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ABSTRACT
Aim To determine whether extinction risk assessments based on biological col-

lections and using Criterion B of the IUCN Red List Criteria reflect in part an
accurate measure of species rarity and thus extinction risk.
Location Madagascar.
Methods We calculate the extent of occurrence (EOO) and area of occupancy

(AOO) for orchids using herbarium specimen data. Correlations were made
against range, occupancy, extinction risk, number of specimens and the date of
description. We calculated the average increase in range per species specimen,
correlated this against the date of description and determined significance of
the observed EOO accumulation using randomization tests.
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Results Significant negative correlations were found between date of descrip-

tion and all measures of range, occupancy and associated Red List Categories
and number of specimens, as well as between the average range accumulation
per specimen and date of description. Seventy-five percentage of species’
observed EOO accumulations significantly differed from random. Maximum
deviations between observed EOO accumulations and those derived from random sampling were always significantly positive. For most species, this
occurred more frequently during the first half of the accumulation sequence.
Main conclusions Species described more recently have smaller ranges and
occupancies, fewer specimens and greater perceived extinction risk status.
Levels of geographic uniqueness of collections are higher in species described
more recently. Awareness of a species range increased faster than random, particularly in the first half of the sampling process, suggesting that newly discovered or yet to be discovered species are rare and likely have a higher risk of
extinction. For many species, biological collections represent the sum of our
knowledge. While data may be limited, such species should be listed in an
appropriate Red List Category in accordance with the IUCN Red List Guide
lines rather than as Data Deficient.
*Correspondence: Lucas N. Joppa, Microsoft
Research, 14820 NE 36th St., Redmond WA
98052, USA.
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Extinction risk assessments, the International Union for
Conservation of Nature’s (IUCN) Red List being the most
widely used, serve as an early warning system to the risk of
extinction, enabling conservation planners and decisionmakers to prioritize species with limited time and resources

(Rodrigues et al., 2006). Full Red List assessments can, however, be difficult to complete for the vast majority of species
such as plants and insects (taxa frequently listed as Data
Deficient in Red List assessments), as most assessment criteria require detailed information on population size, fragmentation or trends in abundance over time (IUCN, 2001). This
is a problem as museum specimen data are often the only
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information that exists for many species (Ponder et al.,
2001).
Natural history collections, such as herbaria, are increasingly used as a basis for ecological and conservation studies
(e.g. Nelson et al., 1990; Rivers et al., 2010; Robbirt et al.,
2011). Herbarium specimens are primary, verifiable observations, which provide information about the distribution of
taxa through time and space (Ponder et al., 2001). While
herbarium and other museum datasets provide an invaluable
source of information, they may carry problems of accuracy
and interpretation, particularly in historic collections. In
general, these problems include (a) incompleteness, information gaps in time and space (Kodric-Brown & Brown, 1993;
Ponder et al., 2001; K€
uper et al., 2006); (b) geographical
collection biases, notably due to accessibility (Nelson et al.,
1990; Reddy & Davalos, 2003; Kadmon et al., 2004); (c)
spatial variations in collection effort (Freitag & Jaarsveld,
1998); (d) geographical imprecision due to post hoc georeferencing of specimens (Schatz, 2002; Golding, 2004); (e) subsequent taxonomic revisions (Schatz, 2002); (f) lack of
reliable absence data (Elith et al., 2006); and (g) collection
biases due to variations in interspecific detectability (Sheth
et al., 2008).
Numerous studies have investigated the factors affecting
the relative likelihood of species description (e.g. Gaston
et al., 1995; Allsopp, 1997; Collen et al., 2004; Roberts &
Marshall, 2009). A plant species is formally ‘described’ when
it is assigned a Latin name and description in accordance
with the International Code of Nomenclature for algae, fungi
and plants (McNeill et al., 2012). But few have studied how
the accumulation of knowledge about a species post-description affects its subsequent Red List Assessment. In this study,
we ask, does an extinction risk assessment based on herbarium specimens reflect an accurate measure of species extinction risk, or merely the extent of our knowledge at a specific
point in time [a product of (geographical and temporal)
sampling biases]?
We addressed this question by focussing on the sampling
biases affecting the prediction of species’ geographic ranges,
which forms the basis of Criterion B under which many
plant species are classified into IUCN Red List Categories
(IUCN, 2001; Baillie et al., 2008; Brummitt et al., 2008).
Specifically, we asked, (1) what is the relationship between
species date of description, number of specimens and
geographic range-based extinction risk assessment, (2) is perceived extinction risk based on spatial rarity a product of
undersampling, and (3) does the accumulation of range for a
species with increased sampling occur at random?
Understanding these issues will allow increased confidence
in when, or whether, a species extinction risk can be inferred
from incomplete data and can potentially affect Red List
assessments by increasing the efficacy of the assessment
process. Recent estimates suggest that 27–33% of the total
flowering plant species are threatened with extinction (Joppa
et al., 2011). Given the current rate of species loss, estimated
to be 100–1000 times the background rate (Pimm et al.,
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2014), conservation planners cannot wait for the luxury of a
more accurate and comprehensive dataset. Understanding
and offering a way forward in terms of data reliability and
associated biases is therefore of concern to those conducting
and using the results of rapid extinction risk assessments (i.e.
extinction risk assessments based the geographic range
components of Criterion B).
METHODS
Study taxon
We investigated the plant family Orchidaceae on the island
of Madagascar. With nearly 90% endemism in Madagascar
(Hermans et al., 2007; Cribb & Hermans, 2010), this is also
a relatively well-studied family with good taxonomic resolution. High levels of species and generic endemism extend to
other taxa on Madagascar, and with extensive habitat loss, it
is a global biodiversity hotspot (Myers et al., 2000).
Dataset
Using the Orchids of Madagascar checklist (Hermans et al.,
2007) as a stable taxonomy, the dataset was compiled from
21 herbaria, using all available herbarium specimens for the
region (Rivers et al., 2011), including all non-endemics. Each
record was georeferenced; records with little or no location
information were omitted. Records for the same species from
the same locality (i.e. identical latitude and longitude) and
date were treated as duplicates (i.e. non-independent) and
therefore were only recognized once in subsequent analyses.
Species with only one specimen were also removed, as a
minimum of two records was required to predict a species’
spatial occupancy (see Willis et al., 2003; Moat, 2007). The
final dataset represented 3950 records, of 491 species, from
53 genera, collected over a 174-year period (1830–2004).
Early specimen records were not included for 28% of species
in our dataset as they contained no georeferenceable information. This can be seen when the recorded date of description was earlier than the earliest date of collection for a
georeferenced specimen; we termed this a ‘negative lag time’
(see Discussion).
Preliminary analysis
For each species, specimens were added in chronological
order, each specimen resulting in a potential accumulation
of the perceived range size of the species, as well as the
corresponding change in estimated extinction risk level. This
was calculated using the Conservation Assessment Tools software extension (Moat, 2007) for ArcView GIS 3.3 (ERSI).
Preliminary extinction risk categories were determined based
on the IUCN Red List Criterion B (IUCN, 2001), specifically
extent of occurrence (EOO) and area of occurrence (AOO)
following Brummitt et al. (2008). Ours is a preliminary effort
because a formal Red List assessment would require the
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consideration of additional subcriteria after calculation of
EOO and AOO. EOO and AOO are range and occupancy
measures recognized by the IUCN Red List for assessing
extinction risk status (see IUCN Criteria A, B and D; IUCN,
2001, Joppa et al., 2015). EOO is defined as the minimum
area encompassing all records. Here, this is calculated using
a minimum convex polygon surrounding all sites of
incidence. A minimum of three species records is required;
species with fewer than three records were excluded. AOO is
defined as the area within the EOO where a species is
actually found to occur (IUCN, 2001). This is calculated by
placing a grid of cells over the occurrence points. The total
AOO is the product of the number of occupied cells and the
area of a single cell. Two methods of defining grid cell size
were used in this study. Firstly, we used a fixed cell size of
2 km 9 2 km, as recommended by the IUCN (2001).
Secondly, we used a shifting cell size, which is calculated as
one-tenth of the longest axis between two occurrence points
(Willis et al., 2003; Moat, 2007). This second measure allows
the cell size to be adjusted according to the unique spatial
distribution of each species, reducing scaling problems associated with using a fixed cell size. It should be noted that the
IUCN Guidelines for using the Red List Categories and
Criteria do not endorse the use of the shifting cell size for
calculating the AOO (IUCN Standards and Petitions
Subcommittee, 2014). Finally, as a minimum of two occurrence points was required to calculate the shifting cell size,
species with just one specimen were excluded from the AOO
analyses.
Statistical tests
We determined the earliest date of description for each
species using the World Checklist of Selected Plant Families
(WCSP, 2009). We used Spearman’s rank correlation to
establish the relationship between species dates of description with (a) EOO, (b) EOO Red List rating, (c) AOO
(shifting cell width), (d) AOO (shifting cell width) Red List
rating, (e) AOO (fixed cell width), (f) AOO (fixed cell width
and (g) number of specimens. AOO and EOO Red List
assessments were ranked in order of extinction risk level,
and each category was assigned a number from one to five:
1 = Critically Endangered (CR), 2 = Endangered (E),
3 = Vulnerable (V), 4 = Near Threatened (NT) and
5 = Least Concern (LC). The category NT does not have a
recognized IUCN threshold (IUCN, 2001) and was thus
assigned in keeping with the power relationship between the
other EOO thresholds (Moat, 2007). LC is the default
category for species that do not come under any of the
range thresholds.
We also determined whether the number of specimens for
a species was a function of the length of time that had
elapsed since description, or whether it was independent of
time, that is whether recently described species were truly
less likely to be sampled (spatially rarer in the sense of AOO
and EOO) or whether this was simply a sampling artefact.
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To do this, we calculated the average increase in range size
(EOO) per specimen for a species, by dividing the total
range size by the number of specimens, and then correlated
this against the date of description for that species. We
calculated this ‘average range accumulation’ for all three
measures of species range size. We would expect species that
are truly spatially rare, in the sense of AOO and EOO, to
have smaller average range accumulations. Finally, we determined the significance of the observed EOO accumulation
curves using randomization tests in a stepwise process:
1. Starting with the earliest three records, we calculated the
area (EOO) of the minimum convex polygon (MCP). By
iteratively adding observation records in order of date collected, we obtained an observed accumulation curve (OAC)
from 3 to n records, where n equals the total number of
observations of a given species.
2. We then created 100 random accumulation sequences by,
for each new sequence, randomizing the original sequence of
observations and calculating the randomized accumulation
curve (RAC).
3. We then subtracted the OAC vector from each of the 100
RAC vectors (Di. . .n), and for each comparison summed the
absolute values of the observed differences (ODsum), leaving
us with a distribution of 100 ODsum values.
4. We tested the significance of this distribution by creating
another against which to compare it. This second distribution was the result of subtracting each of the 100 RACs from
every other RAC, resulting in 4950 random Dsum (RDsum)
values.
5. This left two distributions. The first, ODsum represented
observed compared to random, and the second, RDsum represented random compared to random. By comparing these
two distributions via a simple Kolmogorov–Smirnov test, we
were able to ask whether the OAC deviated significantly from
random expectation.
We used an identical procedure as above to test whether
the maximum deviation from random in the OAC deviated
significantly from random expectation. In this instance,
instead of summing the differences between the OAC and
each RAC, we simply retained the value of the maximum
deviation from zero (positive or negative). From this, we termed ODmax, and as before, we compared our 100 values of
ODmax to 4950 values of RDmax via a Kolmogorov–Smirnov
test. Finally, we asked whether or not the Dmax values were
more likely to fall in the first or second half of the species
observation sequence using a Binomial sign test (i.e. do the
largest deviations from random expectation occur early on in
our knowledge of a species or towards the tail end?).
RESULTS
Significant negative correlations were found between date of
description and all measures of species range, occupancy and
associated IUCN Red List Categories, as well as number of
specimens (Table 1). This suggests that species that are
described more recently have smaller range sizes, smaller
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Table 1 The correlation between range, occupancy, threat level
and number of specimens for a species and the species date of
description.
Date of
description
Variable
a) EOO
b) EOO Red List rating
c) AOO (shifting cell width)
d) AOO (shifting cell width) Red List rating
e) AOO (fixed cell width)
f) AOO (fixed cell width) Red List rating
g) Number of specimens

rs

d.f.
0.47***
0.43***
0.52***
0.44***
0.53***
0.37***
0.51***

352
352
473
473
480
480
490

***Denotes P values < 0.001.

occupancies (by all measures) and fewer specimens, and as a
result, their perceived extinction risk status is greater, based on
range and occupancy under the IUCN Red List Criterion B.
A significant negative correlation was found between the
average range accumulation per specimen for EOO
(rs = 0.31; P < 0.001; d.f. = 352) and AOO (sliding cell
width) (rs = 0.41; P < 0.001; d.f. = 473) range and occupancy measures, and the date of description. Interestingly, a
significant positive correlation was found for the AOO (fixed
cell width) (rs = 0.16; P < 0.01; d.f. = 480), indicating that
for species described recently, individual specimens tend to
represent unique cells, whereas those described in the past
tend to be represented by multiple collections per cell. In
other words, levels of geographic uniqueness of collection
localities are higher in species described more recently.
We found that 74.8% of species had an observed EOO
accumulation (OAC) significantly different from random,
while for 89.0% of species, the maximum deviation from
random was significantly different from expected. Figure 1
shows examples for two representative species, one with an
OAC significantly different from random expectation
(Vanilla madagascariensis Rolfe) and the other (Angraecum
compactum Schltr.) with no significant difference. The maximum deviation between the EOO derived from the observed
accumulation of species observations and the EOO derived
from random sampling was always significantly positive
(Binomial sign test, P value < 0.05), meaning that at least in
one point in time, observed sampling resulted in significantly
greater awareness of a species EOO than random sampling
would have. Moreover, for most species (57%) that greater
awareness occurred (significantly – Binomial sign test, P
value <0.05) more frequently in the first half of the accumulation sequence than in the second (for 17% of the species, it
occurred significantly more frequently in the second half).
Thus, the greatest gap in awareness between observed sampling and random occurs earliest on in the process of sampling species locations and results in significantly greater
information than random sampling.
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DISCUSSION
As expected, recently discovered species proved to have fewer
specimens, smaller ranges and higher extinction risk status.
This is in line with several other studies that have found geographic range size to play a part in the date of discovery of a
species (Blackburn & Gaston, 1995; Cabrero-Sanudo & Lobo,
2003; Collen et al., 2004). Identifying the causal relationship
between these variables is an important distinction to make,
as the validity of the use of herbarium specimens for the
production of rapid Red List assessments relies on the
assumption that species are not under-sampled.
It may seem contradictory that when controlling for number
of specimens, one finds a significant negative correlation
between date of description and average increase in EOO and
AOO (sliding cell width) per specimen, but a corresponding
significant positive correlation for AOO (fixed cell width).
However, these results add support to the suggestion that
recently discovered species are truly rare as opposed to undersampled. To understand this, one must recognize the differences between EOO and AOO (sliding cell width) representing
measures of total range size as determined by the distance
between the furthest distribution points, and AOO (fixed cell
width) as a measure of occurrence within this range.
Consider the initial phase of exploration in Madagascar
during the 19th century, whereby the majority of specimens
would have been collected from a few, intensively sampled
locations, probably as a result of the limited points of entry
to Madagascar (i.e. safe anchorage ports), with much of the
interior inaccessible. In some cases, these initial collections
may have been for commercial horticultural, rather than scientific, purpose, negating the need for random sampling. As
these sites of anchorage and therefore collection would most
likely have been far apart due to the island’s topology, this
would result in multiple specimens falling within the same
2 km 9 2 km squares, thus low geographic uniqueness per
specimen. This results in a large EOO and AOO (sliding cell
width), due to the considerable distance between the anchorage and therefore collection points, but small AOO (fixed
cell width) due to the limited number of sites. In contrast,
recently discovered species have a smaller EOO and AOO
(sliding cell width), suggesting that the entire specimen
record is based on a smaller area. However, on average each
specimen contributes more to the AOO (fixed cell width),
that is high geographic uniqueness per specimen. This is
likely to occur because the reason for specimen collection
has changed to biodiversity surveys with the aim of maximizing coverage. Therefore, although sampling is more thorough, overall range sizes are still smaller, implying that
species discovered more recently and have fewer specimens
are highly localized (i.e. rarer) as opposed to being the products of a sampling artefact. This also implies that the date of
description and number of specimens for a species could
serve as initial indicators of the extinction risk status of a
species.
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Figure 1 Examples of two species, one
of which (Vanilla madagascariensis, left
panel) has an accumulation pattern
significantly different from random and
the other (Angraecum compactum, right
panel) shows no significant difference.
Top: The distribution of ODsum values
(solid line) and RDsum values (dashed
line). Kolmogorov–Smirnov test and P
values are reported in the legend for the
comparison between the two
distributions. Bottom: The calculated
EOO (y-axis) with the inclusion of each
additional species observation (x-axis) in
solid line. The mean EOO at each
iteration across all randomization
attempts is shown by the dashed line,
bounded by the mean  1 standard
deviation in light grey.
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the species was described. A marked
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The use of herbarium specimens has come under
criticism due to the potential for sampling error in the
dataset (e.g. Nelson et al., 1990; Reddy & Davalos, 2003;
Kadmon et al., 2004); however, these results show that
while concerns may exist, herbarium specimens are a robust
source of data for conservation decision-makers on which
to determine the extinction risk status of a species. The
proportion of the species in our dataset whose observed
accumulation sequence differed significantly from random
was high when compared with the distributions of all
random-to-random Dsum and Dmax values. The removal of
early specimens due to the lack of georeferenceable information for a proportion of the species also appeared to
have very little effect as they do not represent unique localities as seen in the differing results between EOO and AOO
(sliding cell width) compared to AOO (fixed cell width) as
discussed earlier.
Incomplete dataset
The comprehensiveness of the database fell short of the c.
1000 species and 60 genera of orchid known on Madagascar.
We had to exclude 6% of records (28% species) in our original dataset as Data Deficient, as these belonged to species
with only one specimen. Calculation of species EOO required
a minimum of three specimens, removing a further 6%
records (23% species) from this analysis. Subsequent analysis
of the Data Deficient species revealed that they followed the
trend highlighted by Spearman’s rank correlation of having
earlier dates of description. If our earlier inference is correct,
this suggests the species that could not be assessed are in fact
at high risk of extinction. IUCN guidelines (IUCN, 2001)
acknowledge this, stating that the Data Deficient status
should only be assigned as a last resort, due to the potential
for these species to be overlooked. In addition, the dataset
was missing entire specimen records for many species. The
earliest record for a species in the database was often later
than the earliest recorded date of description, as previously
discussed, and many species had synonyms listed in the
Orchids of Madagascar checklist (Hermans et al., 2007) that
had fewer specimens than synonyms. Possible reasons for an
incomplete specimen record include (a) that many of the
older species were poorly spatially resolved and could not be
georeference and (b) that there was a greater chance that
older specimens would have been lost or destroyed. These
two points are supported by the fact that older specimens
were more likely to have negative lag times, that is the older
type specimens were more likely to be missing from the
dataset (Fig. 2). This suggests an increased accuracy through
time in terms of spatial resolution and reliability of specimen
records. Further, older specimens are less likely to reflect the
current day distribution of the species, making recent specimens more reliable and as a result knowledge of recently discovered species more reliable. It should be noted that the
definition of EOO and AOO stipulate that they should be
based on a species’ current spatial distribution (IUCN 2001),
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rather than historic records that may not reflect a species’
current EOO or AOO due to factors such as habitat clearance. One solution discussed by Rivers et al. (2010) is to
work backwards in time, using the most recent specimens
for extinction risk assessments. It would therefore be interesting to see whether the trend for recently discovered species to be more threatened still holds true if the extinction
risk assessment is based solely on the five or 10 most recent
specimens for a species.

CONCLUSIONS
With 10–20% of plant species still awaiting discovery (Joppa
et al., 2011), this study suggests that they are likely to be rare
and at risk of extinction. For many species, not just plants,
museum collections often represent the sum of our knowledge and therefore their conservation status. For many of
these species, it is unlikely, given the current rate of bio
diversity loss, that significant numbers of herbarium specimens and other data associated with more robust extinction
risk assessments will be forthcoming in the near further.
While data may be limited, reliable preliminary conservation
assessments can be made, even for species that are only know
from three specimens (i.e. the number required to calculate
the EOO). Although those conducting extinction risk assessments may lean towards listing species as Data Deficient, the
IUCN guidelines (IUCN, 2001) explicitly state that the Data
Deficient status should only be assigned as a last resort. This
study suggests that such species should be listed in accordance with the results of a preliminary assessment under Criterion B of the IUCN Red List (IUCN, 2001; Brummitt
et al., 2008).
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