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Abstract

How many species are likely as-yet unknown to science? Even in relatively well-known groups, there may be substantial numbers
of such species. It seems likely that these unknown species will be rare and threatened with extinction. Indeed, science may not
discover them before they go extinct. We address these issues for a sample of endemic flowering plants and three vertebrate
groups: amphibians, birds, and mammals, all from Brazil. We predict the likely numbers of missing species from models of the
declining numbers of species described per five-year interval. The raw numbers increase over time, so we must scale these by
the taxonomic effort. We show that while the catalogues of birds and mammals are nearly complete, the numbers of amphibians
may increase by 15% and the numbers of endemic plants by ~10 to ~50% depending on region. These percentages may still
seem encouragingly low, given the complexities of studying a country as large as Brazil, with its extraordinary diversity, and
with many of its regions large and still poorly explored. What is more worrying is that these numbers of as-yet unknown species
are broadly the same as the percentages of species that are presently considered threatened with extinction. That is, we know
only half of the species in danger of extinction — and our knowledge of even those species has mostly been acquired in the last
three decades.
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Introduction

Brazil has extraordinary biodiversity with a greater number
of terrestrial species of well-known taxa than most other
countries in the world. It is likely to be comparably richer in
the taxa that are poorly known, too. The range of habitats,
which include the moist forests of the Amazon and the
Mata Atlantica, as well as drier habitats and wetlands, surely

It seems likely that these unknown species will be rare and
threatened with extinction. If they were not rare, then
scientists would likely already have found and described
them. Indeed, science may not discover them before they
go extinct. These questions seem especially pressing in
2010, the International Year of Biodiversity, and given the

guarantee that. Brazil also has large numbers of endangered
species too, a consequence of extensive habitat destruction.
These factors, combined with the remoteness of much of
the country, beg our asking: how many species are likely
as-yet unknown to science? Even in relatively well-known
groups, there may be substantial numbers of such species.
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commitments countries have made to document and protect
biodiversity in the Convention on Biodiversity.

We address these issues for a sample of flowering plants and
three vertebrate groups: amphibians, birds, and mammals.
Using methods developed elsewhere (Joppa et al. 2010), we
predict the likely numbers of missing species. We show that
while the catalogues of all Brazil’s birds and mammals are
likely nearly complete, the numbers of Brazil's amphibians
may increase by 15% and the numbers of just endemic
flowering plants by ~10 to ~50%.
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For the three vertebrate groups we use estimates of the size
of the geographical ranges to show that there is a strong
tendency for species with large ranges to be discovered early.
Recent discoveries are almost always of species with small
ranges. The numbers of species with ranges <20,000 km?
have increased rapidly in recent decades -especially for
amphibians. That threshold, combined with evidence of
continuing habitat destruction, constitutes grounds for
the JTUCN to declare a species threatened with extinction.
This means that substantial numbers of as-yet unknown
species will be added to the lists of endangered species.
Simply, Brazil has many more threatened species than
already recognized.

Methods

A surprising first question in estimating the numbers of
species in a taxon is how many valid species have taxonomists
already described. The problem is that taxonomists give
different names to the same species inadvertently. This
means we must use data sources where the sometimes-large
fractions of synonyms have been removed. Following Joppa
et al. (2010), we used the World Checklist of Selected
Plant Families 2008 (WCSP), a unique and continuously
updated synonymised world list of plants from the Royal
Botanic Gardens, Kew (http://apps.kew.org/wcsp/). It has
resolved the problems of synonyms for monocots, but
only for some selected non-monocot families, for a total
of about 110,000 species of seed plants. Second, we use
GrassBase, a similar list for the roughly 10,000 species of
grasses (Clayton et al. 2009).

We calculated range sizes for the amphibians, mammals,
and birds from extent-of-occurrence maps projected
in an equal-area projection. Bird data are from Ridgely
et al. (2007), mammal data are from the Global Mammal
Assessment (IUCN et al. 2008a),amphibian data are from
the Global Amphibian Assessment (IUCN et al. 2008b).
Only native ranges were included. The range sizes for birds
are of breeding range only. Dates of species’ description
were from the same sources.

The second question: how should one estimate the number
of species remaining to be discovered? Recent attempts
employ differing methods of extrapolation of the number
of species described over time, with the expectation that
these numbers of new species per time interval will decline
as the pool of unknown species diminishes (Solow and
Smith 2005, Wilson and Costello 2005). Joppa et al. (2010)
show that generally, they do not. We confirm that for most
of the taxa we consider here.

Joppa et al. (2010) found these previous attempts wanting
because none includes the number of taxonomists involved
in describing species. The number of taxonomists active in
any period has increased over the 250 years of taxonomic
history. The raw numbers of species described per period
has increased correspondingly. By analogy to fishing
statistics, Joppa et al. (2010) scaled the raw numbers of
species “caught” by taxonomists, by the “effort” required
to catch them (the number of taxonomists) to produce

“catch per unit effort” - the numbers of species described
per unit time per taxonomist.

We restricted our plant analyses to species endemic to
five regions of Brazil that the plant databases define:
North, Northeast, South, Southeast, and West Central. For
vertebrates, we use all terrestrial species known to breed in
Brazil, not necessarily species endemic to it.

Estimating the numbers of missing species

The Joppa et al. (2010) model has two factors. First, the
more taxonomists involved in describing species - the more
species they will describe in a given interval, other things
being equal. We define “taxonomists’, simply, as those
who describe new species. Taxonomic effort is a powerful
predictor of the number of species described.

Second, taxonomists have likely increased the efficiency of
their efforts since the mid-1700s when Linnaeus introduced
the system of binomial nomenclature. By “taxonomic
efficiency;” Joppa et al. (2010) mean an increase in the
number of species described per taxonomist, adjusted
for the continually diminishing pool of as-yet unknown
species. Were efliciency to have remained constant, the
number of species described per taxonomist would decline
continuously over time as the supply of un-described
species dwindled. We shall show that for some taxa, there
is an increase in the number of species per taxonomist,
typically for a century or so.

For each five-year interval, we calculate the number of
unique species discovered and the number of taxonomists
working. We expect the number of species described in
interval S, would depend on the number of taxonomists
T, actively describing:

S aT (M

i i

Our model consists of two elements. The first is the remaining
number of species to be described: S,. It is the total number
of species, S,, — which is to be estimated — minus the
cumulative number of species already described, ZS, up
to the given year, t:

SR=ST—ZSi, fori= 1760 to year t. )

We chose 1760 as the start date to avoid the undue influence
of Linnaeus, who alone described many species in the
previous decade (Linné 1753).

The second element is taxonomic efficiency, E. We assume
that taxonomists have become more effective at finding and
describing species now than in the past. For simplicity, we
assume that this increase in efficiency increases linearly
over time:

E, =a+ b x year, or for convenience, E=a +bY, (3)

where a and b are also estimated parameters. Efficiency need
not increase, whereupon b would be zero. It follows that:
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This is an intrinsically non-linear statistical model, because
there are four independent variables in the complete
expression but only three parameters to be estimated.
Nonetheless, it is easy to estimate the expression that
minimizes the sum of the residual sums of squares between
predicted and observed S. We guess a value of S, then
calculate a and b from linear regression. Subsequent guesses
of S, quickly converge on the minimum value.

The numbers of species described per period tends to be
“spiky”, indicating the undue influence of monographs that
describe many species in the year they appear followed
by intervals when taxonomists described relatively fewer
species. To normalize the residuals, we took the logarithms of
observed and predicted numbers of species and minimized
the sums of squares of their differences. This logarithmic
transformation creates large residuals when the numbers
of species are very small, as they are in the mid-1700s. If at
least 40 species had not been described by 1760, we started
in the first 5-year period where the cumulative number of
known species was 40 or more.

Range size and date of scientific description

The vertebrate databases provide estimates of both range
size and the date of species description. For the birds, a
very few species with very small ranges were not included.
We added estimates for these species from the most recent
Birdlife website (http://www.birdlife.org/datazone/species/
index.html). Mitu mitu, now extinct in the wild, was given
an arbitrary range of 1 km?. For reasons we shall presently
explain, it is very likely that the data on range sizes and
dates of description are incomplete for amphibians and
mammals.

Results and Discussion

Figure 1 (right) shows the observed (blue) and predicted
numbers (red) of selected families of species of flowering
plants described per five-year interval and the numbers
of taxonomists who described them for two regions of
Brazil: Northern Brazil, which is mostly the Amazon, and
South-eastern Brazil, which is mostly the Atlantic forest.
There is a strong increase in the numbers of species described
over time — which dooms any method to calculate total
species numbers that assumes the rate will slow. There is
also a marked increase in the numbers of taxonomists.

At the left are the numbers of species per taxonomist over
time. The red lines show the best-fit predictions of the
model. The numbers of species per taxonomist increase
markedly initially for Northern Brazil and slightly for
South-eastern Brazil. However, as the pool of unknown
species decreases, the numbers of species per taxonomist
drop markedly.

Figure 2 shows comparable plots for the mammals,
amphibians, and birds found in Brazil. For mammals
and birds, the data show strong declines in the number of
species described per taxonomist.

Table 1 summarizes the data and the model predictions.
For the plant families selected — which are not a complete
inventory — South-eastern Brazil has by far the most endemic
species (>3,000). The model suggests that another 9% remain
to be discovered. In contrast, the much larger northern
region — mostly the Amazon - has far fewer species (740)
and the model suggests that perhaps another 24% will
be found. North-eastern Brazil has the highest predicted
numbers of unknown species — 49% more - that reflect
a more slowly declining number of species described by
taxonomists over time.

As one might expect, the models predict very few bird and
mammals remain unknown. Amphibians, in contrast, may
produce another 15% of the present total of species — more
than 100 new species.

For flowering plants, we do not have estimates of their range
sizes. For the three vertebrate groups, we do. Figure 3 plots
these against their dates of discovery. In the figure, each
point represents a species. Mammals and birds are broadly
similar. Before 1800, taxonomists generally described species
with geographical range sizes that exceed one million km?.
These are not only widespread species, but they tend to be
locally common (Pimm and Jenkins 2005, 2010). Since
1950, however, the majority of newly described species
have had ranges smaller than 100,000 km?*. These tend to
be locally rare (Pimm and Jenkins 2005, 2010).

Taxonomists described most of Brazil's mammals and birds
before 1900. Amphibians are strikingly different. Amphibian
species have much smaller ranges, on average, and the
majority of species were described after 1950.

Figure 3 also shows the cumulative numbers of species with
ranges <20,000 km?. That small a range, combined with
the levels of habitat destruction typical of Brazil outside
the Amazon, would likely cause a species to be deemed
“threatened” in the IUCN Redlist. Species with larger ranges
but suffering other threats may also be so listed, of course.
Moreover, analysis of bird species in the Atlantic forest and
elsewhere suggests these range data greatly overestimate the
likely range size when species’ elevational ranges are used
to refine the distribution maps (Harris & Pimm 2008). We
use this range size only as a simple benchmark.

For birds and mammals the overall numbers are relatively
small, but more than 37% of all amphibians have ranges
<20,000 km?. What is also striking for amphibians, but
also true for the smaller numbers of birds and mammals,
is how recent are the discoveries of such small-ranged
species. Half of all these small-ranged amphibians have
been discovered since 1973, since 1972 for birds, and 1993
for mammals.
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Figure 1. Left: The numbers of species of flowering plants described per five-year period divided by the number of taxonomists who
described them (open symbols, blue lines) and the predicted values (red lines.) Right: the numbers of species of flowering plants
described (open symbols, blue lines), their predicted values (red lines) and the number of taxonomists (green triangles).

Implications for conservation

Exercises in conservation priority setting usually assume that
we know the species to be conserved as well as where they
occur. [For the Atlantic forest, examples include Jenkins and
Pimm (2006) and Jenkins et al. (2010).] So the issue of the
species’ lists being incomplete is an obvious one. It motivates
our estimating how many species remain to be described.
The numbers are small for birds and mammals. But 10 to
20% more amphibians and plants species may remain to be
discovered. These percentages may still seem encouragingly
low, given the complexities of studying a country as large
as Brazil, with its extraordinary diversity, and with many
of its regions large and still poorly explored.

What is more worrying is that these numbers of as-yet
unknown species are broadly the same as the percentages of
species that are presently considered to be threatened with
extinction. That is, we likely know only half of the species that
in reality are in danger of extinction. It is these species that
matter when setting conservation priorities. Not only must
we understand how many missing species there are, but we
need to have some sense of where they are likely to be found.
That second question is not one we address here. (Clearly,
however, our knowledge of ranges of the rarest species is
changing continuously as individual species are selected for
detailed study (Alves et al. 2008, Vale et al. 2007).)

Does this mean that we do not know enough to conserve
biodiversity and must wait until we have more complete
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Figure 2. Left: The numbers of species described per five-year period divided by the number of taxonomists who described them
(open symbols, blue lines) and the predicted values (red lines.) Right: the numbers of species described (open symbols, blue lines),
their predicted values (red lines) and the number of taxonomists (green triangles). For birds, the number of taxonomists has a scale

(right) different from that for the numbers of species.

taxonomic catalogues and maps of where the species occur?
Clearly, the high rates of species losses do not permit
such leisure: we must act quickly using the best available
information.

That information can still be useful. All the plants and
vertebrates we discuss have high levels of endemism in the
Atlantic forest. Very little of it remains, what does remain
is a conservation priority, and restoring the connections

between isolated fragments of it is a most urgent requirement.
Such actions are prudent even if the taxonomic catalogue
is missing half its most threatened species. Moreover, it
is likely that the missing species will be in the places that
are already rich in endemic species, simply because that is
the global pattern (Pimm and Jenkins 2005, 2010). While
we expect that South-eastern Brazil will accumulate only
another 9% more species, that is absolutely more species
than we predict will be found in the Amazon.
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Table 1. Number of known and predicted species, and percentage of expected increase, of flowering plants (in different regions of
Brazil) and vertebrates.

Region name Area (km?) Known species Predicted %increase

Flowering plants

West Central 1,608,042 570 689 21

Northeastern Brazil 1,544,347 1016 1518 49

Southeastern Brazil 924,178 3485 3811 9

Northern Brazil 3,832,654 740 914 24

Southern Brazil 564,660 571 713 25
Vertebrates

Amphibians - 887 1017 15

Mammals - 620 658 6

Birds - 1554 1566
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