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Abstract

Conserving biodiversity in the face of climate change requires a predictive ecology of species distributions. Nowhere

is this need more acute than in the tropics, which harbor the majority of Earth’s species and face rapid and large

climate and land-use changes. However, the study of species distributions and their responses to climate change in

high diversity tropical regions is potentially crippled by a lack of basic data. We analyzed a database representing

more than 800 000 unique geo-referenced natural history collections to determine what fraction of tropical plant

species has sufficient numbers of available collections for use in the habitat or niche models commonly used to predict

species responses to climate change. We found that more than nine out of 10 species from the three principle tropical

realms are so poorly collected (no20 records) that they are essentially invisible to modern modeling and conservation

tools. In order to predict the impact of climate change on tropical species, efforts must be made to increase the amount

of data available from tropical countries through a combination of collecting new specimens and digitizing existing

records.
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Introduction

The tropics support the vast majority of the world’s

terrestrial biodiversity. However, many tropical species

are potentially threatened by global climate change

(Bradshaw et al., 2008; Malhi et al., 2008). One of the

principle mechanisms through which climate change

affects biodiversity is by shifting the distribution of

areas with suitable climatic conditions, thereby forcing

species to migrate in order to remain within their

bioclimatic niches or ‘envelopes’ (e.g., Walther et al.,

2002, 2005; Thomas et al., 2004; Beckage et al., 2008;

Lenoir et al., 2008). Even if species are capable of

migrating, these range shifts often result in reduced

habitat areas, increased risks of extinction, and loss of

local biodiversity (Thomas et al., 2004; Malcolm et al.,

2006; Colwell et al., 2008; Feeley & Silman, 2009a). One

widely cited study, estimated that a 42 1C increase in

temperature will cause over one-third of Amazonian

tree species to become ‘committed to extinction’ based

on reductions in the amount of suitable habitat avail-

able under future climate (Thomas et al., 2004). It is

important to note that this study was based on analyses

of just nine Amazonian tree species and thus its gen-

erality can be questioned. It is clear that we must

expand studies examining relationships between spe-

cies distributions and climate to include a much broader

and representative sample of species if we hope to

understand, predict, and eventually mitigate the effects

of global change on tropical biodiversity.

One popular technique for investigating species’ re-

sponses to climate change is species distribution mod-

eling or SDM (Guisan & Zimmermann, 2000; Peterson

& Vieglais, 2001; Elith et al., 2006; Elith & Leathwick,

2009). In SDMs, species’ climatic niches or envelopes are

defined by assessing the relationship between known

occurrences and climate. The species’ distributions can

then be mapped in relation to current climatic variables

and also projected into the future under various global

change scenarios. Differences between the current and

projected distributions are then used to predict rates of

habitat loss (or gain) and the associated extinction risks.

This information is a valuable tool in designing man-

agement strategies and/or protected areas aimed at

minimizing future species loss (Hannah et al., 2007;

Pressey et al., 2007; Thuiller, 2007; Lee & Jetz, 2008).

Unfortunately, in the diverse tropics the study of

species distributions and their responses to climate
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change is potentially crippled by a lack of basic data

(Tobler et al., 2007; Collen et al., 2008). In more devel-

oped countries, abundant data on species occurrences

are available from national inventories (e.g., the USAs

Forest Inventory and Analysis; http://fia.fs.fed.us/). In

contrast, most inventories from the tropics are sparse,

forcing ecologists to rely primarily on locations ex-

tracted from museum and collection records (Graham

et al., 2004). Using these ‘presence-only’ data, a mini-

mum of 20–50 collections per taxa are generally re-

quired to produce accurate species distribution

models (e.g., Hernandez et al., 2006; Loiselle et al.,

2008; Wisz et al., 2008). Due to the paucity of digitized

collections, very few tropical species meet this criterion.

Here, we illustrate this lack of basic data and discuss the

implications for habitat modeling and conservation.

Methods

To quantify the availability of tropical collections data for

habitat modeling, we collated all vascular plant records avail-

able through the Global Biodiversity Information Facility

(GBIF: http://www.gbif.org) for the three principal tropical

realms: tropical South America, equatorial Africa (including

Madagascar), and Southeast Asia (including New Guinea;

Fig. 1). GBIF is the world’s largest online depository of collec-

tion records (Yesson et al., 2007) and allows access to data from

various herbaria and natural history collections from through-

out the world. For South America, we augmented the dataset

with additional collection records acquired through Specie-

sLink (http://splink.cria.org.br) which distributes natural his-

tory data from Brazilian collections and herbaria (see

Supporting Information for a list of herbaria contributing

collections data to this study).

For downloading collection records, we used automatic

filters to eliminate records with obvious geo-referencing errors

(in the case of GBIF, we filtered for records ‘without known

coordinate issues’ and in SpeciesLink, we filtered for records

whose coordinates were ‘not suspect’). We further screened

the data to remove records that had not been identified to

species. Finally, we identified and removed duplicate records

by screening for unique combinations of species name, lati-

tude, and longitude (rounded to nearest 0.0115 approximately

1 km at the equator; rounding performed to catch duplicate

records with geo-referencing data presented at different reso-

lutions).

From the resulting dataset, we tabulated the total number of

collection records available per species within each of the three

tropical realms and the number of species meeting minimum

collection size criteria of �1, �5, �20, �50, and �100

unique geo-referenced records.

Results

We analyzed nearly 800 000 unique geo-referenced re-

cords from more than 100 000 vascular plant species. A

total of 546 203 collections were available through GBIF

and SpeciesLink for 70 161 species from tropical South

America, 138 556 collections were available from GBIF

for 20 965 species from equatorial Africa, and 87 035

collections were available from GBIF for 17 460 species

from Southeast Asia.

Across the three tropical realms, 38% of the included

species are known from only a single record, the med-

ian number of records per species is 2, and just 32.2%,

8.6%, 2.3%, and 0.6% of species are represented by �5,

20, 50, and 100 samples, respectively. From South

America, the percentage of species represented by

�5, 20, 50, and 100 samples is 33.0%, 9.4%, 2.7%, and

0.7%, respectively. From Africa, the percentage of spe-

cies meeting these criteria are 35.6%, 7.3%, 1.3%, and

0.2% and from Southeast Asia, the percentages are

24.1%, 5.3%, 1.0%, and 0.1% (Fig. 2; for the numbers

and percentages of species meeting minimum sample

size criteria on a continuous scale, see Fig. S1).

Discussion

Mitigating the loss of species due to climate change

requires a predictive ecology of species distributions.

Nowhere is this more acute than in the tropics, which

harbor the majority of Earth’s species and face rapid

and large climate and land-use changes (Bradshaw

et al., 2008; Malhi et al., 2008). Unfortunately, we know

very little about most tropical species (Collen et al.,

2008). Analyzing a database of ca. 1 million unique
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Fig. 1 Filled contour plot (resolution 5 11) indicating the number of unique geo-referenced vascular plant collection records identified

to species available from GBIF and SpeciesLink within tropical South America, Equatorial Africa, and Southeast Asia. Gray countries

were not included. GBIF, Global Biodiversity Information Facility.
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geo-referenced records, we find that most plant species

collected from the tropics are represented by only one

or a few collections and thus cannot be included in even

the most advanced species distribution models (Wisz

et al., 2008). And the situation is even worse than these

numbers indicate. Estimated plant diversity in the

Neotropics, equatorial Africa, and Southeast Asia ex-

ceeds 85 000, 35 000, and 40 000 species, respectively

(Raven, 1988), in which case more than 1/3 of the

species from these realms are not represented by a

single record accessible through the major online data

portals (Fig. 2), creating a nearly insuperable barrier to

ecologists, distribution/niche modelers, and conserva-

tion practitioners seeking to use the data. More speci-

mens clearly exist in physical herbaria but are of only

limited value to conservation practitioners until digi-

tized and made publicly available through major online

clearing houses.

Can we make generalizations about the effects of

global change on tropical plant communities based on

just the small proportion of species for which sufficient

data exist? If the included species are effectively ran-

dom samples from across the species pool then the

answer is arguably ‘Yes.’ However, the number of

records collected is likely associated with various spe-

cies traits potentially making the most collected species

unrepresentative. For example, widespread or highly

abundant species are likely to be disproportionately

collected over rarer or more localized species (Schwartz

et al., 2006). From our South American records, no

species represented by �100 collections has a latitudi-

nal range of o51, while the minimum latitudinal range

of species using our minimum cut-off, �20 collections,

is reduced to o11. Rare habitat specialists are at the

greatest risk of extinction due to climate change and

land-use and thus extinction risks predicted from

mostly widespread generalists may be understated.

Furthermore, even for relatively well-collected species,

the locations of available collections may not accurately

represent actual distributions since collection intensity

can vary greatly by region (Yesson et al., 2007), and even

within regions due to collecting biases (Kadmon et al.,

2004; Tobler et al., 2007). Also, there may be geographic

biases in which samples are made publicly-available

online (Yesson et al., 2007). For example, large expanses

of all three realms, including entire countries, do not

have a single available record (Figs 1 and 3) reflecting

both biases in collection efforts and differences in

programs to make existing collections publicly available

online. These underrepresented areas contrast with

other regions, such as Ecuador, where relatively large

numbers of collections are available online (Figs 1 and

3) due to the sustained efforts of local herbaria, includ-

ing the Museo de Historia Natural (QCNE), the Ponti-

ficia Universidad Católica del Ecuador (QCA), and the

Universidad Central del Ecuador (QAP) and several

international institutions including the Missouri Bota-

nical Garden (http://www.mobot.org/), the University

of Aarhus (Denmark; http://herb42.bio.au.dk/aau_

herb/default.php), and the Smithsonian Tropical

Research Institute (http://www.stri.org/).

There are several factors which will increase or

decrease the final number of species with adequate

numbers of collections to be included in studies using

species distribution models. Distribution models rely

fundamentally on the association between species

occurrences and habitat variables and thus are

strongly influenced by geo-referencing errors. In creat-

Estimated Collected Estimated Collected Estimated Collected

>45 000

35 000

70 161

Southeast AsiaSouth America Africa

925 175 18
5 20 50 100

No. of collections
15 20 50 10015 20 50 1001

No. of collectionsNo. of collections

4 208

17 460

1 530 273
7 464

20 965

>

6 595
1 894 491

23 153N
o.

 o
f s

pe
ci

es
 

>85 000

(a) (b) (c)

43

Fig. 2 The number of vascular plant species from tropical South America (a), Equatorial Africa including Madagascar (b), and

Southeast Asia including New Guinea (c) estimated for each region (Raven, 1988) and represented by �1, 5, 20, 50, or 100 unique geo-

referenced collections available through GBIF or SpeciesLink. GBIF, Global Biodiversity Information Facility.
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ing our records database, we did not apply stringent

filters to identify and eliminate records with possible

geo-referencing errors. As stronger filters are applied

to help improve the accuracy of models, the number of

records available per species will invariably decrease.

In a recent study modeling the distributions of Ama-

zonian and Andean plant species, the number of

species meeting our minimum collection size criteria

(�20 records) dropped by more than 50% after

applying filters to minimize geo-referencing errors

(Feeley & Silman, 2009b). Importantly, filters may

exclude species nonrandomly. In the study cited

above, species from the tropical Andes were dispro-

portionately excluded compared with Amazonian spe-

cies because the impacts of geo-referencing errors are

magnified in areas with steep topography (Feeley &

Silman, 2009b).

The number of available records can also be modified

based on the resolution of the environmental and/or

taxonomic data. Most niche models are based on pre-

sence of species per climate/habitat grid cell and thus

the number of occurrences depends on grid cell size or

resolution (Graham et al., 2004; Guisan et al., 2007). If

resolution of current or future variables is coarse, many

records will be classified as functional duplicates and

eliminated. In contrast, if resolution is improved, more

records will be classified as ‘unique,’ increasing the

number of records available per species. Likewise, as

taxonomic nomenclature is standardized between col-

lections and heterotypic (taxonomic) synonyms re-

solved, multiple ‘species’ will be combined, increasing

the number of records per species.

Finally, the number of records will be increased if

researchers take the time to visit physical herbaria or

access other individual online databases that are not

included in major online clearing houses. The impor-

tance of using multiple data sources to obtain collection

records is illustrated in our study by the thousands of

collections for South America that would have been

overlooked if we had only obtained records through

GBIF and had not included SpeciesLink (Fig. 3). Factors

such as these will all affect the final number of species

that can be included in ecological or modeling studies;

however, it is likely that any improvement will be minor

in relation to diversity and the overall lack of data.

What is required to fill the data void and answer

questions about tropical biodiversity and climate

change? Modeling techniques have improved greatly

and are already reaching an asymptote in the lower

limit of collections required for accurate projections

(Wisz et al., 2008). We argue that the answer lies

principally in increasing the amount of raw data avail-

able on species occurrences. This involves the ungla-

morous but crucial work of increasing the number of

herbarium collections from the tropics through efforts

aimed at establishing and continuing large-scale inven-

tory programs, and also by supporting the efforts of

individual researchers and herbaria. The availability

and quality of existing data must also be improved;

large numbers of collections sit unused or are not

databased and are thus unavailable for general ecologi-

cal research while other records are available but lack

geo-referencing and are thus ‘unusable’ from a model-

ing perspective. Important efforts are underway to

digitize all type specimens, but even these will only

increase the number of species represented by one or a

few (due to synonymy) electronic records. Finally, on-

going efforts to create a free and open exchange of

biodiversity collections and data must be fostered. In-

creasing basic data on species’ distributions makes

biodiversity management in the tropics a predictive

exercise, one clearly preferable to the alternative of

having future ecologists examine extinctions retrospec-

tively.

Fig. 3 The collection locations of online herbarium records

available for South America from (a) GBIF and (b) SpeciesLink.

GBIF, Global Biodiversity Information Facility.
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Figure S1. The number of tropical plant species from South
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