chao et al. 2020; Gotelli 

& Colwell 2001).  

Similarly, the unit of analysis is highly important, as diversity drivers and patterns vary across 

scales of space and time (Dale & Fortin 2014; Hurlbert & Jetz 2007). Thus, spatial conservation 

planning critically needs spatially resolved data at a small‐grain scale that covers large spatial 

extents to increase the feasibility of scaling up pattern‐process relationships from small to large 

scales (Chase et al. 2020; Vellend 2016).  

 

Knowledge shortfalls 

Key shortfalls in biodiversity knowledge have been identified (Hortal et al. 2015). They include 

knowledge gaps for species taxonomy (Linnean), distribution (Wallacean), abundance 

(Prestonian), evolutionary patterns (Darwinian), species traits (Raunkiæran), abiotic tolerances 

of species (Hutchinsonian) and biotic interactions (Eltonian) (Hortal et al. 2015). The 

Wallacean shortfall, in particular, states that the knowledge about the geographic distribution 

of most species is incomplete; it is inadequate at all scales most of the time (Lomolino et al. 

2017). 

Certain regions of the Earth are better sampled than others (Beck et al. 2014; Boakes et al. 

2010; Ondei et al. 2018). For instance, Europe, North America and Australia are the best 

studied regions (proportional to their surface area), while more diverse tropical regions, 

particularly South America, Asia or Africa, are severely underrepresented (Beck et al. 2012; 

Meyer et al. 2015a; Meyer et al. 2016). This may be attributed to the differences between 

countries and regions in scientific capacity (i.e. local scientific resource allocation), data 

digitalisation and sharing policies, and accessibility (Boakes et al. 2016; Meyer et al. 2015a; 
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Pereira et al. 2010). Biodiversity-rich data-poor regions, unfortunately, tend to be the ones 

experiencing the greatest threats to biodiversity (Oliveira et al. 2019; Schmeller et al. 2017).  

 

Biodiversity Informatics 

Biodiversity informatics has been defined as “the application of information technologies to 

the management, algorithmic exploration, analysis and interpretation of primary data regarding 

life” (Canhos et al. 2004; Soberón & Peterson 2004). At the beginning, the focus of this area 

of knowledge was primarily data-centred – comprising activities related to data extraction and 

capture, data compilation and sharing, and data display and visualization (Peterson et al. 2010). 

Today, this pool of methods are still substantial, yet it is mostly the key questions, ideas and 

concepts that drive the development of new technological and data resources. Over these past 

two decades, biodiversity informatics has developed into a fundamental infrastructure for 

biodiversity sciences (Bisby 2000; Gadelha Jr et al. 2021; Guralnick & Hill 2009; Hardisty et 

al. 2013; Osawa 2019), particularly for areas such as taxonomy, biogeography and ecology. 

The field has expanded and diversified in terms of the scope, objectives, and methodologies. 

However, critical challenges still persist (e.g. data quality and representativeness) (Anderson 

et al. 2020). 

 

Digitally accessible data 

Throughout the last three decades, efforts to expand the spatial and taxonomic coverage of 

biodiversity datasets have driven important advances into our understanding of the ecology, 

evolution and conservation of the world’s ecosystems (Böhm et al. 2013; Hoffmann et al. 

2010). In this regard, Aichi Target 19 specifically mandates that: “By 2020, knowledge, the 

science base and technologies relating to biodiversity, its values, functioning, status and trends, 

and the consequences of its loss, are improved, widely shared and transferred, and applied” 
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(CBD 2020; Meyer et al. 2015a). However, the difficulty of creating truly comprehensive 

datasets that cover a predominant proportion of species from across the tree of life in a 

geographic region or of an entire lineage across their global distribution is still a major 

challenge intrinsic to studies of biodiversity organisation (Buckland & Johnston 2017; Grenyer 

et al. 2006; McRae et al. 2017; Stropp et al. 2016). As access to primary biodiversity data is 

becoming increasingly fundamental (Peterson et al. 2018; Soberón & Peterson 2004), 

initiatives devoted to the creation of accurately complete biodiversity datasets (i.e. digitally 

accessible data (Sousa-Baena et al. 2014)) are expected to hold a vital key to understand and 

manage biodiversity (Anderson et al. 2020; Goddard et al. 2011; Soberón & Peterson 2004). 

Two main global efforts that have enabled large-scale biodiversity data integration are the 

Global Biodiversity Information Facility (GBIF, https://www.gbif.org/), with over 1,600 

million records and 6.5 million species, and the Ocean Biogeographic Information System 

(OBIS, http://www.iobis.org/), with over 64 million records of 137,000 species. As well, a key 

step for making the data digitally accessible and for the interoperability between different 

sources (e.g. online platforms, natural collections, literature, citizen-science initiatives) has 

been the development of common spatial, temporal and taxonomic metrics, standards and 

protocols, such as DarwinCore (Wieczorek et al. 2012). 

 

South America  

The Neotropical region has been identified as one of the most prolific taxonomic, phylogenetic 

and functional hotspots of biodiversity in the world (Antonelli et al. 2018). At the same time, 

it is one of the areas where biodiversity is declining at higher rates (WWF 2020). The enormous 

diversity of the South American continent is fundamentally driven by the mega-productive and 

heterogeneous ecoregions that create areas of high species richness (e.g. the Amazon), high 

endemism (e.g. the Andes), and high dispersal potential (e.g. the Pampas). Combined, these 
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ecoregions make South America a unique continental-scale assemblage of unprecedented value 

for research to advance our understanding of ecological and evolutionary processes, large-scale 

patterns of biodiversity, and ecosystem management (Antonelli et al. 2018). Surprisingly 

however, one of the key biological areas of South America, Uruguay, where multiple such eco-

regions converge and overlap, remains one of the world’s most neglected areas in terms of its 

biodiversity. 

 

Uruguay 

Uruguay covers a small territorial area (176,220 km2) (Figure 1.1) and has a relatively uniform 

elevation (513m maximum altitude), with a temperate to sub-tropical climate and wide seasonal 

variations (Garreaud & Aceituno 2007). It is located between latitudes 30°S and 35°S, 

occupying a large part of the Rio de la Plata Grasslands – one of the most extensive areas of 

natural grasslands in the world (Andrade et al. 2018; Soriano 1992) – with coast to the South 

Atlantic Ocean – one of the most biologically productive ocean areas in the world (Franco et 

al. 2020). The country’s main economic activities are related to agricultural production 

(Cespedes-Payret et al. 2009; Paruelo et al. 2006). Over the last two decades Uruguay has 

undergone a farming intensification process, mainly associated to intensive soybean production 

and afforestation with exotic species, displacing the traditional practices of extensive mixed 

cattle range and extensive agriculture production (Achkar et al. 2011; Achkar et al. 2006). As 

a result, more than 30% of the land use/land cover has been modified (Baldi & Paruelo 2008; 

Redo et al. 2012) and it is projected to reach 48% loss of original habitat in the next ten years 

(Brazeiro et al. 2020). Conversely, Uruguay is the country with the least developed network of 

protected areas in the region (Baldi et al. 2019; Maxwell et al. 2020; Soutullo & Gudynas 

2006), where merely 1.3% of the land surface is guarded by protected areas (SISNAP 2020).  
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Figure 1.1 – Map of Uruguay. Satellite base map showing Uruguay’s administrative borders (black lines), 

neighbouring countries and main water courses (blue lines – thickness relative to the watercourse level). Source: 

Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS 

User Community. 

 

Biogeography 

Traditionally considered as part of the Pampa Province (Cabrera & Willink 1973), within the 

Uruguayan district (Morrone 2014; Morrone 2017) and the Uruguayan savanna ecoregion 

(Dinerstein et al. 2017), the continental and marine territories of Uruguay are identified by the 

convergence of diverse ecosystems that characterise different areas of the continent. These 
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convergences have led to singular spatial congruences of species coexistences, making 

Uruguay a distinctive organised bioregion (Arballo & Cravino 1999; Brussa & Grela 2007; 

Chebataroff 1942; Claramunt & Cuello 2004; González 2000; Gudynas 1984). However, in 

strong contrast with these unusual features, the biodiversity patterns and the boundaries and 

ecotones of the convergence of such major ecoregions remain poorly understood (Figure 1.2). 

Additionally, the apparent uniformity of the landscape of this country is under debate. For 

instance, recent analysis based on the distribution of Ephemeroptera species suggested that 

Uruguay (and southern Brazil) should not be considered part of the Pampean province and that 

it should be treated as a distinct biogeographical province as it represents the southern limit of 

tropical affinities (Dos Santos et al. 2016). More studies also support the influence of 

neighbouring biogeographic regions, such as for woody flora (Grela 2004; Guido & Mársico 

2011; Haretche et al. 2012), Opiliones (Simó et al. 2014) and mammals (Grattarola & 

Rodríguez-Tricot 2020). 

 

 

Figure 1.2 – Regionalisation of biodiversity in Uruguay. Based on (a) Tetrapod’s ecoregions by Brazeiro et al. 

(2008), and (b) phytogeographic regions of woody flora by Grela (2004). Maps adapted from the original sources. 
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Conservation 

Overall, more than 30% of Uruguay's vascular plants, fresh-water molluscs and vertebrate 

species currently face a high risk of extinction in the country (Soutullo et al. 2013). The main 

threats to biodiversity include urban and tourist development (mainly in the coastal zone), 

invasive alien species, changes in climatic conditions (e.g. droughts, extreme events), pollution 

of watercourses as a result of agricultural, urban and industrial waste and effluent disposal, 

excess of energy (i.e. eutrophication), livestock (including fire management), afforestation, as 

well as harvesting (e.g. illegal trade in species), hunting, logging of native forests and changes 

in water flows (Soutullo et al. 2013).  

Actions towards conservation planning and management are relatively recent in this country. 

The National System of Protected Areas was created in 2000 (Law 17.234), establishing the 

newest protected area network of Latin America (Baldi et al. 2019). In 2008, geographic 

priorities for conservation (i.e. areas to include in the network) were generated using tetrapods 

as surrogates species (Brazeiro et al. 2008) (Figure 1.2b). Later, an official list of priority for 

conservation of vertebrates, continental molluscs and vascular plant species was published 

(Soutullo et al. 2013) and a first eco-regionalisation of the territory was produced (Brazeiro 

2015). However, after 20 years, Uruguay’s current network of protected areas is still far from 

the Aichi Target 11 that aims to promote the expansion of protected areas to cover 17% of all 

terrestrial land (Maxwell et al. 2020).  

 

State of the knowledge of biodiversity 

Since the end of the 19th century to the present time, zoological and botanical inventories have 

been created and preserved in Uruguay. However, the country ranks as one of the areas with 

the lowest levels of digitally available biodiversity data across the Americas (Meyer et al. 

2015a). So far, a national system of biodiversity information or scientific databases that cover 
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certain taxa or geographic regions are non-existent in this country. Moreover, institutions such 

as the National Museum of Natural History of Uruguay, the Universidad de la República and 

the National Museum and Botanical Garden, all have their biological collections largely 

undigitised. As a consequence, the natural history of this country is at latent risk of being lost 

(Griffin 2018) and many crucial research questions remain unexplored. 

Compilations of data on species distribution are relatively recent in Uruguay (Brazeiro et al. 

2008; Canavero et al. 2010; Carreira et al. 2012a; Haretche et al. 2012). In all cases, maps have 

been created based on lists of species recorded within individual grid-cells of 660 km2 size 

(grid map of the Military Geographic Service), without specific information about their precise 

locations or date of observation/collection, resulting in a serious loss of spatial and temporal 

information (Peterson et al. 2018) and limiting possibilities of scaling these data systems.  

 

The problem 

One of the most important challenges Uruguay is facing is to establish a mechanism to 

quantitatively measure environmental richness. Crucial conservation strategies in Uruguay 

have been taken without properly knowing the geographic distribution of biodiversity in the 

country. Over time, the lack of information has not been adequately addressed. At present, the 

publicly funded sources of biodiversity information in Uruguay (government and academia) 

are not open or publicly available. Thus, a large amount of the information that has been 

produced so far is highly dispersed and not easily accessible. In addition, national public 

research funding agencies, such as the National Research and Innovation Agency (ANII) or the 

Universidad de la República (UdelaR) do not have data releasing regulations or transverse 

institutional policies in relation to access to data and scientific information. The low availability 

of data and the lack of state and institutional incentive structures determine a precarious 

situation for Uruguay’ biodiversity knowledge, a problem that requires addressing with great 
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urgency. Current efforts targeted to improve the situation are limited. Consequently, the status 

of Uruguay’ biodiversity remains largely unknown.  

 

Unravelling macroecological patterns in general 

Ecological explanations for biodiversity gradients usually focus on the effects of environmental 

(e.g. productivity, temperature and water availability) and geographical variables (e.g. 

elevation and topography), that are generally expected to determine species distribution and 

abundances at regional scales, thus escalating in space to shape patterns at a global scale 

(Gaston & Blackburn 2008; Worm & Tittensor 2018). However, the type and numbers of 

factors comprising areas of high richness may vary from one species’ group to another and the 

relative importance of a particular variable for a group may vary in compliance to the 

geographic and biotic contexts it is immersed (Peterson et al. 2011). Additionally, as the main 

source of information is observational data that derives from diverse uncoordinated and 

unplanned sets of observations by multiple observers from different locations over a range of 

datasets, richness counts may be susceptible to sampling biases (Chao et al. 2014; Gotelli & 

Colwell 2001). For this reason, spatial tendencies in the collecting efforts need to be cautiously 

assessed given that identified biodiversity patterns could be purely products of the unbalanced 

evidence of the data collector, and the sampling or any of several other nonbiological factors 

(e.g. accessibility to the area, species detectability, taxonomic identification, data availability) 

(Peterson et al. 2011). 

Even when large amounts of primary occurrence data are available, they may often provide a 

distorted representation of true distributional patterns due to underlying spatial and temporal 

biases (Boakes et al. 2010). A common basis of misrepresentation on the distribution of 

occurrence records can be associated to the bias in the distribution of sampling effort.  For 

instance, observations can take place following main roadways, near waterways and areas with 
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high human population density or other areas of easy access to collect specimens (Peterson et 

al. 2011). Fabricated distributional patterns can also be the product of consistent collection 

efforts of an institution or investigator in a given area or the location of popular sampling sites, 

such as University field stations. Finally, some species may be more difficult to sample than 

others and thus, their detectability in certain regions can be biased toward or against them 

(Peterson et al. 2011). 

 

Uruguay as a model region 

Given Uruguay’s distinctive biogeographic composition, small surface area (i.e. accessible and 

manageable) and significant lack of open biodiversity data, this region presents great potential 

where to develop biodiversity informatics. Using Uruguay as a model we seek to address a 

series of key conceptual macroecological questions about the organisation of biodiversity 

through space and across lineages. This country is currently in a critical inflection point, where 

the improvement on the state-of-the-art analysis and tools in ecology and conservation need to 

be led by an increase in data credibility. To accomplish this, collaborative strategies have 

become extremely important. Systematising the results of biodiversity research produced by 

different organisations (e.g. educational institutions, research institutes, government agencies, 

among others) will allow us, on the one hand, to account for the advance of knowledge in 

various relevant scientific and social issues, and on the other, to quantify in an innovative way, 

the level of accomplishment of conservation goals. Prioritisation schemes for conservation of 

biodiversity should include those key areas of maximised species richness and if hotspots of 

richness, endemism and threat vary, then conservation must be planned accordingly (Feng et 

al. 2011; Orme et al. 2005; Westgate et al. 2014). Spatial analysis of the congruence between 

hotspots (species richness, threat and endemism) and protected areas localisation will enable 
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us to determine which areas need additional conservation attention to reach the most complete 

representation of the different groups (Xu et al. 2008). 

 

Study aims 

Although efforts have been made to document the distribution of biodiversity in Uruguay, 

comprehensive studies across the tree of life are limited and have received less attention. With 

an underlying ambition to make effective and reliable contributions to understanding and 

conservation planning of biodiversity under global change, this study examines the 

organisation of biodiversity through space and across two lineages using Uruguay as a model 

system.  

 

The overarching aim is to quantify the patterns and processes of biodiversity in Uruguay across 

the Tree of Life. The core questions guiding this study are: 

1. How are hotspots of multiple measures of biodiversity (species-richness, 

endangerment, endemism) distributed across the major biodiversity groups? Is there 

spatial congruence between them? 

2. What factors drive the geographic (and taxonomic) patterns of biodiversity 

distribution? 

3. Are protected areas in Uruguay congruent with hotspots of species richness, 

endangerment and endemism? 

 

Impact statement 

To address these core questions, we first gathered biodiversity experts from around the country 

in a novel, ground-breaking and collaborative scientific initiative (Biodiversidata). Together, 
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we captured thousands of primary biodiversity records from very heterogeneous sources into 

the first two digitally available biodiversity data resources for Uruguay, enabling us to quantify 

the biodiversity patterns and the main drivers behind them. Finally, we were in position to 

advise where future efforts should be directed. 

 

Building Biodiversidata: The Uruguayan Consortium of Biodiversity Data  

The first and most fundamental step of this project was to facilitate large amounts of occurrence 

data. The availability of primary biodiversity data in Uruguay was non-existent and this is 

rooted to poor open-access data practices that predominate in the country. Barriers for 

researchers to share their data generally have to do with the time and effort needed, the lack of 

experience in data management and insufficient training in the subject, the lack of knowledge 

of the norms, lack of institutional support and funding resources for data management, the legal 

limitations and complexity of the intellectual property rights of the data, among others (Enke 

et al. 2012; Michener 2015; Tenopir et al. 2011). Particularly in Uruguay, concerns about 

attribution for the effort needed and the lack of time and incentives structures are amongst the 

major obstacles (Grattarola & Pincheira-Donoso 2019a, b). Therefore, to overcome these 

difficulties and allow large amounts of data to be available, we created Biodiversidata 

(https://biodiversidata.org/), the Uruguayan Consortium of Biodiversity Data – a large, 

multidisciplinary collaborative initiative to collect all of the biodiversity data of Uruguay. We 

gathered experts that have devoted their careers to the specific taxonomic groups and 

established a national system of quantification, management, storage and distribution of data 

targeted to span the distribution, diversity and conservation of all species of living organisms 

found in the country.  

 

https://biodiversidata.org/
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Collating the first open-access biodiversity database from Uruguay 

The second key stage was the creation of the datasets to be used for this thesis, one for each of 

the two main biodiversity groups: tetrapods and vascular plants. Initially, the invertebrate’s 

group was planned to be included but due to time restrictions this was out of the scope of the 

project. The databases created gather primary biodiversity data, defined as the basic attributes 

of observations or records of the occurrences of species (Peterson et al. 2018), and included 

information about the species (taxa), its geographic location and the date of the event of 

collection or observation. Each dataset was created from data provided by members of 

Biodiversidata (e.g. sightings, auditory detection, records of tracks and vouchered specimens) 

and by systematised data derived from other diverse sources (e.g. field guides and books, online 

databases and primary literature).  

For the data to be reused by others in an open science framework, this research product was 

generated in such a way that it can be rigorously evaluated and extensively reused (i.e. 

following the FAIR Principles (Wilkinson et al. 2016b) and international biodiversity data 

standards (Wieczorek et al. 2012)), with the appropriate scholarly recognition, to benefit both 

the people who create the data and those who use it. Strategically and for optimal organisation, 

the data were gathered in two different stages, according to the different taxonomic groups. 

The two final databases were made available as Data Papers (Chavan & Penev 2011). 

 

Thesis outline 

In Chapter 2, I present a study about the perception of data collectors and users in Uruguay 

towards data-sharing, that helped contextualise and plan a strategy for the conception of the 

Uruguayan Consortium of Biodiversity Data. Chapter 3 details the creation of the database of 

tetrapod occurrence records native from Uruguay, including an analysis of the geographic, 

temporal, and taxonomic coverage of the data.  In Chapter 4, the novel dataset for the vascular 
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plant species diversity in Uruguay is presented, again examining the bias at spatial, taxonomic, 

and temporal scales. Tetrapods’ distribution patterns are evaluated in detail in Chapter 5.  In 

Chapter 6 plant diversity patterns in Uruguay, across space and taxonomic groups are 

investigated. Finally, in Chapter 7, the findings and implications of this study are summarised 

and directions for further research are suggested.  

Chapters 2 has been translated to English from the original manuscript (Grattarola & Pincheira-

Donoso 2019b) published in the Boletín de la Sociedad Zoológica, a local journal of Uruguay. 

Chapters 3 and 4 have been published in Biodiversity Data Journal (Grattarola et al. 2019a; 

Grattarola et al. 2020c) and therefore these are presented in their final accepted form (as Data 

Papers they have a different structure than regular manuscripts). Chapter 5 has been accepted 

for publication in Scientific Reports, and Chapter 6 has been written in paper format for 

submission to a peer-reviewed journal.  

As Appendix I have included a conference abstract (Grattarola & Pincheira-Donoso 2019a) 

published in the journal of Biodiversity Information Science and Standards, presented at the 

Biodiversity_Next Conference, that details the challenges and achievements of the process of 

creating the Uruguayan Consortium of Biodiversity Data.  

During the course of my PhD, I also had the opportunity to engage in related projects led by 

collaborators, which provided the opportunities to further develop the key analytical and 

theoretical skills that are at the heart of my PhD aims. Therefore, whereas these projects are 

not directly framed within the specific aims of my PhD project, they have been critical 

components of my academic development, and have equally strengthened my capacities in the 

implementation of analytical solutions, preparation of manuscripts and the process of 

publication as a whole. For these reasons, two additional papers have been added as appendices 

II and III. First, a paper that addresses sexual dimorphism and biodiversity patterns (Appendix 

II), titled ‘The multiple origins of sexual size dimorphism in global amphibians’ accepted to 
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for publication in Global Ecology and Biogeography (Pincheira-Donoso, Harvey, Grattarola, 

Jara, Cotter, Tregenza and Hodgson, In press). Second, a paper that collates, standardises and 

analyses a dataset of camera trap occurrence records in a protected area in Uruguay (Appendix 

II), ‘Mammals of Paso Centurión, an area with relicts of Atlantic Forest in Uruguay’ published 

in Neotropical Biology and Conservation (Grattarola & Rodríguez-Tricot 2020).  
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Chapter 2 

Data-sharing in Uruguay, the vision of collectors 

and data users  

 

F. Grattarola & D. Pincheira-Donoso (2019) 

Boletín de la Sociedad Zoológica, 28, 1: 1-14  



 
 

32 
 

Abstract  

Data-sharing has become a key issue in modern science, with numerous advantages for both 

data collectors and users. However, the practice of sharing data in Uruguay is still uncommon 

given there are no primary biodiversity datasets open or publicly available. The reasons behind 

such low frequency of data availability are still unknown. This study explores through an online 

survey the vision of data collectors and users, analysing the reasons for both the reluctance to 

share data and the motivations for doing so. Overall, scientists are willing to share their research 

data if they receive adequate credit for their effort and knowledge. In order to translate the will 

into an effective practice of open science, we must work on the incentives and motivation 

structures behind, communicate the importance and benefits of data openness and exchange, 

and provide technical tools and training on all aspects of data management and sharing. 

Importantly, data-sharing practices must result in the reinforce of a scientific collaboration 

culture that benefits not only researchers at the individual level, but the progress of knowledge 

itself. This work represents a valuable initial approach to the subject that proofs the importance 

that data availability has for researchers in Uruguay and the need for it to be mostly discussed. 
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Introduction 

The digital era has revolutionised the production of scientific knowledge (Hey et al. 2009), 

fundamentally by allowing the generation of capacities to obtain, access and analyse enormous 

volumes of data of unprecedented magnitudes. Data exchange (i.e. data-sharing) is a relevant 

practice in all scientific areas that has increased considerably over the last decade (Fecher et 

al. 2015). Data sharing consists of making information publicly available for others to access 

and depends largely on depositing it and ensuring its preservation over time. However, it can 

also involve actions as varied as reporting the existence of data, publishing them on a website, 

to keeping them in carefully curated repositories (Borgman 2012). It is widely accepted that 

sharing data has many advantages (Fienberg et al. 1985), such as the possibility of verifying 

and reproducing research results, increased scientific transparency, optimisation of resources 

by reusing and minimising sampling, attribution of credit when data is used by others, 

improved access to research data, and new opportunities for collaboration, among others. 

Despite these dominant benefits, data sharing also poses challenges at the technical and socio-

cultural levels (Borgman 2012; Guralnick et al. 2007; Michener 2015). Some obstacles include 

the time and effort required to share data, lack of experience in research data management and 

insufficient training, lack of awareness of standards, lack of institutional support and funding 

resources for data management, legal limitations and complexity of data intellectual property 

rights, among others. Yet, the barriers to effective data sharing are deeply rooted in the practices 

and culture of the research process, as well as in the researchers themselves (Linek et al. 2017). 

Ultimately, the degree and success of biodiversity data exchange depends on the attitudes and 

practices of the people who collect and cure specimens, identify species, and publish their 

results and data, as this decision depends on them. Collectively, the practice of data sharing has 

enabled the production of science and answers to questions of primary importance to the world, 

on a scale that has accelerated progress substantially. 
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In Uruguay, biodiversity data opening is poorly practiced. Open data implies that the data are 

available in a standard format and free of restrictions, so that they can be reused and 

redistributed without a complex formal application protocol (Wilkinson et al. 2016a). At 

present, public sources of biodiversity information (governmental and academic) are not open-

access or publicly available. In effect, Uruguay has one of the lowest levels of data availability 

in Latin America in GBIF (Global Biodiversity Information Facility; https://www.gbif.org/) – 

the largest digital platform in number of species records in the world – with around 185,000 

records located in the country, which belong to more than 570 foreign datasets. The reasons 

behind this low data availability remain unknown. To understand Uruguay's position on this 

issue, it is important to start by identifying the perceptions of researchers (collectors and users). 

The aim of this study is to review the opinion of different researchers in Uruguay on the 

collection and use of biodiversity data, particularly their willingness to share data, technical 

aspects of data exchange, and the main motivations and concerns or objections to doing so. 

 

Methods 

An anonymous online questionnaire was generated using Microsoft Forms™ (see the set of 

questions in the Supplementary material section), based on Enke et al. (2012), which covered 

a total of 93 experts. The questionnaire, which was active for 33 days, represents a valuable 

initial approach to the issue since it is the first survey of its kind in Uruguay (and in the region). 

The aim was to examine the opinion of different national experts (defined as active members 

of institutions located in the country, regardless of their nationality of origin), in relation to the 

collection and use of biodiversity data. The questionnaire consisted of 27 multiple choice 

questions and a final open-ended question for comments. For most questions, respondents were 

able to choose more than one answer and therefore the results of these questions do not add up 

to 100%. In others, only yes or no answers were allowed (e.g. willingness to deposit their data 

https://www.gbif.org/


 
 

35 
 

publicly). The survey was sent out by email, trying to cover a wide range of Uruguayan 

researchers using biodiversity data. 

The results of the survey were evaluated by classifying the responses according to (i) type of 

institution they work for (e.g. university, government, research institute, NGO), (ii) 

professional status (e.g. researcher, teacher, student, volunteer), (iii) field of study (e.g. 

ecology, genetics, taxonomy, conservation) and (iv) type of data they work with (e.g. 

morphological, molecular, behavioural, species lists). This categorisation was used to analyse 

differences in data use and willingness to share data amongst different researchers. The data 

were analysed with fundamentally descriptive methods, with the aim of presenting a synthesis 

that shows the frequency distribution of the multiple responses and the general patterns 

emerging from this analysis. All analyses were performed using R software (R Core Team 

2020). 

 

Results 

Of the 93 researchers who responded to the online survey, the majority worked in universities 

(62.4%), government (30.1%) or non-profit organisations (16.1%). A smaller number (Table 

2.1), worked in museums, private companies, research institutes, were self-employed, or 

worked in non-university education. Most participants were researchers or teachers (58.1%) 

and the rest were PhD, master's or postdoctoral students (41.9%) (Table 2.2). The scientific 

profiles of the respondents were broad (e.g. agricultural sciences (8.6%) and geography 

(5.4%)), while the majority came from the biological sciences and worked in fields such as 

ecology (53.8%), zoology (41.9%), conservation biology (35.5%), biogeography (18.3%) and 

systematics (15.1%) (Table 2.3). 
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Table 2.1 – Type of institution in which 

respondents work 

Institution in which they work % 

University 59.1 

Government 28.0 

Non-profit organization 16.1 

Museum 12.9 

Private enterprise 7.5 

Research Institute 4.3 

Independent 3.2 

Education (not University) 2.2 

 
 

 

Table 2.2 – Professional status of the interviewees 

 

Professional status % 

Researcher 54.8 

Teacher 37.6 

Scientist working in government 29.0 

Master's student 20.4 

PhD student 20.4 

Volunteer at a non-profit organization 12.9 

Scientist working in the private sector 9.7 

Citizen-scientist 9.7 

PostDoc 1.1 

 

 

 

Table 2.3 – Field of research of respondents 

 

Field of research % 

Ecology 53.8 

Zoology 41.9 

Conservation Biology 35.5 

Biogeography 18.3 

Systematic 15.1 

Behavioral Biology 14.0 

Evolution 14.0 

Environmental Education 12.9 

Taxonomy 11.8 

Oceanography 11.8 

Genetics 10.8 

Botany 8.6 

Agricultural Sciences 8.6 

Geography 5.4 

Paleontology 3.2 

Bioinformatics 2.2 

Molecular Biology 2.2 

Biochemistry 2.2 

Entomology 2.2 

Microbiology 1.1 

Geology 1.1 

Virology 1.1 

Developmental Biology 1.1 

Physiology 1.1 

Neurobiology 1.1 

 

 

 
 

Willingness to share data 

When asked about their willingness to deposit their data in publicly available databases, 86% 

of respondents agreed (Figure 2.1). The percentage of people who were reluctant to share data 

was highest among people working in private companies (50%) or non-profit organisations 

(20%) and lowest among those working in government (7.7%), universities (12.7%) and 

museums (9.1%). With respect to professional status, we observed a higher negative response 

from students than non-student scientists, researchers or teachers (Figure 2.2a). When asked 

when they would be willing to share their data, 71% of respondents said they were willing to 
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make their research data available after scholarly publication and only 6.5% immediately after 

collection. Analysing this according to respondents' professional status (Figure 2.2b), most 

students were willing to do so after the data was published (82.1%) and only a small proportion 

were willing to share their data immediately after it was obtained (2.6%). Among teachers, 

scientists and researchers this ratio became lower, 63.0% would share after publication and 

22.2% immediately after data collection. 

 

 

Figure 2.1 – Willingness of respondents to deposit their data in publicly available databases. The graph shows 

that 86% of participants agreed, while 14% disagreed. Only yes and no responses were possible. 
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Figure 2.2 – Analysis according to the professional status of the respondents from (a) the willingness to deposit 

their data in publicly available databases, showing that 79.5% of students were willing, while 20.5% were not, 

and among researchers, scientists and teachers 90.7% agreed while 9.3% did not; and (b) the period of time in 

which they would be willing to share their data, showing that 2.6% of students were willing to release their data 

immediately, 82% after publication and 15.4% at the end of the project, while 22.1% of scientists, researchers and 

teachers were willing to do so immediately, 63% after publication, 13% at the end of the project and 1.9% after 5 

years. 

 

Concerns and objections 

The main objections of respondents to sharing their data in online databases were the lack of 

recognition for their effort (44.1%) and the time and effort they have to invest in depositing 

their data (36.6%) (Figure 2.3). Similarly, 34.4% of respondents said that 'loss of control' of 

their data was an impediment to making data available, while lack of data standards was also 

an obstacle for 32.3% of researchers. 
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Figure 2.3 – Analysis of respondents' concerns and/or objections to depositing their research data in online 

databases. The graph shows that lack of recognition for their effort is the main concern for 44.1% of respondents. 

 

63.4% of the researchers said they knew of databases where to deposit their data, while the 

remaining 36.6% said they knew of no repository. Among the most mentioned databases were 

GenBank, eBird, GBIF and various national collections. Other databases such as Orthoptera 

Species File Online, SALVIAS, Morphbank, Dryad, TreeBASE, World Spider Catalogue and 

BOLD Systems were also mentioned. 63.8% of the researchers willing to share data stated that 

there was a database where they could deposit their data. Similarly, 61.5% of those who were 

not opposed to doing so did know of a database where they could deposit their data. The 

percentage of researchers generating molecular data who knew of databases in which they 

could deposit their data was high (95.5%), while only 51% of researchers generating taxonomic 

or morphological data knew of a database in which to deposit their data. 

78.5% of those interviewed said they did not have a data management plan, while 10.8% said 

they did not know and 10.8% had one. In most disciplines, the provision of data management 

plans was similar; however, only 6.3% of researchers generating physiological data had a data 
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management plan, which was more common among those generating molecular data (23.1%). 

Those that did have a data management plan said that they were important (30%), very 

important (30%) and extremely important (40%). On the other hand, those who said they did 

not have a data management plan said they were important (45.2%), very important (31.5%), 

extremely important (11%), somewhat important (11%) and did not matter at all (1.4%).  

Most participants said that the data they produce belonged to their institution (38.7%) or that 

they were the owners (23.7%). On the other hand, one in ten respondents indicated that the data 

did not belong to anyone and were therefore public (9.7%).   

 

Motivations 

The main motivation for researchers to share data was the creation of networks with other 

researchers (87.1%), while the availability of comparable data sets for full analysis was also 

important (78.5%) (Figure 2.4). Other reasons for sharing data were the transparency of results 

(57%), that the generation of research data was often sponsored by public funds (50.5%), and 

that data sharing increased visibility in the community (35.5%). Also, the ability to cite data 

sets as publications (57%), journal requirements (38.7%) and funding agencies (34.4%) were 

important motivators for researchers.   
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Figure 2.4 – Analysis of respondents' motivations for making their data available. The graph shows that the 

main motivation for 87.1% of the researchers was networking with other researchers. 

 
 

Being recognized or cited for sharing data with others would further motivate researchers to do 

so (58.1%) (Figure 2.5). In addition, a site (46.2%) and funds (40.9%) for depositing data would 

encourage the exchange of data among researchers. Another important criterion was the ease 

of monitoring data reuse (34.4%). When asked how they would like to be recognised for 

sharing their data, most participants responded in the literature as a publication (59.1%), 17.2% 

would like to appear as a co-author of any publication using their datasets, and for 12.9% 

simply being mentioned in the acknowledgements would be sufficient. 
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Figure 2.5 – Analysis of the reasons that would make respondents more likely to share data. The graph 

shows that getting recognition or credit if their data is shared is the main reason for 58.1% of respondents. 

 

Technical structures 

The data produced by the researchers were divided into several categories: morphological, 

physiological, molecular, taxonomic and anatomical data, as well as community and ecosystem 

data, and most researchers generated a combination of these. The three most common types of 

data collected were species lists (presence/absence) (73.1%), ecosystem data (55.9%), and 

taxonomic data (50.5%). Metadata accompanying the data generally included location (92.4%), 

geographical coordinates (89.2%), date of collection (88.2%) and name of organism (84.9%). 

Only 1 in 5 researchers recorded the configuration of the collection apparatus (22.5%) and the 

precision of the measurements taken (21.5%). 

The standard format used to work with the data was a table format (95.7%). In addition, text 

documents (74.1%) and photos (62.4%) were also widely used. The vast majority of 

researchers stored their data in tables (93.5%) and a large proportion of the respondents 

handwritten on paper (41.9%). The data was stored mostly on the researchers' personal 

computers (88.2%) or on external disks (63.4%), and to a lesser extent on institutional servers 

(17.2%) or in the cloud (11.8%). Backup of research data was done infrequently by almost half 
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of the researchers interviewed (47.3%), while 29% said they did so every month and 6.4% 

never. 

The technical conditions necessary for researchers to deposit their data in public repositories 

were mostly to be contacted if someone wanted to use their data (65.6%) and to be able to edit 

the data after uploading it (64.5%). Data quality security was also important, and that the 

history of use and users of the data were visible (61.3%). 

 
 

Reuse of data 

63.4% of the researchers reused data generated in other laboratories, 30% were unsure whether 

they did so and 8.6% did not. 38.5% of those who were not willing to make their data available 

reused data from other researchers, while 61.5% did not do so or did not know if they did. The 

quality of data that respondents said they required to reuse them was how the data was collected 

(89.2%), where (73.1%), who collected them (67.7%), when they were collected (66.7%) and, 

to a lesser extent, why they were collected for (53.8%). 

 
 

Discussion 

Our article presents the first study investigating the state of culture of researchers in Uruguayan 

institutions to openly share their scientific data. Our analysis reveal that researchers are 

considerably willing to share their data publicly but that they do not do so because of a 

fundamental obstacle, that the time and effort invested in generating the data does not translate 

into recognition as academic credit. Therefore, this study offers the first step towards the need 

to promote a data-sharing culture with the primary objective of strengthening collaborative 

networks and optimising individual benefits through the development of community-based 

working systems. This strategy will ultimately enable the information that is produced from 

state-funded activities to be made available for use in areas that go beyond science itself, such 
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as education and the development of public policies and action plans. Our study also reveals 

the legitimate concerns that drive many researchers to avoid making their data available. 

Therefore, we suggest that each community or working group establish clear protocols of 

control, embargo and retribution for those who take part in the publication of their data in an 

open way. 

 
 

Willingness to share data 

The high level of willingness of researchers to share data, similar to that found among European 

peers (Enke et al. 2012), is in contrast to the low level of data management plans being 

implemented (~20% of respondents). Considering that the capacity to share data is limited to 

the particularities with which data are generated, the lack of management plans and the high 

amount of data that is recorded on paper may partly explain why there are such low numbers 

of data available. The work for researchers involved in curating data to meet standards that 

allow them to upload them into global repositories becomes excessive when the data are not 

initially created with a focus on open data. On the other hand, globally and also in Uruguay, 

many biodiversity data are generated by individual researchers who are not part of a possible 

institutional data curation strategy. In addition, the measurements are usually stored in 

computers and software environments that quickly become obsolete and therefore are prone to 

not being recovered for reuse  (Griffin 2015). In this context, the development and 

implementation of data management plans that are agreed upon by the different scientific 

communities (individual researchers and institutions) and that progressively improve the 

landscape of national biodiversity data openness becomes key. 

At first glance it is striking to note that the willingness to share data is less among students than 

among scientists, researchers or teachers. This is related to the time they expressed would be 

necessary to make their data available, which among students is mainly after publishing their 
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results and among professionals more people are observed to be willing to make them available 

immediately. One possible explanation is that both are in different academic phases and for 

those with academic careers still in development, consolidating their trajectory through 

publications could be more fundamental. Schmidt et al. (2016) saw that the desire to publish 

results before publishing data, was somewhat more common in the early stages of a research 

career, highlighting this need as a major barrier to data release. Similar results were also found 

by Tenopir et al. (2011), who observed that younger researchers are less likely to share their 

data, although they are more likely to agree to share it as long as there are controls on access. 

Therefore, we see that openness of data (current and future) is strongly conditioned by the 

possibility of publication, and thus academic attribution. A consequence of this is that all data 

generated through activities or projects that are not included in academic publications would 

be lost from reuse. 

For all the above reasons, Uruguay's biodiversity data could be characterised as “Data at Risk” 

(Griffin 2015). Data at risk are those that are not available due to a lack of an appropriate design 

in their collection or due to negligence, or those at risk of being eliminated due to physical 

degradation, destruction by natural disasters, or due to a supposed lack of scientific value (Data 

Rescue Interest Group - Research Data Alliance - https://rd-alliance.org/groups/data-

rescue.html). To counteract this potential loss, “Data Rescue” practices are needed (Griffin 

2018), in order to recover the information and place it in a protected environment where the 

data can be cured and shared. Once again, there is an urgent need to work on the development 

of collaborative strategies.   

 

Concerns and objections 

The main objection of researchers when it comes to making their data publicly available is the 

lack of recognition for the effort involved, with the lack of incentive structures being the main 

difficulty they face. In other studies, time was also found to be one of the major obstacles to 

https://rd-alliance.org/groups/data-rescue.html
https://rd-alliance.org/groups/data-rescue.html
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data sharing (Enke et al. 2012; Tenopir et al. 2011), which shows that this represents an 

obstacle also at the international level. Intellectual property issues and legal issues also 

represent major obstacles. Uncertainty about the law and institutional regulatory gaps 

contribute to the complexity of information availability and ultimately extend the impediments 

to data sharing. On the other hand, it is interesting to note that in Uruguay, financial aspects 

are not perceived within the major difficulties, which a priori could have been seen as a 

substantial obstacle given that, for example, these types of activities are not specifically 

targeted for funding. 

It is interesting to note the view of some interviewees who marked as an obstacle to feel 

potentially harmed by having fewer opportunities and tools that ultimately postpone the 

possibility of generating publications from the data collected. They fear to have dedicated a 

great deal of effort to collecting and sharing data, but do not have enough time to analyse it and 

therefore lose credit over it. While in theory opening data implies accelerating the pace of 

science in a sea of opportunities for collaboration, in practice there is a gap between the 

possibilities of knowledge production in academic institutions between countries that cannot 

be neglected. In this regard, Meyer et al. (2015b) highlight the urgent need to integrate non-

Western sources of data and to intensify cooperation to more effectively address society's 

information needs on biodiversity. Currently, certain regions of the world are greatly over-

represented in terms of data compared to others (McRae et al. 2017). In addition, data-poor 

regions tend to be the most biodiverse areas that experience the most profound threats 

(Schmeller et al. 2017). In times of persistent biodiversity decline, land transformation and 

climate change, it is essential that countries generate mechanisms to quantitatively measure 

biodiversity and monitor its changes. Lack of data can lead to over- or under-representation of 

species richness and distribution, which can ultimately lead to errors in prioritising certain areas 

for conservation (Boakes et al. 2016). For this reason, although in Uruguay necessities required 
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the definition of environmental policies without adequate knowledge of the country's 

biodiversity, this lack of information must be seriously considered when planning and defining 

future initiatives linked to the conservation of biological diversity. In this sense, the collection 

of large numbers of data and at increasingly fine scales of resolution, both by specialists and 

especially by citizens (i.e. citizen science), stands as a transformative practice since it will lead 

to more informed and evidence-based policy making (Macey 2013). 

 

Motivations 

Networking with other scientists for interdisciplinary studies and the possibility of having a 

high availability of comparable data sets for more comprehensive analyses, proved to be the 

main incentives for scientists to share their data. This positions the collaborative structures as 

substantial tools to enable knowledge generation practices in an open science framework. 

Globally, socio-cultural change and the movement towards a more open science have evolved 

more rapidly over the past two decades in response to new requirements set by governmental 

organisations, publishers and learned societies. In some countries, depositing research data 

generated from public funds is a requirement, for example in Germany through the German 

Science Foundation (DFG) and the National Science Foundation (NSF) in the United States. 

Also, international journals in the area of biodiversity increasingly require that the data used in 

their publications be released in accessible repositories. In this sense, several important 

international initiatives have been developed to allow data to be recognizable, freely reusable 

and citable, such as: figshare (https://figshare.com/), Dryad (http://datadryad.org), DataONE 

(https://dataone.org), Scientific Data (https://nature.com/sdata/) and FAIRsharing 

(http://fairsharing.org), among others. In Uruguay there are no initiatives related to recognising, 

rewarding or giving back to those who share scientific data. In particular, national public 

funding agencies, such as the National Agency for Research and Innovation (ANII) or the 

Universidad de la República through its Sectoral Commission for Scientific Research (CSIC), 

https://figshare.com/
http://datadryad.org/
https://dataone.org/
https://nature.com/sdata/
http://fairsharing.org/
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do not have requirements that compel their researchers to open their data. Furthermore, 

although Law 18.381 of 2008 establishes the right to access public information in Uruguay and 

AGESIC (Agency for the Development of the Government of Electronic Management and the 

Information and Knowledge Society) exists at the government level, there are currently no 

transversal institutional policies regarding access to publicly funded scientific data. 

 

Conclusions 

Researchers in Uruguay seem willing to share their research data, however, in practice, this is 

not fully accomplished due to two major impediments: the lack of data management plans and 

the lack of knowledge of rewarding structures for the data generated. In addition, there is little 

encouragement at the governmental and academic levels for the openness of scientific data, 

which derives a critical panorama that places Uruguay among the countries with the least 

access to data in the Americas. 

In this scenario, it becomes essential to improve the infrastructure that supports the reuse of 

data derived from scientific research in the country. It is vital to understand that the community 

of data collectors and users requires effective incentives to ensure their participation, which 

will help overcome existing social and cultural barriers and promote a more collaborative 

framework for knowledge generation. Conversely, it is necessary to move towards a change of 

culture since many researchers in Uruguay do not share their data because "by default" is a 

habit that is not practiced, even though they reuse data from other researchers. There is a need 

to disseminate the importance and benefits of data opening and sharing, to improve training 

opportunities on how to share and thus eventually translate the will into effective practice of 

open science. It is also imperative for the country to seek a solution to the potential loss of data, 

ensuring that biodiversity data is rescued, archived and made available to the scientific 

community and citizens. Consequently, the development of institutional policies for access to 
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scientific data financed by public funds would enable to optimise the use of national resources 

and also to ensure broad access through the preservation of the data over time. 

Finally, it is important to mention regulations such as the recent Decree No. 115/018 and its 

amendment 269/018 on Law 19.175 on Hydrobiological Resources, as it goes against the 

availability of scientific data (Sommaruga et al. 2018). Specifically, the Decree establishes that 

"The results and data obtained with respect to the competencies of the National Directorate of 

Aquatic Resources [DINARA] must be made available to this body before being used or 

disseminated in any medium". In accordance with this regulation, no data derived from 

research related to hydrobiological resources, fishing, aquaculture and the environment may be 

published without express authorisation from DINARA. This type of limitation on publication 

and access to environmental information goes diametrically against new political advances at 

the regional level such as the Escazú Agreement on Access to Information, Public Participation 

and Access to Justice in Environmental Matters in Latin America and the Caribbean (CEPAL 

2018), and the Panama Declaration on Open Science in the framework of the Open Forum on 

Science in Latin America and the Caribbean. In this sense, it is essential to demand the design 

of policies, laws, regulations and practices in Uruguay that do not impose restrictions and 

limitations on the process of knowledge generation and the asymmetric appropriation of results, 

but rather seek to advance towards open, reproducible and replicable research for all.  
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Supplementary material 

Survey questions

1. What type of institution do you work 

in?  

Please tick all that apply 

• Museum 

• University 

• Government 

• Non-profit organisation 

• Private company 

• Other 

 

2. Professional status  

Please tick all that apply 

• Scientist working in government 

• Scientist working in the private 

sector 

• Researcher 

• Citizen scientist 

• Master's student 

• PhD student 

• Postdoc 

• Teacher 

• Non-profit organisation volunteer 

• Other 

 

 

3. Select your field of research 

Check all that apply 

• Biophysics 

• Biogeography 

• Bioinformatics 

• Cell Biology 

• Conservation Biology 

• Behavioural Biology 

• Developmental Biology 

• Molecular Biology 

• Biochemistry 

• Botany 

• Agricultural Sciences 

• Veterinary Sciences 

• Ecology 

• Environmental Education 

• Evolution 

• Physiology 

• Genetics 

• Geography 

• Geology 

• Mycology 

• Microbiology 

• Neurobiology 

• Oceanography 

• Palaeontology 

• Systematics 

• Taxonomy 

• Virology 

• Zoology 

• Other 

 

4. Select your study group(s) 

Tick all that apply 

• Mammals 

• Birds 

• Reptiles 

• Amphibians 

• Fish 

• Insects 

• Arachnids 

• Crustaceans 

• Molluscs 

• Vascular plants 

• Fungi 

• Bryophytes/Pterophytes 

• Other 

 

5. What type of data do you work with 

on a regular basis? 

Please tick all that apply 

• Species lists (presence/absence) 

• Ecosystem data 

• Molecular data 

• Morphological data 

• Physiological data 

• Taxonomic data 

• Other 
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6. What type of metadata do you 

collect? 

Tick all that apply 

• Name of the organism 

• Locality 

• Description of the locality 

• Geographic coordinates 

• Date of collection 

• Collector 

• Collection number 

• Sampling equipment configuration 

• Accuracy of measurements 

• Other 

 

7. What data formats do you work 

with? 

Tick all that apply 

• Plain text (.txt, .doc, .docx, .odt) 

• Table (.xls, .xlsx, .ods, .csv) 

• Photo (.jpg, .tif, .gif, .png) 

• Audio (.wav, .wma, .mp3, .m4a, 

.mpeg, .aac) 

• Video (.avi, .flv, .wmv, .mov, 

.mp4) 

• Sequences (.fas, .fasta) 

• Other 

 

8. Are there databases where you can 

deposit your data? 

• Yes 

• No 

 

9. If there are databases in which you 

can deposit your data, please specify 

which ones. 

 

10. How much time do you spend per 

year with data curation and uploading? 

• Less than one day 

• One to three days 

• One week 

• More than a week 

• Other 

 

11. Who does your data belong to? 

• It belongs to me 

• To my funder 

• My institution 

• To the government 

• No one  

• I don't know 

• Other 

 

12. In what format do you store your 

data? 

Please tick all that apply 

• Handwritten (e.g. field notes) 

• Excel or Calc table 

• Word or Writer document 

• Access or Base database 

• Other database 

• Other 

 

13. Where do you keep your local copy 

of the data? 

Check all that apply 

• Personal computer 

• Institutional computer 

• Institutional server 

• External hard disk 

• USB memory stick 

• Other 

 

14. How often do you back up your 

data? 

• Every day 

• Every week 

• Every month 

• Infrequently 

• Never 

• Other 

 

15. Would you be willing to deposit your 

data in publicly available databases? 

• Yes 

• No 

 

16. What would you say is the main 

difficulty you face in sharing data? 

• Technological issues 

• Institutional issues 

• Financial and budgetary issues 

• Legal and political issues 

• Lack of incentive structures 

• Other 
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17. What kind of concerns and/or 

objections do you have to depositing 

your research data in online databases? 

Please tick all that apply 

• Intellectual property or patent 

issues 

• Confidentiality or legal issues 

• Loss of control of my data 

• Time and effort invested 

• Lack of recognition for my efforts 

• Quality of my data 

• Lack of data standards 

• Someone drawing the wrong 

conclusions from my data 

• Criticism of my data or analysis 

• Other 

 

18. When would you be willing to share 

your data? 

• Immediately 

• After publication 

• At the end of the project 

• After 5 years 

• After 10 years 

• After my retirement from science 

• Other 

 

19. What would make you more likely to 

share data? 

Please tick all that apply 

• Having a place to deposit data 

• Getting recognition or credit if my 

data is used by others 

• Obtain funding for data sharing 

• The ability to control the re-use of 

my data 

• Other 

 

20. If your data were used, how would 

you like to be cited? 

• In the acknowledgements 

• In the bibliography 

• As co-author 

• Other 

 

21. What conditions would you require 

to deposit your data? 

Tick all the options that apply 

• To be able to edit data after 

uploading 

• Ability to delete data 

• View usage history (who, when, 

what for) 

• Be contacted if someone wants to 

use my data 

• Guarantee of long-term 

maintenance of my data 

• Security of data quality 

• Easy to use data upload 

• Guidelines for data re-use 

• Other 

 

22. What might motivate you to make 

your data available? 

Please tick all that apply 

• Show transparency in my study 

results 

• Enable high availability of 

comparable datasets for more 

comprehensive analyses 

• Network with other scientists for 

interdisciplinary studies 

• Increase my visibility in the 

community 

• As the data were generated with 

public money, they should be made 

public. 

• Other 

 

23. What else would motivate you? 

Tick all that apply 

• Being a requirement of the journals 

• That it is a requirement of my 

funders 

• Datasets to be classified as 

publications 

• Other 

 

24. Do you reuse data generated in other 

laboratories? 

• Yes 

• No 

• Don't know 

 

25. What kind of information do you 

need to assess the quality of other 

people's data? 
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Check all that apply 

• Who collected the data? 

• How was the data collected? 

• When were the data collected? 

• What were the data collected for? 

• Where were the data collected? 

• Other 

 

26. Do you have a data management 

plan? 

• Yes 

• No 

• Don't know 

 

27. How important do you think data 

management plans are? 

• Not important at all 

• Somewhat important 

• Important 

• Very important 

• Extremely important 

• Other 

 

28. Would you like to add any final 

comments? 
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Chapter 3 

Biodiversidata: an open-access biodiversity 

database for Uruguay  

 

F. Grattarola, G. Botto, I. da Rosa, N. Gobel, E. M. González, J. González, D. 

Hernández, G. Laufer, R. Maneyro, J. A. Martínez-Lanfranco, D. E. Naya, A. L. Rodales, L. 

Ziegler & D. Pincheira-Donoso (2019). 
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Abstract  

The continental and marine territories of Uruguay are characterised by a rich convergence of 

multiple biogeographic ecoregions of the Neotropics, making this country a peculiar 

biodiversity spot. However, despite the biological significance of Uruguay for the South 

American subcontinent, the distribution of biodiversity patterns in this country remain poorly 

understood, given the severe gaps in available records of geographic species distributions. 

Currently, national biodiversity datasets are not openly available and, thus, a dominant 

proportion of the primary biodiversity data produced by researchers and institutions across 

Uruguay remains highly dispersed and difficult to access for the wider scientific and 

environmental community. In this paper, we aim to fill this gap by developing the first 

comprehensive, open-access database of biodiversity records for Uruguay (Biodiversidata), 

which is the result of a large-scale collaboration involving experts working across the entire 

range of taxonomic diversity found in the country. As part of the first phase of Biodiversidata, 

we here present a comprehensive database of tetrapod occurrence records native from Uruguay, 

with the latest taxonomic updates. The database provides primary biodiversity data on extant 

Amphibia, Reptilia, Aves and Mammalia species recorded within the country. The total number 

of records collated is 69,380, spanning 673 species and it is available at the Zenodo repository: 

https://doi.org/10.5281/zenodo.2650169. This is the largest and most geographically and 

taxonomically comprehensive database of Uruguayan tetrapod species available to date and it 

represents the first open repository for the country. 
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Introduction 

Uruguay encompasses a peculiar area of South America located within the Pampa Province of 

the Neotropical Region (Morrone 2014). Both the continental and marine territories currently 

covered by Uruguay are known to represent rich areas of convergence of diverse environments 

as heterogeneous as the Amazon, the Pampa, Patagonia and Subantarctic subregions (Calliari 

et al. 2003; Morrone 2006). For example, Grela (2004) suggests the existence of a 

phytogeographic longitudinal division of the country’s territory, with a western area 

characterised by the occurrence of Paranaense and Chaco species and an eastern area marked 

by different Paranaense species and relicts of flora from the Brazilian Cerrado (Grela & Brussa 

2003). Vegetation from the Chaco Province is characterised by xerophytic scrublands and 

forests, and savannas with a stratum of herbs, cacti, and terrestrial Bromeliaceae (Morrone 

2017). Conversely, the Parananense vegetation is embodied by tropical humid forests, 

Bambusoideae species, tree ferns, savannas and isolated trees (Morrone 2017). Additionally, 

Arballo and Cravino (1999) and González and Martínez-Lanfranco (2010) describe the 

similarities between the bird and mammal assemblages of Uruguay and the species from 

adjacent subregions, indicating the spatial convergence of lineages from Brazilian and Andino-

Patagonian origins. The reptiles and amphibians, on the other hand, are the result of lineage 

radiations that come from subregions as contrasting as Patagonia and the Amazon (Pincheira-

Donoso 2010). Given these unique biodiversity features, the geographic region, encompassed 

by the territory of Uruguay, has been proposed to represent a differentiated unit of Pampa, 

defined by the unique composition of its flora and fauna (Chebataroff 1942; Dos Santos et al. 

2016). Therefore, it is surprising that these biogeographic features, combined with the 

country’s small territorial area (176,220 km2) and its relatively uniform elevational topography 

(513 m maximum altitude), remain one of the poorest known across the Americas as a whole. 

These limitations apply fundamentally to any measure of biodiversity, such as the patterns of 
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distribution of species-richness, endemism and threatened species (Canavero et al. 2010; 

Soutullo et al. 2013). Collectively, such lack of information hampers any attempts to assess, 

strategically study and manage the biodiversity and the natural resources of the country.  

Currently, national biodiversity databases are unavailable and, thus, the dominant proportion 

of the primary biodiversity data produced in the country is highly dispersed and difficult to 

access for the wider scientific community and for policymakers. Likewise, the Global 

Biodiversity Information Facility (GBIF) reveals that Uruguay ranks amongst the countries of 

America with the lowest levels of available data on their biodiversity (Figure 3.1). In the GBIF 

platform (as of 7 June 2019), 73.5% of the records belong to the Aves Class, all of which 

proceed from the eBird initiative. As shown in Figure 3.1, the overwhelming contribution of 

records provided by eBird to GBIF highlights the enormous role that data, provided by citizens, 

play in the development of global biodiversity datasets, while at the same time, points out the 

critical taxonomical biases encountered in GBIF for the region. 
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Figure 3.1 - Distribution of the number of occurrence records available in the Global Biodiversity 

Information Facility (GBIF) (as of 7 June 2019) for each country of Latin America. Relative to the number 

of records that have been submitted by eBird users. The respective proportion is shown in the green scale. 

 

First open biodiversity database of Uruguay  

Here, we introduce Biodiversidata, the first database derived from the Uruguayan Consortium 

of Biodiversity Data (https://biodiversidata.org/), a collaborative initiative aimed at hosting and 

distributing via an open-access platform a comprehensive database on the biodiversity of 

Uruguay. The total number of records collated is 69,380, from across 673 species (Table 3.1). 

Biodiversidata contains primary biodiversity data (i.e. data records that document the 

occurrence of a species in space and time) from all the native amphibian, reptile, bird and 

mammal species recorded in Uruguay to date. Therefore, this paper is the first contribution in 

a series of phases aimed at improving the knowledge of the biodiversity of Uruguay and, 

importantly, establishing a fully open-access resource for the wider community from this point 

https://biodiversidata.org/
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on. The data are currently being used to (i) identify spatial patterns of species richness, local 

endemism and endangerment within tetrapod species of Uruguay, to then assess the spatial 

congruence amongst these patterns, (ii) quantify the spatial and temporal incompleteness of the 

inventory and (iii) identify high priority areas of historically poor sampling (‘hotspots of 

ignorance’), with the ultimate aim of facilitating the development of future sampling strategies 

and efforts to complete these gaps. This database, therefore, has been generated, based on the 

principle that collaboration amongst experts can strongly push forward the development of 

fields and, in this particular case, improve our knowledge on the biodiversity of Uruguay by 

overcoming data-scarcity and enriching the understanding of regional and larger-scale 

biodiversity patterns. Collectively, Biodiversidata offers the first open biodiversity repository 

for the country and the most comprehensive geographically and taxonomically resource for 

biodiversity and environmental studies in Uruguay to date. 

 

 

Table 3.1 – Records collected per tetrapod class showing number of occurrence records (non-duplicated 

records/location/year), total number of species, records without information of the date of collection and records 

collected in the last 30 years, with percentage in parentheses. 

  
Number of 

Occurrence Records 

Number of 

Species 

Records without 

Date (%) 

Records from the last 

30 years (%) 

Amphibia    2,530 51  1,780 (70.4) 683 (27.0) 

Reptilia 2,308 68 1,999 (86.6) 224 (9.7) 

Aves 60,627 437 131 (0.2) 60,308 (99.5) 

Mammalia 3,915 117 1,687 (43.1) 1,122 (28.7) 

Total   69,380 673     
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Sampling methods 

Sampling description 

The database was developed, based on the collection of data from a range of different sources. 

A significant proportion of the data was collected by expert members of Biodiversidata. These 

records can be found with the value ‘Unpublished data’ under the term ‘associatedReference’. 

A proportion of them has been deposited in national specimen collections such as the 

Mammalogy collection of the Museo Nacional de Historia Natural of Uruguay and the 

Vertebrate collection of the Facultad de Ciencias, Universidad de la República (Uruguay). In 

addition to the large volume of original data, we have also incorporated all readily available 

records from multiple sources, including online databases (i.e. GBIF) as well as data currently 

published but not available in the format of other sources of compiled information. These 

include data from primarily field guides and books and primary literature such as monographs, 

systematic accounts, species descriptions, reviews and reports of range extensions, in journals 

such as “Check List” and the local “Boletín de la Sociedad Zoológica del Uruguay”, amongst 

others. A complete list of sources for the occurrence records is shown in Table 3.2. Most of the 

sources used are freely available online, while numerous other literature resources that 

document the primary biodiversity data of Uruguay still remain inaccessible. 

 

Table 3.2 – List of sources used to build the dataset, including the source type and the number of records extracted 

from each of the sources. 

Source Source type 
Number of 

Records 
Groups 

Abreu (2015) Journal Article 8 Aves 

Andrade-Núñez and Aide (2010) Journal Article 13 Mammalia 

Azpiroz et al. (2012) Journal Article 54 Aves 

Bardier and Maneyro (2015) Journal Article 20 Amphibia 

Borteiro et al. (2006) Journal Article 70 Reptilia 

Borteiro et al. (2009) Journal Article 1 Reptilia 

Borteiro et al. (2013) Journal Article 4 Reptilia 
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Borteiro et al. (2015) Journal Article 13 Reptilia 

Bou (2013) Thesis 86 Mammalia 

Carreira and Achaval (2007) Journal Article 2 Reptilia 

Carreira and Lombardo (2006) Journal Article 1 Reptilia 

Carreira et al. (2005) Book 1880 Reptilia 

Carreira et al. (2012b) Journal Article 2 Reptilia 

Colina et al. (2012) Journal Article 1 Reptilia 

da Rosa This study 13 Amphibia + Reptilia 

de Giorgi Peirano (2016) Thesis 67 Aves 

Elgue and Maneyro (2017) Journal Article 1 Amphibia 

GBIF.org Online Database 58355 Amphibia + Reptilia + Aves + Mammalia 

Gobel & Laufer This study 285 Amphibia + Reptilia 

González-Paredes et al. (2017) Journal Article 3 Reptilia 

González & González This study 1848 Mammalia 

Grattarola This study 53 Mammalia 

Grattarola (2015) Thesis 36 Mammalia 

Hernández This study 944 Aves 

Kolenc et al. (2009) Journal Article 2 Amphibia 

Kolenc et al. (2012) Journal Article 2 Amphibia 

Kwet et al. (2002) Journal Article 1 Amphibia 

Lareschi et al. (2006) Journal Article 11 Mammalia 

Laufer et al. (2009) Journal Article 2 Amphibia 

Maneyro et al. (2008) Journal Article 2 Amphibia 

Maneyro This study 165 Amphibia + Reptilia 

Martínez-Lanfranco et al. (2010) Journal Article 6 Mammalia 

Martínez-Lanfranco This study 1712 Aves + Mammalia 

Masciadri et al. (2007) Conference Paper 48 Amphibia + Reptilia + Aves 

Montero (2016) Journal Article 85 Reptilia 

Naya and Achaval (2006) Journal Article 5 Mammalia 

Naya This study 220 Aves 

Núñez et al. (2004) Book 1764 Amphibia 

Prigioni et al. (2011) Journal Article 43 Amphibia + Reptilia 

Prigioni et al. (2013) Journal Article 18 Reptilia 

Prigioni et al. (2018) Journal Article 3 Mammalia 

Queirolo (2016) Journal Article 1041 Mammalia 

Rodales, Botto & González This study 91 Mammalia 

Rodríguez-Cajarville et al. (2017) Journal Article 4 Aves 

Rodríguez-Mazzini et al. (2001) Report 151 Amphibia + Reptilia + Mammalia 

Santana et al. (2013) Journal Article 1 Amphibia 

Sarroca et al. (2009) Report 189 Amphibia + Reptilia + Aves + Mammalia 

Vaz-Canosa and Rodríguez-Cajarville (2015) Journal Article 1 Aves 

Velasco-Charpentier et al. (2016) Journal Article 4 Reptilia 

Verrastro et al. (2006) Journal Article 3 Reptilia 

Verrastro et al. (2017) Journal Article 1 Reptilia 
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Villamil (2014) Journal Article 15 Reptilia 

Ziegler This study 31 Amphibia 

 

 

The GBIF dataset was obtained by searching for Uruguay in the ‘country or area’ field (as for 

15 January 2018), retrieving 185,519 occurrences from 573 datasets, including 8,925 species 

of Animalia, Plantae, Fungi, Bacteria, Chromista, Protozoa and Archaea. These data on species 

occurrences are available on the GBIF portal at https://doi.org/10.15468/dl.dmul8x. Most of 

these records were submitted by the eBird project (56.1% of the total amount) and the rest 

derive from diverse specimen collections around the world, such as the National Museum of 

Natural History Smithsonian Institution (4.2%), the Instituto de Botánica Darwinion in 

Argentina (3.9%), the Missouri Botanical Garden’s Herbarium (3%), the Museo Argentino de 

Ciencias Naturales "Bernardino Rivadavia" (2.1%), the Swedish Museum of Natural History 

(1.6%), the Museum of Comparative Zoology at Harvard University (0.72%), the American 

Museum of Natural History of New York (0.68%) and the Natural History Museum of London 

(0.57%). None of the records was submitted by Uruguayan institutions, most likely because of 

the major public sources of specimen biodiversity information (government and academia) are 

not open nor publicly available.  

 

Quality control 

Different methods were applied to treat the data derived from each of the above-mentioned 

sources. For the GBIF data, only records of amphibians, reptiles, birds and mammals were 

included in this first version. Exotic species and records without complete date of 

collection/observation or geographic location information were excluded. The data from 

literature were manually extracted and added to the data collected by members of 

Biodiversidata. These records were controlled by collection and catalogue number to check 

https://doi.org/10.15468/dl.dmul8x
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their complete independence from the GBIF data. To avoid pseudoreplication in posterior 

analyses, records were filtered by considering only one record per locality/year. If more than 

one organism of the same species was collected in a locality in the same year (i.e. same 

geographic coordinates), we kept the first and most complete record (i.e. the most informative 

record for the year).  

In line with FAIR data Principles (Wilkinson et al. 2016b), the database was prepared to 

improve the findability, accessibility, interoperability and reuse of the data collated. We 

manually adapted the data following the Darwin Core Biodiversity Data Standard (DwC) 

(Wieczorek et al. 2012), incorporating 32 descriptive terms (see Data resources section for a 

full description of each column heading). Likewise, we created a persistent and global identifier 

for each record, included well-described metadata and applied the most accessible usage 

licence to the data.  

A significant number of the data lacked crucial information in terms of taxon, time and place 

of collection/observation, a common issue with observational and specimen data (Peterson et 

al. 2018). Thus, the treating of the vastly heterogeneous records included updating scientific 

names inconsistencies and the georeferencing of sampling locations when sufficient 

information was provided. For standardisation of species names and complete taxonomic 

categories retrieval, we used the R package 'taxize' (Chamberlain et al. 2020b). We followed 

the Integrated Taxonomic Information System database (itis.gov) and the specific reference 

according to the taxonomic group: Amphibian Species of the World of the American Museum 

of Natural History, BirdLife International, The Mammal Species of The World and The Reptile 

Database. For conservation status retrieval according to the IUCN Red List, we used the R 

package 'rredlist' (Chamberlain 2018). The R scripts used can be found at Grattarola (2019). 

Georeferenced point data resulted from either GPS measurements, direct estimates of the 

latitude and longitude of an observation when route and kilometre number data were available 
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or by defining the latitude and longitude of the event locality through the GeoNames Gazetteer 

database (geonames.org). The details of how geographic latitude and longitude were obtained 

can be found under the term ‘georeferenceSources’. 

 

Geographic coverage 

The database includes all native and extant species of tetrapods reported in any area within the 

borders of Uruguay. The occurrence records are not evenly distributed through space as a result 

of oversampling in some areas and of limited (or no) sampling in other areas (Figure 3.2a). 

When we consider the records of the last 30 years, the geographic coverage amongst groups 

reduces enormously and becomes dominated by birds (Figure 3.2b). Higher numbers of records 

are seen in the coast area, whilst the centre of the country holds low sampling densities. The 

most sampled area of Uruguay is in Montevideo (the capital of the country), followed by the 

surroundings of Maldonado and Rocha cities, all Atlantic coast areas. We observed this pattern 

particularly in Aves which, despite being the most sampled group, with 87.4% of the database 

records, they are strongly spatially biased. Reptiles, on the other hand, with the least number 

of records in the database, cover the Uruguayan territory better than any other tetrapod group.  

After our data collation, we can observe some areas of the country that remain systematically 

ignored. This disparity in sampling is mostly due to the lack of systematisation in the efforts of 

zoological exploration of the national territory and responds to the realisation of research 

projects, faunistic inventories or intensive occasional sampling in a few locations, generally 

near the main population centres or close to easily accessible areas (Carreira et al. 2005; 

Soutullo et al. 2013). As can be seen in Figure 3.2, areas with more sampling effort tend to be 

located adjacent to national routes. Nevertheless, this is the first country-wide effort aimed at 

tackling biodiversity data being lost. In the future, there is substantial work to be done on 

digitisation and tactical direction of new sampling efforts to enhance the territorial coverage to 
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develop a more accurate picture of the distribution of biodiversity in the country. Therefore, a 

critical first contribution of the Uruguayan Consortium of Biodiversity Data will involve 

establishing areas where efforts are urgently needed at the expense of areas that have been 

historically oversampled. 

Figure 3.2 – Distribution of the (a) total number of occurrence records (N = 69,380) from species of amphibians, 

reptiles, birds and mammals from Uruguay and (b) occurrence records from the last 30 years. National routes are 

shown in black. Projection WGS1984 UTM zone 21S.  

 

Coordinates: -34.973188 and -30.10818 Latitude; -58.43882 and -53.266525 Longitude. 

 

Taxonomic coverage 

The database includes 69,380 observations, representing 129 families, 446 genera and 673 

species: 51 amphibians, 68 reptiles, 437 birds and 117 mammals. The taxonomic coverage is 

uneven (Figure 3.3). For instance, ten bird species make up to 14% of the database records, 
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while 10% of the tetrapod species have only been observed/collected once. Likewise, 

occurrence records within groups are dominated by their most sampled species, such as Boana 

pulchella (N = 248) and Pseudis minuta (N = 195) in Amphibia, Philodryas patagoniensis (N 

= 176) and Erythrolamprus poecilogyrus (N = 139) in Reptilia, Pitangus sulphuratus (N = 

1191) and Furnarius rufus (N = 1180) in Aves and Akodon azarae (N = 207) and Scapteromys 

tumidus (N = 187) in Mammalia. 

 

 

Figure 3.3 – Distribution of the number of occurrence records and number of species collated for each class 

of the tetrapod group. 

 

Temporal coverage 

The records included in Biodiversidata cover samples reported in Uruguay during the period 

of 1806–2018 (Figure 3.4). We observed that occurrence records have been collected mostly 

intermittently within groups, with a continuously increasing tendency since the beginning of 

the 20th Century. The steady increase towards the latter half of the century is in part a result of 

the creation of the School of Science (1945) and several field work expeditions during the next 
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decades that resulted in an increase in the production of research articles (Soutullo et al. 2013). 

In the case of the records collected from literature, there was a high number lacking date of 

collection or observation. For instance, a large number of the records collated from Carreira et 

al. (2005), a detailed scientific monograph on the reptiles of Uruguay, provides location but no 

date associated to the records. We aim to promote the need to associate spatial records to dates 

of collection of the datapoints, as this approach is expected to facilitate the development of 

scientific-based decisions when implementing environmental policies (Peterson et al. 2018). 

Overall, as was mentioned above, numerous other literature sources and specimens recorded 

in the country yet need to become digitally accessible, hence, Uruguay will face a great 

challenge in "rescuing" these data in the future to prevent them being lost. 

 

 

Figure 3.4 – Occurrence records of tetrapod orders reported in Uruguay over time, divided by amphibians, 

reptiles, birds and mammals. 
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In particular, bird occurrence records are disproportionally superior in the database (i.e. 87.4% 

of total number of records), presenting an intense period of sampling effort between 2000 and 

2016, mostly derived from citizen science efforts from eBird users (collected from GBIF). 

Regardless of the spatial bias of these records, it is valuable to note the significant contribution 

of local ornithologists and birdwatchers (i.e. Aves Uruguay) to the international initiative, 

which probably stands as the richest and oldest practice of data-sharing known in Uruguay. 

 

Usage rights 

Use license 

Creative Commons Public Domain Waiver (CC-Zero) 

 

Data resources 

Data package title: Biodiversidata 

Number of data sets: 1 

Data set name: Biodiversidata: An Open-Access Database for the Biodiversity of Uruguay: 

1806-2018 

Character set: UTF-8 

Download URL: http://doi.org/10.5281/zenodo.2650169 

Data format: Darwin Core Archive 

Data format version: 1.0 

Description: The dataset provides primary biodiversity data on extant Amphibia, Reptilia, Aves 

and Mammalia species recorded within the country area between 1806-2018. The total number 

of records collated is 69,380, including 673 species. 

 

 

http://doi.org/10.5281/zenodo.2650169
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Terms 

 

Column label Column description 

occurrenceID  An identifier for the Occurrence (as opposed to a particular digital record of the 

occurrence), constructed from a combination of identifiers in the record that will 

most closely make the occurrenceID globally unique. 

scientificName The full scientific name, with authorship and date information  

scientificNameAuthorship The authorship information for the scientificName 

vernacularName Common or vernacular name in Uruguay (in Spanish) 

kingdom The full scientific name of the kingdom in which the taxon is classified 

phylum The full scientific name of the phylum or division in which the taxon is classified 

class The full scientific name of the class in which the taxon is classified 

order The full scientific name of the order in which the taxon is classified 

family The full scientific name of the family in which the taxon is classified 

genus The full scientific name of the genus in which the taxon is classified 

specificEpithet The name of the first or species epithet of the scientificName 

infraspecificEpithet The name of the lowest or terminal infraspecific epithet of the scientificName, 

excluding any rank designation 

countryCode The standard code for the country in which the location occurs 

stateProvince The name of the next smaller administrative region than country (department) in 

which the location occurs 

verbatimLocality The original textual description of the place 

decimalLatitude The geographic latitude (in decimal degrees) 

decimalLongitude The geographic longitude (in decimal degrees) 

georeferenceSources A list of maps, gazetteers or other resources used to georeference the location 

georeferencedBy A person, group or organisation who determined the georeference (spatial 

representation) for the location 

eventDate The date when the event was recorded. Format: dd-mm-yyyy 

year The four-digit year in which the Event occurred. Format: yyyy 

month The ordinal month in which the Event occurred. Format: mm 

day The integer day of the month on which the Event occurred. Format: dd 
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basisOfRecord The specific nature of the data record 

institutionCode The name (or acronym) in use by the institution having custody of the object(s) or 

information referred to in the record 

collectionCode The name or acronym identifying the collection or dataset from which the record 

was derived 

catalogNumber An identifier (preferably unique) for the record within the dataset or collection 

recordedBy A list (concatenated and separated) of names of people, groups or organisations 

responsible for recording the original occurrence 

recordNumber An identifier given to the occurrence at the time it was recorded. Often serves as a 

link between field notes and an occurrence record, such as a specimen collector's 

number 

identifiedBy A list (concatenated and separated) of names of people, groups or organisations 

who assigned the taxon to the subject 

dynamicProperties Structured content about the record key:value encoding IUCN red list category of 

the taxon at the global level 

associatedReferences A list (concatenated and separated) of identifiers (publication, bibliographic 

reference, global unique identifier, URI) of literature associated with the 

occurrence 
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Abstract  

South America hosts some of the world’s most prominent biodiversity hotspots. Yet, Uruguay 

– a country where multiple major ecosystems converge – ranks amongst the countries with the 

lowest levels of available digital biodiversity data in the continent. Such prevalent data scarcity 

has significantly undermined our ability to progress towards evidence-based conservation 

actions – a critical limitation for a country with a strong focus on agricultural industries and 

only 1.3% of the land surface guarded by protected areas. Under today’s rapid biodiversity loss 

and environmental changes, the need for open access biodiversity data is more pressing than 

ever before. To address this national issue, Biodiversidata (https://biodiversidata.org/) – 

Uruguay’s first Consortium of Biodiversity Data – has recently emerged with the aim of 

assembling a constantly growing database for the biodiversity of this country. While the first 

phase of the project targeted vertebrate biodiversity, the second phase presented in this paper 

spans the biodiversity of plants. As part of the second phase of the Biodiversidata initiative, we 

present the first comprehensive open-access species-level database of the vascular plant 

diversity recorded in Uruguay to date (i.e. all species for which data are currently available and 

species presence has been confirmed). It contains 12,470 occurrence records from across 1,648 

species and 160 families, which roughly represents 60% of the total recorded flora of Uruguay. 

The primary biodiversity data include extant native and introduced species from the lycophytes, 

ferns, gymnosperms and angiosperms groups. Records were collated from multiple sources, 

including data available in peer-reviewed scientific literature, institutional scientific collections 

and datasets contributed by members of the Biodiversidata initiative. The complete database 

can be accessed at the Zenodo repository: doi.org/10.5281/zenodo.3954406 

  

https://biodiversidata.org/
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Introduction 

South America stands out as one of the planet’s regions with the highest levels of species-

richness and endemisms (Myers 2003; Myers et al. 2000). Within this subcontinent, Uruguay 

occupies an area characterised by a high floristic diversity in one of the most extensive 

temperate grasslands on the globe (Andrade et al. 2018; Soriano 1992). This country embodies 

a transitional territory where multiple floristic elements of diverse origin converge (Brussa & 

Grela 2007; Chebataroff 1942, 1960; Grela 2004). However, the boundaries and ecotones of 

these phytogeographic regions have remained under sustained debate fundamentally given the 

lack of comprehensive and accessible databases on the diversity and distribution of species 

from Uruguay. While recent efforts have endeavoured to resolve this limitation for tetrapods 

(Grattarola et al. 2019a), data on the country’s plant biodiversity remain limited and scattered 

across a range of small-scale databases, the majority of which are inaccessible. Our work fills 

this gap by presenting such a comprehensive database for the plant biodiversity of Uruguay. 

The compilation of georeferenced plant data is a relatively recent practice in Uruguay (Brazeiro 

et al. 2008; Grela 2004; Haretche et al. 2012). In all cases, maps have been created, based on 

lists of species found within individual grid-cells of 660 km2 size, without specific information 

about their actual locations or when the species were observed or collected. This method is 

intrinsically affected by a serious loss of spatial and temporal information (i.e. data leakage, 

Peterson et al. (2018)). Yet, until today, it has been the standard approach to build national 

species distribution databases. It is imperative for Uruguay to change its biodiversity 

information management to a widespread approach, based on the digitisation of specimen and 

literature records and on open-access of the available databases. Under accelerating scenarios 

of human-induced alterations of the global climate and natural landscapes (Butchart et al. 2010; 

Lovejoy & Hannah 2019; Parmesan 2006), with more than 36.2% of the Uruguayan territory 

already modified (Brazeiro et al. 2020; Cespedes-Payret et al. 2009), the least developed 
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network of protected areas in the region (Soutullo & Gudynas 2006) and the lowest levels of 

digitally-available biodiversity data of Latin America (Grattarola et al. 2019a), developing 

scientific databases in Uruguay is a critical need. 

 

Table 4.1 – Records collected per vascular plant group showing number of occurrence records (non-duplicated 

records/location/year), total number of species, records without information of the date of collection, records 

collected in the last 30 years and records with geographic coordinates, with percentages shown in parentheses. 

  

Number of 

Occurrence 

Records 

Number of 

Species 

Records with 

Date (%) 

Records from 

the last 30 years 

(%) 

Records with 

Coordinates (%) 

Lycophytes 13 6  13 (100) 11 (84.6) 13 (100) 

Ferns 540 78 540 (100) 508 (94.1) 540 (100) 

Gymnosperms 48 5 41 (85.4) 39 (81.2) 48 (100) 

Angiosperms 11,869 1,559 10,527 (88.7) 9,585 (80.8) 11,869 (100) 

Total   12,470 1,648 11,121 (89.2)  10,143 (81.3) 12,470 (100)  

 

 

The Biodiversidata Initiative  

Biodiversidata – Uruguay’s first Consortium of Biodiversity Data (https://biodiversidata.org/) 

– has recently emerged with the aim of assembling a constantly growing, open-access database 

for Uruguay’s biodiversity (Grattarola et al. 2019a). The range of beneficiaries of the 

biodiversity data resources that this initiative provides is wide, including individuals and 

institutions from the scientific, educational and governmental sectors. Biodiversidata relies on 

the assemblage of biodiversity experts, with the aim of collating a comprehensive database 

spanning all components of the country’s biodiversity (Grattarola et al. 2019a). This aim is 

being achieved by overcoming the main obstacles detected in the process of data-sharing 

(Grattarola & Pincheira-Donoso 2019b), focusing on data digitisation, curation and 

standardisation, as well as on the use of the data to collaboratively address questions of 

conceptual global impact/interest. The data collated for the tetrapods have enabled us to 

https://biodiversidata.org/
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understand that most of the country remains neglected by scientific efforts, while a few areas 

have historically been consistently sampled. In this second stage, we focused on plants. The 

sampling bias scenario seems to mirror the scenario described for tetrapods (Grattarola et al. 

2019a). Here, we present the first comprehensive open-access database of vascular plant 

species of Uruguay, including all species for which data are currently available. The total 

number of records collated is 12,470, which includes 1,648 species out of the 3,000 species 

that have been reported for this country (including records to be confirmed) (Marchesi et al. 

2013; Zuloaga et al. 2019) (Table 4.1). Combined with the first phase that presented a database 

for tetrapods (Grattarola et al. 2019b), this current expansion of Biodiversidata to plant 

biodiversity provides an unprecedented resource, anticipated to have a major impact on the 

development of biodiversity studies and management in Uruguay. 

 

Sampling methods 

Sampling description 

The primary data were collated from a range of different sources such as online databases, field 

guides, reports and primary literature, as well as Biodiversidata members’ original 

field/herbarium records. A complete list of sources for the occurrence records is shown in Table 

4.2. Regardless of the source, the data collated aimed to include information on the record 

event: collection date when available, geographic location and taxonomic identification 

amongst others. The majority of the records were standardised following the Darwin Core 

Biodiversity Data Standard (Wieczorek et al. 2012) in line with FAIR (Findable, Accessible, 

Interoperable and Reusable) data Principles (Wilkinson et al. 2016b); see a complete 

description of terms in the section Data Description. R software (R Core Team 2020) was used 

to automate and batch process the data cleaning procedure and visualisation analyses. The 
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scripts used can be accessed at our GitHub repository 

github.com/bienflorencia/rBiodiversidata. 

 

Table 4.2 – List of sources used to build the Biodiversidata plant dataset, including the source type, the plant 

groups included in each source and the number of records extracted from each of the sources 

 

Source Source type Groups 
Number of 

Records 

Alonso Paz and Bassagoda (1999) Journal Article 
Ferns, Gymnosperms, 

Angiosperms 
252 

Alonso Paz and Bassagoda (2003) Journal Article 
Ferns, Gymnosperms, 

Angiosperms 
107 

Alonso Paz and Bassagoda (2009) Journal Article Angiosperms 3 

Bartesaghi (2007) Thesis Gymnosperms, Angiosperms 34 

Berazategui et al. (2009) Short Communication Angiosperms 2 

Berazategui et al. (2010) Short Communication Angiosperms 2 

Berazategui et al. (2012) Short Communication Angiosperms 3 

Brussa (2016) Journal Article Angiosperms 8 

Cascales et al. (2014) Journal Article Angiosperms 6 

Delfino and Masciadri (2005) Journal Article Ferns, Angiosperms 153 

Delfino et al. (2005) Journal Article Angiosperms 26 

Etchebarne (2014) Thesis Angiosperms 71 

Fagúndez-Pachón and Grattarola 

(2020)  
Biodiversidata member 

Lycophytes, Ferns, 

Gymnosperms, Angiosperms 
340 

Gautreau and Lezama (2009) Journal Article Angiosperms 52 

GBIF (2020b) Online Database 
Lycophytes, Ferns, 

Gymnosperms, Angiosperms 
3428 

González and Grattarola (2020) Biodiversidata member Angiosperms 101 

González-Cabezudo (2011)  Thesis Angiosperms 781 

González-Calcagno (2013)  Thesis Angiosperms 991 

Grela (2004) Thesis Gymnosperms, Angiosperms 1343 

Grela and Brussa (2003) Journal Article Gymnosperms, Angiosperms 897 

Guido and Mársico (2011) Journal Article Angiosperms 17 

Guido et al. (2013) Journal Article Angiosperms 14 

Jolochin (2007) Thesis Angiosperms 68 

Jolochin (2016) Thesis Angiosperms 20 

Machado and González-Rosales (2016) Thesis 
Lycophytes, Ferns, 

Angiosperms 
220 

Mai et al. (2020) Biodiversidata member Ferns, Angiosperms 520 

Mai et al. (2016) Journal Article Angiosperms 50 

Pérez-Sobrino (2016) Thesis Angiosperms 9 

Ramos (2009) Thesis Angiosperms 152 

Ríos et al. (2010) Report 
Lycophytes, Ferns, 

Gymnosperms, Angiosperms 
1357 



 
 

77 
 

Rivas and Barilani (2004) Journal Article Angiosperms 2 

Rivas et al. (2014) Journal Article Ferns, Angiosperms 53 

Rivas et al. (2017) Journal Article 
Lycophytes, Ferns, 

Gymnosperms, Angiosperms 
283 

Rodríguez-Mazzini et al. (2001) Report 
Lycophytes, Ferns, 

Gymnosperms, Angiosperms 
710 

Rossado et al. (2018) Journal Article Angiosperms 20 

Trujillo (2012) Thesis Angiosperms 9 

Urtado et al. (2020) Biodiversidata member Angiosperms, Ferns 366 

    

 

The data from bibliographic references were obtained from searches based on the use of more 

than 30 sources which were largely heterogeneous in the amount of information available for 

each record. The information about the source was captured for each record using the 

‘associatedReferences’ Darwin Core term. The data extracted consisted of taxa names, their 

geographic location and date of the collection/observation event when available, as well as 

information about collectors and identifiers. In some cases, georeferencing of the point 

locations was needed and relevant information was captured under the terms 

‘coordinateUncertaintyInMeters’, ‘coordinatePrecision’ and ‘georeferenceRemarks’ (see more 

details in Steps description subsection).  

The data from online sources were accessed through GBIF via ‘rgbif’ (Chamberlain et al. 

2020a), using the following search parameters: 1) Tracheophyta as taxon, 2) 'UY' in the country 

code (= Uruguay), 3) year of collection from 1900 onwards, 4) with geographic coordinates 

and no spatial issues associated and 5) including data of ‘Preserved Specimen’ and ‘Human 

Observation’ categories. The chosen parameters were considered to reduce the data cleaning 

time, given the purpose of use of the data being collected and the limited timeline of the project 

under course. Records with 'LivingSpecimen' or 'FossilSpecimen' as the basis of records were 

filtered to avoid crop/cultivated and extinct species. As a perspective, records with 'Unknown' 

base should be checked in the future. As well, the date lower limit and the constraint of records 

with coordinates and no spatial issues associated were selected to minimise potential taxonomic 
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and geospatial uncertainties/errors needed to be checked. It would be desirable to process these 

data to include them in Biodiversidata’s database in the future. For instance, georeferencing 

efforts could be implemented to increase the number of records to include (Chapman & 

Wieczorek 2020; Zermoglio et al. 2020). 

A single dataset with 5,138 occurrence records was downloaded, available at: 

https://doi.org/10.15468/dl.wc2fm7. After the data cleaning and quality check process was 

performed (see details in Quality control subsection), we kept 3,428 data records. Of those 

records, 1,787 corresponded to specimens and were contributed to GBIF by 51 different 

institutions around the world. The major contributor was the Missouri Botanical Garden 

(28.8% of the 1,787 records), followed by Universidade Federale do Rio Grande do Sul of 

Brazil (11.8%) and Universidade de São Paulo (6.6%). The 1,637 human observations were 

mainly derived (99.6%) from the citizen-science platform iNaturalist. 

The data provided by Biodiversidata members were curated (e.g. taxonomic names updated, 

fields standardised) and uploaded to GBIF as four separate datasets, one for each data 

contributor (see sources in Table 4.2). These records were mostly part of research project 

surveys, 77.5% of them being observations and 22.5% have a specimen deposited in national 

natural history collections, such as the Herbarium of the Museo Nacional de Historia Natural 

de Uruguay (MVM) and the Museo y Jardín Botánico Prof. Atilio Lombardo (MVJB). 

 

Quality control 

For data to be fit for use, they must be accurate, complete, consistent with other sources and 

provide a proper level of detail (Chapman 2005) To meet these standards, we performed the 

subsequent steps for all the data (see R scripts and working examples at 

https://github.com/bienflorencia/rBiodiversidata): 

https://doi.org/10.15468/dl.wc2fm7
https://github.com/bienflorencia/rBiodiversidata
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We checked misspellings, format errors and resolved synonymy and we completed higher 

taxonomic and infraspecific ranks terms and taxonomic authority for the scientific names using 

the R packages 'taxize' (Chamberlain et al. 2020b) and ‘WorldFlora’ (Kindt 2020). To check 

and unify species scientific names, for simplicity we first contrasted the list of species names 

to World Flora Online (WFO) Taxonomic Backbone. For species derived from literature and 

Biodiversidata members sources, we used verbatim species names against the authority sources 

and for GBIF data, we used the 'scientificName' field. If the species match were accepted by 

Zuloaga et al. (2019) in Darwinion, we kept the name and taxon ID of WFO, otherwise, we 

used the accepted name from Darwinion and searched for a taxon ID in Tropicos. The original 

species name was kept under the term ‘previousIdentification’. Additionally, the term 

‘establishmentMeans’ was added, categorising species as native or introduced (in Spanish: 

nativa and introducida) according to Andrade et al. (2018). Species with unverified occurrence 

in the country were excluded. The final species list was checked by the Biodiversidata plant 

experts. 

We checked dates accuracy and completed the 'eventDate' term with the format YYYY-MM-

DD (e.g. 2020-02-10 for 20 February 2010). If only the year were known, 'eventDate' was 

represented as YYYY and if only the year and month were known, as YYYY-MM. 

We filtered records occurring outside Uruguay's continental territory and checked for 

inaccuracy and incompleteness in georeferences. The data accessed via GBIF was filtered by 

keeping records with coordinate uncertainty values of less than 10 km and discarding those 

records with country centroid as georeference protocol. This hard filter was performed to 

reduce processing time and avoid location inaccuracy for posterior analyses. For the data 

extracted from literature, when coordinates were missing, we georeferenced point localities 

from maps figures using Google Earth Pro 2020 and marked them as requiring further 

verification. From the data provided by members of Biodiversidata or collated from literature, 



 
 

80 
 

when geographic coordinates were presented either as degrees, minutes and seconds or degrees 

and decimal minutes, we georeferenced the locations to decimal degrees, following 

georeferencing best practices (Chapman & Wieczorek 2020; Zermoglio et al. 2020), including 

datum, uncertainty, precision, georeferencing protocol and georeferencing date values for all 

these records. Finally, we included the higher geography terms 'continent' and 'country' and the 

'stateProvince' term for all the records in the database through the GeoNames Gazetteer 

database using the R package ‘geonames’ (Rowlingson 2019). 

Finally, we generated a unique 'occurrenceID' for every record in our database, except the data 

accessed from GBIF for which we kept the original ID. 

 

 

Geographic coverage 

The database covers extant species of vascular plants reported for locations within the borders 

of Uruguay. The occurrence records are spatially biased (Figure 3.1a), as larger numbers of 

records are restricted to areas around the borders of the country, whilst the central regions of 

the territory have lower levels of sampling. The most sampled area of Uruguay is in Cerro 

Largo (central-eastern part of the country, at the frontier with Brazil), followed by the 

surroundings of some cities on the Atlantic coast (Figure 3.1b). As previously observed in 

tetrapods (Grattarola et al. 2019a) and woody flora (Haretche et al. 2012), some areas of the 

country remain systematically neglected. It is currently unclear whether these disparities in 

sampling are due to the lack of explorations, the lack of digitisation or georeferencing of 

existing occurrences (e.g. GBIF records discarded in the preparation of the database), given the 

high taxonomic complexity of some vascular plant families for records to reach species level 

or a combination of all the above. Additionally, the lack of explorations could be for multiple 

reasons: either a result of the difficulty to access certain areas (see in Figure 3.1c, the 
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distribution of urban areas, main routes and rivers) or because of the preference of botanists for 

certain landscapes over others (Haretche et al. 2012). Maps were created in R and figures 

prepared using ArcGis 10.5. Sampling effort was evaluated as the number of records in each 

cell (see scripts in github.com/bienflorencia/ rBiodiversidata for a working example). For the 

Biodiversidata project, Uruguay’s territory is divided in grid-cells of three different sizes: 50 x 

50, 25 x 25 and 12.5 x 12.5 km; here we present sampling effort values with the mid-size unit 

of 25 km. 

 

 

 

Figure 4.1 – Distribution in Uruguay of (a) the total 12,470 occurrence records of vascular plants in 

Biodiversidata, (b) sampling effort with 25 × 25 km grid-cell resolution (the mid-size resolution used for 

Biodiversidata's analyses) and (c) urban areas (orange dots with size relative to surface in km ), routes 

(international, primary and secondary) and main rivers. Projection WGS1984. 

 

Coordinates: -58.43882 and -53.266525 Latitude; -30.10818 and -34.973188 Longitude. 
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Taxonomic coverage 

The database includes 1,362 native species, 271 introduced and 15 species of yet unknown 

establishment means. According to Andrade et al. (2018), in Uruguay there are 167 families of 

vascular plants, comprising 2,431 native species. Therefore, our database covers 56.1% of the 

native species and 94.7% of the families that have been recorded in the country. The taxonomic 

coverage amongst groups is uneven (Figure 3.2) fairly reflecting the current richness 

dominance of some taxa groups over others. See on top of the bars in Figure 3.2 the number of 

species in the database and those expected by Andrade et al. (2018) for Uruguay within each 

family. Families with the greatest number of species in our database are Asteraceae (N = 250), 

Poaceae (N = 205), Fabaceae (N = 130) and Cyperaceae (N = 54). 
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Figure 2.2 – Number of occurrence records of vascular plants from Uruguay per family within each clade, in 

Biodiversidata. For Ferns and Angiosperms, only families with more than 20 and 50 records, respectively, are 

shown. On top of the bars, the number of species for each family is included along with the corresponding number 

of species that is expected by Andrade et al. (2018) between brackets. 

 

Temporal coverage 

The records included in the database cover samples reported in Uruguay during the period of 

1877–2020 (Figure 3.3). A large proportion of the records has information about the date of 

collection/observation (89.2%). We observed that occurrence records have been collected 

mostly irregularly within groups, with some families, such as Poaceae and Piperaceae, 

represented in larger time periods, yet most exclusively or more intensely in the last 20-30 

years. 
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Figure 4.3 – Representation of vascular plants families from Uruguay over time, grouped by clades, in 

Biodiversidata. Dots indicate there is at least one occurrence record for a species in the given family. For Ferns 

and Angiosperms, only families with more than 20 and 50 records, respectively, are shown. 

 

Data range: 1877-2-01 - 2020-5-21. 
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Usage rights 

Use license 

Creative Commons Attribution License (CC-BY 4.0) 

 

Data resources 

Data package title: Biodiversidata 

Number of data sets: 1 

Data set name: Biodiversidata: Vascular Plant Species Occurrences of Uruguay 

Download URL: https://doi.org/10.5281/zenodo.2650169 

Data format: Darwin Core occurrence data CSV 

Data format version: 1.0.0 

Description: The dataset provides primary biodiversity data on extant vascular plant species 

recorded within Uruguay between 1877–2020 (Suppl. material 1). The total number of records 

collated is 12,470, including 1,648 species and 61 columns of Darwin Core standard terms 

(descriptions adapted from https://dwc.tdwg.org/terms/). 

 

  

https://doi.org/10.5281/zenodo.2650169
https://dwc.tdwg.org/terms/
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Terms 

 

Column label Column description 

occurrenceID An identifier for the existence of a particular organism at a particular place at 

a particular time | dwc:occurrenceID 

otherCatalogNumbers A list (concatenated and separated) of previous or alternate fully qualified 

catalog numbers or other human-used identifiers for the same particular 

organism, whether in the current or any other data set or collection | 

dwc:otherCatalogNumbers 

basisOfRecord The specific nature of the data record (e.g. PreservedSpecimen, 

HumanObservation, unknown) | dwc:basisOfRecord 

recordedBy A list (concatenated and separated) of names of people, groups, or 

organizations responsible for recording the original existence of a particular 

organism at a particular place at a particular time | dwc:recordedBy 

establishmentMeans The process by which the biological individual(s) represented in the record 

established at the spatial region or named place (e.g. native (=nativa), 

introduced (=introducida), unknown (=desconocido)) | 

dwc:establishmentMeans 

previousIdentifications A list (concatenated and separated) of previous assignments of names to the 

recorded organism | dwc:previousIdentifications 

eventDate The date during which the recording event occurred (format YYYY-MM-DD) 

| dwc:eventDate 

year The four-digit year in which the recording event occurred, according to the 

Common Era Calendar | dwc:year 

month The ordinal month in which the recording event occurred | dwc:month 

day The integer day of the month on which the recording event occurred | dwc:day 

higherGeography A list (concatenated and separated) of geographic names less specific than the 

information captured in the locality term | dwc:higherGeography 

continent The name of the continent in which the spatial region or named place occurs | 

dwc:continent 

country The name of the country or major administrative unit in which the spatial 

region or named place occurs | dwc:country 

countryCode The standard code for the country in which the spatial region or named place 

occurs | dwc:countryCode 

stateProvince The name of the next smaller administrative region than country (state, 

province, canton, department, region, etc.) in which the location occurs | 

dwc:stateProvince 

locality The standardized description of the spatial region or named place of an event | 

dwc:locality 

decimalLatitude The geographic latitude (in decimal degrees, using the spatial reference 

system given in geodeticDatum) of the geographic center of a spatial region or 

named place | dwc:decimalLatitude 

decimalLongitude The geographic longitude (in decimal degrees, using the spatial reference 

system given in geodeticDatum) of the geographic center of a spatial region or 

named place | dwc:decimalLongitude 
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geodeticDatum The ellipsoid, geodetic datum, or spatial reference system (SRS) upon which 

the geographic coordinates given in decimalLatitude and decimalLongitude as 

based | dwc:geodeticDatum 

coordinateUncertaintyInMeters The horizontal distance (in meters) from the given decimalLatitude and 

decimalLongitude describing the smallest circle containing the whole of 

the spatial region or named place | dwc:coordinateUncertaintyInMeters 

coordinatePrecision A decimal representation of the precision of the coordinates given in the 

decimalLatitude and decimalLongitude | dwc:coordinatePrecision 

georeferencedBy A list (concatenated and separated) of names of people, groups, or 

organisations who determined the georeference (spatial representation) for the 

spatial region or named place | dwc:georeferencedBy 

identifiedBy A list (concatenated and separated) of names of people, groups, or 

organisations who assigned the taxon to the subject | dwc:identifiedBy 

taxonID An global unique identifier for the set of taxon information | dwc:taxonID 

scientificName The full scientific name, with authorship and date information if known | 

dwc:scientificName 

nameAccordingTo The reference to the source in which the specific taxon concept 

circumscription is defined or implied | dwc:nameAccordingTo 

higherClassification A list (concatenated and separated) of taxa names terminating at the rank 

immediately superior to the taxon referenced in the taxon record | 

dwc:higherClassification 

kingdom The full scientific name of the kingdom in which the taxon is classified | 

dwc:kingdom 

phylum The full scientific name of the phylum or division in which the taxon is 

classified | dwc:phylum 

class The full scientific name of the class in which the taxon is classified | dwc:class 

order The full scientific name of the order in which the taxon is classified | 

dwc:order 

family The full scientific name of the family in which the taxon is classified | 

dwc:family 

genus The full scientific name of the genus in which the taxon is classified | 

dwc:genus 

specificEpithet The name of the first or species epithet of the scientificName | 

dwc:specificEpithet 

infraspecificEpithet The name of the lowest or terminal infraspecific epithet of the scientificName, 

excluding any rank designation | dwc:infraspecificEpithet 

taxonRank The taxonomic rank of the most specific name in the scientificName | 

dwc:taxonRank 

scientificNameAuthorship The authorship information for the scientificName | 

dwc:scientificNameAuthorship 

institutionCode The name (or acronym) in use by the institution having custody of the 

object(s) or information referred to in the record | dwc:institutionCode 

collectionCode The name, acronym, coden, or initialism identifying the collection or data set 

from which the record was derived | dwc:collectionCode 

catalogNumber An identifier (preferably unique) for the record within the data set or 

collection | dwc:catalogNumber 

recordNumber An identifier given to the occurrence at the time it was recorded | 

dwc:recordNumber 
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associatedReferences A list (concatenated and separated) of identifiers (publication, bibliographic 

reference, URI) of literature associated with the existence of a particular 

organism at a particular place at a particular time | dwc:associatedReferences 

verbatimLocality The original textual description of the spatial region or named place of the 

record event | dwc:verbatimLocality 

georeferenceRemarks Notes or comments about the spatial description determination, explaining 

assumptions made | dwc:georeferenceRemarks 

vernacularName A list (concatenated and separated) of common or vernacular names | 

dwc:vernacularName 

locationAccordingTo Information about the source of the location information | 

dwc:locationAccordingTo 

georeferencedDate The date on which the location was georeferenced | dwc:georeferencedDate 

georeferenceSources A list (concatenated and separated) of maps, gazetteers, or other resources 

used to georeference the Location, described specifically enough to allow 

anyone in the future to use the same resources | dwc:georeferenceSources 

georeferenceVerificationStatus A categorical description of the extent to which the georeference has been 

verified to represent the best possible spatial description (e.g. requires 

verification) | dwc:georeferenceVerificationStatus 

georeferenceProtocol A description or reference to the methods used to determine the spatial 

coordinates and uncertainties | dwc:georeferenceProtocol 

verbatimLatitude The verbatim original latitude of the location (spatial region or named place) | 

dwc:verbatimLatitude 

verbatimLongitude The verbatim original longitude of the location (spatial region or named place) 

| dwc:verbatimLongitude 

verbatimCoordinateSystem The spatial coordinate system for the verbatimLatitude and 

verbatimLongitude of the location | dwc:verbatimCoordinateSystem 

locationRemarks Comments or notes about the location (spatial region or named place) | 

dwc:locationRemarks 

measurementType The nature of the measurement, fact, characteristic or assertion | 

dwc:measurementType 

measurementValue The value of the measurement, fact, characteristic or assertion | 

dwc:measurementValue 

measurementDeterminedBy A list (concatenated and separated) of names of people, groups, or 

organisations who determined the value of the measurement, fact, 

characteristic, or assertion | dwc:measurementDeterminedBy 

measurementRemarks Comments or notes accompanying the measurement, fact, characteristic or 

assertion | dwc:measurementRemarks 

organismRemarks Comments or notes about the particular organism recorded | 

dwc:organismRemarks 

language Language of the resource | dcterms:language 

license A legal document giving official permission to do something with the 

resource | dcterms:license 
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Abstract  

The uneven spatial distribution of biodiversity is a defining feature of nature. In fact, the 

implementation of conservation actions both locally and globally has progressively been 

guided by the identification of biodiversity ‘hotspots’ (areas with exceptional biodiversity). 

However, different regions of the world differ drastically in the availability of fine-scale data 

on the diversity and distribution of species, thus limiting the potential to assess their local 

environmental priorities. Within South America – a megadiverse continent – Uruguay 

represents a peculiar area where multiple tropical and non-tropical eco-regions converge, 

creating highly heterogeneous ecosystems, but where the systematic quantification of 

biodiversity remains largely anecdotal. To investigate the constraints posed by the limited 

access to biodiversity data, we employ the most comprehensive database for tetrapods in 

Uruguay (spanning 664 species) assembled to date, to identify hotspots of species-richness, 

endemism and threatened species for the first time. Our results reveal negligible spatial 

congruence among biodiversity hotspots, and that tetrapod sampling has historically 

concentrated in only a few areas. Collectively, our study provides a detailed account of the 

areas where urgent biodiversity monitoring efforts are needed to develop more accurate 

knowledge on biodiversity patterns, offering government and environmental bodies a critical 

scientific resource for future planning.  
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Introduction 

The prevailing spatial unevenness in the distribution of biodiversity globally (Gaston & 

Blackburn 2008; Gaston 2000) imposes pressing challenges to the understanding and 

conservation of ecosystems given that the distribution of threats is also spatially asymmetric 

(Grenyer et al. 2006; Lovejoy & Hannah 2019; Parmesan 2006; Rodrigues et al. 2014). 

Therefore, in an era of alarming worldwide biodiversity declines (Butchart et al. 2010; 

Cardinale et al. 2012; Dirzo et al. 2014; Urban 2015), where the majority of species still remain 

to be discovered (Mora et al. 2011), it is crucial to accurately identify the geographic regions 

of primary conservation concern (Brooks et al. 2006; Margules & Pressey 2000). Hotspots of 

biodiversity – areas characterised by exceptional relative species-richness, or by unusually high 

numbers of endemic and endangered species (Myers et al. 2000; Reid 1998)– have largely been 

considered primary targets for such conservation actions (Böhm et al. 2013; Marchese 2015; 

Mittermeier et al. 2011; Myers 2003). Ecological criteria such as vulnerability (Crossman et 

al. 2012; Fagundes et al. 2018), irreplaceability (Trombulak 2010) and representativeness 

(Reddy et al. 2019) have been used to identify biodiversity areas of priority concern (Asaad et 

al. 2017; Mittermeier et al. 2011; Schmitt 2011). However, a major challenge intrinsic to 

studies of biodiversity distributions at large spatial or taxonomic scales is the difficulty that 

assembling comprehensive datasets that cover high proportions of the diversity of entire 

regions or clades involves (McRae et al. 2017; Whittaker et al. 2005) (often referred to as ‘the 

Wallacean shortfall’(Hortal et al. 2015)). This challenge is aggravated in some countries that 

tend to concentrate less comprehensive biodiversity datasets (Ondei et al. 2018) (i.e. data-poor 

regions), whilst often hosting the biodiversity-richest regions and undergoing the toughest 

pressures on biodiversity (Amano & Sutherland 2013; Hortal et al. 2015; Schmeller et al. 

2017). 
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Over the last two decades, increased efforts have been made to expand the spatial and/or 

taxonomic coverage of biodiversity datasets, with the aim to advance our ability to quantify 

biodiversity patterns and to make evidence-based decisions about conservation actions (Böhm 

et al. 2013; Hoffmann et al. 2010; Hudson et al. 2014; Meiri et al. 2018; Roll et al. 2017). As 

comprehensive biodiversity datasets become available, evidence has revealed, among other 

core findings, that different measures of biodiversity hotspots are not consistently congruent in 

space (Gaston 1996; Orme et al. 2005). Additionally, conservation actions are not effective 

across or even within the same clades, given the biological idiosyncrasies of each group (Roll 

et al. 2017) – for example, given that ectothermic tetrapods (amphibians, reptiles) do not 

experience the same environmental pressures that endothermic organisms (mammals, birds) 

do, their biological responses to the same environments can differ importantly (Stark et al.). 

The spatial and time scales considered are also expected to impact on the patterns being 

observed, and thus, finer-scale data tend to offer better resources for more effective inferences 

about the spatial organisation of biodiversity (Fletcher & Fortin 2018; Zhao et al. 2016). 

Therefore, efforts devoted to create truly comprehensive primary biodiversity datasets are 

expected to hold a vital key to understand and manage biodiversity (Neves et al. 2019; Soberón 

& Peterson 2004).  

Within South America – one of the world’s most biodiverse continents (Myers 2003; Myers et 

al. 2000)–, Uruguay, which spans one of the world’s most extensive natural grasslands 

(Andrade et al. 2018; Soriano 1992), stands-out given the convergence of tropical and non-

tropical eco-regions that combined bring together the geographic boundaries of an important 

‘mix’ of species representative of those major biological domains (Arballo & Cravino 1999; 

González & Martínez-Lanfranco 2010; Grattarola & Rodríguez-Tricot 2020; Grela 2004; 

Núñez et al. 2004; Pincheira-Donoso 2010). Yet, Uruguay’s network of protected areas spans 

<1.5% of the country’s territory (SISNAP 2020) – the lowest for any country in South America 
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(Baldi et al. 2019; Soutullo & Gudynas 2006). A dominant reason for such discrepancies 

between the country’s diversity and conservation actions can be attributed to the limited 

knowledge on the distribution of its biodiversity. While previous attempts to identify the 

geographic location of Uruguay’s biodiversity hotspots have been made (Brazeiro 2015; 

Canavero et al. 2010; Carreira et al. 2012a; Soutullo et al. 2013), the quantification of multiple 

forms of biodiversity hotspots remains fundamentally neglected given the severe gaps in 

geographic data and the lack of comprehensive open-access databases on species distributions. 

Thus, despite its unique ecosystem and biodiversity attributes, the availability of scientific tools 

for evidence-based management and longer-term planning of Uruguay’s environments lags 

behind most countries in the continent. To address this historical issue, Biodiversidata – 

Uruguay’s first Consortium of Biodiversity Data (https://biodiversidata.org/) has recently been 

created (Grattarola et al. 2019a; Grattarola et al. 2020b). This initiative gathers a collaborative 

scientific community of the country’s biodiversity experts with the aim of assembling a 

constantly growing database for Uruguay’s biodiversity. The first version of Biodiversidata 

presented a comprehensive dataset for all tetrapod species (Grattarola et al. 2019a). 

In this study, we investigate for the first time the distribution, diversity and congruence of 

Uruguay’s hotspots of tetrapods, using >69,000 geographic records for 664 species of 

amphibians, reptiles, birds and mammals (Table 5.1, Supplementary Fig. S5.1) compiled as 

part of the emerging Biodiversidata initiative (Grattarola et al. 2019a). We aim to (i) elucidate 

the spatial patterns of tetrapod species-richness, endemism and threatened species (both 

measured as absolute and relative numbers of species facing extinction risk), and quantitatively 

assess their spatial congruence, (ii) measure the sampling bias and evaluate estimated 

diversities, (iii) assess whether the current protected area network in Uruguay is capturing the 

different hotspots, and (iv) identify areas where future sampling to foster robust environmental 

management and planning should be prioritised. 

https://biodiversidata.org/
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Table 5.1 – Occurrence records and unsampled area (grids without records) per tetrapod group. Number 

of records (non-duplicated records/location/year), number of species and unsampled area (expressed in km2 and 

percentage of the total area of Uruguay), for all tetrapods and separated classes, according to each grid-cell size 

(12.5x12.5km, 25x25km and 50x50km). 

   Unsampled area 

 
Number of 

Records 

Number 

of Species 

12.5x12.5km 25x25km 50x50km 

  km2 % km2 % km2 % 

Tetrapods 69,364 664 54,527.2 30.9 10,792.7 6.1 10.6 0.01 

Amphibians 2,546 50 129,581.1 73.5 68,674.9 39 11,822.4 6.7 

Reptiles 2,343 68 97,163.5 55.1 40,172.5 22.8 7,995.6 4.5 

Birds 60,524 430 110,803.4 62.9 52,008.1 29.5 10,778.2 6.1 

Mammals 3,951 116 105,173.6 59.7 36,144.6 20.51 10.6 0.01 

 

 

Materials and Methods 

Data 

Geographic occurrence data of the tetrapods of Uruguay were collated from original sources 

collected by Biodiversidata expert members, from online databases and from the scientific 

literature (see details and protocols in Grattarola et al. (2019a)). To avoid over-inflation of the 

data, all duplicates species per locality/year (i.e. same geographic coordinates) were removed. 

After this process of data filtering, the total number of records was 69,364 (Table 5.1), covering 

664 tetrapod native species. This is the most geographically and taxonomically comprehensive 

database of Uruguay’s biodiversity that has been collected to date. This includes all amphibians 

that have been reported in Uruguay (plus three new species), 96% of all birds, 96% of all 

reptiles, and all mammal reported (plus two new species), according to Soutullo et al. (2013). 

The complete database is available at Grattarola et al. (2019b) and Grattarola et al. (2020a). 
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Mapping biodiversity metrics and hotspots 

We considered two diversity metrics to define biodiversity hotspots (Marchese 2015) (number 

of species per area, or species-richness, and the proportion of species restricted to a particular 

area, or endemism); and two measures of species vulnerability (the proportion of threatened 

species relative to total species numbers, and the number of threatened species). We used the 

range-size-weighted species-richness (rswSR) as our measure of endemism, a parameter that 

considers the rarity/prevalence of the species over the study area. This enabled us to account 

for the predominance of species with restricted geographic distribution in the country, for 

simplicity we refer to it as ‘endemism’. The rswSR was calculated following Roll et al. (2017) 

equation (1),  

𝑟𝑠𝑤𝑆𝑅𝑖 =  ∑ 𝑞𝑖𝑗
𝑁
𝑗=1 ,     (1) 

where qij is the fraction of the distribution of the species j in the cell i. Threatened species 

number was calculated counting the number of species listed as threatened and threatened 

species proportion as the fraction of species listed as threatened per grid-cell, following Böhm 

et al. (2013) equation (2),  

PropThreat = (CR+EN+VU)/N, (2) 

including critically endangered (CR), endangered (EN) and vulnerable (VU) categories by the 

total number of species (N). For both measures of threatened species we used the IUCN Red 

List of Threatened Species global assessment (IUCN 2020) and the IUCN Red List national 

assessments for amphibians and reptiles (Carreira & Maneyro 2019), and birds (Azpiroz et al. 

2017). We only used the global assessment for mammals given there is no IUCN assessment 

for this group at the national level. Thus, threatened species analyses combining all tetrapods 

were done considering only global categories. 

We defined hotspots as a measure of the spatial distribution of diversity/vulnerability metrics 

(i.e. species-richness, endemism or threatened species proportion and number), as a function 
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of grid-cells rather than an arbitrary cut-off point (e.g. 2.5% of the richest areas). Therefore, 

we assumed that hotspots were the highest extremes of a gradient of continuous variation.  

Analysing spatial patterns using different scales of observation can be useful when the size of 

the unit (grid-cell in this case) at which the spatial structure can be characterised is unknown 

(Dale & Fortin 2014). Thus, we performed all analyses using three different sizes: 50 x 50, 25 

x 25 and 12.5 x 12.5km. Although all the analyses were made for the three different grid-cells 

sizes, we report results from the analyses with the 25km grid-cell size (see Supplementary Fig. 

S5.2,3 for analyses with the other two grid-cell sizes). All maps for each group separately 

(amphibians, birds, reptiles and mammals) and for all tetrapods combined were created using 

ArcGis 10.6. Sampling effort was evaluated as the number of records in each cell (after filtering 

for pseudo-replication) and species-richness as the number of species corresponding to those 

records.  

 

Hotspots congruence 

We assessed the extent of congruence for each hotspot type (species-richness, endemism and 

threatened species proportion and number), within each group and across the tetrapod group, 

by calculating the number of overlapping grid-cells (Orme et al. 2005). In cases where data are 

not randomly distributed, measuring metrics with small sampling units will increase the 

variance while using large sampling units will reduce the variability (Dale & Fortin 2014), 

which therefore limits our capacity to determine the congruence among hotspots. For this 

reason, to analyse the extent of congruence between the biodiversity hotspots we varied both 

the size of the sampling unit (12.5x12.5, 25x25 and 50x50 km) and the criterion to define a 

hotspots (% of area/number of cells occupied by hotspots). First, grid-cells without records 

were removed. Then we sorted all the cells from high to low values of the corresponding 

metrics. Finally, at each definition criterion (from 0 to 100% overlapping over the total area by 
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0,5%), we computed the percentage of congruence as the number of matching grid-cells over 

the total number of unique cells. See the script with a working example in Grattarola (2020). 

 

Spatial correlations  

We assessed the spatial association between: i) sampling effort versus each hotspot type, ii) 

pair of hotspot types within each tetrapod group (e.g. amphibians’ species-richness versus 

amphibians’ endemism), and iii) pair of tetrapod classes within each hotspot type (e.g. reptiles’ 

endemism versus birds’ endemism). Ecological data often have some degree of spatial structure 

(Dale & Fortin 2014), – grid-cells can show a tendency to have similar values for a given 

variable with closely distributed grid-cells (i.e. spatial autocorrelation). Therefore, it is 

important to control whether spatial autocorrelation exists among grid-cells for each hotspot 

metric, and if so, estimate the ‘effective sample size’ given the dependency among the values 

(Dale & Fortin 2014). Thus, to measure the association between the number of records and the 

biodiversity metrics per grid-cell we used a corrected Pearson’s correlation for spatial 

autocorrelation (Dale & Fortin 2014; Dutilleul et al. 1993) of the ‘SpatialPack’ R package 

(Vallejos et al. 2018). Cells without records were eliminated from all correlations to remove 

double zeros. 

 

Comparisons of observed and estimated diversities  

Although the question of whether patterns of species-richness are real (the recovered pattern 

represents the true distribution of biodiversity) or fabricated (the recovered pattern is an artefact 

of the distribution of sampling efforts) cannot be accurately assessed for severely under-

sampled assemblages, we can still infer species-richness for a standardised coverage and make 

comparisons between observed and estimated diversity values (Chao et al. 2014; Chao et al. 

2020). Fair comparisons across multiple groups can be performed using coverage-based 
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rarefaction and extrapolation sampling curves up to a maximum value of Cmax (i.e. the level of 

coverage reached by the sample that attains the lowest coverage when all samples are 

extrapolated to double the reference sample size) (Chao et al. 2020).  

We defined the frequency of species incidence at two spatial resolutions: 25x25 and 50x50 km 

grid-cells (we did not use the 12.5x12.5 km resolution due to low numbers of available grid-

cells with data for analyses). Each grid-cell was further divided into sub-grids of 1x1 km to 

create a species incidence dataset at the grid-cell level by counting the number of sub‐gridded 

cells that contained occurrence records for individual species (see the script with a working 

example in Grattarola (2020)). For interpolation (rarefaction) and extrapolation of species-

richness (Hill's number of order q = 0) we used the R package ‘iNext’(Hsieh et al. 2016). To 

obtain reliable estimates, grid-cells with few occurrence records were excluded from analyses 

(Kusumoto et al. 2020): whenever the number of species observed in the grid was less than six, 

the number of sub‐gridded cells with at least one incidence was less than six, and the total 

number of species incidences was equal to the number of unique species (species that are each 

detected in only one sub grid-cell). To compare among grid-cells in terms of sampling 

coverage, we estimated species-richness for each tetrapod group at Cmax(Chao et al. 2020) and at 5% 

percentile (C5%) of sampling coverage at doubled sample sizes (Kusumoto et al. 2020). To 

determine Cmax, each sample within the grid unit was first extrapolated to double the reference 

sample size, then Cmax was calculated as the minimum among the coverage values obtained 

from those extrapolated samples. See Supplementary Table S5.3 for specific values at each 

group and spatial resolution.  

 

Congruence between protected areas and hotspots of biodiversity 

To determine whether the location of existing protected areas in Uruguay (as established by 

the current National System of Protected Areas of Uruguay) covers hotspots of species-
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richness, endemism and threatened species, all maps were overlapped with the 16 currently 

operating protected areas (see Supplementary Figure S5.4 for a map showing: the network of 

protected areas, areas under assessment for potential consideration as protected areas, and areas 

for which a proposal for consideration has been prepared). Congruence for each hotspot type 

was then calculated as the proportion of the 2.5% of the richest grid-cells, removing empty 

grid-cells, that were at least partially covered by a protected area (i.e. some amount of the area 

was within a hotspots).  

 

Identification of ‘areas of ignorance’  

As a critical first step to interrogate historically-established public policies and efforts about 

the sampling of Uruguay’s biodiversity, we quantified the levels of inventory incompleteness 

for each group per area by using curvilinearity of smoothed species accumulation curves 

(SACs) (Tittensor et al. 2010; Yang et al. 2013). This method assumes that SACs of poorly 

sampled grid-cells tend towards a straight line, while those of better sampled ones have a higher 

degree of curvature (Gotelli & Colwell 2001). Smoothed SACs were calculated with the 

method ‘exact’ of the function ‘specaccum’ in the vegan R package (Oksanen et al. 2013). As 

a proxy for inventory incompleteness we calculated the degree of curvilinearity as the mean 

slope of the last 10% of SACs (Yang et al. 2013).  Steep slopes (values close to one) reflected 

high levels of incompleteness, whereas shallow slopes (values close to zero) indicated 

saturation in the sampling and thus low levels of incompleteness. We considered grids with 

slope values > 0.05 to be under-sampled and those with slope values ≤ 0.05 to be well sampled. 

The R scripts used for these analyses can be found at Grattarola (2020). 

Finally, with the aim to outline a plan to suggest where future sampling efforts should be 

allocated across the territory of Uruguay (e.g. for funding considerations), we generated a map 

of ‘priority areas of sampling’ for each tetrapod group. Priority levels were established 
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considering the levels of inventory incompleteness. The scale ranged from: Null (i.e. grid-cells 

where mean slope of the last 10% of SACs was lower or equal to 0.05), ‘Low’ (between 0.05 

and 0.25), ‘Medium’ (between 0.25 and 1), ‘High’ (grid-cells where the sampling effort was 

so low that it was not possible to calculate SACs), and ‘Very High’ (i.e. grid-cells where no 

records were found). 

 

Results 

The spatial distribution of biodiversity  

The distributional patterns of all three types of hotspot (species-richness, endemism and 

threatened species number/proportion) varied across taxa (Figure 5.1 and Supplementary Fig. 

S5.2,3). Species-richness for all groups of tetrapods was aggregated in the south and south-east 

coast of the country (Figure 5.1, top row), with the highest numbers of species detected in the 

surroundings of Montevideo (capital city) and other coastal cities. High numbers of species 

were also detected in the mid-east border with Brazil and in the north-west side of the Uruguay 

River. Each group also exhibited high concentrations of species in exclusive grid-cells – not 

shared between groups (Figure 5.1, top row). Endemism patterns were more homogeneously 

distributed for all tetrapods, with moderate values all across the territory and few high 

endemism areas towards the south and south-east coast, north-west and the mid-east borders 

of the country (Figure 5.1, second row from the top). For each separate tetrapod class, we 

detected a similar pattern. Amphibians presented exclusive areas of endemism in the northwest, 

northeast and mid-east of the country, birds in the south coast, and mammals in the south-east 

Atlantic coast. We did not observe any reptile-exclusive areas of endemism. The hotspots of 

threatened species for all tetrapods combined and separated exhibited a few grid-cells of high 

value, for both species proportions (Figure 5.1, third and fourth rows) and numbers (Figure 5.1, 

fifth and bottom rows), irrespective of the IUCN categories used to assess threatened species. 
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However, when using national IUCN assessments, additional peak values were revealed. Each 

tetrapod class showed unique areas with a high proportion of threatened species which, 

contrary to species-richness and endemism, were principally located distant to the coast and 

towards the centre of the country. The scarce hotspots of threatened species identified in all 

cases are mainly due to the low number of species that are assessed as threatened (i.e. critically 

endangered, endangered and vulnerable), either globally with 4 species of amphibians (8% of 

the total species), 9 reptiles (13.2%), 15 birds (3.5%) and 8 mammals (6.8%), or at the national 

level, with 12 species of amphibians (24% of the total species), 8 reptiles (11.8%) and 40 birds 

(9.3%).  
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Figure 5.1 - Spatial distribution patterns of hotspots of tetrapod species in Uruguay. Hotspots metrics for all 

tetrapods, amphibians, reptiles, birds and mammals (from left to right), of species-richness (SR) (top row), 

endemism (E) (second from the top row), threatened species proportion using the global IUCN assessment (TSPG) 

(third row) or national IUCN assessment (TSPN) (forth row), and threatened species number using the global 

IUCN assessment (TSNG) (fifth row) or national IUCN assessment (TSNN) (bottom row). Blue cells indicate 

either non-sampled areas or zero values of threatened species for both relative and absolute estimates. Because of 
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lack of mammals’ threat assessment, values for mammals and tetrapods at national level could not be computed 

(grey maps are shown). Scale bar values differ between panels depending on the hotspot’s metric. Top values are 

shown for each map, cut-offs are 0, 25, 50, 75 and 100 (in terms of % of the maximum value). All maps in 25 × 

25 km grid-cell resolution. Projection WGS1984.  

 

The spatial congruence of biodiversity hotspots 

We found a tendency for low spatial congruence across and within different measures of 

biodiversity hotspots when taking tetrapod classes combined or separately. The extent of spatial 

congruence across types of hotspots varied according to grid-cell size (12.5, 25 and 50km), if 

threatened species proportion or number was considered, and the percentage of the hotspot area 

definition (% of area/number of cells occupied by hotspots; from 0% to 100%) (Figure 5.2). 

However, we observed a tendency towards greater levels of congruence when relaxing the 

hotspot definition to 10% of the richest grid-cells, using the major grid-cell size and numbers 

of threatened species instead of proportions (Table 5.2a). Exceptionally for amphibians, birds 

and mammals, using the 50x50km unit and considering the smallest definition of the area 

occupied by hotspots (2-2.5%), we observed complete congruence as the three types of hotspots 

were localised in the same unique grid-cell (Figure 5.2a, c, d: red line). Amphibians and birds 

showed higher congruence when the national IUCN assessment was used (Figure 5.2a, c). Yet, 

this was not the case for reptiles, which had a prevailing tendency for incongruence between 

diversity hotspots (Table 5.2a). The extent of spatial congruence of hotspots for tetrapods 

combined was generally higher than for each separate group (Figure 5.2e). 
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Table 2 – Hotspots congruence. The extent of spatial congruence of (a) all types of hotspots considering all 

tetrapods and each tetrapod group and (b) each different type of hotspots considering all tetrapods together; 

varying both the size of the sampling unit (12.5x, 25x and 50x km) and the criterion to define a hotspots (%2.5 or 

10% of area/number of cells occupied by hotspots). 

 

  Congruence (% of area shared by hotspots)    
  Grid-cell size  
  12.5x12.5km   25x25km   50x50km  

 Hotspots 

definition 
 Hotspots 

definition 
 Hotspots 

definition  
a) Group 2.5% 10%   2.5% 10%   2.5% 10% Analysis 

All tetrapods 0 6.7  0 8.8  0 26.7 Species Richness + 

Endemism + 

Threatened Species 

Proportion Global 

Amphibia 0 8.1  0 5.1  0 18.8 

Reptilia 0 20.0  0 13.3  0 0 

Aves 0 3.7  0 6.8  0 6.2 

Mammalia 0 17.2   0 10.0   0 18.8 

All tetrapods - -  - -  - - Species Richness + 

Endemism + 

Threatened Species 

Proportion 

National 

Amphibia 0 18.6  0 18.2  25.0 13.3 

Reptilia 0 0   0 3.8  0 0 

Aves 0 0.9  0 6.7  0 14.3 

Mammalia - -  - -  - - 

All tetrapods 38.7 29.2   27.3 52.5   0 38.5 Species Richness + 

Endemism + 

Threatened Species 

Number Global 

Amphibia 5.9 25.5  12.5 34.5  25.0 21.4 

Reptilia 11.5 20.0  0.0 26.2  0 6.7 

Aves 4.3 12.6  25.0 38.2  33.3 33.3 

Mammalia 16.7 19.6   30.0 25.6   100.0 28.6 

All tetrapods - -   - -   - - Species Richness + 

Endemism + 

Threatened Species 

Number National 

Amphibia 6.2 35.3  28.6 52.0  33.3 23.1 

Reptilia 14.8 18.9  15.4 33.3  0 21.4 

Aves 9.1 18.6  25.0 53.3  25.0 60.0 

Mammalia - -   - -   - - 
         

 

b) Type of hotspot 2.5% 10%   2.5% 10%   2.5% 10% Analysis 

Species Richness 5.4 8.2  0 17.2  0 5.6 Amphibia + 

Reptilia + Aves + 

Mammalia 
Endemism 13.6 15.1  0 13.6  0 5.3 

Threat. Sp. Proportion Global 0 0  0 1.8  0 0 

Threat. Sp. Number Global 0 2.6   0 14.7   0 4.8 
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Figure 5.2 – Extent of spatial congruence across types of hotspots. Species-richness (SR), endemism (E), 

threatened species proportion using the global IUCN assessment (TSP G) or national IUCN assessment (TSP N), 

and threatened species number using the global IUCN assessment (TSN G) or national IUCN assessment (TSN 

N). For amphibians (a), reptiles (b), birds (c), mammals (d) and tetrapods (e). Metrics are analysed with three 

different grid-cell sizes 50x50km (red line), 25x25km (green line) and 12.5x12.5km (yellow line). Congruence is 

the number of cells that represent hotspots for all three diversity indices and is measured as the percentage of 

shared grid-cells over the percentage of land covered by hotspots according to a varying definition from 0 to 100% 

of the total grid-cells. Vertical dashed lines show 2.5% and 10% hotspot definition criterion. 
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Similarly, we observed very few overlapping grid-cells for each separate hotspot type when 

combining all tetrapods (Supplementary Fig. S5.4). Congruence increased by varying the 

hotspot definition criteria to the richest 10% of grid-cells, though it always remained less than 

18% for all types of hotspots (Table 5.2b). The spatial overlap of hotspots of species-richness 

combining groups decreased with the increase in the grid-cell size, while the congruence of 

hotspots of endemism was less sensitive to it (Supplementary Fig. S5.4a, b). The congruence 

of hotspots of threatened species was very low regardless of grid’s size, for both species 

proportion and numbers (Supplementary Fig. S5.4c, d). 

 

Spatial correlation of sampling effort and biodiversity hotspots 

The reconstruction of biodiversity hotspots critically depends on the historical distribution of 

sampling efforts. The spatial patterns of species-richness and endemism were significantly 

highly correlated with those of sampling effort for all tetrapod species and each single group 

(r ≥ 0.8, p < 0.001) (Supplementary Table S5.1). The spatial correlations between sampling 

effort and threatened species numbers were moderate to high for all groups (0.54 < r < 0.73, p 

< 0.001), while there were no significant correlations between threatened species proportions 

and sampling effort, or any metric of hotspot diversity.  

Despite the lack of congruence across types of hotspots for each tetrapod group (Figure 5.2), 

we saw moderate to high levels of spatial correlations between each pair of diversity measure 

(Supplementary Table S5.1), ranging from r = 0.706 to r = 0.802 (p < 0.001) for species-

richness versus endemism, r = 0.521 to r = 0.793 (p < 0.001) for species-richness versus 

threatened species number, and r = 0.613 to r = 0.828 (p < 0.001) for endemism versus 

threatened species number, while there were no significant correlations between threatened 

species proportions and any other metric. For those groups with national red lists assessments 

(amphibians, reptiles and birds), we found higher correlations when using national IUCN threat 
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categories rather than global, except in the case of reptiles’ spatial association between 

endemism and threat patterns (Supplementary Table S5.1). 

When assessing how similarly distributed hotspot types between groups were, we found low 

to moderate correlation values for each type of diversity hotspot, all significant (p < 0.001) 

except when measuring threatened species proportions for any pair of tetrapod group 

(Supplementary Table S5.2). Species-richness patterns were moderately correlated, with 

amphibians versus reptiles showing the highest levels (r = 0.748), while the lowest were 

between amphibians and birds (r = 0.514, p < 0.001). Endemism revealed weaker associations 

between groups, ranging from r = 0.360 (p < 0.001) for amphibians versus birds, to a maximum 

of r = 0.697 (p < 0.001) between birds and mammals. The association between groups 

regarding the threatened species numbers showed similar low correlation values, below r = 

0.595 (p < 0.001) for all pairs of classes analysed using global threat categories, and under r = 

0.467 (p < 0.001) when using the national ones.  
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Figure 5.3 – Spatial patterns of observed and estimated species-richness (Hill's number of order q = 0) for 

tetrapods in Uruguay. Observed species-richness, species-richness at Cmax (minimum coverage of samples 

extrapolated to double the size of the reference sample) and at C5% (5% percentile of sampling coverage at doubled 

sample sizes), for amphibians, reptiles, birds and mammals. Protected areas are shown overlapped. Top values 

are shown for each map, cut-offs are 0, 10, 25, 50, 75 and 100 (in terms of % of the maximum value). All maps 
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in 25 × 25 km grid-cell resolution. Projection WGS1984. Maps generated using ArcGIS 10.6 

(https://desktop.arcgis.com). 

 

Comparing true diversities among groups 

The number of grid-cells that were sufficiently sampled to be considered for the analyses varied 

across scales and taxa (see Supplementary Table S5.3 for specific numbers at each spatial 

resolution). Yet, for each taxonomic group, only between 7-21% and 34-62% of the grid-cells 

were included, for the 25x25 and 50x50 km grid-cell size, respectively. Amphibians were the 

group with the highest coverage levels (at Cmax and C5%) regardless of the scale, while reptiles 

were the group with the lowest values of sampling coverage (Supplementary Table S5.3). The 

distribution patterns of the observed species-richness levels, across groups and scales, were 

usually not congruent with those of the species-richness standardised for sampling coverage at 

Cmax and C5% values (Figure 5.3, Supplementary Fig. S5.5), though, the patterns of richness at 

Cmax and at C5% were generally consistent. For reptiles, birds and mammals, estimated species-

richness was higher in northern areas, opposite to the peaks of observed richness seen in the 

coast (Figure 5.3). For amphibians, maximum values of observed or estimated values of 

species-richness were more similarly distributed, occupying both northern and southern coastal 

regions (Figure 5.3).  

 

Protected area network and hotspots of tetrapods 

The network of protected areas (Supplementary Fig. S5.6) only partially encompasses hotspots 

in Uruguay (Supplementary Table S5.4). On average 56.7% of the richest grid-cells of 

observed tetrapod species-richness overlapped in part with a protected area (i.e. some extent of 

the hotspot was within a declared area), whilst overlapping decreased to 43.4% when 

considering richness standardised for sampling coverage at Cmax and to 48.6% for richness 



 
 

110 
 

estimated at C5%. Mammals species-richness peaks were better covered (50-66.7%) while 

reptiles’ hotspots were the poorest integrated (16.7-50%). In the case of hotspots of endemism, 

we saw that on average for all tetrapods 54.6% of the peaks were located within protected areas. 

For threatened species number we found that an average of 58.8% and 65.6.3% of the peaks 

were covered, considering global and national IUCN assessments respectively. Hotspots of 

threatened species proportion, however, did not overlap with protected areas, except for the 

amphibian’ group for which we found a 25% of overlapping. 

 

Areas of ‘ignorance’ 

The spatial evenness in the distribution of the >69,000 geographic records was low, and the 

levels of incompleteness per-area were considerably high (Figure 5.4), with most of the 

territory (>95.5%) identified as under-sampled (see SAC slope >0.05; Supplementary Table 

S5.5; Supplementary Fig. S5.7). For amphibians, the data covered 61% of the territory (Table 

5.1: grid-cell size 25x25km), and yet, only two grid-cells can be considered as well sampled 

(SAC slope ≤ 0.5), covering only 0.3% of Uruguay’s area (Supplementary Fig. S5.7a). Birds, 

the group with the highest sampling effort, also had low levels of geographic coverage with 

29.5% of the area unsampled (Table 5.1, Supplementary Fig. S5.7c), and with 20 grid-cells 

(4.5% of the national territory) considered as well-sampled. Reptiles and mammals showed the 

highest spatial coverage, with 77.2% and 79.5% of the total area covered, respectively (Table 

5.1, Supplementary Fig. S5.7b,d). However, mammals did not present any well-sampled grid-

cell and reptiles only 1, covering 0.2% of Uruguay’s area.  

A major part of the Uruguayan territory was considered under the high and very-high sampling 

priority categories and in average for all tetrapods 67.5% of the area has been completely 

neglected (Figure 5.4, Supplementary Table S5.5). These areas were mostly concentrated in 

the centre lowlands of the country.  
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Figure 5.4 – Areas for future sampling effort prioritisation. Priority categories for amphibians (a), reptiles (b), 

birds (c) and mammals (d) were calculated using species accumulation curves (SACs). Scale: Null (i.e. grid-cells 

where mean slope of the last 10% of SACs was lower or equal to 0.05), ‘Low’ (between 0.05 and 0.25), ‘Medium’ 

(between 0.25 and 1), ‘High’ (grid-cells where the sampling effort was so low that it was not possible to calculate 

SACs), and ‘Very High’ (i.e. grid-cells where no records were found). All maps in 25 × 25 km grid-cell resolution. 

Projection WGS1984.  
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Discussion 

Our study provides a detailed empirical case revealing the severe consequences that the lack of 

open-access biodiversity databases can have for the implementation of effective conservation 

actions directed to a country’s biodiversity management. By focusing on the tetrapod 

biodiversity of Uruguay – one of America’s most neglected countries in terms of availability 

of scientific data on its biodiversity (Grattarola et al. 2019a) – our results show how the non-

systematic (i.e. lacking a structured strategic approach for symmetric coverage of areas) and 

geographically concentrated sampling in only a few areas (at the expense of the majority of the 

country’s surface) have prevented the opportunities to identify areas of potential conservation 

and management priority. To address this issue, we have created the first open-access 

biodiversity initiative (Biodiversidata) in Uruguay, which reveals the distribution of different 

hotspots of biodiversity, and shows low levels of congruence among these measures regardless 

of the spatial scale or the IUCN assessment level used to calculate threatened species hotspots 

(i.e. national or global). Additionally, we identified well-surveyed sites, spatial gaps, and 

priority areas for future sampling efforts of amphibians, reptiles, birds and mammals in 

Uruguay. Thus, we believe that the novel evidence presented in our study will provide a critical 

scientific tool to effectively allocate resources for the exploration and monitoring of Uruguay’s 

biodiversity, and to ultimately enhance the efficiency in the process of evidence-based decision 

making towards conservation.  

 

Biodiversity hotspots: real or fabricated? 

We found that number of species and endemism tend to concentrate around southern coastal 

cities. Studies performed at regional scales (e.g. sampling units > 2500 km2), have reported 

positive correlations between human population density and species-richness (Luck 2007; 

Luck & Smallbone 2010). However, we cannot distinguish if the distribution of hotspots 
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surrounding Uruguay’s major Atlantic-coast cities are a true pattern or an artefact product of 

sampling effort (Pardo et al. 2017), given that similar diversity levels could be found at other 

locations if sampling was as intense. By assessing true diversities (i.e. species-richness for a 

standardised sampling coverage), we found that the number of comparable areas is highly 

limited, yet those analysed tended not to exhibit the same distribution of species-richness peaks 

across scales and taxa. Thus, the question whether richness levels in the centre of the country 

are biologically (rather than artifactually) low, remains open, given the predominant knowledge 

gaps at these locations. Likewise, the high spatial correlation of species-richness for reptiles 

and amphibians, and of endemism for birds and mammals, cannot be disentangled from the 

effect of what could be essentially coordinated efforts of data collection linking these groups 

(e.g. herpetologist collectors). Importantly, incompleteness in the inventories may also 

correspond to existing knowledge that is not digital or accessible. In this sense, our analyses 

consider all the existing information that is possible to analyse, data that we rescued(Peterson 

et al. 2018) and made available.  

 

Spatial incongruence among hotspots of biodiversity 

Discrepancies in the congruence of hotspots of biodiversity have previously been reported for 

other regions (Feng et al. 2011; Lamoreux et al. 2006; Orme et al. 2005; Westgate et al. 2014; 

Xu et al. 2008). As the establishment of protected areas usually relies on the use of species-

richness as a proxy of biodiversity (Fletcher & Fortin 2018), the lack of congruence between 

different cross-taxon metrics debilitates the premise that a subset of taxa or features can be 

representative of biodiversity for conservation planning. Our findings suggest that the patterns 

we observe in Uruguay are strongly influenced by historical biases in sampling efforts that 

have dominated scientific practice. In this context, it is critical for future conservation 

assessments that we are able to quantify the spatial distribution of the different hotspots types, 
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across taxa and at different scales of analysis (Zhao et al. 2016), to accurately recognise the 

limitations of the selection of reserve areas for the whole biodiversity protection and to monitor 

their effective representativeness. 

 

Towards effective conservation of biodiversity 

The conservation prioritisation and planning strategies adopted by nations around the world 

are myriad. However, they all depend on comprehensive, high-resolution, up-to-date spatial 

information about species, ecosystems, and ecosystem services. The National System of 

Protected Areas of Uruguay was created in 2000, inaugurating the newest protected area system 

of Latin America. To prioritise which areas to include, the government collated a large 

biodiversity database (in grids of 660km2 – a very crude spatial resolution) that led to the 

decision of including specific areas despite the incompleteness of this nation-wide resource 

(Brazeiro et al. 2008) – the Biodiversidata initiative aims to overcome this limitation 

(Grattarola et al. 2019a). In recent years, studies on the distribution of biodiversity have been 

performed using more complex quantitative methods (Brazeiro 2015), yet, the data limitations 

have remained mostly the same. The bias that results from uneven sampling effort highly 

affects the estimation of richness (Hurlbert & Jetz 2007; Oliveira et al. 2016) and may lead to 

ineffective conservation prioritisation (Boakes et al. 2016; Stropp et al. 2016), particularly in 

developing countries (Di Minin & Toivonen 2015). The efficiency of biodiversity conservation 

of the protected area system in Uruguay has not been tested. Precisely, in our study we observe 

that some areas need additional conservation attention to reach the most complete 

representation of the different tetrapod groups in the current network. 

Uncertainty in the selection of suitable environments for conservation may lead to inadequate 

reserve selection and inappropriate habitat protection to higher extinction vulnerabilities 

(Guisan et al. 2013). Consequently, the allocation of investment for the study of neglected areas 
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(particularly in countries such as Uruguay, where the dominant proportion of the country can 

be classed within this category) is likely to impact considerably on the efficiency of decisions 

and ultimately, on the expected outcomes (Ahrends et al. 2011). Conservationists are often 

required to make decisions with incomplete and biased data, however, in order to improve and 

project better decision-making, there is an urgent need to focus in the knowledge gaps 

(Hochkirch et al. 2020). For instance, in the past 15 years, new species to science have been 

described and others have been recorded for the first time in the country expanding their 

distribution ranges, most of which are not considered on conservation prioritisation schemes. 

A range of new tetrapod species were discovered, including reptiles (Contomastix charrua 

(Cabrera & Carreira 2009) and Liolaemus gardeli (Verrastro et al. 2017)), amphibians (e.g. 

Rhinella achavali (Maneyro et al. 2004), Melanophryniscus langonei (Maneyro et al. 2008) 

and Odontophrynus maisuma (Rosset 2008)), as well as first time species records including 

charismatic mammals (e.g. Puma yagouaroundi (Grattarola et al. 2016) and Alouatta caraya 

(Prigioni et al. 2018)), amphibians (e.g. Leptodactylus furnarius (Canavero et al. 2001), Boana 

albopunctata (Kwet et al. 2002) and Physalaemus cuvieri (Maneyro & Beheregaray 2007)) 

and birds (e.g. Piculus aurulentus, Myiarchus tyrannulus and Anthus nattereri (Azpiroz & 

Menéndez 2008), Ramphastos toco (Hernández et al. 2009) and Tyrannus tyrannus 

(Rodríguez-Cajarville et al. 2017)).  

 

Future directions targeting knowledge gaps 

Gaps in digital accessible information about the geographical distribution of species are a well-

known and global issue (Hortal et al. 2015; Meyer et al. 2015a) that precludes from informing 

or monitoring the accomplishment of conservation targets across continents (Hochkirch et al. 

2020). Open-access standardised datasets (Sousa-Baena et al. 2014) on species taxonomy, 

distribution, abundance, and evolutionary patterns remain largely unavailable in Uruguay, for 
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all groups across the tree of life – this makes Uruguay one of America’s most neglected 

countries in this sense. Remarkably, our results reveal that for tetrapods, >95.5% of the 

country’s land area remains insufficiently sampled. Thus, in the near future, biodiversity data 

mobilisation (Faith et al. 2013) is amongst the greatest challenges the country will face 

(Grattarola & Pincheira-Donoso 2019a, b). Currently, the major scientific collections (i.e. 

Universidad de la República and the Museo Nacional de Historia Natural de Uruguay) are 

digitally inaccessible and, therefore, at latent risk of being lost (Griffin 2018). Key efforts need 

to be made to support research institutions, researchers, policy makers and other stakeholders 

to digitise and store biodiversity data, and to guarantee its availability for evidence-based 

environmental planning and management (Hochkirch et al. 2020). Importantly, field research 

and data-sharing practices need to be encouraged. In this regard, our work provides a detailed 

roadmap of areas where to increase efforts for each tetrapod group. Lastly, as it is to many 

other non-western countries (Freeman & Peterson 2018), citizen science data (e.g. eBird, 

iNaturalist) has proven to bear a remarkable potential in documenting and monitoring 

biodiversity (Amano et al. 2016; Chandler et al. 2017), and therefore, the promotion of public 

engagement and knowledge democratisation processes in countries like Uruguay can play an 

important role in channelling the needed scientific-culture change.  
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Supplementary material 

 

 

 

 

Supplementary Figure S5.1 – Spatial distribution of the 69,364 occurrence records of tetrapod species in 

Uruguay. Point density (a) and sampling effort map in 25 × 25 km grid-cell resolution (b). Projection WGS1984. 

Maps generated using ArcGIS 10.6 (https://desktop.arcgis.com). 
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Supplementary Figure S5.2 – Spatial distribution patterns of hotspots of tetrapod species in Uruguay. Hotspots 

metrics for all tetrapods, amphibians, reptiles, birds and mammals (from left to right), of species-richness (SR) 

(top row), endemism (E) (second from the top row), threatened species proportion using the global IUCN 

assessment (TSPG) (third row) or national IUCN assessment (TSPN) (forth row), and threatened species number 
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using the global IUCN assessment (TSNG) (fifth row) or national IUCN assessment (TSNN) (bottom row). Blue 

cells lack any observations. Because of lack of a national mammals’ threat assessment, values for mammals and 

tetrapods at national level could not be computed (grey maps are shown). Scale bar values differ between panels 

depending on the hotspot’s metric. Top values are shown for each map, cut-offs are 0, 25, 50, 75 and 100 (in terms 

of % of the maximum value). All maps in 50 × 50 km grid-cell resolution. Projection WGS1984.  
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Supplementary Figure S5.3 – Spatial distribution patterns of hotspots of tetrapod species in Uruguay. Hotspots 

metrics for all tetrapods, amphibians, reptiles, birds and mammals (from left to right), of species-richness (SR) 

(top row), endemism (E) (second from the top row), threatened species proportion using the global IUCN 

assessment (TSPG) (third row) or national IUCN assessment (TSPN) (forth row), and threatened species number 

using the global IUCN assessment (TSNG) (fifth row) or national IUCN assessment (TSNN) (bottom row). Blue 
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cells lack any observations. Because of lack of a national mammals’ threat assessment, values for mammals and 

tetrapods at national level could not be computed (grey maps are shown). Scale bar values differ between panels 

depending on the hotspot’s metric. Top values are shown for each map, cut-offs are 0, 25, 50, 75 and 100 (in terms 

of % of the maximum value). All maps in 12.5 × 12.5 km grid-cell resolution. Projection WGS1984.   
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Supplementary Figure S5.4 – Extent of hotspots’ spatial congruence across all tetrapods. Species richness (a), 

endemism (b), threatened species proportion using global IUCN status (c) and threatened species number using 

global IUCN status (d). Metrics measured with three different grid-cell sizes 50x50km (red line), 25x25km (green 

line) and 12.5x12.5km (yellow line). Congruence is the number of cells that represent hotspots for all four 

tetrapods’ group and is measured as the percentage of shared grid-cells over the percentage of land covered by 

hotspots according to a varying definition from 0 to 100% of the total grid-cells. Vertical dashed lines show 2.5% 

and 10% hotspot definition criterion. 
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Supplementary Figure S5.5 – Spatial patterns of observed and estimated species-richness (Hill's number of order 

q = 0) for tetrapods in Uruguay. Observed species richness, species richness at Cmax (minimum coverage of 

samples extrapolated to double the size of the reference sample) and at C5% (5% percentile of sampling coverage 

at doubled sample sizes), for amphibians, reptiles, birds and mammals. Protected areas are shown overlapped. 
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Top values are shown for each map, cut-offs are 0, 10, 25, 50, 75 and 100 (in terms of % of the maximum value). 

All maps in 50 × 50 km grid-cell resolution. Projection WGS1984. 

 

 

Supplementary Figure S5.6 – Network of protected areas of Uruguay. In red protected areas included in the 

system, in green areas under assessment for potential consideration as protected areas (in process), and in blue 

areas for which a proposal for consideration has been prepared. Urban areas are shown as black dots with size 

relative to surface in km2.  
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Supplementary Figure S5.7 – Inventory incompleteness of tetrapods in Uruguay. Maps of species accumulation 

curves (SACs) with different curvilinearity, for amphibians (a), reptiles (b), birds (c) and mammals (d). Scale bar 

represent mean slope of the last 10% of SACs values; red areas represent areas that were not analysed due to null 

or low number of records to calculate SACs (high levels of inventory incompleteness), blue grid-cells are those 

with slope values ≤ 0.05 (well-sampled grids), green (slope between 0.06 and 0.1), yellow (slope between 0.11 

and 0.5), orange (slope values > 0.51 and 1). Different degrees of curvilinearity are shown in four exemplary grid-

cells for amphibians (a), reptiles (b), birds (c) and mammals (d). The portion between the vertical dashed lines 

indicates the last 10% of the species accumulation curves. All maps in an equal area, 25x25 km grid-cell 

resolution. Projection WGS1984 UTM zone 21S.  
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Supplementary Table S5.1 – Spatial correlations of number of records and biodiversity metrics. Species richness, endemism, threatened species proportion global and 

national, and threatened species numbers global and national, for all tetrapods and each separate group, using Pearson’s correlation corrected for spatial autocorrelation. The 

correlations were performed with values per grid-cell at a 25km grid-cell resolution. Correlation coefficients (r), p-values and estimated degrees of freedom corrected for the 

spatial process (edf) are shown. Significance is shown in boldface. 

 

 Tetrapods  Amphibians  Reptilies  Birds  Mammals 

 r p value edf  r p value edf  r p value edf  r p value edf  r p value edf 

Number of Records vs.                    

Species Richness 0.826 <0.001 117.2  0.830 <0.001 92.4  0.907 <0.001 133.6  0.800 <0.001 105.5  0.892 <0.001 165.7 

Endemism 0.930 <0.001 145.7  0.865 <0.001 104.7  0.819 <0.001 126.8  0.915 <0.001 128.2  0.915 <0.001 171.8 

Threatened Species Number Global 0.732 <0.001 119.9  0.597 <0.001 87.5  0.540 <0.001 184.6  0.644 <0.001 88.6  0.664 <0.001 182.6 

Threatened Species Proportion Global 0.021 0.741 258.6  0.058 0.448 171.1  0.041 0.522 241.6  0.035 0.597 224.6  0.077 0.217 255.1 

Threatened Species Number National - - -  0.636 <0.001 88.0  0.633 <0.001 164.8  0.851 <0.001 90.1  - -  

Threatened Species Proportion National - - -  0.119 0.192 120.6  0.023 0.750 195.5  0.000 0.995 225.4  - -  

                    

Species Richness vs.                    

Endemism 0.743 <0.001 118.3  0.755 <0.001 93.0  0.802 <0.001 125.8  0.706 <0.001 114.8  0.768 <0.001 178.8 

Threatened Species Number Global 0.714 <0.001 103.1  0.624 <0.001 65.3  0.521 <0.001 190.6  0.626 <0.001 90.4  0.558 <0.001 204.5 

Threatened Species Proportion Global -0.028 0.659 251.7  0.041 0.598 166.4  0.018 0.771 256.5  0.003 0.963 234.9  0.055 0.382 256.7 

Threatened Species Number National - - -  0.664 <0.001 65.3  0.63 <0.001 172.7  0.793 <0.001 79.8  - - - 

Threatened Species Proportion National - - -  0.096 0.368 87.2  0.005 0.944 205.8  -0.108 0.113 215.6  - - - 
                    

Endemism vs.                    

Threatened Species Number Global 0.712 <0.001 127.6  0.707 <0.001 82.6  0.681 <0.001 158.9  0.641 <0.001 118.7  0.729 <0.001 188.1 

Threatened Species Proportion Global 0.035 0.574 266  0.12 0.116 170.8  0.124 0.054 239  0.044 0.503 230.2  0.133 0.0343 252.4 

Threatened Species Number National - - -  0.788 <0.001 81.5  0.613 <0.001 238.1  0.828 <0.001 98.2  - - - 

Threatened Species Proportion National - - -  0.22 0.020 109.3  0.087 0.147 274.7  0.021 0.756 222.0  - - - 
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Supplementary Table S5.2 – Spatial correlations of biodiversity metrics between tetrapod groups (amphibians, reptiles, birds and mammals). Using Pearson’s 

correlation corrected for spatial autocorrelation. The correlations were performed with values per grid-cell at a 25km grid-cell resolution. The correlations were performed with 

values per grid-cell at a 25km grid-cell resolution. Correlation coefficients (r), p-values and estimated degrees of freedom corrected for the spatial process (edf) are shown. 

 

 Species Richness   Endemism   
Threatened Species 

Number Global 
  

Threatened Species 

Proportion Global 
  

Threatened Species 

Number National 
  

Threatened Species 

Proportion National 

  r p value edf  r p value edf  r p value edf  r p value edf 
 

r p value edf   r p value edf 

Amphibians vs.                
 
       

Reptiles 0.748 <0.001 119.3  0.656 <0.001 130.4  0.595 <0.001 143  0.022 0.697 325.3 
 

0.467 <0.001 225  0.041 0.435 359.7 

Birds 0.514 <0.001 120  0.36 <0.001 180.8  0.339 <0.001 205.2  0.069 0.222 317.3 
 

0.478 <0.001 95.1  0.068 0.273 262.4 

Mammals 0.672 <0.001 136.8  0.513 <0.001 222  0.348 <0.001 362.8  0.001 0.988 330.5 
 

- - -  - - - 

Reptiles vs.                
 
       

Birds 0.531 <0.001 128.7  0.443 <0.001 130.1  0.369 <0.001 195.6  0.011 0.839 329.2 
 

0.45 <0.001 198  -0.017 0.768 305.1 

Mammals 0.669 <0.001 144.8  0.598 <0.001 179.5  0.547 <0.001 268.1  0.029 0.602 324 
 

- - -  - - - 

Birds vs.                
 
       

Mammals 0.587 <0.001 123   0.697 <0.001 195.8   0.416 <0.001 171.7   -0.005 0.934 327.6   - - -   - - - 
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Supplementary Table S5.3 – Numbers of analysed grid-cells for comparing true diversities for each tetrapod 

class and at each spatial resolution. For each group: number of analysed grid-cells (i.e. sufficiently sampled to 

perform analyses), percentage of grid-cells excluded (%), value of Cmax (i.e. minimum coverage of samples 

extrapolated to double the size of the reference sample) and value of C5% (5% percentile of sampling coverage at 

doubled sample sizes). 

 

 Grids analysed 
% of grids 

excluded 
Cmax C5% 

 25x25 50x50 25x25 50x50 25x25 50x50 25x25 50x50 

Amphibians 22 32 93.3 65.6 0.696 0.808 0.796 0.817 

Reptiles 65 56 80.1 39.8 0.27 0.297 0.394 0.541 

Birds 69 57 78.8 38.7 0.388 0.398 0.628 0.71 

Mammals 46 58 85.9 37.6 0.312 0.359 0.388 0.447 

 

 

Supplementary Table S5.4 – Congruence of protected areas and hotspots of biodiversity. Hotspots of 

species-richness are observed (Obs), at the level of coverage reached by the sample that attains the lowest 

coverage when all samples are extrapolated to double the reference sample size (Cmax), and at 5% percentile of 

sampling coverage at doubled sample sizes (C5%). For each hotspot type and tetrapod class congruence was 

calculated as the proportion of the 2.5% of the richest grid-cells that were at least partially covered by a 

protected area (i.e. some amount of the hotspot was within an area). Analyses were performed at the grid-cell 

size of 25x25 km. 

 Overlap with PA (%) 

 Amphibians  Reptiles  Birds  Mammals 

Species richness (Obs) 50  50  60  66.7 

Species richness (Cmax) 50  16.7  40  66.7 

Species richness (C5%) 75  16.7  20  50 

Endemism 25  66.7  60  66.7 

Threatened Species Proportion Global 25  0  0  0 

Threatened Species Proportion National 0  0  0  - 

Threatened Species Number Global 25  100  60  50 

Threatened Species Number National 50  66.7  80  - 
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Supplementary Table S5.5 – Area under each category of sampling effort priority per tetrapod group. 

Results are shown in km2 and percentage of the total surface area of Uruguay, according to curvilinearity of 

smoothed species accumulation curves (SACs) for each unit. The scale goes from: Null (i.e. grid-cells where 

mean slope of the last 10% of SACs was lower or equal to 0.05), ‘Low’ (between 0.05 and 0.1), ‘Medium’ 

(between 0.1 and 0.5), High (between 0.5 and 1), to Very High (i.e. grid-cells where no records were found, or 

where the sampling effort was so low that it was not possible to calculate species accumulation curves). 

 

 Amphibians Reptiles Birds Mammals 

Sampling Priority km2 % km2 % km2 % km2 % 

Null 589.1 0.3 303.5 0.2 7,955.7 4.5 
                   

-    

         

-    

Low 1,754.1 1              -          -    8,581.6 4.9 1,551 0.9 

Medium 24,500.6 13.9 15,855.7 9 31,389.2 17.8 26,972.1 15.3 

High 14,470.4 8.2 20,071.3 11.4 51,929.4 29.5 23,279.8 13.2 

Very High 134,874.4 76.6 139,958.2 79.4 76,332.7 43.3 124,386.0 70.6 
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Abstract 

Global biodiversity hotspots have been traditionally defined based on the distribution of plant 

diversity. Yet, current knowledge on the diversity of plant species is biased towards well-

studied areas and to particular taxonomic groups. One of the most relevant areas of the globe 

in terms of plants species-richness is the Neotropics. Of unique interest within this region is 

Uruguay, a small, coastal country with predominant grasslands that stands in a transitional 

region between tropical and temperate climates. However, the inclusion of this country as part 

of the Pampean province and its phytogeographic regions are still today under debate, primarily 

due to the lack of comprehensive and easily accessible data on the diversity and distribution of 

its native plant species. In this study we employ the most comprehensive database for vascular 

plants in Uruguay assembled to date (spanning 1,361 species) to map areas of biological 

relevance, identify the driving factors causing these patterns and investigate whether 

conservation efforts are sufficient. I found that although the distributional patterns of all three 

types of hotspot varied across taxa, number of species and endemism tend to concentrate 

around the south Atlantic coast. My results also reveal a lack of spatial congruence among 

these biodiversity hotspots (across groups and biodiversity metrics), yet that the collection and 

observation of plants have predominantly concentrated in only a few areas of the country. Thus, 

more complete datasets (taxonomically and geographically) are urgently needed to increase the 

amount of data available and improve the current knowledge about the distribution of plants in 

Uruguay. For this purpose, we provide a detailed map for all species and classes separated 

where to target funding sources for future sampling effort prioritisation. This methodology to 

allocate sampling efforts can be extrapolated to other areas of the globe that, as Uruguay, 

remain poorly understood.  
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Introduction 

The distribution of land plants reach their highest levels of biodiversity in the wet tropics (Kier 

et al. 2005), with water–energy dynamics playing a dominant role in driving this gradient 

(Kreft & Jetz 2007). Global biodiversity hotspots have been traditionally defined based on the 

distribution of plant diversity (Myers 2003; Myers et al. 2000) – a hotspot must have at least 

0.5% of the world’s plants as endemics (i.e. irreplaceable) and, at the same time, have 30% or 

less of its original natural vegetation remaining (i.e. threatened). Conversely, current 

knowledge on the diversity of plant species is biased towards well-studied areas and to 

particular taxonomic groups, such as phanerogams (i.e. seed plants) or the tracheophytes (i.e. 

vascular plants) (Humphreys et al. 2019; Nic Lughadha et al. 2020; Yang et al. 2013). 

Nevertheless, plant data mobilisation (i.e. digitising and publishing georeferenced species 

occurrence data) and the use of digital collections has hugely increased during the past decades 

(Paton et al. 2020), driving the development of diverse areas of knowledge (Funk 2018). The 

availability of standardised data by herbarium collections has simultaneously enabled the 

obtention of other sorts of data directly from the preserved specimens (Bakker et al. 2020), 

such as information on locality and collection parameters, their biotic interactions, pathogens, 

phenological patterns, as well as molecular elements (e.g. DNA). However, only 21% of 

preserved collections worldwide are available in global biodiversity portals such as GBIF – the 

largest share of information that is both digital and easily accessible in a standard format 

(Meyer et al. 2016; Sousa-Baena et al. 2014) – whereas 95% of these occurrence records cover 

only 38% of the vascular plant species documented (Paton et al. 2020). 

A key geographic region in terms of plants diversity is the Neotropical realm (Antonelli et al. 

2018), which comprehends a vast range of biomes and habitat types (Morrone 2001; Morrone 

2017) and stands out as one of the plants richest regions of the globe (Kier et al. 2005; Kreft & 

Jetz 2007). Within the Neotropics, Uruguay occupies a territory characterised by a high plant 
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diversity (0.017 species/km2) (Andrade et al. 2018) in one of the most extensive temperate 

grasslands on the globe (Soriano 1992). This country embodies a transitional area where 

multiple floristic elements of diverse biogeographic affinities overlap (e.g. Atlantic, Paraná, 

Chacoan and Cerrado) (Brussa & Grela 2007; Cabrera & Willink 1973; Chebataroff 1942, 

1960; Grela 2004). Yet, the association of Uruguay to the Pampean province (Morrone 2017) 

and the description of the phytogeographic patterns within the country have been long under 

debate (Cabrera & Willink 1973; Chebataroff 1942; Dos Santos et al. 2016; Grela 2004; 

Haretche et al. 2012).  

According to Chebataroff (1942), there are three different vegetation zones in Uruguay (Figure 

6.1a): (1) the Rioplatense formation, located in the south and centre of the country, along the 

coast of La Plata river, contiguous to the province of Buenos Aires (Argentina), (2) the Littoral 

sub-formation, in reference to the coastline of Uruguay river, the extension in Uruguay of the 

Argentinian Mesopotamian formation, that extends all over the west border of the country, and 

(3) the Northeast sub-formation, the continuation in Uruguay of the Brazilian Riograndense 

formation of subtropical nature, that penetrates into the south following the hill ranges of this 

area. This study represented a seminal work for the phytogeography of Uruguay (Chebataroff 

1942). However, the geographic limits of the formations proposed (Figure 6.1a) were not 

entirely based on the variation of species composition but on a qualitative combination of 

characteristics of the vegetation type and climate. In relative agreement, a more recent study 

regarding the floristic bioregionalisation of Uruguay presented by Grela (2004) established – 

based on 185 trees and shrubs species – that plants in Uruguay do not have a clear uniform 

geographical distribution in the country yet floristic regions can be defined. The main 

distribution differentiation is between the west and north-east of Uruguay, which gives rise to 

the delimitation of two disjunctive floras within which there is also a north-south gradient 

(Figure 6.1b): (1) Occidental or western (with Chaco and Paraná influence) and (2) Oriental or 
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eastern (with Paranaense influence and an area of Cerrado incursion) (Grela 2004). This study 

involved quantitative methods to test the existence of floristic regions (e.g. correspondence 

analysis, parsimony analysis of endemicity), though the distribution and limits of the proposed 

floras (Figure 6.1b) were qualitative. The latest work in this topic is from Brazeiro (2015). 

They used 314 woody plant species to create expert-based maps of potential distribution and 

established the existence of three biozones: (1) Central, (2) East and (3) West littoral. Detailed 

maps of the zones, unfortunately, are only provided for vertebrates and woody plants 

combined. 

 

 

Figure 6.1 – Previous regionalisations of the plant species in Uruguay. Maps adapted from the regions 

proposed by (a) Chebataroff (1942), and (b) Grela (2004).  

 

The inability to accurately determine the vegetation borders and ecotones in Uruguay is 

primarily due to the lack of comprehensive and accessible databases on the taxonomy, diversity 

and distribution of species in the country (Lagomarsino & Frost 2020; Meyer et al. 2015a). In 
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fact, this country remains as one of the most under-represented countries in terms of the data 

of species that are digitally available compared to what has been reported for the country 

(Grattarola et al. 2019a; Grattarola et al. 2020c; Paton et al. 2020). Moreover, it is assumed 

that tetrapods and woody plants (~10% of the total plant species diversity) are better-known 

taxa in the country and thus they have been more extensively used as surrogates in studies 

identifying priority areas for conservation (Brazeiro 2015; Brazeiro et al. 2008), while other 

plants groups and invertebrates have been mostly neglected. However, this supposed 

representativeness and level of congruence between taxa has not been tested given, equally, 

due to the prevalent data scarcity. 

Such predominant lack of quantitative data drastically impairs our ability to identify 

biodiversity hotspots in Uruguay, the nature of the boundaries between ecosystems, and 

ultimately, to progress towards our understanding of areas of conservation priority – a critical 

limitation for a country with a strong focus on agricultural industries (Paruelo et al. 2006). To 

address this historical issue, the Biodiversidata initiative (an open-access biodiversity 

repository, available at: https://biodiversidata.org/) has opened new opportunities for the 

research of biodiversity in Uruguay, offering the first two open-access databases for the 

geographic distribution of animals and plants (Grattarola et al. 2019a; Grattarola et al. 2020c). 

While the assessment of tetrapod’s distribution patterns was addressed in the previous chapter 

(Chapter 5), plants still remain nearly entirely neglected. In this study, we investigate for the 

first time the distribution, diversity and congruence of Uruguay’s hotspots of vascular plants, 

using >11,000 geographic records for 1,361 species of (Table 6.1) compiled as part of the 

Biodiversidata initiative (Grattarola et al. 2020c). In order to understand more fully the plants 

diversity patterns in Uruguay, across space and taxonomic scales, the following questions were 

addressed: (i) can hotspots of plant biodiversity be found in Uruguay?, (ii) do plant species in 

Uruguay distribute creating sharp boundaries (i.e. bioregions) or, instead, they distribute 

https://biodiversidata.org/
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uniformly across the territory?, (iii) what is the effect of sampling bias in driving the patterns 

of biodiversity distribution?, (iv) is there spatial congruence between the hotspots of tetrapod 

and plant species?, and (v) are protected areas congruent with hotspots of plant species 

richness, endemism and threatened species? where should future sampling be prioritised? 

 

Methods 

Data 

Geographic occurrence data of plant species in Uruguay were collated from original sources, 

collected by Biodiversidata expert members, from online databases and from the scientific 

literature. All details and protocols can be found in Chapter 4 (Grattarola et al. 2020c). 

Replicate records were filtered by considering only one species per locality (i.e. same 

geographic coordinates) and year. Records were analysed at the species level and all non-native 

species, defined following Andrade et al. (2018), were removed. After this process of data 

filtering, the total number of records was 11,284 (Table 6.1), covering 1,361 native plant 

species across the five classes of the extant tracheophytes or vascular plants: eudicotyledons or 

eudicots (Magnoliopsida), monocotyledons or monocots (Liliopsida), gymnosperms 

(Gnetopsida), ferns (Polypodiopsida) and lycophytes (Lycopodiopsida). This is the most 

geographically and taxonomically comprehensive database of Uruguay’s plant diversity at 

species level that has been collected to date. The complete database is available at (Grattarola 

et al. 2020d) and the data can be dynamically visualised at biodiversidata.org/project/plants. 

The occurrence records datasets provided by members of Biodiversidata can also be accessed 

via GBIF.org (Fagúndez-Pachón & Grattarola 2020; González & Grattarola 2020; Mai et al. 

2020; Urtado et al. 2020). 

 

https://biodiversidata.org/en/project/plants/
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Table 6.1 – Occurrence records and unsampled areas (grids without records) for all vascular plant species 

and per group in Uruguay. Number of records (non-duplicated records/location/year), number of species and 

unsampled areas (expressed in km2 and percentage of the total area of Uruguay), according to each grid-cell size 

(12.5x12.5km, 25x25km and 50x50km). 

   
Unsampled areas 

 
Number of 

Records 

Number 

of Species 

12.5x12.5km 25x25km 50x50km 

  km2 % km2 % km2 % 

Eudicots 8,605 920 97,866.62 55.5 39,881.34 22.6 3,016.84 1.7 

Monocots 2,106 362 124,517.30 70.7 63,218.24 35.9 14,649.93 8.3 

Gymnosperms 42 1 173,037.00 98.2 168,029.30 95.4 155,767.50 88.4 

Ferns 519 72 160,618.20 91.1 132,585.40 75.2 93,517.34 53.1 

Lycophytes 12 6 174,733.60 99.2 171,594.10 97.4 159366.8 90.4 

Vascular Plants 11,284 1361 82,891.11 47.0 25,844.36 14.7 516.84 0.3 

 

 

Identifying hotspots of plants diversity in Uruguay 

We considered two diversity metrics to define biodiversity hotspots (observed number of 

species, termed species richness, and the proportion of species restricted to a particular area, 

termed endemism), and two measures of species vulnerability (the number of species 

threatened with extinction, termed threatened species number; and the proportion of species 

most at risk of imminent extinction, termed threatened species proportion). Given the species-

richness metric is affected by sampling intensity and the species abundance distribution, we 

also calculated species-richness for a standardised coverage (estimated species richness) to 

make comparisons between observed and estimated diversity values (see explanations below). 

Maps were created in R (R Core Team 2020) and figures prepared using ArcGis 10.5. We 

defined hotspots as a measure of the spatial distribution of the diversity metric (i.e. species 

richness, endemism or threatened species), and as a function of grid-cells rather than an 
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arbitrary cut-off point (e.g. 2,5% of the richest areas). Therefore, we assumed that hotspots 

were the highest extremes of a gradient of continuous variation. 

Given the size of the unit at which the spatial structure can be characterized is unknown, we 

performed all analyses using three different sizes: 50 x 50, 25 x 25 and 12.5 x 12.5 km. We 

report results from the analyses performed with the mid-size grid-cell of 25 km, see 

supplementary material for the rest of the figures. Sampling effort was counted as the number 

of records in each cell (after filtering for over-inflation) and species-richness as the observed 

number of species corresponding to those records.  

To calculate estimated species richness we used coverage-based rarefaction and extrapolation 

of sampling curves up to a maximum value of Cmax (i.e. the level of coverage reached by the 

sample that attains the lowest coverage when all samples are extrapolated to double the 

reference sample size) (Chao et al. 2014). We defined the frequency of species incidence at the 

spatial resolutions of 25x25 km and 50x50 km grid-cells. The smaller size grid was discarded 

given that most cells had low or no incidences and could not be considered in posterior analysis. 

Each grid-cell was further divided into sub-grids of 1x1 km to create a species incidence dataset 

at the grid-cell level by counting the number of sub‐gridded cells that contained occurrence 

records for individual species (Kusumoto et al. 2020). See the scripts at 

https://github.com/bienflorencia/rBiodiversidata. For interpolation (rarefaction) and 

extrapolation of species-richness (Hill's number of order q = 0) we used the R package ‘iNext’ 

(Hsieh et al. 2016). To obtain reliable estimates, grid-cells with few occurrence records were 

excluded from analyses following Kusumoto et al. (2020) criteria: whenever the number of 

species observed in the grid was less than six, the number of sub‐gridded cells with at least one 

incidence was less than six, and the total number of species incidences was equal to the number 

of unique species (species that are each detected in only one sub grid-cell). To compare among 

grid-cells in terms of sampling coverage, we estimated species-richness for plants and tetrapods 

https://github.com/bienflorencia/rBiodiversidata
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at Cmax (Chao et al. 2020) and at 5% percentile (C5%) of sampling coverage at doubled sample 

sizes. To determine Cmax, each sample within the grid unit was first extrapolated to double the 

reference sample size, then Cmax was calculated as the minimum among the coverage values 

obtained from those extrapolated samples.  

We used the range-size-weighted species richness (rswSR) as our measure of 

endemism, calculated following Roll et al. (2017) equation (1),  

𝑟𝑠𝑤𝑆𝑅𝑖 =  ∑ 𝑞𝑖𝑗
𝑁
𝑗=1 ,     (1) 

where qij is the fraction of the distribution of the species j in the cell i. Threatened species 

number was calculated counting the number of species listed as threatened and threatened 

species proportion as the fraction of species listed as threatened per grid-cell, following Böhm 

et al. (2013) equation (2),  

PropThreat = (CR+EN+VU)/N,  (2) 

including critically endangered (CR), endangered (EN) and vulnerable (VU) categories by the 

total number of species (N). For both measures of threatened species, we used the IUCN Red 

List of Threatened Species global assessment (IUCN 2020).  

 

Biogeographical regionalisation of Uruguay’s flora 

We use the term bioregion to refer to areas of homogeneous species composition without 

considering any climatic or topographic characteristics. To identify these taxon-specific 

regions of plant species in Uruguay, we performed a bioregionalisation analysis using bipartite 

network clustering as implemented by the software Infomap Bioregions (Edler et al. 2016). 

The application uses species distribution data and bins the records into geographical grid-cells 

with adaptive spatial resolution (i.e. recursively sub-dividing each grid-cell following user-

specified criteria). The binning generates a bipartite network between species and grid cells, 

which is then clustered into bioregions. The program can simultaneously identify high-
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resolution bioregions where data are rich and low-resolution bioregions where data are scarce. 

After performing an exploration to adjust the clustering options, we run the main 

bioregionalisation analysis including all 1,361 species with the following parameters: 

maximum cell size of 1° and a minimum cell size of 1/8°, a maximum cell capacity of 500 

species occurrence records and a minimum of 20 records, with 10 trials and a cost of 1.10 for 

the clustering algorithm to search for number of clusters. For an explanation of these settings 

and further software documentation see https://www.mapequation.org/bioregions/.  

 

Assessing the effect of sampling bias in driving patterns of biodiversity 

To determine whether sampling bias affected the observed patterns of biodiversity, we assessed 

the spatial correlation of  (i) sampling effort versus each hotspot type, (ii) pair of hotspot types 

within each plant class (e.g. monocots’ species-richness versus monocots’ endemism), and (iii) 

pair of plants classes within each hotspot type (e.g. ferns’ endemism versus gymnosperms’ 

endemism). To measure the association between the number of records and the biodiversity 

metrics per grid-cell we used the corrected Pearson’s correlation for spatial autocorrelation of 

the ‘SpatialPack’ R package (Vallejos et al. 2020). Cells without records were eliminated from 

all correlations to remove double zeros.  

 

Spatial correlation between the hotspots of plant and vertebrate species 

To measure the congruence between the hotspots of plant and tetrapod species per grid-cell, 

we used the corrected Pearson’s correlation for spatial autocorrelation (Vallejos et al. 2020). 

Tetrapod species occurrence records derived from (Grattarola et al. 2019b), presented in 

Chapter 3. Cells without records were eliminated from all correlations to remove double zeros. 

We performed comparisons between the observed and the estimated species-richness (i.e. at 

Cmax and C%5) for each group.  

https://www.mapequation.org/bioregions/
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Overlapping between protected areas and hotspots of biodiversity 

To evaluate the extent to which the existing network of protected areas (PA) in Uruguay cover 

hotspots of species-richness, endemism and threatened species, all maps were overlapped with 

the 16 currently operating PA (SISNAP 2020) (Figure 6.2). Congruence for each hotspot type 

was then calculated as the proportion of the 2.5% of the richest grid-cells that were at least 

partially covered by a protected area (i.e. some amount of the area was within a hotspot). 

 

 

 

Figure 6.2 – Network of protected areas of Uruguay. Unit size (a) grid-cell of 25x25km and (b) grid-cell size 

of 12.5x12.5km. Protected areas included in the system are shown in red, overlapping grid-cells are show in light 

red.  

 

Identification of areas for future sampling effort prioritisation 

To determine where should future sampling be prioritised, we quantified the levels of inventory 

incompleteness for all plants and the eudicots and monocots groups per area by using 

curvilinearity of smoothed species accumulation curves (SACs) (Yang et al. 2013). Only 
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eudicots and monocots were considered given that the other classes had insufficient number of 

records to perform the analyses. This method assumes that SACs of poorly sampled grid-cells 

tend towards a straight line, while those of better sampled ones have a higher degree of 

curvature (Gotelli & Colwell 2001). Smoothed SACs were calculated with the method ‘exact’ 

of the function ‘specaccum’ in the vegan R package (Oksanen et al. 2013). As a proxy for 

inventory incompleteness we calculated the degree of curvilinearity as the mean slope of the 

last 10% of SACs (Yang et al. 2013).  Steep slopes (values close to one) reflected high levels 

of incompleteness, whereas shallow slopes (values close to zero) indicated saturation in the 

sampling and thus low levels of incompleteness. We considered grids with slope values > 0.05 

to be under-sampled and those with slope values ≤ 0.05 to be well sampled. The R scripts used 

for these analyses can be found at https://github.com/bienflorencia/rBiodiversidata. 

To determine where future sampling efforts should be allocated across the territory of Uruguay 

(e.g. for funding prioritisation), we generated a map of ‘priority areas of sampling’ for all plants 

and the eudicots and monocots groups separately. Priority levels were established considering 

the levels of inventory incompleteness. The scale ranged from: Null (i.e. grid-cells where mean 

slope of the last 10% of SACs was lower or equal to 0.05), ‘Low’ (between 0.05 and 0.25), 

‘Medium’ (between 0.25 and 1), ‘High’ (grid-cells where the sampling effort was so low that 

it was not possible to calculate SACs), and ‘Very High’ (i.e. grid-cells where no records were 

found). 

 

Results 

Distributional patterns of plant biodiversity hotspots 

The distributional patterns of all three types of hotspots (species-richness, endemism and 

threatened species number and proportion) varied across taxa (Figure 6.3 and Supplementary 

Fig. S6.1,2). Species-richness for all groups of vascular plants peaked in the south-east Atlantic 

https://github.com/bienflorencia/rBiodiversidata
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coast of the country and in the mid-west border with Argentina by the Uruguay river (Figure 

6.3, first column). Each group also exhibited high concentrations of species in similar grid-

cells, with eudicots and ferns showing hotspots in the mid-east border with Brazil. Endemism 

patterns for all groups were maximum at the south (in the surroundings of Montevideo, the 

capital city) and at south-east coast, mid-east, and mid-west grid-cells (Figure 6.3, second 

column). Each separate group also presented peaks of endemism in similar locations. Eudicots 

and monocots presented exclusive areas of endemism, the first in the northwest and the second 

in the south coast. We did not observe any exclusive areas of endemism for ferns or lycophytes. 

The hotspots of threatened species for all plants combined exhibited a few grid-cells of high 

value, for both proportions (Figure 6.3, third column) and numbers (Figure 6.3, last column). 

Only species from the eudictos group were assess as threatened with extinction (i.e. included 

in the vulnerable, endangered and critically endangered IUCN categories), therefore, maps for 

the other groups were not generated. 

When we assessed ‘true’ diversity patterns (Figure 6.4, Supplementary Fig. S6.3), the number 

of grid-cells that were sufficiently sampled to be considered for the analyses varied across 

scales and classes (see Table 6.2 for specific values for each group and spatial resolution). Yet, 

for all plants and each taxonomic group, between 74 and 93% of the grid-cells were excluded 

of analysis for the 25x25 km grid-cell size unit, and between 26-57% for the 50x50 km one. 

The distribution patterns of the observed species-richness levels, across groups and scales, were 

usually not congruent with those of the species-richness standardised for sampling coverage at 

Cmax and C5% values (Figure 6.4, Supplementary Fig. S6.3). For all vascular plants, estimated 

species-richness was higher in mid-west located grid-cells, differing from the peaks of 

observed richness seen in the south-west Atlantic coast and east border over the Uruguay river 

(Figure 6.4; top row). For eudicots and monocots groups, maximum values of observed and 

estimated species-richness were more similarly distributed, though some observed peaks 
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disappeared when standarising species-richness by sampling coverage (Figure 6.4, 

Supplementary Fig. S6.3; midlle and bottom rows). 
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Figure 6.3 – Spatial distribution patterns of hotspots of vascular plant species in Uruguay. Hotspots metrics 

for all vascular plants, eudicots, moncots, gymnosperms, ferns and lycophytes (top to bottom), of species-richness 
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(SR), endemism (E), threatened species number (TSN) and threatened species proportion (TSP). Blue cells 

indicate either non-sampled areas or zero values of threatened species for both relative and absolute estimates. 

Scale bar values differ between panels depending on the hotspot’s metric. Top values are shown for each map, 

cut-offs are 0, 25, 50, 75 and 100 (in terms of % of the maximum value).. All maps in 25 × 25 km grid-cell 

resolution. Projection WGS1984.  

 

 

Figure 6.4 – Spatial patterns of observed and estimated species-richness for vascular plants in Uruguay. 

Observed species-richness (SObs), and estimated species-richness (Hill's number of order q = 0)  at Cmax 

(minimum coverage of samples extrapolated to double the size of the reference sample) and at C5% (5% percentile 

of sampling coverage at doubled sample sizes), for amphibians, reptiles, birds and mammals. Top values are 

shown for each map, cut-offs are 0, 10, 25, 50 75 and 100 (in terms of % of the maximum value). All maps in 25 

× 25 km grid-cell resolution. Projection WGS1984.  
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Table 6.2 – Numbers of analysed grid-cells for comparing true diversities for all vascular plant species and 

each separate class, at each spatial resolution. For each class: number of analysed grid-cells (i.e. sufficiently 

sampled to perform analyses), percentage of grid-cells excluded (%), value of Cmax (i.e. minimum coverage of 

samples extrapolated to double the size of the reference sample) and value of C5% (5% percentile of sampling 

coverage at doubled sample sizes). 

 

25x25 
 

50x50 

  
Grids 

analysed 

% of grids 

excluded 
Cmax C5%  Grids 

analysed 

% of grids 

excluded 
Cmax C5% 

Vascular Plants 86 73.6 0.153 0.233  69 25.8 0.214 0.238 

Eudicotyledons 67 79.4 0.198 0.229  60 35.5 0.172 0.256 

Monocotyledons 22 93.3 0.334 0.391  40 57 0.209 0.339 

 

 

Bioregions of floras in Uruguay  

The analyses identified seven bioregions (Figure 6.5), each of which has between 6 to 276 

exclusive species (species that are only recorded in these regions) (Table 6.3). The south coast, 

mid-littoral, east and north-west bioregions – all situated adjacent to the borders of the country 

– are the best well-supported regions (i.e. higher sample density and number of exclusive 

species, Table 6.3; Figure 6.5). The bioregions located towards the centre of the country, the 

centre-west, centre-east and south non-coast, all appear to be less robust (Table 6.3; Figure 

6.5). 



 
 

148 
 

 

Figure 6.5 – Bioregion map of vascular plants species in Uruguay. Each biogeographical region reveals 

spatially grouped species. Based on bipartite network clustering analysis of 11,284 occurrence records spanning 

1,361 plant species. Exclusive number of species for each bioregion are shown between brackets. Generated with 

Infomap Bioregions (Edler et al. 2016). 
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Table 6.3 – Vascular plant bioregions in Uruguay.  Summary for each region including number of records, 

number of species and number of species that are exclusive for the region, surface in km2 and the density of 

occurrence records relative to 100 km2 area. The most common and indicative species are shown for each region.  

 

Bioregion Records Species Exclusive 

Species 

Surface 

(km2) 

Sample density 

(records/100 

km2) 

Most common 

species (N) 

Most indicative 

species (score) 

South coast 3999 777 276 21,054.37 18.99 Colletia paradoxa 

(55) 

Stevia satureifolia 

(3.24) 

Mid-littoral 1366 518 115 51,568.56 2.65 Nassella neesiana 

(68) 

Lycium 

boerhaviifolium 

(2.62) 

Centre-west 137 102 9 12,966.91 1.06 Turnera sidoides (8) Hypericum 

campestre (22.3) 

South non-coast 144 83 10 3,189.03 4.52 Nassella filiculmis 

(8) 

Sisyrinchium 

restioides (22.3) 

East 4090 708 233 60,773.79 6.73 Blepharocalyx 

salicifolius (74) 

Myrcia palustris 

(2.41) 

Centre-east 46 39 6 10,418.21 0.44 Calliandra tweedii 

(3) 

Solanum viarum 

(59.3) 

North-west 1175 279 58 16,799.77 6.99 Terminalia australis 

(31) 

Mimosa uraguensis 

(5.74) 

 

 

The effect of sampling effort in driving the patterns of biodiversity hotspots 

The spatial patterns of species-richness were highly correlated with those of sampling effort 

for all vascular species and each single group (r ≥ 0.88, p < 0.001) (Table 6.4). Endemism 

patterns were also significantly highly correlated (0.7 < r < 0.88, p < 0.001). The spatial 

correlations between sampling effort and threatened species numbers were significant but 

weaker than the last, for all plants and the eudicots group (r = 0.38 and r = 0.43, p < 0.001) – 

the only group with species considered threatened by the IUCN. There were no significant 

correlations between threatened species proportions and sampling effort, or any type of hotspot.  

Aside from the effect of number of records, we observed low to high levels of spatial 

correlations between each pair of diversity measure (Table 6.4). The spatial correlations 

between hotspots of species-richness and endemism ranged from r = 0.86 to r = 0.925 (p < 

0.001) for all plant species and each separate group. In the case of species-richness and 
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threatened species number, we could only measure this association for all plants (r ≥ 0.3, p < 

0.001) and the eudicots group (r ≥ 0.35, p < 0.001), and both were low. There were no 

significant correlations between threatened species proportions and any other metric.  

When measuring how similarly distributed species-richness and endemism hotspot were 

between groups, we found low to moderate significant correlations for each (Table 6.5). We 

could not measure patterns of threatened species hotspots between groups given that these 

hotspots were only assessed for the eudicots group. Species-richness patterns were moderately 

correlated, with eudicots versus monocots showing the highest levels (r = 0.77, p < 0.001), 

while the lowest were seen between gymnosperms and lycophytes (r = 0.514, p < 0.001). 

Endemism revealed weaker associations between groups, ranging from r = 0.16 (p < 0.05) for 

gymnosperms versus ferns, to a maximum of r = 0.76 (p < 0.001) between eudicots and 

monocots. The association between groups regarding the threatened species numbers showed 

similar low correlation values, below r = 0.595 (p < 0.001) for all pairs of classes analysed 

using global threat categories, and under r = 0.467 (p < 0.001) when using the national ones. 
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Table 6.4 – The effect of sampling bias in driving patterns of biodiversity. Spatial correlations of number of 

records (N) and each hotspot type: species richness (SR), endemism (E), threatened species numbers (TSN) and 

threatened species proportion (TSP) for all vascular plants and each separate group, and pair of hotspot types 

within each plant class. The correlations were performed using Pearson’s correlation corrected for spatial 

autocorrelation, with values per grid-cell at a 25km grid-cell resolution. Correlation coefficients (r), p-values and 

estimated degrees of freedom corrected for the spatial process (edf) are shown. Significance correlations are in 

boldface. 

 

 Vascular Plants   Eudicots   Monocots   Ferns  Lycophytes 

  r p value edf  r p value edf  r p value edf  r p value edf  r p value edf 

N vs. SR 0.910 <0.001 160.0  0.883 <0.001 142.9  0.968 <0.001 111.8  0.931 <0.001 70.7  1.000 <0.001 6.5 

N vs. E 0.780 <0.001 199.4  0.735 <0.001 175.3  0.874 <0.001 139.9  0.696 <0.001 80.3  0.879 <0.05 7.4 

N vs. TSN 0.377 <0.001 198.6  0.428 <0.001 184.2  - - -  - - -  - - - 

N vs. TSP -0.018 0.778 250.7  -0.022 0.735 234.5  - - -  - - -  - - - 

SR vs. E 0.925 <0.001 189.6  0.910 <0.001 157.7  0.925 <0.001 135.1  0.863 <0.001 77.8  0.879 <0.05 7.4 

SR vs. TSN 0.335 <0.001 195.1  0.399 <0.001 177.4  - - -  - - -  - - - 

SR vs. TSP -0.019 0.7639 251.8  -0.024 0.716 236.0  - - -  - - -  - - - 

E vs. TSN 0.295 <0.001 230.7  0.348 <0.001 208.8  - - -  - - -  - - - 

E vs. TSP -0.013 0.834 264.9  -0.016 0.808 245.6  - - -  - - -  - - - 
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Table 6.5 – Spatial correlations between pair of plants classes (eudictos, monocots, gymnosperms, ferns and 

lycophytes) within each hotspot type. The correlations were performed using Pearson’s correlation corrected 

for spatial autocorrelation, with values per grid-cell at a 25km grid-cell resolution. Correlation coefficients (r), p-

values and estimated degrees of freedom corrected for the spatial process (edf) are shown. Significance 

correlations are in boldface. 

 Species Richness   Endemism 

  r p value edf  r p value edf 

Eudicots ~ Monocots 0.771 <0.001 266.7  0.756 <0.001 264.0 

Eudicots ~ Gymnosperms 0.587 <0.001 274.7  0.521 <0.001 273.7 

Eudicots ~ Ferns 0.697 <0.001 263.7  0.524 <0.001 260.0 

Eudicots ~ Lycophytes 0.450 <0.001 276.7  0.531 <0.001 263.3 

Monocots ~ Gymnosperms 0.518 <0.001 264.4  0.445 <0.001 259.8 

Monocots ~ Ferns 0.639 <0.001 261.5  0.601 <0.001 248.2 

Monocots ~ Lycophytes 0.528 <0.001 270.6  0.681 <0.001 240.5 

Gymnosperms ~ Ferns 0.356 <0.001 267.5  0.161 <0.05 269.8 

Gymnosperms ~ Lycophytes 0.215 <0.001 258.8  0.194 <0.05 256.8 

Ferns ~ Lycophytes 0.556 <0.001 249.8   0.780 <0.001 221.3 

 

 

Spatial congruence between the hotspots of vertebrate and plant species  

Congruence between hotspots of plant species and tetrapods species varied for each pair of 

metrics measured (Table 6.6). Hotspots of species-richness showed moderated significant 

levels of correlation for plants versus all tetrapods and each separate group (r = 0.499 and r = 

0.576, p < 0.001). We saw similar significant values when measuring the spatial association of 

hotspots of endemism between plants and tetrapods, ranging from r = 0.335 for plants versus 

amphibians to r = 0. 445 for plants versus mammals (p < 0.001). We did not find significant 

correlations between hotspots of threatened species numbers or proportions for any group 

comparison. Conversely, when measuring the spatial correlation of hotspots of estimated 

species-richness (measured at Cmax level of coverage), this relationship disappeared (Table 6.6, 

Figure 6.6).  
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Table 6.6 – Spatial correlations of hotspots of plants and tetrapod species in Uruguay. Observed (a) and 

estimated (b) species-richness, endemism, threatened species numbers and threatened species proportion for plants 

versus all tetrapods and each separate group. The correlations were performed using Pearson’s correlation 

corrected for spatial autocorrelation, with values per grid-cell at a 25km grid-cell resolution. Correlation 

coefficients (r), p-values and estimated degrees of freedom corrected for the spatial process (edf) are shown. 

Significance correlations are in boldface. 

 Species Richness   Endemism   
Threatened Species 

Number 
  

Threatened Species 

Proportion 

a) Observed r p value edf  r p value edf  r p value edf  r p value edf 

Plants ~ Tetrapods 0.576 <0.0001 162.1  0.437 <0.0001 248.0  0.005 0.937 228.2  -0.001 0.991 306.9 

Plants ~ Amphibians 0.506 <0.0001 164.6  0.335 <0.0001 215.6  -0.041 0.500 266.1  -0.024 0.677 298.0 

Plants ~ Reptiles 0.499 <0.0001 158.9  0.390 <0.0001 255.7  0.053 0.414 238.7  -0.018 0.758 302.6 

Plants ~ Birds 0.518 <0.0001 173.5  0.370 <0.0001 258.8  0.032 0.621 242.7  -0.012 0.828 308.0 

Plants ~ Mammals 0.559 <0.0001 202.3   0.445 <0.0001 263.3   -0.043 0.484 261.3   0.024 0.668 313.6 

                

b) Estimated r p value edf 
            

Plants ~ Tetrapods 0.030 0.812 65.2 
            

 

Figure 6.6 – Relationship between hotspots of plants and tetrapod species-richness in Uruguay. Values of 

observed (a) and estimated (b) species-richness. Estimated richness was calculated using coverage-based 

rarefaction and extrapolation sampling curves (Chao et al. 2014). Lines represent linear regression fits. 
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Protected area network and hotspots of plants species 

The network of protected areas (Figure 6.1) only partially includes hotspots of plant species in 

Uruguay (Table 6.7). Analyses performed at the grid-cell size of 25 x 25 km show that 33.3% 

of the richest 2.5% grid-cells of species-richness overlapped in part with a protected area (i.e. 

some extent of the hotspot was within a declared area), while 50% of the grid-cells of hotspots 

of endemism and threatened species number were located within protected areas. For 

threatened species proportion we did not find any peaks overlapping protected areas. Each 

separate group also showed low overlapping levels, ranging from 0% to 50% (Table 6.7). At 

the grid-cell size of 12.5 x 12.5 km, diversity peaks were even more inadequately covered, 

ranging from 0% in the case of hotspots of eudicots threatened species proportion to 50% in 

the case of all fern’s hotspots (Table 6.7). 

 

Table 6.7 – Percentage of congruence between protected areas and hotspots of vascular plant species in 

Uruguay. For each hotspot type and plant group congruence was calculated as the proportion of the 2.5% of the 

richest grid-cells that were at least partially covered by a protected area (i.e. some amount of the area was within 

a hotspots). Analyses were performed at the grid-cell size of 25x25 km and 12.5x12.5 km. 

 

 25x25km   12.5x12.5km 

 SR E TSN TSP  SR E TSN TSP 

  % % % %  % % % % 

Vascular Plants 33.3 50 50 0  18.8 25.0 25.0 12.5 

Eudicots 33.3 33.3 50 0  23.1 30.8 30.8 0 

Monocots 40 40 40 40  22.2 22.2 22.2 22.2 

Gymnosperms - - - -  - - - - 

Ferns 50 0 50 50  50 0 50 50 

Lycophytes - - - -   - - - - 
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Prioritisation of future sampling effort 

Despite 85.3% of the grid-cells were covered by vascular plant records, the levels of 

incompleteness per-area were considerably high (Figure 6.7a, grid-cell size 25x25km). 

Fundamentally, the whole territory was identified as under-sampled (see SAC slope >0.05 in 

Table 6.8) and a major part of the Uruguayan territory (93.1%) was considered under the high 

and very-high sampling priority categories (Figure 6.7a, Table 6.8). The few areas that showed 

higher levels of inventory completeness (green grid-cells in Figure 6.7) were located in the 

mid-west border with Brazil and south east of the country. For eudicots and monocots, the data 

covered 77.4% and 64.1% of the total grid-cells respectively (Figure 6.7b, c; Table 6.8). Yet, 

as well, none of the grid-cells was identified as well sampled (SAC slope ≤ 0.5).  

 

 

Figure 6.7 – Areas for future sampling effort prioritisation of vascular plant species in Uruguay. Priority 

categories for all (a) vascular plants, (b) eudicots and (c) monocots were calculated using species accumulation 

curves (SACs). Scale: Null (i.e. grid-cells where mean slope of the last 10% of SACs was lower or equal to 0.05), 

‘Low’ (between 0.05 and 0.25), ‘Medium’ (between 0.25 and 1), ‘High’ (grid-cells where the sampling effort was 

so low that it was not possible to calculate SACs), and ‘Very High’ (i.e. grid-cells where no records were found). 

All maps in 25 × 25 km grid-cell resolution. Projection WGS1984.  
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Table 6.8 – Area under each category of sampling effort priority for all vascular plants, eudicots and 

monocots groups. Results are shown in km2 and percentage of the total surface area of Uruguay, according to 

curvilinearity of smoothed species accumulation curves (SACs) for each unit. The scale goes from: Null (i.e. grid-

cells where mean slope of the last 10% of SACs was lower or equal to 0.05), ‘Low’ (between 0.05 and 0.1), 

‘Medium’ (between 0.1 and 0.5), High (between 0.5 and 1), to Very High (i.e. grid-cells where no records were 

found, or where the sampling effort was so low that it was not possible to calculate species accumulation curves). 

 Vascular Plants Eudicots Monocots 

Sampling Priority km2 % km2 % km2 % 

Null 0 0 0 0 0 0 

Low 835.33 0.5 835.33 0.5 0 0 

Medium 11,413.85 6.5 9,738.48 5.5 12,084.11 6.9 

High 59,852.28 34 43,564.76 24.7 11383.74 6.5 

Very High 104,087.14 59.1 122,050.03 69.3 152,720.76 86.7 

 

 

Discussion 

This study provides the most comprehensive quantitative assessment of the spatial patterns of 

plant biodiversity of Uruguay to date. The newly launched Biodiversidata open-access database 

offers this study with a unique opportunity to perform the most complete analyses investigating 

the spatial distribution and geographic congruence among multiple forms of biodiversity 

hotspots (based on species richness, endemism, and threatened species), and the most complex 

floristic bioregionalisation of all the vascular plant classes recorded in the country. 

Analogously to what we previously observed among the tetrapods of Uruguay (Chapter 5), our 

findings suggest that the biodiversity patterns we detect for plants are mainly driven by 

disparities in sampling effort rather than the product of true diversities. Despite our vast and 

comprehensive database based on all published records and on newly available data from 

experts and museums, we found that Uruguay’s entire land area remains insufficiently sampled 

for the plant species – this highlights a fundamental problem of ‘design’ of environmental 
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policies in Uruguay, where sampling of biodiversity has historically been performed in the 

same few regions. Additionally, we observed moderate values of congruence between hotspots 

of observed species-richness and endemism between plant and tetrapod species, which could 

represent and important proxy for the conservation and management of the biodiversity in 

Uruguay. Yet, this pattern is completely erased when measuring the correlation between 

estimated species-richness values (i.e. ‘true’ diversities). Importantly, our analyses revealed 

that peaks of biodiversity are not integrated in the current network of protected areas. 

Therefore, our findings provide a critical standpoint to re-consider the current approach for the 

quantification and monitoring of biodiversity in the country. To aid where funding strategies 

for biodiversity research should be allocated, a map with priority areas for future sampling 

efforts was generated. Collectively, our empirical findings reveal a number of biodiversity 

patterns that have been shown to be prevalent around other biogeographic regions of the world 

– such as the lack of congruence of hotspots (Feng et al. 2011; Orme et al. 2005), and highlights 

the need to re-assess, based on big-datasets, the effectiveness of the global network of protected 

areas. Recent studies have shown that overlooking some key organisms, such as reptiles (Roll 

et al. 2017) can severely alter the effectiveness of largely established networks of protected 

areas. Similarly, these emerging evidences should also impact policies about the allocation of 

funding to the protection of regions in which high biodiversity is combined with threat, or areas 

in which these combinations are not covered by protected areas. 

 

Hotspots of plant biodiversity 

We identified for the first-time hotspots of vascular plant diversity in Uruguay. Peaks of 

species-richness, endemism and threatened species do not appear to overlap spatially. 

However, the distribution of each pair of measures is highly and significantly correlated. 

Previous studies related to the flora of the country had only included between 185-300 species. 
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Therefore, our work represents a critical step ahead in the emergence of studies developed to 

elucidate the spatial patterns of plant biodiversity in this region. Nevertheless, we assessed 

1,361 species which represents ~60% of the number of species that have been reported in 

Uruguay – 2,400 species according to Marchesi et al. (2013), 2,431 as per Andrade et al. (2018) 

and 2,430 species according to Zuloaga et al. (2019). The fact that the total number is uncertain 

reflects the complexity in the taxonomy of the plant species that occur in the country (Haretche 

et al. 2012). Likewise, every year in Uruguay new plant species are discovered (e.g. González 

et al. (2018)), re-discovered (e.g. González and Hassemer (2020)) or cited for the first time 

(e.g. Salgado et al. (2020)), while numerous species only have historical records and 

confirmation of their occurrence needs to be assessed (Marchesi et al. 2013). 

We were unable to identify many hotspots of threatened species, mainly due to the low number 

of species for which an evidence-based IUCN conservation assessment is available. Of those 

that have been assessed, only eight (0,6% of the total) are considered threatened (i.e. 

vulnerable, endangered or critically endangered), and they are all within the Magnoliopsida 

class (eudicots). A considerable 86.1% of the native plant species in our database have not been 

assessed by IUCN (2020). This percentage is similar to global extinction risk assessment 

proportions: only 10% of plant species have a global extinction risk assessment (IUCN 2020), 

while it is estimated that 39% of all known and unknown vascular plant species worldwide are 

currently threatened with extinction (Nic Lughadha et al. 2020).  

 

Sampling bias and geographic priorities for resource allocation   

Similar to what was observed for the tetrapod group in Chapter 5, the patterns of plant species 

seem to be driven by sampling bias. Therefore, we cannot guarantee that the distribution of 

plant hotspots are true patterns given they may be created by uneven effort in collection events 

(Pardo et al. 2017). At the same time, we do not know whether soil type, land use, climate or 
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any other factors are influencing our results, or to what extent in the case they are. To overcome 

sampling bias we assessed true diversities (i.e. species-richness for a standardised sampling 

coverage) (Chao et al. 2020). Yet, we found a limited number of comparable areas. Thus, to be 

able to map species ranges of occurrence with greater precision and subsequently identify the 

underlying driving factors causing these patterns (Worm & Tittensor 2018), we should aim to 

achieve better levels of inventory completeness with data that are distributed both across spatial 

and environmental space (Peterson et al. 2011). 

Likewise, we are aware that data from certain taxa are limited in our database. For instance, 

grassland species – the richest group in number of species in the country (e.g. just 205 species 

of Poaceae family were included out of 399 species currently recorded in Uruguay (Grattarola 

et al. 2020c)). Therefore, urgent measures that cover a diverse number of taxonomic groups 

are also urgently needed to increase the amount of data available and improve the current 

knowledge about the distribution of plants in Uruguay.  

 

Geographic bioregionalisation of Uruguay’s flora 

Previous efforts have attempted to provide nation-wide accounts of the organisation of 

Uruguay into biogeographic regions (e.g. (Chebataroff 1942; Grela 2004)) and ecogeographic 

regions (e.g. Brazeiro (2015)). These studies have shown the presence of three main floristic 

areas in the country – following a longitudinal pattern: western, central and eastern. The 

bioregions recovered by our analyses (i.e. regions of distinct assemblages of endemic taxa), 

based on 77% more species than the most extensive study, show a high level of congruence 

with these previous studies, whereas at the same time, they show other important areas such as 

the Atlantic and Platense coast (South-coast bioregion). We detected four robust main 

biogeographical regions located in the borders of the country and along the south coast, and 
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three central regions that are less well supported (in terms of exclusive species and density of 

records) and thus, could represent transitional areas.  

A critically important component of our analyses is the chosen method (Infomap Bioregions). 

This approach is adapted to a variable level of geographic sampling coverage (Edler et al. 2016) 

and, therefore, can perform well under low sampling levels. Although new species and records 

need to be incorporated to get a better understanding of the diversity and distribution of species 

in the territory; no similar map of equal accuracy and detail is currently available. In addition, 

the quantitative tools employed to create this map can be further evaluated and improved with 

the increase of species records. Therefore, this is a valuable resource for future initiatives 

regarding the bioregionalisation of the flora in Uruguay and the Río de la Plata grassland 

ecoregion – that include part of Argentina and Brazil and host more than 4,800 vascular plant 

species (Andrade et al. 2018).  

 

Congruence between the hotspots of vertebrate and plant species  

Congruence of patterns of biodiversity at regional scale (i.e. of 200-2000km) can be caused by 

a number of factors such as climate, topography, evolutionary history, or a combination of 

these (Peterson et al. 2011; Pimm & Brown 2004). Even though we observed around 58% of 

association between species-richness of vascular plants and tetrapods and 44% considering 

hotspots of endemism, strong sampling bias affects both taxonomic groups. This makes using 

one of the groups as surrogate of the other not reliable. Therefore, a future step towards an 

effective conservation planning should involve mapping areas of biological importance along 

with their respective degrees of available data (Oliveira et al. 2019). Although plants have been 

used as the focal taxa for global biodiversity hotspots (Mittermeier et al. 2011; Myers et al. 

2000), in Uruguay, conservation strategies (e.g. protected areas) have been primarily 

delimitated using tetrapods (Brazeiro 2015; Brazeiro et al. 2008). In effect, they have been 
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argued to be the most effective surrogates for identifying conservation priorities, globally 

(Ceballos & Ehrlich 2006) and in the region (Loyola et al. 2007). We found that the use of one 

taxonomic group, such as tetrapods, is not sufficient to identify relevant areas for biodiversity 

conservation in Uruguay. Likewise, plants and vertebrates comprise only just ~8% of the global 

diversity (Mora et al. 2011), thus, ignored groups such as arthropods and fungi need to be 

incorporated and the suitability of using plants or tetrapods as surrogates needs to be tested 

(Stork & Habel 2014). In reality, however, the access to comprehensive databases spanning 

these organisms is a remarkable challenge given their extremely high diversities. 

 

Representation of plant hotspots within protected areas  

Uruguay’s network of protected areas is the most recent in America (Baldi et al. 2019). After 

20 years, the actual coverage of territorial protection (<1.5%) remains far from the 17% 

proposed by the Aichi Target (Maxwell et al. 2020). In addition, we found that vascular plant 

diversity is not adequately protected by the existing protected areas in Uruguay (i.e. less than 

50% of the peaks of hotpots of different metrics and taxa are contained within them). Similar 

results were observed in the neighbouring Brazil (a megadiverse country), where the current 

network of protected areas fails to protect the majority of the endemic angiosperms, vertebrates 

and arthropods species, and where most species have less than 30% of their geographic 

distribution within a protected area (Oliveira et al. 2017). A recent study in the Tropical Andes 

showed that the existing protected area networks fail to capture the region's species diversity, 

with 73% of the sites classified as first priority for conservation not covered (Bax & 

Francesconi 2019). Another case can be that of Burgess et al. (2005), who found that plant 

species regarded as threatened with extinction and those with small ranges appear not to be 

effectively represented within the existing reserve network of Africa. We found that the 

inherent effect of disparate sampling effort is highly affecting the capacity to reliably identify 
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areas of main concern. Therefore, future efforts for biodiversity conservation in Uruguay 

should explicitly encourage sampling completeness of data for scientists and policy makers to 

be capable of differentiating true patterns from methodological artefacts (Pardo et al. 2017).  

 

Future directions 

By detecting areas with knowledge shortfalls, we identified regions where evidence-based 

conservation decisions are not possible yet, but in which the efforts towards biodiversity 

monitoring and sampling should strongly be focus. As indicated previously, the so-called 

Linnean and Wallacean shortfalls (i.e. inadequacies in taxonomic and distributional data) 

(Hortal et al. 2015; Whittaker et al. 2005) are two of the utmost challenges regarding the 

distribution of species worldwide. Initiatives like Biodiversidata, thus, are expected to hold 

great importance towards closing these gaps. For instance, in the framework of this 

collaborative network, efforts related to georeferencing (Chapman & Wieczorek 2020; 

Zermoglio et al. 2020), herbarium specimen digitisation (Borsch et al. 2020; Nelson et al. 

2015) and standardisation of scattered data (e.g. in the literature or from scientific surveys) 

(Agosti et al. 2019; Wieczorek et al. 2012) can help bring a solution to the present data scarcity. 

Overall, this study is a key contribution to highlight the critical knowledge gaps in Uruguay 

while, at the same time, suggest future geographical priorities to start addressing this issue. 
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Supplementary material 

 



 
 

164 
 

Figure S6.1 – Spatial distribution patterns of hotspots of vascular plant species in Uruguay. Hotspots metrics 

for all vascular plants, eudicots, moncots, gymnosperms, ferns and lycophytes (top to bottom), of species-richness 

(SR), endemism (E), threatened species number (TSN) and threatened species proportion (TSP). Blue cells 

indicate either non-sampled areas or zero values of threatened species for both relative and absolute estimates. 

Scale bar values differ between panels depending on the hotspot’s metric Top values are shown for each map, cut-

offs are 0, 25, 50, 75 and 100 (in terms of % of the maximum value). All maps in 50 × 50 km grid-cell resolution. 

Projection WGS1984.  
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Figure S6.2 – Spatial distribution patterns of hotspots of vascular plant species in Uruguay. Hotspots metrics 

for all vascular plants, eudicots, moncots, gymnosperms, ferns and lycophytes (top to bottom), of species-richness 



 
 

166 
 

(SR), endemism (E), threatened species number (TSN) and threatened species proportion (TSP). Blue cells 

indicate either non-sampled areas or zero values of threatened species for both relative and absolute estimates. 

Scale bar values differ between panels depending on the hotspot’s metric. Ttop values are shown for each map, 

cut-offs are 0, 25, 50, 75 and 100 (in terms of % of the maximum value). All maps in 12.5 × 12.5 km grid-cell 

resolution. Projection WGS1984.  
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Figure 6.3 – Spatial patterns of observed and estimated species-richness for vascular plants in Uruguay. 

Observed species-richness (SObs), and estimated species-richness (Hill's number of order q = 0)  at Cmax 

(minimum coverage of samples extrapolated to double the size of the reference sample) and at C5% (5% percentile 

of sampling coverage at doubled sample sizes), for all vascolar plants and combined and eudicots and monocots 

separate. Top values are shown for each map, cut-offs are 0, 10, 25, 50, 75 and 100 (in terms of % of the maximum 

value). All maps in 50 × 50 km grid-cell resolution. Projection WGS1984.  
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Chapter 7 

General Discussion  
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The aim of this study was to use Uruguay as a model region to quantify the patterns and 

processes of biodiversity across the Tree of Life. The objectives were to understand how 

multiple measures of biodiversity distribute and if there is congruence between them; to assess 

the factors driving the geographic and taxonomic patterns; and to evaluate how effective 

current conservation efforts are at protecting these hotspots. 

 

Biodiversity distribution patterns in Uruguay  

My PhD research presents the first comprehensive analysis of the biodiversity of Uruguay. 

Following the creation of the Biodiversidata consortium, my research has provided detailed 

maps of the distribution of hotspots of species-richness, endemism and threatened species in 

Uruguay (Figures 5.1 and 6.3). This work is the result of the analysis of more than 80,000 

occurrence records and spanning 2,025 species across two of the main higher taxa, tetrapods 

and vascular plants. By addressing and overcoming the substantial species distribution 

knowledge shortfalls in the country (Chapter 3 and 4), it was possible to measure for the first 

time the tetrapod and vascular plant diversity distribution at different grid-cell sizes: 12.5 x 

12.5 km, 25 x 25 km and 50 x 50 km (Chapter 5 and 6). Even though distribution patterns 

varied across taxa and with hotspot type (i.e. the diversity metric used), it was revealed that for 

both major biological groups species-richness, endemism and threatened species measured as 

absolute number, all peaked over the south Atlantic coast (the most populated area of the 

country). At the same time, most of the taxa classes within the major groups – tetrapods:  

amphibians, birds, reptiles and mammals; vascular plants: eudicots, monocots, gymnosperms, 

ferns and lycophytes – exhibited their own exclusive areas of hotspots of endemism. 

Furthermore, low levels of threatened species hotspots were found for both major groups, 

possibly a product of the low number of species that are considered as threatened with 

extinction globally by the IUCN in this country (5.4% of tetrapods and 0.6% of plants). In the 
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case of plants, this could also be due to the low numbers of species that have been assessed 

(13.9%) (IUCN 2020). Finally, for tetrapods, we found that hotspots of different metrics were 

not congruent in space, across hotspot types or within groups (Figure 5.2), regardless of the 

metric used to measure threatened species or the grid-cell size used for the analyses (i.e. 

independent of scale).  

One key finding of this study was that despite the patterns of observed species-richness 

between plants and all tetrapods combined (and each separate group) are significantly 

correlated, estimated values of species-richness do not show significant correlations. Thus, 

this raises the concern that the use of taxonomic surrogates (such as birds or mammals) may 

be unsuitable to infer the geographic distribution of other groups and, consequently, key areas 

for conservation management may differ between groups (Feng et al. 2011; Orme et al. 2005; 

Roll et al. 2017; Westgate et al. 2014).  

 

Drivers of the geographic patterns of biodiversity distribution 

This research has provided evidence to reveal that strong sampling bias has historically affected 

the reconstruction of diversity patterns across all taxonomic groups in Uruguay. Therefore, it 

is not possible to draw a definite conclusion as to whether the patterns of biodiversity we 

observe are real, or fabricated by tactical sampling practices. At the same time, the reason why 

we cannot rely on hotspots being fabricated, is that scientists might be collecting organisms in 

areas they already perceive as highly diverse. Thus, if this is the case, the observed patterns in 

some areas could be real. How distorted is the picture we have? 

Despite having used the most precise and up-to-date methods to estimate levels of species-

richness (Chao et al. 2014; Chao et al. 2020), the number of areas that were comparable were 

insufficient given, again, the essential lack of inventory completeness. To unravel this knot, we 

could have considered some alternate approaches, for instance, stacking expert drawn IUCN 
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distribution maps, overlapping species distribution models, or using local evidence of the 

distribution of species in the country. Unfortunately, all of these have their caveats. The spatial 

data provided by IUCN are rather incomplete for Uruguayan species. For instance, 81 of the 

tetrapod species recorded in the country (12% of the total) are not consider extant in Uruguay 

according to IUCN (Appendix IV). Regarding species distribution models (SDMs), if we 

consider that roughly we should need more than 50 occurrence records per species to perform 

the analyses (Franklin 2010; Peterson et al. 2011), only 42.9% of the species in our database 

of tetrapods reach that number (285 out of 664). Likewise, considering that estimation of an 

accessible area, model testing, etc. are needed to perform SDMs, overlapping species 

distribution models was out of the scope of this study. However, further analyses could involve 

modelling species distribution with a community approach (assemblage level) (D'Amen et al. 

2017). Finally, the national evidence about the distribution of species (Brazeiro 2015; Canavero 

et al. 2010; Carreira et al. 2012a; Soutullo et al. 2013), are all based on maps of potential 

species distribution that have been created following experts’ knowledge. These maps are at a 

lower spatial resolution that the one we considered here (aggregated data at 660km2) – the 

primary data is not available. Importantly, in the most complete and recent database used by 

Brazeiro (2015), around 36.4% of the occurrences of species within grid-cells are estimated on 

average (i.e. are a potential distribution), that is 82.6% for amphibians, 87.6% for reptiles, 

91.8% mammals and 0.4% for birds. This means that, for instance in the case of amphibians, 

if a species is said to be recorded in 10 grids it was actually only seen in 2 of them and estimated 

by experts in the remaining 8 grids.  

Unfortunately, due to the strong sampling bias affecting all taxonomic groups, true diversity 

patterns in Uruguay are far from being quantitatively identified. For this reason, we could not 

address which environmental or topographic factors were driving the observed patterns. The 
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effect of sampling bias is the main driver of our patterns and, therefore, we need to account for 

it first to be able to later model the effect of different driving factors.  

Overall, even addressing the severe lack of biodiversity data by collating the most 

comprehensive database for the country, sampling gaps, thus knowledge shortfalls, persist. The 

sampling pattern contributes greatly to the biodiversity knowledge shortfalls, which directly 

affects the knowledge on the distribution patterns of diversity. Therefore, one of the major 

alarms that this study raises is the urgent need to improve the amount and coverage of data that 

are being used in the country for conservation planning and decision making, both 

taxonomically and spatially. In this regard, our work presents a geographic prioritisation for 

future sampling effort. This methodology to allocate sampling efforts can be extrapolated to 

other areas of the globe that, as Uruguay, remain poorly understood.  

 

Hotspots of biodiversity and protected areas in Uruguay 

This research has provided evidence to show that hotspots of biodiversity are predominantly 

not congruent with the current network of protected areas in Uruguay. Thus, protected areas 

are not concentrated in regions of key biodiversity, at least based on the patterns that all 

available data return. This is not unique to Uruguay. Bias in protected area location is a major 

global issue (Venter et al. 2018). Uruguay’s National System of Protected Areas was 

established two decades ago and today only around 1.3% of its surface territory has been 

declared under protection (SISNAP 2020). Thus, Uruguay’s percentage of protected areas is 

less than 1/10 of the global target to protect 17% of the country’s land surface. Nations must 

urgently focus new protection on places that provide for the conservation outcomes outlined in 

international agreements (e.g. Aichi targets). To the successful conservation of biodiversity, 

there is a pressing need to strategically locate future protected areas in areas of major concern, 

in regions that are ecologically representative (i.e. areas that contain geographically distinct 
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assemblages of species) (Maxwell et al. 2020). What our study shows is that the current state 

of knowledge about the distribution of biodiversity in Uruguay to delineate future steps is 

insufficient. In order to contribute more effectively to meeting global biodiversity goals, a 

greater quantity and quality of data are needed to quantify the coverage of both species and 

ecoregions with high precision. 

 

What are the implications of this research? 

This study highlights the critical knowledge shortfall situation in which Uruguay stands and, 

at the same time, posits a first approach and a path to transit to start tackling this issue. Every 

finding in our study is a critical step towards our ambition to start a scientific quantification of 

biodiversity, to provide a resource for organisations and scientists, and to raise awareness at 

the government level.  

 

Biodiversity information system 

Studies that quantify biodiversity in Uruguay so far have included a combination of different 

taxa, yet they have failed to analyse patterns at different scales. We observed that the 

association between the different metrics is scale dependent, as has been seen in other studies 

(e.g. Keil and Chase (2019)). The main reason why studies of biodiversity distribution in 

Uruguay cannot vary their scale of analysis is related to the information system/format that is 

being supported in the country, which consists of aggregated information thus secondary, not 

primary data (Peterson et al. 2018). Before the collation, standardisation and integration of 

primary biodiversity records done under this thesis, Uruguay did not have highly precise data 

available to be shared, analysed and researched, for instance, to address the questions we here 

propose. Therefore, a landmark of this project has been to create robust datasets to be used for 

multiple purposes that benefit areas as diverse as environmental/wildlife research/management, 
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conservation, agriculture, tourism and education. The country can now benefit from a database 

and statistical models to answer both policy-relevant and fundamental scientific questions, that 

will be useful to researchers and international efforts wishing to model and understand the 

global status of biodiversity. 

 

Towards Sustainable Development Goals 

The United Nations have adopted 17 Sustainable Development Goals (SDGs), as an urgent call 

for action by all countries in a global partnership (United Nations 2020). These are not 

exclusively centred in climate change or the preservation of land and oceans, but on the 

contrary, tactically integrate aspects related to poverty, gender equality, health and education, 

energy, peace and justice, amongst others. These goals represent a global framework in which 

to focus for the next decade – each country has simultaneously also set their own national 

targets. Of particular interest for this study is SDG number 15, that states “Protect, restore and 

promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat 

desertification, and halt and reverse land degradation and halt biodiversity loss”. To understand 

and mitigate the effects of anthropogenic drivers of biodiversity loss and be able to progress 

towards this SDG, Uruguay needs to unequivocally address the shortfall of not having a robust 

biodiversity knowledge management system.  

The Uruguayan national previous goals set by the Ministerio de Vivienda Ordenamiento 

Territorial y Medio Ambiente (2016) – current Ministry of Environment – had two lines of 

action proposed for 2020 in respect to knowledge management: the construction of a National 

Biodiversity Information System and to progress in the establishment of the GBIF Uruguay 

node. None of these were accomplished. There are a multiple non-obvious reason to start 

discerning why (see also Chapter 2), these can include: one of the countries with the lowest 

(0.5%) gross domestic product allocation to science in the region (Prieto 2020), the lack of any 
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type of funding (governmental or academic) for the digitisation and long-term storage of 

natural history collections, along with the previously mentioned lack of data-sharing practices 

that predominate amongst scientists. This scenario will require creative and transformative 

approaches, as evidenced in other regions with lack of open-access biodiversity data and 

limited resources allocated for research (Bezuidenhout 2019).  

 

Biodiversity informatics across developing countries  

The lack of capacity of certain areas of the globe to collate, manage, and disseminate 

biodiversity data and information (i.e. data-poor regions) is not intrinsic to developing 

countries. Much progress has been made in making data on biodiversity in the Latin American 

region more widely available (CBD 2020), and there are two exemplary cases that Uruguay 

could explore and seek to imitate: Mexico and Colombia. The Mexican National Commission 

for the Knowledge and Use of Biodiversity (CONABIO, https://www.gob.mx/conabio) and 

Colombia’s Biodiversity Information System (SiB Colombia https://sibcolombia.net/), have 

both almost 30 years of experience in data mobilisation and data use. Today, together with 

Costa Rica, Mexico and Colombia constitute the main contributors countries to the global 

platform of GBIF in Latin America (see Fig 3.1).  

From 2010 to 2020 only 2% of the records added to GBIF (associated to a geographic location) 

were related to biodiversity in Latin America and the Caribbean, while 11% corresponded to 

records related to Africa. It is worth mentioning that Latin America and the Caribbean is two 

thirds of the surface area of Africa, yet it holds more than the double of species per square 

kilometre (3.1 versus 7.6 species/km2 – according to GBIF as 6th March 2021). The success of 

Africa in mobilising data can be attributed to major regional efforts taking place there during 

the last decade. An example of this is the South African National Biodiversity Institute 

(SANBI, https://www.sanbi.org/) a pioneering institution in African for the opening of 

https://www.gob.mx/conabio
https://sibcolombia.net/
https://www.sanbi.org/
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biodiversity data, that up to today has contributed more than 10 million records to GBIF. A few 

particular funding initiatives have also contributed majorly. Such is the case of the JRS 

Biodiversity Foundation, created with the goal to increase the capacity of the institutions in 

sub-Saharan Africa, or the BID Programme (Biodiversity Information for Development) 

funded by the European Union in 2015 and led by GBIF, that has the aim of enhancing capacity 

for effective mobilisation and use of biodiversity data in research and policy in sub-Saharan 

Africa, the Caribbean and the Pacific (Stephenson et al. 2017). In terms of impact, it is noted 

that as part of this last Programme, data for 1,194 species assessed to be globally threatened 

under the IUCN Red List were mobilised – 22 of which had no occurrence records reported in 

GBIF before(GBIF 2020a).  

 

Future directions 

One of the major contributions of this thesis has been achieving the assessment of the spatial 

bias of data and providing a detailed baseline towards targeting the historical knowledge gaps. 

The primary biodiversity data held by the Biodiversidata initiative are projected to improve 

with time, as new data will be added periodically, which makes this project the starting point 

of an unprecedent community level programme to improve the biodiversity knowledge in the 

country. Additionally, these geographical sampling priorities can be used for citizen science 

campaigns (i.e. other sources of conservation knowledge). In this regard, I have recently been 

awarded the National Geographic grant ‘Citizen-science for species discovery’. The main goal 

of this project is to build the local node of iNaturalist (https://www.inaturalist.org) in Uruguay, 

with the purpose to establish a national community of naturalists and improve  the state of 

biodiversity knowledge in Uruguay and the region. The plan includes the delivery of three 

sampling events in areas of the country characterised by both lack of biodiversity data and a 

strong presence of a local NGO or organisation (i.e. place-based citizen-science). Thus, the 

https://www.inaturalist.org/
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baseline provided by this thesis work would be of primary use. Finally, urgent efforts also need 

to be directed towards the digitisation and long-term storage of the natural history collections 

held in the country, data that is in the public domain but not digitally accessible. For instance, 

the National Museum of Natural History of Uruguay (MNHN) hosts the major herbarium 

collection of the country, with >80,000 herborised specimens that spans >2,000 species 

collected over 150 years of systematic research. The ongoing collaboration work between 

Biodiversidata and the MNHN, has enable us to start the process of digitising the herbarium 

collection. As a pilot experience we have scanned, transcribed and standardised more than 600 

specimens so far. These data are being reviewed and the analysis of this information remains 

to be done. However, it represents a basic first experience from where to continue. 
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Abstract

Data-sharing has become a key component in the modern scientific  era of  large-scale

research, with numerous advantages for both data collectors and users. However, data-

sharing  in  Uruguay  remains  neglected  given  that  major  public  sources  of  biodiversity

information  (government  and  academia)  are  not  open-access.  As  a  consequence,  the

patterns and drivers of biodiversity in this country remain poorly understood and so does

our  ability  to  manage  and  conserve  its  biodiversity.  To  overcome  this  critical  gap,

collaborative strategies are needed to communicate the importance and benefits of data

openness,  exchange  and  provide  technical  tools  and  training  on  all  aspects  of  data

management, sharing practices, focus on incentives, and motivation structures for data-

holders. Here, we introduce the Biodiversidata initiative (www.biodiversidata.org) – a novel

Uruguayan  Consortium  of  Biodiversity  Data.  Biodiversidata  is  a  collaboration  among

experts  with  the  aim of  improving  the  country’s  biodiversity  knowledge  and  the  open-

access  of  the  vast  resources  they  generate.  Biodiversidata  aims  to  collate  the  first

comprehensive  open-access  database  on  Uruguay's  whole  biodiversity,  to  support

advancements in  scientific  research and conservation actions.  Currently,  Biodiversidata

consists of  over 30 experts from across national  and international  institutions, studying

diverse biodiversity  groups.  After  less than two years,  we have collected,  curated and

standardised a dataset of ~70,000 records of primary biodiversity data of tetrapod species
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– the first and most comprehensive open biodiversity database ever gathered for Uruguay

to date. However, the process is hampered by multiple challenges:

1. the lack of support for sampling of specimens and maintenance of collections has

contributed to the situation were data are often perceived as personal  property

rather than collective resources;

2. institutions have no plans or strategies directed to digitisation of their collections

which actually places biodiversity data in Uruguay ‘at risk’ of being lost;

3. the scarce governmental and academic incentive structures towards open scientific

research relegates data-sharing to a personal decision;

4. although scientists individually are willing to share their research data, the lack of

data  management  plans  within  their  research  groups  hampers  the  capacity  to

digitise the data and thus, to make them available;

5. former  initiatives aimed to  create comprehensive biodiversity  databases did  not

consider  the  balance  between  openness  and  gain  for  researchers,  setting  the

subject  of  data-sharing  more  of  an  obligation  than  a  path  of  promotion,  which

impacted negatively in the perception of scientist to open their data.

To overcome some of these challenges, we decided to direct Biodiversidata to individual

researchers/experts and not institutions. We called them with the plan of collecting the

maximum possible amount of data from vertebrate, invertebrate and plant species, use it to

collaboratively  generate impactful  scientific  research.  An important  aspect  was that  we

requested data only to fit the premise of being primary biodiversity data (i.e., data records

that document the occurrence of a species in space and time). This meant cleaning and

standardising very heterogeneous information, from a variety of source types and formats,

including  updating  scientific  names and georeferentiating  sampling  locations.  However,

centralising the cleaning process allowed researchers to send their raw records without

spending time cleaning them themselves and, as a consequence, enlarged the amount of

data being collated. Collectively, Biodiversidata’s approach towards changing the culture of

data-sharing practices has relied on the reinforcement of a scientific collaboration culture

that benefits not only researchers at the individual level, but the progress of larger-scale

issues as a whole. There is a long way to go on the subject of open research data in

Uruguay,  though,  aiming  strategies  to  people,  capitalising  data  management  and

progressing with step-by-step rewards, is already showing some preliminary encouraging

results.
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Abstract
Aim: Body size explains most of the variation in fitness within animal populations and 
is therefore under constant selection from ecological and reproductive pressures, 
which often promote its evolution in sex-specific directions, leading to sexual size 
dimorphism (SSD). Several hypotheses have been proposed to explain the vast diver-
sity of SSD across species. These hypotheses emphasize: (a) the mate competition 
benefits to larger male size (sexual selection); (b) the benefits of larger female size 
for fecundity (fecundity selection); (c) the simultaneous benefits of niche divergence 
for males and females to reduce intersexual competition for ecological resources 
(natural selection); and (d) the underlying impact of geographical variation in climatic 
pressures expected to shape large-scale patterns of SSD in synergy with the above 
selection pressures (e.g., intensification of fecundity selection as breeding seasons 
shorten). Based on a new, global-scale amphibian dataset, we address the shortage 
of large-scale, integrative tests of these four hypotheses.
Location: Global.
Time period: Extant.
Major taxa studied: Class Amphibia.
Methods: Using a > 3,500 species dataset spanning body size, ecological, life-history, 
geographical and climatic data, we performed phylogenetic linear models to address 
the sexual, fecundity, ecological and climatic hypotheses of SSD.
Results: Evolution of SSD is discordant between anurans and salamanders. Anuran 
SSD is shaped by climate (male-biased SSD increases with temperature seasonality) 
and by nesting site. In salamanders, SSD converges across species that occupy the 
same types of microhabitats (“ecodimorphs”), whereas reproductive or climatic pres-
sures have no effects on their SSD. These contrasts are associated with latitudinal 
gradients of SSD in anurans, but not in salamanders.
Main conclusions: Amphibian SSD is driven by ecological and climatic pressures, 
whereas no roles for sexual or fecundity selection were detected. We show that 
macroevolutionary processes determined by different forms of selection lead to lati-
tudinal patterns of trait diversity, and the lack of them.
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1  | INTRODUC TION

The optimization of sex-specific reproductive and ecological perfor-
mance is rarely achieved by conspecific males and females of similar 
body size (Andersson, 1994; Fairbairn et al., 2007). Therefore, dis-
ruptive selection often drives males and females to evolve differ-
ent body sizes to enhance their sex-specific fitness (Bonduriansky & 
Rowe, 2005; Butler et al., 2007; Fairbairn, 2007; Pincheira-Donoso 
& Hunt, 2017; Shine, 1989). This leads to sexual size dimorphism 
(SSD), one of the most widespread forms of intraspecific adaptive 
evolution across the animal tree of life (Bolnick & Doebeli, 2003; 
Fairbairn et al., 2007).

A range of hypotheses have been suggested to explain the 
evolution of SSD. Traditionally, SSD has been attributed to sexual 
selection driving larger male body size; when mating success in 
males is positively correlated with their body size during contests 
with other males and female choice, male-biased SSD is predicted 
(Andersson, 1994; Darwin, 1871; Rosenthal, 2017). Alternatively, 
fecundity selection theory predicts that SSD is female biased in 
species where fitness increases with larger brood size (transient 
fecundity) attained by larger female size (Darwin, 1874; Fairbairn 
et al., 2007; Nali et al., 2014; Pincheira-Donoso & Hunt, 2017). 
However, this prediction has been questioned because it ignores 
the prevalent and simultaneous effects of sexual selection for 
larger (or smaller) male size (Pincheira-Donoso & Hunt, 2017). 
Therefore, larger females that cause female-biased SSD can 
evolve driven by mechanisms other than fecundity selection, and 
female-biased SSD is not necessarily correlated with the strength 
of fecundity selection (Cox et al., 2003; Pincheira-Donoso & 
Hunt, 2017; Woolbright, 1983; Zamudio, 1998). A more recent 
hypothesis (the “niche divergence hypothesis”), that intersexual 
competition for ecological resources creates natural selection 
that drives divergence between males and females, has increas-
ingly gained support (Bolnick & Doebeli, 2003; Pincheira-Donoso 
et al., 2018; Shine, 1989). According to this hypothesis, the intensity 
of intraspecific ecological competition is mitigated by disruptive 
natural selection driving males and females into different regions 
of the niche space (Bolnick & Doebeli, 2003; Butler et al., 2007; 
Meiri et al., 2014; Pincheira-Donoso et al., 2018; Shine, 1989; 
Slatkin, 1984; Temeles et al., 2000). Likewise, sex-specific nat-
ural selection arising from intrinsic differences in reproductive 
roles exposes males and females to different ecological pressures 
within their shared environments (Losos et al., 2003; Shine, 1989). 
Therefore, this ecological SSD hypothesis makes no predictions 
about whether males or females are larger, given that either sex 
can benefit from a larger size (Pincheira-Donoso et al., 2018).

A potential implication of the idea that SSD can be the outcome 
of different forms of selection is that the macroevolutionary path-
ways underlying the divergence between the sexes within lineages 
can influence the geographical patterns of distributions of this 
trait at large spatial scales. For example, the niche space occupied 
by sexes undergoing divergence by natural selection can saturate 
the ecological opportunity required for speciation during adaptive 

radiation (Bolnick & Doebeli, 2003; Butler et al., 2007; Pincheira-
Donoso et al., 2018). Therefore, ecological SSD could mirror the 
outcome of adaptive radiation when character displacement parti-
tions niche space within an area. Across geographical space, this pro-
cess might inhibit the evolution of macroecological patterns if the 
same set of resources (e.g., microhabitats) are available in different 
geographical areas. In contrast, climatic constraints (e.g., length of 
breeding season) responsible for the intensity of fecundity and sex-
ual selection (Andersson, 1994; Cox et al., 2003; Pincheira-Donoso 
& Tregenza, 2011) are more likely to create latitudinal patterns of 
SSD (Pincheira-Donoso & Hunt, 2017).

Although some studies conducted across vertebrates and inver-
tebrates have implemented large-scale approaches to address some 
of the multiple predictions described above (Amarello et al., 2010; 
Blanckenhorn et al., 2006; Cox et al., 2003; Dunham et al., 2013; 
Joos et al., 2017; Michael et al., 2014; Tarr et al., 2019), truly integra-
tive analyses remain anecdotal. The only global-scale studies to date 
have investigated the relationships between environmental pres-
sures (climate and ecology) and SSD and have revealed contradictory 
findings. An analysis on global turtles showed significant effects of 
climate and habitat use on SSD (Agha et al., 2018), whereas a study 
on birds failed to identify any global predictors of SSD (Friedman & 
Remes, 2016). Despite these efforts, no global-scale studies exist 
that investigate the predicted effects of sexual selection, fecundity 
selection and natural selection and the environmental influences 
of climate as drivers of SSD, thus preventing wider interpretations 
about the role of these mechanisms in the evolution of sexual 
dimorphism.

We created the largest global dataset on SSD for a tetrapod 
Class, spanning 3,500+ amphibian species (43% of their living di-
versity). Using phylogenetic analyses based on multiple proxies 
of all three forms of selection and climate, we test the hypoth-
eses that: (a) male-biased SSD evolves in species where the out-
come of competition over mates is influenced by fighting among 
males, relative to species where male–male aggression is absent 
(Andersson, 1994; Shine, 1979); (b) fecundity selection promotes 
larger clutch sizes, attained by evolution of larger female size, 
leading to the prediction that female-biased SSD increases as a 
function of increasing fecundity (Darwin, 1874); (c) different mi-
crohabitat structures within habitats create different opportuni-
ties for ecological divergence between the sexes, which leads to 
the prediction that patterns of SSD should converge among spe-
cies that occupy similar microhabitats, regardless of geographical 
location and phylogenetic affiliation (Agha et al., 2018; Butler 
et al., 2007; Losos et al., 2003; Pincheira-Donoso et al., 2009; 
Shine, 1989); and (d) climatic gradients, through their effects on 
multiple fitness-relevant traits (e.g., life-history traits), shape vari-
ation of SSD at large geographical scales. Also, fecundity selec-
tion for larger broods intensifies as opportunities for reproduction 
decline towards more seasonal climates, leading to the further 
prediction that female-biased SSD increases with increasing sea-
sonality and thus, towards higher latitudes (Cox et al., 2003; Nali 
et al., 2014; Pincheira-Donoso & Tregenza, 2011).
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2  | METHODS

2.1 | Species data

We created a dataset spanning SSD and multiple sexual, reproduc-
tive, ecological and climatic candidate predictors across a sample 
of 3,506 amphibian species from all three living orders (Anura 
or “anurans”, Caudata or “salamanders”, and Gymnophiona or 
“caecilians”). The taxonomy follows Frost (2020). The data were 
collected predominantly from the primary literature, including ar-
ticles and monographic books, and from field/museum observa-
tions (Supporting Information Table S1, Appendix S1). To collate 
SSD data, we recorded the maximum body size of adult males and 
females separately (Supporting Information Table S2). Species for 
which only young or one individual per sex is known were excluded. 
For anurans and salamanders, we used the snout–vent length 
(SVL; this is measured as the snout-to-urostyle length in anurans 
and the snout-to-edge of cloacae in salamanders) because this is 
the most widely used body size proxy in these groups (Duellman 
& Trueb, 1994; Wells, 2007). For caecilians, we used total body 
length because this is widely documented and is often the only 
documented proxy for size (Pincheira-Donoso et al., 2019). 
However, most records of body size available for caecilians focus 
on one overall measure per species or on one of the sexes only. 
Thus, although multiple patterns of SSD are reported for all three 
amphibian orders, many analyses were restricted to anurans and 
salamanders to reduce the risk of non-credible statistical results 
obtained from caecilians. The SSD for each species was calculated 
with the formula ln(SVLMale/SVLFemale), an intuitive measure that 
returns negative values for species where females are the larger 
sex and positive values when males are larger, which has also been 
shown to perform with robust statistical power (Fairbairn, 2007; 
Smith, 1999). Species for which male and female body size is the 
same (SSD = 0) were considered sexually monomorphic. This data-
set is part of the Global Amphibian Biodiversity Project (GABiP, at 
www.amphi bianb iodiv ersity.org) initiative.

2.2 | Sexual and fecundity data

To address the roles of sexual selection and fecundity selection 
as drivers of SSD, we used a dataset spanning mating and life-
history traits (Supporting Information Table S1). Measures of sex-
ual selection are particularly difficult to obtain unless a species 
has undergone systematic behavioural observations. In addition, 
many traits known to play key roles in mate competition among 
(mostly male) amphibians, such as chemical and acoustic signals, 
are not necessarily correlated with body size (Andersson, 1994; 
Duellman & Trueb, 1994; Norris & Lopez, 2011; Wells, 2007). In 
contrast, male–male competition is widely known to create sexual 
selection for larger male body size (Andersson, 1994; Clutton-
Brock, 1988; Shine, 1979), serving as a key proxy for sexual se-
lection. Male–male competition has been documented extensively 

as a form of mating competition among amphibians (Duellman & 
Trueb, 1994; Mathis et al., 1995; Sparreboom, 2014; Sullivan et al., 
1995; Wells, 2007), and many observations have shown that larger 
males are more aggressive during the breeding season and more 
successful when engaging in contests (Camp, 1999; Houck, 1988; 
Sparreboom, 2014; Sullivan et al., 1995; Wells, 2007). Therefore, 
we used male intrasexual aggressive behaviour as a proxy for 
sexual selection on male size. Data on male–male contests were 
taken from sources that describe direct agonistic encounters be-
tween individuals, whereas inferential observations, such as males 
avoiding a site when encountering another male, or bite scars in 
the skin (e.g., Mathis et al., 1995; Sparreboom, 2014), were ex-
cluded. Likewise, male traits that have been assumed to be prox-
ies for male combat, such as tusks and spines (Shine, 1979), were 
also treated as inferential proxies for male fights because they 
often evolve to optimize functions such as foraging, amplexus and 
interspecific defence (Duellman & Trueb, 1994; Han & Fu, 2013; 
Wells, 2007). No evidence for male contests in a species can be 
attributable to either lack of the behaviour or lack of observation 
of the behaviour when it exists (Han & Fu, 2013). Thus, we limited 
our sexual selection analyses to comparisons between species in 
which fighting exists against species where extensive behavioural 
observations that have reported, for example, nest building, fe-
male searching, satellite behaviour or mating calls, have failed to 
observe male contests (Han & Fu, 2013; Sparreboom, 2014). These 
species were assumed to lack male fighting.

To address the role of fecundity selection, we analysed tran-
sient fecundity (brood size) and nesting site preference as fac-
tors expected to influence reproductive output (Duellman & 
Trueb, 1994; Wells, 2007). To estimate transient fecundity, we 
obtained the median value calculated from the range of brood 
sizes recorded per species, often reported as the maximum and 
minimum. When different sources provided different ranges of 
brood size for the same species, we obtained the median brood 
size per study and then calculated a single average value for that 
given species across sources. For hynobiid salamanders that lay 
eggs into two sacks, clutch size values were not recorded when 
authors failed to indicate whether the reported number of eggs 
referred to one or to both sacks combined. We also excluded re-
cords of broods that were inferred (rather than observed) to have 
been laid by a particular species or when the clutch was suspected 
to be communal. For nesting site data, each species was assigned 
to one of five categories depending on whether eggs are laid in 
water (which only includes water bodies in the ground), on the 
ground (terrestrial sites), in burrows (cavities, under trunks), in 
vegetation (bushes and trees, including the use of small accumu-
lations of water in flowers or between leaves) or in the parental 
body (gastric or skin-brooder species). These data are based on 
observations of individuals occupying those nesting sites. Species 
for which the nesting site was speculated (e.g., based on close 
relatives) were excluded. Likewise, all species for which differ-
ent literature sources reported conflicting records were excluded 
(Supporting Information Table S1).

http://www.amphibianbiodiversity.org
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2.3 | Ecological data

To investigate the role of ecological pressures on SSD, we used a 
dataset consisting of two key components of a species niche from 
which natural selection arises: preference for microhabitat type 
and diel activity period (Supporting Information Table S1). For the 
microhabitat data, each species was assigned to one of five cat-
egories based on their preference for aquatic (strict water-divers), 
semi-aquatic (species that depend on intermittent contact with 
water bodies, e.g., swamp-dwellers, species permanently exposed 
to waterfall showers), terrestrial (predominantly ground-dwellers), 
vegetation (species that perch on bushes or trees) or underground 
(“fossorial”; species that, except for breeding seasons, live under-
ground, including both burrows and caves) microhabitat types. For 
diel activity period data, species were classed as nocturnal, diurnal, 
cathemeral (active during day and night) or crepuscular (active only 
in twilight). Records based on inferences stemming from the ecology 
of closely related species were excluded.

2.4 | Environmental data

To address the role of climate on SSD (Agha et al., 2018; Pincheira-
Donoso & Hunt, 2017; Tarr et al., 2019), we created an environmental 
dataset with multiple predictors obtained using geographical range 
maps for all the amphibian species for which distributional data 
are available at the International Union for Conservation of Nature 
(IUCN) archive (www.iucnr edlist.org). This dataset consists of mean 
annual temperature (averaged across the 12 months of the year, in 
degrees Celsius), temperature seasonality (calculated as the standard 
deviation of the annual mean temperature × 100, in degrees Celsius), 
mean annual precipitation (the average amount of rainfall, measured 
in millimetres per year) and precipitation seasonality (coefficient 
of variation of monthly precipitation across the year). These envi-
ronmental predictors were obtained from the WorldClim 2 (www.
world clim.org/version2) archive (Fick & Hijmans, 2017; Hijmans 
et al., 2005) and are expressed at a spatial resolution of 2.5 arc-min 
(~5 km at the equator). In addition, we added the concentration of at-
mospheric oxygen as a fifth predictor. Spatial declines in oxygen lev-
els have been shown to create strong selection on life-history traits, 
primarily exerting constraints on success rates of embryo develop-
ment (Andrews, 2002; Lambert & Wiens, 2013; Pincheira-Donoso 
et al., 2017; Wells, 2007). To obtain oxygen levels, we followed the 
protocol described by Pincheira-Donoso et al. (2017), by first esti-
mating air pressure from the distributional range of each species, 
using the hypsometric equation p = P0 × (1 − 0.0065 × h/T + 0.0065 
× h + 273.15)−5.257 (Seinfeld & Pandis, 2016), where P is the atmos-
pheric pressure (in hectopascals), P0 represents atmospheric pres-
sure at sea level (1,013.25 hPa or 1 atm), h indicates the elevation 
above sea level (in metres), and T indicates environmental tempera-
ture (in degrees Celsius). Using atmospheric pressure (P), we calcu-
lated the proportion of available atmospheric oxygen relative to the 
baseline 100% availability of oxygen at sea level with the formula: 

Oxygen = (P/P0) × 100 (Pincheira-Donoso et al., 2017; Seinfeld & 
Pandis, 2016). We assigned each species a single value per predictor 
(Supporting Information Table S1), calculated as the average of all 
values obtained for each variable by dividing the geographical range 
of each species into 2.5 arc min grid cells (c. 5 km × 5 km) using 
ArcGIS 10.2 (www.esri.com). Finally, we included latitude (midpoint, 
in degrees from the Equator) extracted from each individual map as a 
further predictor to test for geographical gradients of SSD.

2.5 | Statistical and phylogenetic analyses

We performed phylogenetically controlled linear models [phyloge-
netic linearized least squares (PGLS)] to investigate the evolution of 
SSD as a function of the above-described predictors. All phylogenetic 
regression models used Jetz and Pyron’s (2018) phylogenetic tree 
for 7,238 amphibian species, from which we extracted all species for 
which data were available (Supporting Information Table S1). Before 
any analyses, we investigated the allometric influence of body size 
on SSD. This relationship, termed Rensch's rule, states that the mag-
nitude of SSD increases with increasing body size in species in which 
males are larger, whereas SSD decreases with increasing body size 
in species in which females are larger (Abouheif & Fairbairn, 1997; 
Blanckenhorn, Dixon, et al., 2007; Fairbairn, 1997; Pincheira-
Donoso & Tregenza, 2011). To test for Rensch's rule across amphib-
ians, we used major axis regressions (RMA, model II). This technique 
offers a suitable approach to test the null hypothesis of isometry 
β = 1.0 (Blanckenhorn, Dixon, et al., 2007; Fairbairn, 1997; Sokal & 
Rohlf, 1995). When the logarithm of male body size is plotted on the 
y axis and the logarithm of female body size on the x axis, an allomet-
ric association consistent with Rensch's rule occurs when variance 
in x is less than in y, and thus, when a hyperallometric or positive 
allometric relationship is observed (Fairbairn, 1997). Standard errors 
(SE) and 95% confidence intervals calculated on error in both x and y 
for major axis (MA) slopes are obtained (Blanckenhorn et al., 2007). 
To control for phylogenetic effects on SSD, we performed the 
RMA analyses based on phylogenetic independent contrasts (PICs) 
of male and female body size, obtained using the R package “ape” 
(Paradis et al., 2004).

We then designed multiple PGLS models that separately ad-
dress the sexual, fecundity, ecological and climatic hypotheses 
of SSD. For the sexual selection tests, we created PGLS models 
that compare levels of SSD between species for which male–
male fights are known and species in which they have not been 
observed. In addition to these analyses, we created frequency 
distribution plots that show the distribution of species according 
to their SSD around a reference line that indicates sexual mono-
morphism (SSD = 0). These plots are designed to show whether 
the frequency of species without male–male competition tends to 
show female-biased SSD (left of the zero reference line) relative to 
the group in which fights exist, which are predicted to be biased 
towards a higher frequency of species with male-biased SSD. To 
test for a role of fecundity selection, we first addressed the core 

http://www.iucnredlist.org
http://www.worldclim.org/version2
http://www.worldclim.org/version2
https://www.esri.com
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prediction that increases in brood size are a function of increasing 
female body size (Darwin, 1874; Pincheira-Donoso & Hunt, 2017). 
The test of this prediction is crucial to make robust interpretations 
subsequently about the relationship between fecundity and SSD, 
because this association offers more direct evidence of fecundity 
selection (Cox et al., 2003; Pincheira-Donoso & Tregenza, 2011). 
Given the strong positive relationship observed between body 
size and brood size (see Results), our tests of fecundity selection 
were performed by regressing SSD on clutch size, with control 
for female body size, to establish the role of variance in repro-
ductive output on intersexual size divergence (see multivariate 
climatic analyses described in the next paragraph for a further 
test of the prediction of fecundity selection that increasing fecun-
dity is selected for towards more seasonal environments). Finally, 
to test the ecological hypothesis of SSD (Butler et al., 2007; 
Pincheira-Donoso et al., 2018; Shine, 1989), we created two 
sets of alternative models. First, we addressed the question of 
whether microhabitat-specific natural selection drives conver-
gent evolution of SSD across species that occupy the same micro-
habitat types, regardless of their phylogenetic affiliation (Butler 
et al., 2007; Losos et al., 2003; Pincheira-Donoso et al., 2009). 
This hypothesis predicts “ecomorphological” SSD (which we term 
“ecodimorphs”), and thus, divergent patterns of SSD among spe-
cies that occupy different microhabitats (Butler et al., 2007). This 
analysis consisted of phylogenetic ANOVAs quantifying whether 
variation in SSD differs among the above microhabitat categories, 
as factors (aquatic, semi-aquatic, terrestrial, vegetation and fosso-
rial). Second, we performed similar analyses to test whether SSD is 
predicted across diel activity categories, based on the same adap-
tive principles described for microhabitat-driven convergence.

Finally, we created PGLS models to investigate large-scale pat-
terns of SSD across climatic and geographical space. We first tested 
for the role of climate on SSD, performing a series of phylogenetic 
multiple regressions of SSD on all five climatic predictors described 
above to determine the exclusive role of environmental pressures on 
intersexual size divergence. The same multiple regressions were re-
peated with brood size added to the above climatic predictors in the 
models, in order to investigate further whether climate influences 
SSD once the role of fecundity on SSD is controlled for, given that 
fecundity selection is expected to intensify as the opportunities for 
reproduction are compromised towards environments with shorter 
breeding seasons (Cox et al., 2007; Fitch, 1981; Pincheira-Donoso & 
Hunt, 2017; Pincheira-Donoso & Tregenza, 2011). This test is cru-
cial because it complements the conclusions that can be drawn from 
the fecundity selection tests presented in the previous paragraph. In 
addition to the climatic analyses, we investigated the expression of 
latitudinal gradients by regressing SSD on latitude, which is a widely 
used core geographical predictor to identify biodiversity patterns in 
macroecology. Importantly, given that latitude is not a mechanistic 
predictor in itself (rather, multiple selection agents, such as climate, 
vary with latitude), it was treated independently from the climatic 
drivers above. Given the loss of statistical power resulting from the 
differences in sample sizes across the whole range of explanatory 

variables described thus far, a full model confronting all hypotheses 
based on the inclusion of all predictors was not possible.

All the above analyses were performed for anurans and salaman-
ders separately to establish lineage-specific patterns of SSD evolu-
tion (sample sizes for caecilians were often too low to enable us to 
perform analyses independently). These two orders differ in multi-
ple core features (e.g., body plan, life histories, distribution, genome 
size), and thus, their responses to selection are expected to differ. 
In all regressions, continuous predictors were log10-transformed to 
meet assumptions about normality and homogeneity of variance. 
For every model, we tested the significance of the value of Pagel's 
λ, which measures the influence of shared evolutionary history on 
the divergence of regression residuals among species (Pagel, 1999). 
All phylogenetic linear models were performed using the pack-
ages “ape” (Paradis et al., 2004), “nlme” (Pinheiro et al., 2018) and 
“caper” (Orme et al., 2012) implemented in R (R Development Core 
Team, 2017). For the phylogenetic tree with variation of values of 
SSD through time along the branches (shown in Figure 1), we used 
a maximum-likelihood phylogenetic reconstruction implemented in 
the package “phytools” (Revell, 2012). For the hexagon density scat-
ter plots presented in Figure 5c,d, we used the approach described 
by Roll et al. (2017).

To reinforce the inference from our climatic PGLS models, we 
performed model-averaging analyses using the Akaike information 
criterion (AIC) and Akaike model weights to reduce the whole set 
of models (Burnham & Anderson, 2002), adopting a dredging ap-
proach that retains a confidence subset of regression models that 
lie within six AIC units of the most informative model. This approach 
removes the set of models that have spurious parameter estimates 
owing to poor model fit above the chosen AIC threshold (Harrison 
et al., 2018; Richards, 2005). The importance of each explanatory 
variable was judged according to AIC-weighted mean effect sizes 
averaged across the subset of regression models, and are presented 
as AIC-weighted slope estimates ± 95% confidence intervals to esti-
mate the significance of the effect of each predictor on SSD. Model-
averaging analyses were performed using the R package “MuMIn” 
(Barton, 2017).

3  | RESULTS

SSD varied extensively across orders, families and species 
(Figures 1 and 2). Female-biased SSD strongly prevailed in all three 
amphibian orders (Figure 2). In anurans, SSD was female biased in 
90.8% of species, male-biased in 7.5%, and monomorphism was 
observed in 1.7% of species. In salamanders, 79.2% of species 
showed female-biased SSD and 19.1% male-biased SSD, and 1.8% 
were monomorphic (SSD = 0). In caecilians, SSD was observed to 
be female biased in 81.3% of species and male biased in 18.8%, 
and no monomorphic species were observed (Figure 2). Anurans 
showed by far the widest range of variation in SSD (Figure 2). 
Regarding allometric effects of body size on SSD (Rensch's rule), 
our phylogenetic analyses consistently rejected this pattern. The 
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slopes of RMA regressions were not significantly different from 
one for anurans (PICs: slope = 1.002 ± 0.004, intercept = −0.001, 
95% confidence interval = 0.981–1.024, ordinary least square, 
OLS slope = 0.93 ± 0.01, n = 1,264) or for salamanders (PICs: 
slope = 0.989 ± 0.017, intercept = −0.001, 95% confidence inter-
val = 0.941–1.041, OLS slope = 0.95 ± 0.02, n = 147). No test was 
possible for caecilians.

3.1 | Sexual selection on SSD

Our analyses consistently failed to identify a relationship between 
male contests and SSD. Frequency distributions revealed that the ten-
dencies for female- and male-biased SSD were qualitatively identical 
when making comparisons between species with and without male–
male competition in both anurans and salamanders (Figure 4a–d). 

F I G U R E  1   Phylogenetic patterns of sexual size dimorphism (SSD) across families of living amphibians. The tree shows the distribution of 
median SSD across species per family along the branches, and the bar below provides the colour codes for levels of both male- (positive) and 
female-biased (negative) SSD. The predominant tendency is for female-biased SSD, with the most extreme cases of female-biased SSD being 
observed among anurans (Ceratophryidae, Craugastoridae, Ranidae, etc.). See Methods for details about SSD calculations
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Phylogenetic analyses confirmed this finding, showing that no differ-
ences existed in the direction and magnitude of SSD between species 
in which males engaged in fights over access to females, relative to 
species in which male contests were absent (Table 1; Figure 4e,f).

3.2 | Fecundity selection on SSD

Our analyses showed that increases in brood size were strongly as-
sociated with larger female body size in anurans and salamanders 

F I G U R E  2   Patterns of sexual size 
dimorphism (SSD) across orders of 
amphibians. The same tendencies for 
predominant female-biased SSD observed 
across families are observed when the 
frequency distribution (a; black vertical 
lines indicate sexual size monomorphism) 
and (taxonomic) order-level median 
(and quartile distribution) of SSD (b) are 
plotted. See Methods for details about 
SSD calculations
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(Table 1; Figure 3a; the same tendency was observed, but not tested, 
in caecilians). However, the prediction that female-biased SSD in-
creases as a function of increasing brood size (controlling for body 
size) was rejected by our analyses across all amphibians (Table 1; 
Figure 3b). In contrast, we found that SSD in anurans differed signifi-
cantly among species that selected different nesting sites. Although 
anuran species that lay eggs in burrows had a tendency for greater 
degrees of SSD (treated as an absolute magnitude of difference in 
body size between the sexes), species that lay their eggs on leaves 
in bushes and trees showed a drastic decrease in SSD (Figure 4i). 
No such association between SSD and nesting site was observed 
in salamanders (Table 1), although the greatest extent of SSD was 

observed among plant egg-layers (Figure 4j), which entirely opposed 
the pattern observed in anurans.

3.3 | Natural selection on SSD

Analyses investigating the effects of ecological pressures revealed 
similar degrees of SSD across salamander species that occupy the 
same types of microhabitats, once their phylogenetic origin was 
controlled for (Table 1). The fossorial salamanders had the low-
est degree of SSD, whereas species that occupy vegetation had 
the largest difference in body size between the sexes (Figure 4h). 

TA B L E  1   Relationships between proxies of sexual, fecundity and natural selection and the global diversity of sexual size dimorphism 
across amphibians

Models λ n R2 F (d.f.) t Estimate p

Fecundity selection

Fecundity ~ SVL

Anurans .838 1,441 .29 588.6 (1, 1,439) 24.26 1.831 < .001

Salamanders .812 151 .062 9.89 (1, 149) 3.145 0.909 < .01

SSD ~ fecundity*

Anurans .71 1,441 – 0.01 (1, 1,438) −0.09 −0.0003 .926

Salamanders .64 151 – 0.078 (1, 148) −0.28 −0.0017 .781

SSD ~ nesting site

Anuransa  .714 970 – 8.68 (1, 968) 2.946 0.014 .003

Anuransb  .697 970 – 8.65 (1, 968) −2.941 −0.012 .003

Salamandersa  .871 91 – 3.00 (1, 89) 1.733 0.022 .087

Salamandersb  .049 91 – 3.27 (1, 89) 1.807 0.013 .074

Sexual selection

Male–male competition

Anurans .701 621 – 0.15 (1, 619) 0.389 0.005 .697

Salamanders .9 74 – 0.016 (1, 72) −0.127 −0.003 .899

Natural selection

SSD ~ microhabitat

Anuransa  .626 2,349 – 0.53 (1, 2,347) 0.729 0.002 .466

Anuransb  .606 2,349 – 0.32 (1, 2,347) −0.569 −0.002 .569

Salamandersa  .630 270 – 4.73 (1, 268) 2.175 0.012 .03

Salamandersb  .597 270 – 8.30 (1, 268) −2.881 −0.013 < .01

SSD ~ diel activity

Anurans .680 1635 – 1.66 (2, 1,633) 1.290 0.006 .197

Salamanders .399 160 – 1.67 (2, 158) −1.292 −0.013 .198

Note.: SSD = sexual size dimorphism; SVL = snout–vent length. All analyses have been performed separately for anurans and salamanders. Caecilians 
have been excluded because of small sample sizes. Fecundity refers to transient fecundity (i.e., brood size). Phylogenetic analyses of nesting site and 
microhabitats as predictors have been performed twice for each order: (a) with SSD treated as a measure of male- (positive values) and female-biased 
(negative values) dimorphism; and (b) with SSD treated as a measure of the absolute magnitude of the difference in size between the sexes, where all 
values are treated as positive. Most models showed significant phylogenetic signal, estimated using Pagel's λ (Pagel, 1999); see main text for details.
Significant results in boldface.
aFemale-biased SSD as negative values and male-biased SSD as positive values. 
bSSD as a measure of the absolute magnitude of differences in body size. 
*Results from an analysis of covariance with body size added as a covariate. Estimate and t-value were obtained from phylogenetic linearized least 
squares (PGLS). 
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This finding remained consistent both when distinctions between 
female-based and male-biased SSD were incorporated into the 
analyses and when SSD was treated as an absolute value of the 
difference in size between the sexes (Table 1). In contrast, our 
analyses failed to detect an effect of microhabitat on the SSD 
of anurans (Table 1; Figure 4g). These observations were not af-
fected when SSD was treated as a magnitude from female- to 
male-biased differences or as an absolute measure of magnitude 
only (Table 1).

3.4 | Macroecological patterns of SSD through 
climate and geography

Analyses on the role of climatic factors identified temperature 
seasonality as the only significant predictor of spatial variation in 
SSD in anurans; males increased in size more relative to females 
as thermal seasonality increased (Table 2; Figure 5c). Likewise, the 
model containing brood size added to all five climatic predictors 
revealed exactly the same relationship (Table 2), whereas the re-
maining predictors had no effects. The model-averaging analyses 
using the same sets of predictors strongly confirmed temperature 
seasonality as the only driver of anuran SSD, with and without 
brood size included (Table 2). In contrast, the same analyses per-
formed on salamanders failed to identify a role for climate on SSD 
(Table 2; Figure 5d).

The geographical analyses of SSD were consistent with these 
findings. No latitudinal gradients (based on absolute values of lati-
tude, ignoring whether the gradient was south or north) of SSD were 

observed in salamanders globally (Table 2; Figure 5b), whereas we 
observed a significant increase in SSD with increasing latitude in an-
urans globally (i.e., males increased more in size relative to females 
with increasing latitude; Table 2; Figure 5a). Intriguingly, the spatial 
patterns shown in Figure 5a,b suggested that the latitudinal gradi-
ents of SSD might differ among geographical regions of the world, 
particularly within anurans. A further set of analyses, investigating 
the geographical patterns of anuran SSD within regions separately, 
confirmed the same positive association between SSD and latitude 
within the Americas (n = 1,366, λ = .58, R2 = .01, estimate = 0.001, 
F1,1,364 = 8.07, p < .01; Figure 5a; although distinctive patterns be-
tween North and South America existed: female-biased SSD in-
creased with latitude in the former and male-biased SSD in the latter) 
and the Eurasian region (n = 377, λ = .62, R2 = .03, estimate = 0.003, 
F1,375 = 10.97, p = .001; Figure 5a). Interestingly, however, the latitu-
dinal gradient of anuran SSD was reversed in Africa, where female 
size increased more relative to male size with increasing latitude 
(n = 349, λ = .54, R2 = .02, estimate = −0.002, F1,347 = 5.51, p = .02; 
Figure 5a). The same region-specific analyses performed in salaman-
ders showed no relationships between SSD and latitude, consistent 
with the global model.

4  | DISCUSSION

Our study reveals the distinctive factors driving the evolution of 
sexual size dimorphism across amphibian orders. In anurans, SSD 
is associated with climatic gradients in temperature seasonal-
ity (a phenomenon that shapes latitudinal gradients of SSD) and 

F I G U R E  3   The relationships between transient fecundity (brood size) and (interspecific and intersexual) variation in body size. (a) The 
analyses show that increasing clutch size in all three amphibian orders (grey = anurans; red = salamanders; blue = caecilians) is a strong 
function of increasing female body size (SVL = snout–vent legth). (b) There is a (lack of significant) relationship between fecundity and sexual 
size dimorphism (SSD) for the same three groups (and colour codes)
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with nesting site occupation. These findings provide global-scale 
evidence suggesting that selection for divergence between the 
sexes is significantly influenced by variation in the length of the 

breeding season (Cox et al., 2003; Pincheira-Donoso & Hunt, 2017; 
Pincheira-Donoso & Tregenza, 2011) and by the constraints that 
nesting structures exert on reproduction (Nali et al., 2014). These 
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two sources of selection on SSD are likely to operate synergisti-
cally. In fact, although our analyses failed to identify a relationship 
between increasing fecundity and female-biased SSD, in contrast 
to previous studies conducted on frogs (e.g., Han & Fu, 2013), we 
found strong evidence that larger females produce larger broods 
and a tendency for brood size to increase with increasing latitude 
(as shown by the negative association between fecundity and SSD; 
see Table 2). These findings are consistent with fecundity selec-
tion theory, which predicts the evolution of larger broods medi-
ated by larger females towards environments where reproductive 
opportunities are reduced, mostly regions with shorter breeding 
seasons (Pincheira-Donoso & Hunt, 2017). At the same time, this 
evidence reinforces the view that a link between the intensifica-
tion of fecundity selection and female-biased SSD is incidental, 
rather than general, and dependent on the action of multiple other 
sources of selection on body size, such as male-specific sexual se-
lection for larger body size (Nali et al., 2014; Pincheira-Donoso 
& Hunt, 2017; Zamudio, 1998). In contrast, variation in SSD in 
salamanders is associated with use of microhabitat types. This link 
suggests a role for natural selection in driving convergent evolu-
tion in SSD. Importantly, our analyses failed to identify a role for 
male–male competition-mediated sexual selection in the evolution 
of SSD across all amphibian clades, as previously observed in anu-
rans (Han & Fu, 2013; Nali et al., 2014).

Why anurans and salamanders have followed such discordant 
routes in the evolution of SSD remains an open question. The an-
swer might be linked to their contrasting life-history features and 
biogeographical patterns. Given the strong effects of climate on 
fecundity (Jetz et al., 2008; Pincheira-Donoso & Hunt, 2017), the 
evolution of the truly global distribution of anurans is expected to 
have exposed these amphibians to a much wider range of climatic 
pressures, leading to a much wider range of life-history adaptations 
to these demands, such as their extreme interspecific variation in 
clutch size (between one and > 80,000 eggs). In contrast, the global 
geographical range of salamanders is considerably more restricted 
than in anurans (Pough et al., 2015; Sparreboom, 2014), leading to 
a much narrower range of climatic pressures that are likely to influ-
ence selection on life-history traits (e.g., their narrow variation in 
clutch size from two to < 3,800 eggs). Nonetheless, a concrete ex-
planation for the association between SSD and microhabitat occupa-
tion in salamanders would be unnecessarily speculative at present.

A range of further evolutionary contrasts between anurans and 
salamanders is likely to predispose their processes of diversification 

to follow alternative trajectories, which might contribute to explain 
their distinct patterns of SSD. In addition to differences in fecun-
dity, fertilization is external in c. 90% of anuran species, whereas 
c. 90% of salamanders have internal fertilization via spermatophores 
(Duellman & Trueb, 1994; Pough et al., 2004; Wells, 2007). Also, al-
though genome size in anurans is roughly comparable with that of 
most tetrapods, the exceptionally large genomes of salamanders can 
be ≤ 10 times the size of the next-largest tetrapod genomes (Canapa 
et al., 2015; Kapusta et al., 2017; Liedtke et al., 2018). These dif-
ferences are expected to influence how selection shapes both lin-
eages. For example, climate is thought to affect the evolution of 
genome size in anurans (but not in salamanders), which has been 
hypothesized to be caused by the life-history contrasts between 
these groups (Liedtke et al., 2018). Therefore, the answer to their 
different patterns of evolution might derive from many factors (Nali 
et al., 2014).

4.1 | The influence of macroevolution on 
macroecological patterns of biodiversity

The contrasting patterns of SSD observed between anurans and 
salamanders suggest that the different forms of selection associ-
ated with intersexual divergence within each order might play a role 
in their configuration of global patterns of SSD distribution. When 
the evolution of a trait is shaped by selection from factors that vary 
geographically (e.g., climate), a macroecological pattern of trait vari-
ation can be expected. This is the case for anurans, in which SSD 
varies according to latitudinal gradients associated with geographi-
cal gradients in temperature seasonality. Many other components 
of biodiversity conform to this process. For example, the evolution 
of life-history traits associated with fecundity (e.g., clutch size, egg 
size, parity) can be shaped strongly by selection from the climate 
(Jetz et al., 2008; Meiri et al., 2020; Pincheira-Donoso & Hunt, 2017; 
Pincheira-Donoso et al., 2013; Shine, 2005). Thus, the configuration 
of geographical gradients in the variation of these climate-sensitive 
traits is expected (Pincheira-Donoso & Hunt, 2017; Tarr et al., 2019).

In contrast, when selection arises from interspecific compe-
tition over finite resources that promote mitigation of conflicts 
via niche partitioning at the local scale (e.g., character displace-
ment), macroecological patterns are expected to be superseded 
by within-assemblage diversification of the trait. This is the case 
for interspecific diversity of SSD in salamanders, which seems to 

F I G U R E  4   Effects of ecological pressures, but not sexual selection, on amphibian sexual size dimorphism (SSD). (a–d) Frequency 
distributions of SSD show that the frequency of anuran (a,b) and salamander (c,d) species with male-biased SSD (to the right of the black 
vertical line that indicates sexual size monomorphism) is not higher in species in which access to mates is mediated by male–male combats 
(a,c) relative to species in which no male combat exists (b,d). (e,f) These findings are confirmed by the boxplots, which show that the 
magnitude of SSD is qualitatively identical for species with (M-MC) and without (NC) male–male combat in both anurans (e) and salamanders 
(f). (g,h) Bar plots, in contrast, show the significant influence of microhabitat use (Aq = aquatic; Fos = fossorial; SA = semi-aquatic; Ter = 
terrestrial; Veg = bushes and trees) on the variation of SSD among salamanders (h) and the lack of significant effects in anurans (g). (i,j) The 
opposite effects are observed for the relationship between SSD and nesting site (Aq = aquatic; Bur = burrows; PB = parents’ body; Ter = 
terrestrial; Veg = bushes and trees), which has a significant influence in anurans (i), but not in salamanders (j). In these plots (g–j), SSD is 
treated as an absolute measure of the magnitude of SSD, regardless of whether females or males are the larger sex
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be partitioned by the adaptation of species to different microhab-
itat structures at local scales. Thus, if the same array of ecological 
resources subject to interspecific competition that are available 
within an area (e.g., a suite of microhabitat types) are available at 

different locations along a geographical gradient, multiple repli-
cated sets of “ecodimorphs” across regions are expected to evolve, 
eroding a geographical signal (Butler et al., 2007; Pincheira-
Donoso et al., 2018). This scenario is observed among replicated 

TA B L E  2   Climatic and geographical drivers of amphibian sexual size dimorphism

Models n

PGLS Model-averaging analyses

λ R2 F t p Slope 95% CI

SSD ~ predictors

Anurans

(a) MRM 2,649 .626 .01 4.52 – < .001 – –

Annual temperature – – – – 1.20 .229 – –

Temperature seasonality – – – – 3.62 < .001 0.039 (0.0214, 0.0585)

Annual precipitation – – – – 0.84 .399 – –

Precipitation seasonality – – – – 0.72 .473 – –

Oxygen – – – – −1.79 .073 −0.035 (−0.0890, 0.0199)

(b) Latitude 2,709 .614 .002 5.73 2.39 .02 – –

Salamanders

(a) MRM 290 .616 .003 0.187 – .967 – –

Annual temperature – – – – 0.54 .588 – –

Temperature seasonality – – – – 0.78 .435 – –

Annual precipitation – – – – 0.07 .943 – –

Precipitation seasonality – – – – −0.15 .884 – –

Oxygen – – – – −0.60 .549 −0.013 (−0.1239, 0.0986)

(b) Latitude 298 .651 .0001 0.032 −0.18 .857 – –

SSD ~ Fec + predictors

Anurans

MRM 1,356 .704 .03 6.14 – < .001 – –

Fecundity – – – – −4.78 < .001 −0.014 (−0.0191, −0.0082)

Annual temperature – – – – 0.85 .397 – –

Temperature seasonality – – – – 2.97 .003 0.051 (0.0269, 0.0751)

Annual precipitation – – – – −0.57 .570 – –

Precipitation seasonality – – – – 0.01 .991 – –

Oxygen – – – – −1.34 .180 −0.050 (−0.1316, 0.0306)

Salamanders

MRM 141 .192 .04 0.87 – .517 – –

Fecundity – – – – −1.31 .194 – –

Annual temperature – – – – 1.44 .153 – –

Temperature seasonality – – – – 0.53 .596 – –

Annual precipitation – – – – 0.24 .811 – –

Precipitation seasonality – – – – −1.48 .140 – –

Oxygen – – – – −0.55 .585 0.025 (−0.1046, 0.1552)

Note: All phylogenetic analyses (PGLS) were performed separately for anurans and salamanders (caecilians are excluded because of small sample 
sizes). Environmental analyses are based on MRMs with mean annual temperature, temperature seasonality, mean annual precipitation, precipitation 
seasonality and oxygen concentrations as predictors. Geographical analyses include only latitude as a predictor. The bottom subsection of the table 
shows the same MRM analyses controlling for Fec. For each MRM, we report the slope and 95% CI of the drivers returned by model-averaging 
analyses given their threshold ΔAIC < 6 (drivers with ΔAIC > 6 are not shown). Among these returned predictors, significant predictors are shown in 
bold. Most models showed a significant phylogenetic signal.
ΔAIC = change in Akaike information criterion; CI = confidence interval; Fec = transient fecundity; MRM = multiple regression model; PGLS = 
phylogenetic linearized least squares; SSD = sexual size dimorphism.
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community structures of, for example, anole lizards across the 
Caribbean, which have diversified extensively within islands, 
without a macroecological signature of trait variation through 
geographical space (Losos, 2009). Consequently, we expect that 
processes of diversification driven by competition over limited 
resources (predominantly adaptive radiations) are more likely to 
prevent the evolution of large-scale geographical patterns of trait 
diversity, whereas processes shaped by geographically varying 
selection shape macroecological patterns. Our global analyses on 
amphibians support these expectations.
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Abstract
Paso Centurión is one of the most diverse areas of Uruguay. It is legally protected at local and national 
level, however, there are different interests competing for its land use and management. With the aim 
to document the biodiversity of the area together with the local people, the NGO JULANA has been 
conducting a participatory monitoring process with camera traps since 2013. Here, we present a list 
of 23 medium and large-size mammal species documented in the area and a standardised dataset of 
occurrence records. Top observations include the last Chrysocyon brachyurus seen in Uruguay, the 
first record of Herpailurus yagouaroundi in the country and the second report of Leopardus munoai 
in the area. We also highlight the frequent observation of numerous rare species such as Tamandua 
tetradactyla, Leopardus wiedii, Cabassous tatouay, Coendou spinosus and Cuniculus paca. Although the 
cameras were located within only a few metres of the houses of the local people, some of the rarest and 
most elusive species in the country were reported. This suggests a possible coexistence between people 
– their socio-economic practices – and nature in the area. Our work underlines the importance of the 
recent inclusion of Paso Centurión and Sierra de Ríos to the National System of Protected Areas under 
the proposed category of ‘Protected Landscape’. Collectively, in a context of global change and lack of 
biodiversity data on species distribution, we emphasise the value of these records for the knowledge of 
mammals in Uruguay and the need to extend and continue monitoring this area.
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Introduction

Paso Centurión, located in the department of Cerro Largo by the Yaguarón Riv-
er (Fig. 1), is one of the richest areas of biodiversity in Uruguay (Soutullo et al. 
2013, Brazeiro 2015). The region is characterised by an undulating topography with 
different types of native forest (Grela and Brussa 2003) and exotic plantations of 
eucalyptus (Eucalyptus grandis W.Hill ex Maiden) (Achkar et al. 2010). Placed in 
the border with Brazil, its territory is marked by the presence of species from the 
Atlantic Forest, birds such as Cyanocorax caeruleus (Vieillot, 1818), Lepidocolaptes 
falcinellus (Cabanis & Heine, 1859), Phacellodomus ferrugineigula (Pelzeln, 1858) 
(Azpiroz et al. 2012; Vale et al. 2018), and plants such as Acianthera hygrophila 
(Barb.Rodr.) Pridgeon & M.W.Chase, Acianthera sonderiana (Rchb.f.) Pridgeon & 
M.W.Chase and Lepismium cruciforme (Vell.) Miq. (Rossado et al. 2014; Mai et al. 
2019; Flora do Brazil 2020). Numerous of the rarest species of plants, vertebrates 
and invertebrates of the country are recorded in this area (Faccio and Achkar 2008) 
and present the southernmost limit of their natural distribution here. A total of 51 
species of mammals have been recorded in Paso Centurión, representing 43.5% of 
the total diversity of the group occurring in the country and 60% excluding marine 
species (González et al. 2013; Grattarola et al. 2019).

Figure 1. Sampling locations (1–8) in Paso Centurión, Uruguay. Elaborated with ArcGis 10.5 Projec-
tion WGS1984.
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Given the peculiar biological characteristics of this area, it has been legally pro-
tected since 2007 as a Departmental Reserve (Junta Departamental de Cerro Largo 
2007) and categorised as ‘Rural Natural Protected Soil’ since 2016 (Junta Departa-
mental de Cerro Largo 2016). Additionally, the area of Paso Centurión and Sierra 
de Ríos has recently been declared ‘Protected Landscape’ by the National System 
of Protected Areas (SNAP) (Ministerio de Vivienda, Ordenamiento Territorial y 
Medio Ambiente 2019), and it is now – for the first time – undergoing the phase of 
Management Plan definition. The primary objective of the proposed conservation 
category is “To protect and sustain important landscapes/seascapes and the asso-
ciated nature conservation and other values created by interactions with humans 
through traditional management practices” (IUCN 2020a). In this regard, the local-
ity is populated by nearly 129 families, spread over an area of 630 km2 (Dirección 
General de Desarrollo Rural 2018). The main socio-economic activity in the area is 
small-scale livestock production and subsistence farming (Papadópulos et al. 2008). 
Yet, in the last decades, the population has gradually decreased and aged given, 
amongst other causes, the emigration of families as a result of changes in land use 
from traditional agriculture to forestry (Chouhy et al. 2019). Despite the compet-
ing interests over the use and management of the territory in Paso Centurión (i.e. 
conservation of biodiversity and local culture versus large private production), the 
condition of geographic isolation of the locality, together with the low-impact pro-
duction practices implemented by the local people, have resulted in a highly con-
served biodiversity hotspot (Chouhy et al. 2019; Grattarola et al. 2016).

Since 2012, a participatory monitoring process has been established in this lo-
cality by the non-governmental organization (NGO) JULANA (Bergós et al. 2018). 
This is an association of early career researchers and professionals with diverse pro-
files (e.g.: environmental education, genetics, zoology, conservation, ecology, bio-
engineering and psychology) that seeks to approach the territory through a critical 
environmental education framework (Sauvé 2005). During the past 8 years the or-
ganisation’s work has involved addressing different socio-ecological aspects of the 
tension between conservation and production in the rural area of Paso Centurión. 
Activities have focused on aspects of human-wildlife relationships, valuation of lo-
cal knowledge, livestock production with Holistic Management, and ecotourism in-
itiatives, amongst others. The use of camera traps in the area was introduced in the 
project ‘Fogones de Fauna’ (Bergós et al. 2018). The emphasis of the activities in this 
project has been on documenting the biodiversity knowledge of Paso Centurión, 
along with the relationships of the local community with nature, using camera traps 
as recording methods and the local mammal fauna as the focal point of the dialogue.

Despite the importance of the area for the conservation of mammals in Uruguay, 
the group has been poorly studied here. Therefore, this work aims to report the mammal 
species recorded in Paso Centurión by JULANA’s monitoring activities between 2013 
and 2017, including, amongst other relevant records, a new species cited for Uruguay 
(Grattarola et al. 2016). Also, we present notes on a series of observed behaviours, rel-
evant for the conservation of the species and ecosystems associated to the area. Finally, 
a standardised and open access dataset of the occurrence records collated is provided 
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(Grattarola et al. 2020), a resource which can be used by the scientific, governmental, and 
environmental bodies for research, conservation planning and future decision making.

Methods

In 2013, eight trap cameras (Bushnell Trophy Trail Camera and NatureView Cam 
HD) were set, covering an area of 25 km2 within the surroundings of Paso Cen-
turión (Fig. 1; Table 1). All cameras were adapted with an external re-chargeable 6V 
battery for power supply. The management of the cameras and records was carried 
out by JULANA members, the landowners where the cameras were set, and other 
people from the local community involved in the monitoring process. It included 
the decision-making about the location of the cameras, the maintenance of the 
equipment, as well as the identification of the species recorded and the analysis of 
behavioural features. Cameras were placed on native forest patches associated with 
freshwater streams, no farther than 2000 metres from the houses of the landown-
ers so that they could be easily monitored. Parameters were allowed to vary greatly 
because the main aim was placed in exploring the tool. Some were set to take pho-
tos, others to record 10-seconds videos and, in other cases, 3 photos were obtained 
together with a 10-seconds video after a 5-seconds interval. After exploring varying 
parameters, a procedure was established for the installation of cameras traps in new 
places. The camera was first set to take photos. After a period of time active, the 
data were collated and by exploring the records the place was assessed in terms of 
the behaviour of animals passing by and the livestock load (cattle, horse, sheep and 
pig). If the last was too high (i.e.: more than half of the total records), the camera 
was moved to a new location or pointed at a different direction. If the camera was 
generally clear of livestock records and the spot was detected as a place of animal 
crossing, then the camera was kept in the photo mode. However, in places where 
animals lingered in front of the camera, stopped to drink water or to eat, the camera 
was set to video mode or, if the model enabled it, a combination of three photos and 
a short video. In this way, the battery and card memory were optimised while the 

Table 1. Locations of the sampling sites (1–8) in Paso Centurión (Uruguay), showing the camera sam-
pling effort in days and the distance between the camera’s position to human settlements in metres. Sites 4, 
5, 6 and 7 belong to singular event records of species in the area for which camera effort was not assessed.

Site Latitude / Longitude Camera Effort (days) Distance to Human 
Settlements (m)

1 -32.1119, -53.771529 700 401
2 -32.1255, -53.783936 756 269
3 -32.1349, -53.752056 688 587
4 -32.1406, -53.758523 NA 105
5 -32.1416, -53.757030 NA 100
6 -32.1424, -53.726487 NA 497
7 -32.1492, 53.779228 NA 355
8 -32.1923, -53.752719 489 2285
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detection of non-domestic species and interesting behaviours were improved. Data 
were downloaded with a periodicity of every one to four months.

A list of mammals was assembled combining all the species recorded during the 
period of 2013 to 2017. The records from 2014 to 2016 of four sites (Fig. 1, sampling 
locations 1, 2, 3 and 8) were systematised and used by students for their undergraduate 
thesis projects (Cavalli 2019; Rondoni 2019). These records were standardised and en-
riched following FAIR (Findability, Accessibility, Interoperability, Reusability) Princi-
ples (Wilkinson et al. 2016) to enable the maximum re-use of the data. The dataset with 
the primary biodiversity data including 1,690 records is available at the GBIF (Global 
Biodiversity Information Facility) portal (Grattarola et al. 2020). Scientific names, sci-
entific names’ authorities and vernacular names were retrieved using the package ‘tax-
ize’ (Chamberlain et al. 2020) and the American Society of Mammalogists Mammal 
Diversity Database as backbone taxonomy (ASM, 2020). To estimate the expected spe-
cies richness, rarefaction and extrapolation of Hill numbers were performed using the 
R package iNEXT (Chao et al. 2014; Hsieh et al. 2016). A threshold of one hour was 
used to define independent detection events (Burton et al. 2015) and days were defined 
as sampling units. A sample‐size‐based sampling curve with 95% confidence interval 
computed by 1000 bootstrap replicates was generated considering all species.

Results

A total of 23 medium and large-size mammal species were recorded, distributed in 7 
orders and 13 families (Table 2; see photographic album at JULANA 2017). The most 
represented order was Carnivora (47.8% of the total number of species), followed by 
Artiodactyla, Cingulata and Rodentia (13% of the total species number each; Table 2). 
Pooled data from 8 survey sites summed a total sampling effort of 2,634 trap-days (Ta-
ble 1), from which, in 604 days when at least one incidence was found, 1,041 inde-
pendent photographs/videos were obtained. A sampling coverage of 99.6% (±0.3%) 
was reached. The estimated richness based on the sample‐size was 26 (±3). Additional 
sampling up to double the sample size is likely to yield 2 new species detections (Fig. 2).

Three particular records resulted in the most relevant species observations: the 
first record of a Herpailurus yagouaroundi (É.Geoffroy Saint-Hilaire, 1803) reported 
in Uruguay (Grattarola et al. 2016), the last observation of a Chrysocyon brachyurus 
Illiger, 1815 in the country, and the second record of Leopardus munoai (Ximénez, 
1961) in the area of Paso Centurión. The other native species were seen in more 
than one site, even the rarest and most range restricted such as Tamandua tetradac-
tyla Linnaeus, 1758, Leopardus wiedii Schinz, 1821, Cabassous tatouay Desmarest, 
1804, Coendou spinosus F.Cuvier, 1823 and Cuniculus paca Linnaeus, 1766. 40% of 
the observed species are considered threatened at the national level (González et al. 
2013; Table 2). In addition, three exotic species were recorded, Sus scrofa Linnaeus, 
1758, Lepus europaeus Pallas, 1778 and Axis axis Erxleben, 1777.

Numerous behavioural features were observed. Individuals of T. tetradactyla 
were seen carrying offspring several times. In one case, an individual almost the 
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Table 2. List of mammal species recorded with camera traps in Paso Centurión (Uruguay) between 
2013–2017. Priority for conservation at national level (González et al. 2013) and global conservation 
status are included (IUCN 2020b), LC: least concern, NT: near threatened, NA: not assessed. Exotic 
species are indicated with a star (*).

Taxon Vernacular name (English | Spanish) National Conservation 
Status

IUCN Conservation 
Status

Artiodactyla
Cervidae
Axis axis* Axis Deer | Ciervo Axis – LC
Mazama gouazoubira South American Brown Brocket | 

Guazubirá
– LC

Suidae
Sus scrofa* Wild Boar | Jabalí – LC
Carnivora
Canidae
Cerdocyon thous Crab-eating Fox | Zorro de Monte Priority LC
Chrysocyon brachyurus Maned Wolf | Aguará Guazú Priority, Threatened NT
Lycalopex gymnocercus Pampas Fox | Zorro Gris Priority LC
Felidae
Leopardus munoai Uruguayan Pampas Cat | Gato de 

Pajonal
Priority, Threatened NE

Leopardus geoffroyi Geoffroy’s Cat | Gato Montés Priority LC
Leopardus wiedii Margay | Margay Priority, Threatened NT
Herpailurus yagouaroundi Jaguarundi | Yaguraundí NA LC
Mephitidae
Conepatus chinga Molina’s Hog-nosed Skunk | Zorrillo – LC
Mustelidae
Galictis cuja Lesser Grison | Hurón – LC
Lontra longicaudis Priority NT
Procyonidae
Procyon cancrivorus Crab-eating Raccoon | Mano Pelada – LC
Cingulata
Dasypodidae
Cabassous tatouay Greater Naked-tailed Armadillo | Tatú 

Rabo Molle
Priority, Threatened LC

Dasypus novemcinctus Nine-banded Armadillo | Tatú Priority, Threatened LC
Euphractus sexcinctus Six-banded Armadillo | Peludo – LC
Didelphimorphia
Didelphidae
Didelphis albiventris White-eared Opossum | Comadreja 

Overa
– LC

Lagomorpha
Leporidae
Lepus europaeus* Brown Hare | Liebre – LC
Pilosa
Myrmecophagidae
Tamandua tetradactyla Lesser Anteater | Tamanduá Priority, Threatened LC
Rodentia
Caviidae
Hydrochoerus hydrochaeris Capybara | Carpincho Priority LC
Cuniculidae
Cuniculus paca Lowland Paca | Paca Priority, Threatened LC
Erethizontidae
Coendou spinosus Paraguaian Hairy Dwarf Porcupine | 

Coendú
Priority, Threatened LC
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same size as the adult was observed. Likewise, Procyon cancrivorus G. Cuvier, 1798 
and Hydrochoerus hydrochaeris Linnaeus, 1766 were similarly recorded in video for-
mat moving around with offspring and in family groups. P. cancrivorus was also re-
ported displaying a “food-washing” behaviour, a pattern considered to be related to 
searching for aquatic prey (Zeveloff 2002). A P. cancrivorus specimen, together with 
Conepatus chinga Molina, 1782 and Mazama gouazoubira Fischer, 1814, were also 
registered feeding on fruits of pindó palm Syagrus romanzoffiana (Cham.) Glassman 
(Fig. 3). Regarding time partitioning behaviours, it was noted that the canid species 
appeared to be temporally segregated, with Cerdocyon thous Linnaeus, 1766 mostly 
active at crepuscular-nocturnal times, with a main peak between 6pm and 11pm and 
a second peak between 3am and 5am, and Lycalopex gymnocercus G. Fischer, 1814 
most daily-active, with a main peak between 7am and 9am. This was not the case 
with felids, as L. wiedii and Leopardus geoffroyi d’Orbigny & Gervais, 1844 – the most 
abundant species within the group – were not seen at any delimited time of the day.

Discussion

This study provides the first open-access dataset of occurrence records of mam-
mal species in Paso Centurión, a locality that stands out as one of Uruguay’s most 

Figure 2. Sample-size-based rarefaction (solid line) and extrapolation (dashed line) for the species sam-
pling curve up to double the reference sample size, for mammals at Paso Centurión, Uruguay. The 95% 
confidence intervals (grey-shaded area) was obtained by a bootstrap method based on 1000 replications.
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biodiverse areas (Soutullo et al. 2013; Brazeiro 2015). The results have revealed the 
common presence of many species that are rare in the rest of the country (González 
and Martínez-Lanfranco 2010). Many of these are considered threatened at national 
level (González et al. 2013) and find their most southern distribution limits here 
(González and Martínez-Lanfranco 2010). Therefore, the locality embodies an area 
of high ecosystem value, critical for the conservation of species, many of them rep-
resentative of the Atlantic Forest. Our work highlights the importance of the recent 
inclusion of Paso Centurión and Sierra de Ríos under the proposed category to the 
SNAP, one that also aims to preserve tangible and intangible historical and cultural 
values and contributes to rooting the inhabitants to the area.

Species occurrence

The mammal records reported here represent valuable new data for improving bio-
diversity knowledge in Uruguay and the region. Until Grattarola et al. (2016) and 
despite its wide Neotropical distribution (Caso et al. 2015), H. yagouaroundi was 
considered absent from the country and had only been recorded in nearby localities 

Figure 3. Mazama gouazoubira eating Syagrus romanzoffiana, recorded by JULANA’s trap camera 
in Paso Centurión, Uruguay (sampling location 3). Corrected timestamp 27th March 2017. See photo-
graphic album at JULANA (2017).
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of Brazil and Argentina. Remarkably, the species was photographed in Paso Cen-
turión in the same site over two consecutive years, in 2015 and 2016. Additionally, 
in the last 30 years the only evidence of the presence of C. brachyurus in the country 
has been an animal shot in 2006 in the same locality (Queirolo et al. 2011). The spe-
cies is categorized as “Possibly Extinct” for Uruguay (Paula and De Matteo 2015). 
In this study, a unique individual was recorded in 2013 and since then the species 
has not been formally documented again in the country. However, one of the locals 
involved in the monitoring claimed to have seen an individual of C. brachyurus in 
2017, near the place where the last specimen was recorded (less than 400 metres 
distance). Moreover, the species of pampas cat here reported occurs exclusively in 
southern Brazil, Uruguay and north-eastern Argentina (Nascimento et al. 2020). 
Although it is considered widely distributed in the country (Lucherini et al. 2016), 
it has only been documented a few times recently and, consequently, its distribution 
and population status are poorly known (Bou et al. 2019).

The sample size-based rarefaction and extrapolation curve did not reach a satu-
ration, indicating that increasing the number of samples could enable new species 
detection in the study area. The cameras were installed on native forest patches. 
However, it was not possible to record individuals of water opossum (Chironectes 
minimus Zimmermann, 1780) – a species which has only been recorded for Uru-
guay in Paso Centurión (González and Fregueiro 1998) – and brown-nosed coa-
ti (Nasua nasua Linnaeus, 1766) rarely registered in the country (González et al. 
2013), despite both species inhabiting this type of habitat (González and Martínez-
Lanfranco 2010). Conversely, a few common medium and large-size species were 
not detected, such as Myocastor coypus Molina, 1782 and Dasypus hybridus Des-
marest, 1804, which are mainly associated to wetland and grasslands areas, respec-
tively (González and Martínez-Lanfranco 2010). The increasing pattern observed 
in the sampling curve could also be related to the size of the area covered in our 
study (25 km2). One of the main factors determining the number of species that 
can be found at any site is its size (Gaston and Blackburn 2008). Considering the 
species-area relationship (Gaston and Blackburn 2008), expanding the study area is 
expected to bring new records. However, the sampling effort and number of sites 
should be taken into account according to the rarity or commonness of the target 
species (MacKenzie and Royle 2005).

The three exotic species documented in this study are known to be widely dis-
tributed in Uruguay and are evaluated as invasive species in the country (Pereira-
Garbero et al. 2013). They were introduced for hunting purposes between the end 
of the 19th century and the beginning of the 20th century (Vaz Ferreira 1969) but 
little information is available on their populations and impacts at the local level 
(Bonino et al. 2010, Pereira-Garbero et al. 2013). The individual of A. axis observed 
represents the second documented occurrence record in the department of Cerro 
Largo (EcoRegistros 2015). This species has been locally and globally associated 
with the transmission of infectious diseases that can affect domestic animals and 
livestock (e.g. González 1989, Cripps et al. 2019). Further, L. europaeus is consid-
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ered an agricultural pest (Del Pino 1988), has been regionally linked to infectious 
diseases and has been thought to have indirect effects on interspecific interactions 
(Barbar and Lambertucci 2018). Similarly, negative effects on crops, livestock (Del 
Pino 1988) and native species by predation (Lombardi et al. 2007) are reported for S. 
scrofa. Thus, it is essential to generate more and better local knowledge about these 
species to develop strategies for the conservation of native species, especially given 
the protected status of this area (Liu et al. 2020).

Behaviour notes

The record of P. cancrivorous feeding on S. romanzoffiana fruits is consistent with 
studies indicating that this is a key resource for the species (Pellanda et al. 2010; 
Quintela et al. 2014). C. chinga is considered an omnivorous species which occa-
sionally feeds on fruits (Donadio et al. 2004). However, studies recording pindó 
palm fruits in its diet are not known. The same occurs with M. gouazoubira, even 
though fruits are recognized as an important part of its diet (Richard et al. 1995). 
Given S. romanzoffiana has been suggested as a key species of the Atlantic Forest 
(Keuroghlian and Eaton 2008), our records hold great relevance for the study of the 
dispersal and conservation of the species.

The daily activity patterns suggested by our results are in accordance with what 
is reported (e.g., Vieira and Port 2007): crab-eating fox is crepuscular or nocturnal, 
and pampas fox is mostly diurnal. Considering that both foxes present similar diets 
(Di Bitetti et al. 2009), the temporal patterns observed could imply a reduction in 
their encounter and competition for food items, allowing their co-occurrence. Due 
to their preference of habitat (Vieira and Port 2007), future studies should consider 
different microhabitats to enhance analysis robustness. In contrast, the absence of 
an apparent temporal segregation for L. wiedii and L. geoffroyi could be expected 
considering that they have similar activity patterns (Di Bitetti et al. 2010; Sousa and 
Bager 2008) yet not necessarily similar dietary habits (Migliorini et al. 2018).

Conservation implications

Many of the native species detected by the camera traps are considered rare or 
range-restricted in Uruguay (González et al. 2013), such as T. tetradactyla, L. wie-
dii, L. munoai, C. spinosus, C. tatouay and C. paca. Yet, all the species observed are 
listed as Least Concern by the IUCN Red List of Threatened Species globally (IUCN 
2020b), except C. brachyurus, L. wiedii and Lontra longicaudis Olfers, 1818 which 
are considered as Near Threatened globally. The pampas cat complex, for long under 
debate, has been recently taxonomically revised (Nascimento et al. 2020) and the 
former subspecies occurring in Uruguay has been designated as a new monotypic 
species, Leoparuds munoai. The conservation status of this species has not been 
assessed, yet, considering the species range is restricted, it should be regarded of 
high priority for conservation globally. A red list IUCN assessment of Mammals 
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at the national level has not yet been produced, though recent efforts have been 
made for the bats group (Botto et al. 2019). Nevertheless, if we consider the national 
assessment produced for the SNAP (Soutullo et al. 2013), thirteen of the species 
here reported are listed as priority for conservation in Uruguay (65%), given their 
restricted ranges of distribution or levels of local threat.

Human and wildlife co-existence

The cameras were located only within a few metres from the houses of the people 
involved in the monitoring process, yet some of the rarest and most elusive species 
in the country were reported there. This alludes to the possible coexistence between 
people – their socio-economic practices – and non-human fauna in the area. Al-
though this had not been studied here, there is global evidence that allows it to be 
considered (Woodroffe et al. 2005). Human population density, food availability, 
habitat quality and human activities are commonly cited as drivers of human-wild-
life conflicts (Distefano 2005, Nyhus 2016). Thus, future studies that evaluate these 
relationships and provide knowledge for the development of management strategies 
in the area are crucial. Importantly, these actions should be conceived from an in-
terdisciplinary perspective (Dickman 2010), allowing broad participation of all the 
stakeholders, and not restricted to the administrative national border (Nyhus 2016).

Contributions from citizen-science

Citizen-science has proven to bare a remarkable potential towards monitoring the 
status and trends of global biodiversity (Chandler et al. 2017), for generating new 
knowledge, creating learning opportunities, and enabling civic engagement (Tur-
rini et al. 2018). The participatory monitoring approach that JULANA established 
in Paso Centurión using camera traps as promoters of community engagement 
(Bergós et al. 2018) and the record of a new mammal species in Uruguay (Grat-
tarola et al. 2016), have been published elsewhere. Here, the complete list of species 
along with the primary data and notes on observed species’ behaviours are commu-
nicated. Given that publishing the citizen science-collected data in peer-reviewed 
literature is rarely accomplished (Theobald et al. 2015), we highlight the value of 
this study.

Conclusion

All in all, this endeavour is an important contribution to the knowledge of biodi-
versity of mammals in Uruguay, especially for the poorly known and restricted dis-
tributed species. The records here reported, and in particular those with offspring, 
stress the importance of the area for the conservation of these species populations 
and open new questions such as which are the reproductive and foraging patterns 
of the animals present in the area. Likewise, it becomes pertinent to monitor the 
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exotic species and assess the impact of their presence on native communities. As a 
perspective, new sampling sites should be taken into consideration, which include 
different habitat types and camera trap positions with respect to the ones here con-
sidered, to target mammal species not yet detected. There are still severe knowledge 
gaps on the distribution of species in the country (Grattarola et al. 2019). Thus, in a 
context of major global environmental change (IPCC 2014), habitat fragmentation 
(Haddad et al. 2015) and biodiversity loss (Cardinale et al. 2012), we highlight the 
value of enabling digital accessible knowledge and the need to extend and continue 
monitoring this area.
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Appendix IV – 

IUCN distribution data in Uruguay 
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IUCN (https://www.iucnredlist.org/) species distribution maps are widely used to conduct 

spatial analyses worldwide. However, these data are not always as accurate in some areas of 

the globe such as Uruguay, a country that is affected by a severe lack of information on the 

distribution of its species.  

 

To test how representative is the information regarding the distribution of species in IUCN for 

Uruguay we used our tetrapod species list (N=664 species) (Grattarola et al. 2019a) and 

checked it against the data in the IUCN Red List database (IUCN 2020).  

First we analysed the data available in IUCN for Uruguay using the function ‘rl_occ_country’ 

from the package rredlist (Chamberlain 2018). This function enables us to get the country 

where the species are documented as extant, using the species name or a list of species.  

 

To do this we created the function getIUCNSpeciesInUy. The function needs an object 

(dataframe) with a column named ‘species’, which will be used for the search. 

• If the species is not found within the IUCN database, a ‘NOT FOUND’ message will 

be retrieved, and we will later need to check if we can find a synonym species in IUCN. 

• Else, if the species name is found in the IUCN database, the function will search if it is 

recorded in Uruguay (under country code = ‘UY’). 

• Then, if the species is found in Uruguay the function will retrieve the presence status 

(‘presence’), establishment means (‘establishmentMeans’) and – as an extra – the 

number of countries the species is recorded in (‘numCountries’). 

• Else, if the species is not found in Uruguay, it will retrieve ‘Not recorded in UY’. 

 

https://www.iucnredlist.org/
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Code for the function getIUCNSpeciesInUy 

getIUCNSpeciesInUy <- function(data){ 

  speciesIsinUy <- data.frame(species= character(), 

                              presence=character(), 

                              establishmentMeans=character(), 

                              numCountries= numeric(), 

                              stringsAsFactors = FALSE) 

  for (species in data$species){ 

    isInUy <- rl_occ_country(species) 

    if (isInUy$count == 0) { 

      speciesIsinUy_species <- data.frame(species= species, 

                                          presence= 'NOT FOUND', 

                                          establishmentMeans= NA, 

                                          numCountries=NA, 

                                          stringsAsFactors = F) 

      speciesIsinUy <- rbind(speciesIsinUy, speciesIsinUy_species) 

    } 

    else if ('UY' %in% isInUy$result$code) { 

      speciesIsinUy_species <- data.frame(species= species, 

                                          presence= 

isInUy$result$presence[isInUy$result$code=='UY'], 

                                          

establishmentMeans=isInUy$result$origin[isInUy$result$code=='UY'], 

                                          numCountries=isInUy$count, 

                                          stringsAsFactors = F) 

      speciesIsinUy <- rbind(speciesIsinUy, speciesIsinUy_species) 

    } 

    else { 

      speciesIsinUy_species <- data.frame(species= species, 

                                          presence= 'Not recorded in UY', 

                                          establishmentMeans= 'Not 

recorded in UY', 

                                          numCountries=isInUy$count, 

                                          stringsAsFactors = F) 

      speciesIsinUy <- rbind(speciesIsinUy, speciesIsinUy_species) 

    } 

  } 

  return(speciesIsinUy) 

} 
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After running the function (and checking not to be missing synonym species), we get the final 

data: 

Data on IUCN  Number of Species  %  

Extant  559  84.2  

Extinct Post-1500  1  0.2  

Not assessed  22  3.3  

Not recorded in UY  81  12.2  

Possibly Extinct  1  0.2  

 

Around 12% of the species occurring in Uruguay are not recorded as present in the country 

according to the IUCN distribution maps. Also, these species seem to be more range restricted 

(Figure IV.1), as they are recorded in less countries (mean=18.1, sd=25), while the extant 

species are present in more countries (mean=24.2, sd=42.5). 

 

 

 

Figure Appendix IV.1 – Uruguayan tetrapod species in IUCN databases. Relationship between the number 

of countries each species of Uruguay is recorded in according to IUCN and whether is considered as extant or 

not-present in Uruguay.  
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