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How Many Species Are There on Earth?

ROBERT

This article surveys current answers to the factual ques-
tion posed in the “title and reviews the kinds of informa-
tion that are needed to make these answers more precise.

Various factors affecting diversity are also reviewed.
These include the structure of food webs, the relative
abundance of species, the number of species and of
individuals in different categories of body size, along with
other determinants of the commonness and rarity of
organisms.

VER A CENTURY AGO, DARWIN AND OTHERS PROVIDED

the broad outiine of an answer to the question of how life

has evolved on Earth and how species onginate. The next
queston would seem to be how we use this basic understanding to
cstmate—from first principles—how many species are likely to be
found in a given region or, indeed., on Earth as a whole,

Surprisingly, this quesuon of “how many species!” has received
relatively lirtle svstematic attention, from Darwin'’s tume to our own.
At the purely factual level, we do not know to within an order of
magnitude how many species of plants and amimals we share the
globe with: fewer than 2 million are currenty classified, and
esumates of the roral number range from under 5 million to more
than 50 milbon. At the theoretical level, things are even worse: we
cannot explain from first principles why the global total is of the
general order of 107 rather than 10* or 10,

This artdcle fiest surveys various kinds of empirical and theorerical
studies that are helping to give us a berter idea of how many species,
or how many individua! organisms, we might expect to find in a
given environment. Such studies include the structure of food webs,
parterns in the relative abundance of species, patterns in the number
of species or number of individuals in different categories of physical
size, and general observations about trends in the commonness or
ranty of organisms. The article chen reviews current evidence about
the total number of species on Earth, indicating lines of research that
could sharpen the esumartes. We do not end up with a list of
answers, but rather with a list of more sharply focused questions.

The Structure of Food Webs

Cohen and Briand (1, 2) have compiled and analvzed a carzlog
that now includes 113 food webs, embracing a wide vadery of
natural environments (55 food webs from continental serings—23
terrestrial and 32 aguatic—along with 45 coastal and 13 oceanic
webs). The data for these food webs are of uneven quality, with the

Thas arucle was wnten while the author was in the Deparmment of Biclogy. Pninceton
Universiey, Princeton, NJ 08544 His present address is Department of Zoology,
Cnford University, Oxford, OX1 3PS, England.
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most notable problem being that some studies idenufy individual
species (“blue javs”) whereas others deal with aggregares (“spiders,”
“copepods,” or even “zooplankton”); some studies aruculate indi-
vidual species of predators at upper levels bur aggregare coarsely at
lower trophic levels (3). Even so, some remarkable regulanines
emerge from Cohen and Briand’s analvsis of these dara (1, 2).

For one thing, the average number of other species with which
any one species interacts directly is consistently around 3 to 5 (4.
The number is consistently higher (average, 4.6} in relatvely
constant environments than i fluctuatng ones {average. 3.2V
There are also consistent and quanutative patterns in the propor-
nons of basal, intermediate, and top predator species {those whose
links reach only upward, both ways. and only downward, respective-
vj: the ratos are 0.19:0.53:0.29, respecuvely (3). A similar
pattern of “link-scaling” invariance is found for the radio of links
among the four categonies of basal-intermediate, basai-top, interme-
diate-intermediate, and inzermediate-top (0.27: 0.08 : 0.30: 0.35.
respectivelyi. Most interestingly, these two quanutauve parterns in
the proportions of spectes in different ophic categories, and in
“link-scaling,” can be deduced from the empirical observauon that
each species is ditectly connected to roughly tour others. along with
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Fig. 1. A plot of 5. the number of species, versus @, the standard deviation of
the logarithms of the refauve abundances, for various communizes of birds,
moths. gastropods. plants, and diatoms. The dashed bine fabeled v= 1.0
shows the relation berween S and o for Preston’s (13 “canomeal™ lognormal
distribution; the lines labeled ¥ = 0.2 and v = 1.8 are the bounds to the
range of S-o relations that mught be expected from general mathemartical
properties of the lognormal distribution, for large § and reasonabie ranges of
values for the total number of individuals. . The solid line s the mean
relation predicted by Sugihara’s {17} model, and the error bars represent =2
standard devianons about this mean.
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Table 1. The distribution of 160 plant species from the Biological Flora of the
British Isles, classified into eight categories according to geographic distribu-
tion (wide or narrow), habitat specificity (broad or restricted), and local
abundasnce (somewhere large or cvervwhere small) (34).

Geographic distribution

Local

ul Wide Narrow
POPS énon habitat specificity habitar specificity
Broad Restricred Broad Restricted
Somewhere large 58 71 6 14
Evervwhere small 2 6 0 3

the assumption that the species are ordered in a cascade or hierarchy,
such that a given species can prey on only those below it and can be
preved on oniv by those species above it in the hierarchy [an
assumption that several authors (2, 6) have independently suggested
may follow from body-size considerations berween predarors and
their prey].

Other pamerns in the ratios between numbers of interacting
species 1n different rophic levels are the subject of condnuing
invesugation. Hawkins and Lawton {7) have observed that food
chains comprising green plants, insect herbivores, and insect para-
sitoids include over half of all known species of metazoans, so thar
understanding what determines the richness of parasitoid species
could be a major step toward understanding the diversity of
terrestrial communiries. They analvzed dara for 283 species of
herbivorous insects, from 42 families, in Britain, and found the
tvpical such specics to be artacked by 5 to 10 species of parasitoids;
the number depends significantly on the geographical range of the
host insect, on the architecture of the host plant, and to a iesser
extent on a variety of other factors { 7). Preliminary data suggest that
the opics are roughly similar to Britair, in that herbivorous insects
are hosts to around five to ten species of parasitoids (8). Other
studies document systemartic patterns in the number of phvtopha-
gous insect species associated with different plant hosts (9) and in
the ranos berween numbers of species of prey and predators of
various kinds (10).

It could be that many of these apparent patterns tell us more
abour the workings of the human mind, and about how we tend o
collect and categorize data, than thev do abour the narura! world
(11). Moreover, the populations in real food webs can have extreme-
Iv complex dvnamical behavior, with nonlinearities in density-
dependen factors producing cvelic or chaotic changes in abundance
and with unpredictable environmental flucruations adding further
complications; it seerns unlikely that the salienc fearures of such
dynamical systems can be capeured in static analyses of food web
graphs (12). These caveats and complications notwithstanding, the
parterns discussed above are intriguing. If thev stand up to further
study, they could stmplify the task of understanding diversity. It
could be, for example, that one need onlv understand what deter-
minces the number of plant species, and then the total faunal diversiry
could be deduced from appropriate rules.

Relative Abundance of Species

Real understanding of food webs in particular, and of diversiry in
general, must go bevond the mere presence or absence of species 1o
an understanding of reladive abundance. In early successional com-
munities, and in environments disturbed by toxins or “enriched” by
polludion, steeply graded distributions of specics relative abundance
{SRA) are commonly seen, with a handful of dominanc species

[442

accoundng for most of the individuals present. Conversely, in
relatively undisturbed “climax” communities consisting of manv
species, relatively even distributions of refative abundance are opi-
cal; very often, such SRAs are distribured according to a “canonical
lognormal” distribution, as illustrared in Fig. 1. Such wends in
SRAs show up in studies of old field succession (13). The effects of
pollution or other systemadc disturbances reveal the same trend.
except that time cffectively runs backward, so thar the progression is
from evenness to dominance (14).

It is not surprising that the relative abundances within a fairly
large and refarively undisturbed group of species will be disturbed
lognormally. The relative abundances are likely to be governed by
the interplay of many more or less independent factors. It is in the
nanure of the equations of population dyvnamics that these several
factors should compound multiplicarively, and the statistical central
limic theorem applied to such a product of factors implies a
lognormal distribution. This general observation, however, teils us
nothing about the relation between o (the standard deviation of the
logarithms of the relative abundances) and § {the total number of
specics present). The puzzling fact is that very many assemblies have
SRAs that obey the canonical lognormal distribution, that s, that
have the unique relation between ¢ and S illustraced bv the curve
labeledy = 1.0 in Fig. 1, although this cunve represents just one of
an infinire family of possible lognormal distributions {157,

It has been conjectured that the canonical property mav be merely
an approximate mathemarical property of all lognormal distribu-
uons tor large S; the dashed curves in Fig. 1 labeled y = 1.8 and
v = 0.2 represent plausible boundaries to the o-$ relation on this
basis (16). The data purt together by Sugihara (17) in Fig. I make it
clear, however, that real SRAs obey the canonical relation more
closely than can be explained by these mathemarical generalides
alone. Sugihara has also suggested a biological mechanism that will
produce the observed patterns. He imagines the multidimensional
“uche space” of the communiny as being a hvpervolume broken up
sequentally by the component species (with any fragment being
equally likely to be chosen for the next breakage, regardless of size',
such that cach of the § fragments denotes the relative abundance of 2
species. Although the biological status of this assumption is debat-
abie, it generates patterns of SRA in accord with a large number of
data (the solid line in Fig. 1 shows the mean relacion between § and
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Fig. 2. The numbers of species, S, of all terrestrial mammals (solid
histogram) and of British mammals {dashed hiscogram). excluding bats, are
shown distributed according to mass catcgories {mass expressed i grams,
(18, 19). Note the doubiyv logarithmic scale. The thin dashed line ilustrares
the shape of the relation § ~ L%, where L is the characteristic length (20;.
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o predicted by the model, and the error bars show the range of =2
standard deviations about the mean). Such a fit does not, of course,
validate the modcl; it is possible that other biological assumptions
could produce similar distributions of SRA.

One problem with essendially all the data that have been compiled
for SRA is that they focus on particular taxonomic groups (“birds,”
“moths™). To understand how comrnunides are assemnbied, it may
be more relevant to inquire about the refative abundance within
ecologically similar groups (putting birds together with bars and
some large insects, for instance).

Number of Species Versus Physical Size

A varicty of other patterns in the distribution and abundance of
organisms have received litde arrention. For example, how many
species do we expect 1o find in different catcgories of physical size,
within 2 given region?

The meager amount of available informadon bearing on this
question s reviewed clsewhere (18). Figure 2 gives one repre-
sentative study, showing the way in which all 3000 or so mammuali-
an species, excluding bats and marine mammals, are apportioned
among mass cfasses (19). A corresponding analvsis, but restricted to
the mammal species of Britain, again excluding baes and marine
mammals, 15 also shown in Fig. 2 {18). Although Britain’s mammals
appear to obev the global pattern of species versus size, appropriate-
lv scaied down, this may not be true n general; there is no a priori
reason to expect the species-size patterns for faunal assemblies from
relatively small areas to be the same as those from large (and
correspondingiy more environmentally diverse) areas.

Figure 2 and similar analyses represent rough assessments of the
facts. Very few ideas have been advanced in explanation of these
facts abour species-size dismburons. Hutchinson and MacArthur
(20} have advanced arguments for expecting an L™° reladon be-
tween the number of species and the characteristic length of
consticuent individuals, L. The argument is essentially that, for
terrestnial organisms, the world 1s seen as rwo-dimensional, and
therefore the possibiliny of finding new roles (and thence new
species] may scale as L™*, This conjectured L™2, or M~ "3, relation,
where M is mass, is illustrated by the dashed straight line in Fig. 2.

Number of Individuals Versus Physical Size

Other patterns can be soughe in the relation between numbers of
individuals and their physical size {mass or characteristic lengthy.
For example, in a particular region, how is the number of individual
animals in the size class from 0.1 1o 1 em related to the number in
the class from 1 to 10 cm (21, 22):

In particular. Morse er al. (21} and Brown and Maurer (23) have
cotlated dara abour populations of phytophagous insects and of
birds, respectively, and have advanced qualitative explanatons for
these data. Morse er 2l began with the assumption that roughiy
cqual amounts of energy flow through each size caregory; although
very unlikely to be true in general, this assumprion is supported by
some evidence from organisms ranging widely in size (24). Given
this assumpdon, along with the usual manner in which metabolic
costs become relatively larger at smaller sizes, the total number of
individuals, N, in the size class with characteristic mass M and length
L may be expected to scale as N ~ M0~ -2 (23). That is, for
a 10-told decrease in characteristic length we would, on this basis,
expect a roughly 180-fold increase in the total number of individ-
uals. :

Recent insighes into the fractal geometry of nature suggest,
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however, that the structure of the habitac—and hence the number of
possible ways of making a living—is unlikely to scale linearly with L
(26). Consider, for example, the circumference of a large tree, or any
other “onc-dimensional” object. If we measure it on a 10-cm scale,
we get one answer. On a L-cm scale, we will often get another, larger
answer. A vet larger answer would be obtained on a 1-mm scale, and
so on. The circumference of the tree is thus not simply one
dimensional but has a “fractal dimension,” D, such that the per-
ceived length, €(A), depends on the step-length of measurement, A,
as M2 f(N) = '"2, where ¢ is 2 constant. If D = 1.5, for
example, a 10-fold reduction in the measurement scale (from, say 10
an to 1 cm) will result in the apparent length increasing by a factor
10%% = 3. Morse et al. applied these notions to measure the profiles
of various kinds of vegetation at different scales, concluding that D
for such habitats ranged from around 1.3 to around 1.8, with an
average around 1.5 {Fig. 3). That is, for herbivorous insccts that
cxploit their surrcundings in an essentially onc-dimensional way
(using the edges of leaves, or the like) a 10-fold decrease in physical
size produces a roughly 3-foid increase in the apparently available

Table 2. The number of species (o within an order of magnirude) in the
different animal phyla, classified according to the habitat of adult ammals.
Most phyla are predominantly marine and benthic, some exclusively so. The
numbers 1 through 5 indicate the approximate numbser of recorded living
species: 1 means 1 to 107; 2 means 107 to 10%; 3 means 10° to 10%; 4 means
10* to 10°; and 5 means 10° or more. After 1381, Abbreviations: B, benthic;
P, pelagic: M., moist; X xeric; Ec, ecto; and En. endo.

Habutar

Phyvlum

Subphylum Freshwarer

Manne Terrestrial  Svmbiotc

B P B P M X Ec En

Porifera 3 1 1
Placozoa 1
Orthonectida 1
Dicyemida 1
Cnidaria
Crenophora
Plarvhelminthes
Gnathostomulida
Nemertea
Nemaroda
Nematomorpha
Acanthocephala
Rotifera
Gastrotricha
Kinorhyncha
Loncifera
Tardigrada
Priapula
Mollusca
Kamptozoa
Pogonophora
Sipuncula
Echiura
Annciida
Onychophora
Arthropoda
Crustacea
Chelicerata
Unurarmia
Chactognatha
Phoronida
Brachiopoda
Brvozoa
Echinodermata
Hemichordarta
Chordara
Urochordara
Cephalochordata
Vertcbrata
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habitat; for creatures that exploir their environment in an essentially
two-dimensional way (using surfaces rather than edges), the effect
must be squared, so char a 10-fold decrease in physical size produces
an effectively 10-fold increase in apparent habitat. These two factors
(the onc-dimensional factor 3 and the two-dimensional factor 10)
are likely 1o bound the range of possibilities found in acrual
assemblies of insects.

Combining these fracral aspects of habitat perception with the
metabolic considerarions discussed above, Morse er al. concluded
that a 10-fold decrease in characreristic length, L, is likely to produce
an increase in N that lies between 500 and 2000 (that s, roughly
berween 3 and 10 times 180). As shown in Fig. 4, this very rough
expectation is borne our surprisingly well by data for the number of
individual arthropods of different body lengths found on vegeration
in places ranging from primary forests, primary riparian vegetation,
and secondary vegeration in the New World Tropics to temperate
habizs, for example, birch trees on Skipwith Common in Yorkshire.

The study by Morse et al. is a frankly speculative one. | have
chosen to highlight it because it provides an explicit example where
our thinking about aspects of population abundance and diversity
needs to acknowledge thar nature is often not Euclidean bur rather
may have fractal geometry, with organisms existing in spatial and
temporal frameworks thar are, as it were, jagged on everv scale (27),
This is an example where new mathematical concepts interact with
biological ideas in potentially surprising wavs (the chaotic behavior
of many simple populatton models is another example .

Species Numbers, Species Abundance, and
Body Length

Still other studies have focused on empirical relations between the
abundance of individual species and the bodyv size of constiruent
indsviduals (25, 28). | think any eventual understanding of the toral
number of species in a given environment. and thence ultimately of
the diversity of life on Earth, will need to be based on a clear
understanding of the interplav among ali the factors discussed
above. Yer most of the few existing studies have singled out one or
other aspect (species size, species abundance) trom the interwoven
mosaic.

Exceptions are the work on birds bv Brown and Maurer (23) and
the recent studv by Morse er 2l of the relations among species
number, species abundance. and body length for 839 species of
arboreal beetles in lowland rain-forest trees in Bomeo (29). Figure
SA summarizes the results, showing the toral number of species in
different categories of population abundance and physical size {both
plotted logarithmicallvy; Fig. 5. B through E, correspondingly
shows the number of species in different trophic categories. Al-
though Fig. 5 does have some interesting structural derails [for
discussion, see (29)], it is essentially simple. It is encouraging that
Fig. 5 has the basic features one would have guessed from the
separate studies of species abundance, species size, and abundance
size 1 different groups, as discussed above.

Commonness and Rarity

In the discussion above, some of the species found in a given
region are confined to thar region, whereas others (which are part of
the species-size and other distributions in the region) are distribured
much more widely. Partly for this reason, and partiv for its intrinsic
interest, it would be nice to know more about the distribution of
geographical ranges within different taxonomic groups of species.
What fraction of all bird specics, for exampie. range globally over
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10% of the globe, over 1%, and so on? Hanski (30), Brown (31),
Root (32), Rapoport {33), and others have made a start toward
answering this queston, for diverse collections of organisms includ-
ing vascular plants, interudal invertebrates, terrestrial arthropods,
planktonic crustaceans, and rerrestrial verrebraces {especially birds},
but much remains to be leamed.

Incuitive ideas about commonness and rarity usually make refer-
ence both to geographical distribution and to local abundance. Such
considerations otten swirl together in wavs that make it difficulr to
define exactly what constirutes a rare species. One type of rareness is,
for example, exhibited by the silver sword, Argyroxyphium macro-
cephalum, that grows only in the crater of the Haleakala volcano on
Maui. Although there are around 50,000 individuals in the large,

Table 3. A rough indication of the relative effort devored to animals from
different raxonomic groups is given by the average number of papers listed 1o
the Zoological Record, 1978 through 1987 (54,

Average
Phivlum numba“ of Approximate Papers
Subphvium publications number of per
phs ,
Class per year recorded Species
Order (CDCﬁ.CI.cm species per
of variadon, vear
in percent:
Protozoa 390010y 260.000 0.15
Porifera 190 (22 10.00¢ 0.02
Cocelenterata 740 (12; 10,000 0.07
Echinoderma 710 (15: 6,000 0.12
Nemaroda 1,900 ( 1) 1,000,000 (?) £.002,
Annehda 840 ( 9) 15,000 0.06
Brachiopoda 220 (14 350 0.63
Brvozoa 160 (15) 4,000 0.04
Entoproctra 7 (5% 150 0.04
Mollusca 1000 & 100,000 0.04
Arthropoda
Crusracea 3,300 { 9 39,000 0.09
Chelicerata
Arachruda 2,000 ( 6: 63,000 0.03
Uniramia
insecta 17.000 ( 7 1,000,000 (% 0.02
Coleoprera 2,900 ( &) 300.000 0.0l
Diptera 3200 7y 85,000 0.04
Lepidoptera 3,500 ( 9 110,000 0.03
Hyvmenoptera 2,200 ¢ 9 110.000 0.62
Hemiprera 1,700 7 40,600 0.04
Chordata
Vertebrata
Pisces 7,000 (13 19,004 0.37
Amphibia 1,300 {12 2.800 047
Repulia 23001 7 6,000 0.41
Aves 9,000 (10) 9,000 1.90
Mammalia 8,100 (12 4.500 1.80
Mammalian order;
Monotremara 20 3 6.8
Marsupiaha 269 266 1.0
Insectivora 270 345 0.8
Dermoptera 22 2 1.1
Chiroprera 402 951 04
Primates 956 181 53
Edenzara a8 29 1.3
Pholidota 5 7 o.7
Lagomorpha 173 58 30
Rodentia 1,538 1,702 03
Ceracea 360 76 4.8
Carnivora 1,157 231 S50
Tubulidentaza 2.7 1 2.7
Proboscidea 94 2 47
Hyracoidea 12 11 1.0
Sirenia 43 4 10.8
Penissodacrvia 142 16 8.9
Artiodactvla 1,124 187 6.0
Pinnipedia 218 33 6.6
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local population of this plant, its restriction to the one voicanic
crater would make it very rare by most definidons. Another type of
rarencss is exhibited by the grass Setaria geniculata, which is found
from Massachuserts to California and on down through ropical
South America to Argentina and Chile but which is not abundant
anywhere. This grass is rare in the sense that its populations are
“chronically sparse” (34) evervwhere in its broad range.

There have been a variety of proposals for codifying ideas about
commonness and rarity. In parricular, Rabinowitz et al. (34) have
considered three different kinds of questions thar arise in thinking
about rarity: (i) is the specics distributed over a broad geographical
area, or is it endemic to some restricted location; (it) whatever its
range, is the species found in a wide variery of habitats, or is it
specialized to one kind of site; and (iii) is the species abundant
somewhere in its range, or are its numbers everywhere small. These
three consideradons combine to give cight categories, only one of
which (broad distribution, unspecialized habitat, large populadons)
ordinarily corresponds to the species being called “common.”
Rabmnowitz er al. noted thar the archetvpal “rare™ species, with
narrow distribution, specialized habitat, and small numbers, repre-
sents only one of several different kinds of rarizy. These investigators
pursued their ideas by applving them to the plants surveved in the
Biological Flora of the Britisk Isles (which gives detailed distribution
maps and rotes about the habitar and population of 177 of the 1822
native Brtish plants). Rabinowitz et al. asked 15 colleagues to
classify cach of the 177 species according to the eightfold caregory
scheme described above (35). This process gave clear consensus for
160 of the 177 species, and the results are summarized in Table 1.

Most species {149 versus 11) are abundant somewhere, and most
species (137 versus 23) have a wide geographical range (Table 1). A
narrower majoricy {94 versus 66) have restricted habirat specificity.

Of the eight categories, species with wide ranges and large
population sizes, but restricted habirat specificities, predominate {71
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Fig. 3. (A} Photographs of plants at various magnifications were placed
under a grid by Morse et al. (21). The number of squares entered by the
outline of the plant were counted, starting with a coarsc grid of two large
squares on one side, then 27 squares, with » varving from 2 to 6 or 7,
depending on the grid size. For eas¢ of representation, the plant’s leaves in
thus figure are drawn flat; in reality they arc oriented at all angles with respect
to the grid. Also for danity, the progressively finer divisions are only
ilusrated in one comer of the figure. The logarithm of the number of
squares entered by the outline of the plant is then plotted against the
logarithm of the number of squares along one side of the gnid, as shown in
{B). The slope of the line equals the fractal dimension, D. (B} Data gathered
in this way for Virginia creeper, photographed withous lezves in carly spring.
The rwigs were photographed ar one scale, then parts of the same twigs were
rephotographed at a higher magnification, permitting D to be estimated ar
two levels of resolution.
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Table 4. Estimared numbkrs of host-specific canopy beetles on Luehea
seemannii, classified into trophic groups (49).

Estimared Estimated

Trophic Number of fraction number of

group species host-specific host-specific

(%) species

Herbivores 682 20 140
Predarors 296 5 15
Fungivores 65 1o 7
Scavengers 96 5 5
Toral 1100+ — 169

of 160 species, or 44%). Most of these “rare habitar” species are
specialists of marsh, sand dunes, bogs, or forest floors; wherever
their habitat exists, they are predictably present (36). The category
that is conventionally called “common” comes a close second,
exemplified by species such as heather, Calluna vulgaris, or English
oak, Quercus robur (58 of 160 specics, or 36%). The remaining six
categories are all less well represented, collectively accounting for
only 20% of the toral. The most frequent of these six are what are
usually called “endemic rarities,” specializing in one tvpe of habizar
bur abundant in thar habitar (14 of 160 species, or 9%); the Lady
Orchid, Orchis purpurea. in Kent is an example. Other categories are
uncommon, and one is unrepresented in the Brinsh flara: Rabino-
witz er al. found no species with small populations in a variery of
habrtats but with a narrow geographic disaribution. The absence of
this category may reflect the small sample size, or it may reflect
ecological mechanisms that are not yet fully understood.

We need more of these kinds of empirical studies of the muldfac-
torial determinants of commonness and rarity (37). Not only do
such srudies tluminate fundamental questions abour diversirv, but
thev have practical implications for conservation biology. For
instance. Table 1 helps justify the attention traditionally given by
conservadonists to “endemic rarities”™: not onlv are these species,
with their narrow ranges and restricted habitar specificites, easily
destroved, but they are also numerically the most prevalent category
of rare plants. Rabinowitz et al. speculated, moreover, that a berrer
understanding of how endangered and exdnct species are appor-
toned among their eight categorics (or among ocher, alternative
categories) may offer “clues abour the causes of the endangered
state” (34, p. 200).

How Many Living Species Have Been
Recorded:

So far, this article has dealt with issues that must be resolved if we
are ever to estimate the number of species in a given region, or on
Earth, from basic principles. The second part of the article now
reviews our currenc ignarance about the simple facts of how many
species there actually are.

Living things may be divided into five kingdoms, distinguished
by different levels of cellular organization and modes of nutrition,
Two of these kingdoms, the prokarvotic monerans and the cukary-
otic prodsts, comprise microscopic unicellular organisms, and to-
gether they account for something like 5% of recorded living
species. The fungal and plant kingdoms represent roughiy another
22% of species. The animal kingdom thus comprises the majoricy
(more than 70%) of all recorded living species (38). Table 2 gives 2
rough account of how the species in the different animal phyla are
apportioned according to the habitar of the adult creatures; cach
phvium represents a distinct body pian, with fundamenta! differ-
ences that distnguish it from all the others (39),
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Fig. 4. Data plotred by Morse et al. {21) on the number of individual
arthropods (mainly insects) of different bodyv lengzhs, collected from vegera-
ton: {A) understory foliage in primary forest in Costa Rica; (B} Osa
secondary vegetation (solid dots) and Kansas secondary vegetation (open
dots); (€) Tabago primary riparian vegeradon (soiid dows) and Icacos
vegetation {open dow); (D) understory foliage in cacao planrations in
Domimca (sohd dots) and in Costa Rica (open dots); and (E) birch trees at

Table 2 shows that most phyla are found in the sea, and more
particularly in benthic environments; manv phyla are found only in
benthic habitats. On the other hand, by far the most abundant
category of recorded living species is terrestrial insects. To a rough
approximation and semng aside vertebrate chauvinism, it can be
said that essendally all organisms are insects. Hurchinson (40, p.
149) has suggested that “the extraordinary diversity of the terresmial
fauna, which is much grearer than that of the marine fauna, is clearly
due to the diversity provided by rerrestrial plants.” Although it ts
true that in the sea vegetation does not form a structured environ-
ment (except close to shore) and thar species generally have large
geographical ranges {and the oceans are contiguous), closer exami-
nation suggests that there are subte boundaries 1o dispersal in the
sea and that latitudinal zonation is often more marked in the sea
than on land (47). Viewing these quesuons in another light, Rav
(42) has observed that although the sea conrains only 20% of ail
animal specics, it contains svstematically higher proporuons of
higher taxonomic units, culminating ir $0% or more of all classes or
phvia {fargely because all phyta are found in the sca. and the bulk of
classes are exclusively marine). These facts make it plain that the
factors influencing how many species there are in any one place—
food web structure, relatve abundance, species-size parterns, and so
on—can operate differently in different environrments and on differ-
ent spatial scales.

Any interpretation of information abour diversity, such as that
summarized in Table 2. is clouded by uncertainties about how
different two groups of organisms have to be before we call them
different species, and by the fact thar some taxa (for example,
vertebrates) have been studied in vasdy more detail than others (for
example, mites). Even within very well studied groups, some
workers recognize many more species than others. This is especially
the <ase for organisms that can reproduce asexually; thus some
taxpnomists see around 200 species of the parthenogenetic Bridsh
blackberry, others sce onlv around 20 (and a “lumping” invertebrate
taxonomust may cen<eds onlv 2 or 3), Some strongly inbreeding
populations are almost as bad, with “splitters” seeing an order of
magnitude more species than do “lumpers™ (43). At a more funda-
mental level, Selander (44) observed that different strains of what is
curtently classified as a single bacterial species, Legionella pneumo-
phila, have nucieotide sequence homologies (as revealed by DNA
hybridizacion) of less than 50%; this is as large as the characreristic
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Skipwith Common, North Yorkshirc. The lower bound prediction that, for
an order of magnirude decrease in body length, there shouid be a roughlv
500-fold increase in the number of individuals, is indicated by the lower
dashed line on each graph. The upper bound prediction—roughly 2000-fold
increase for an order of magninade deceease in body length—is shown by the
upper dashed line.

genedc distance berween mammals and fishes. Relaovely easy
exchange of genetic material among different “species” of microor-
ganisms could mean that basic notions abour what constitutes a
species are necessarily different for vertebrates than for bacteria. Bur
[ think there are likelv also to be svstemnatic trends roward greater
lumping of species of small and relanively less-srudied organisms,
and toward greater splirting as we approach the furries and feather-
1es.

In Table 3, [ atternpt to give a rough impression of how the
efforts of professional taxonomists and systematists are currently
distribured among the major groups of organisms. Obviously the
vertebrates, which comprise only 3% of ali animal species, receive a
disproportionate amount of artention. One result is that new birds
continue to be found at the rate of abour three species per vear
{against a total of around 8000 species), and new mammals ar the
rate of around one genus per vear {against a total of around 660
genera), which contrasts with the possibility that there mav be more
than ten insect species for every onc vet classified 145,

Serting all these reservations and biases aside, the total number of
living organisms that have received Latin binomial names 1s current-
v around 1.5 mithon or so {46). Amazinglv, there 15 as vet no
centralized compurer index of these recorded species. It savs a lot
about inzellectual fashions, and abour our values, that we have a
computerized catalog entry, along with many details, for each of
several million books in the Library of Congress but ao such catalog
for the living species we share our world with. Such a catalog, with
appropriately coded information abour the habitat, geographical
distribution, and characteristic abundance of the species in question
(no martter how rough or imprcssionistic), would cost orders of
magritude less money than sequencing the human genome; I do not
belicve such a project is orders of magnitude less important.
Withour such a factual caralog, it is hard to unrave] the patterns and
processes that determine the biotic diversity of our planet.

How Many Living Species Are There?

Uneil recently, the total number of species was thought to be
around 3 million to 3 million. This estimate was obrtained roughlv as
follows (46). Fou the species of mammals, birds, and other larger
animals thar are relauvely well enumerated. there are roughly twice
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as many species in tropical regions as in temperate ones. The rotal
number of species actually named and recorded is around 1.5
million, and two-thirds of these are found in temperate regions.
Most of these are insects. Bur most insects that have acrually been
named and taxonomically classified are from temperate zones. Thus,
if the rato of numbers of tropical to temperate species is the same
for insccts as for mammals and birds, we may expect there to be
something like two yer-unnamed species of wopical insects for every
one named temperate species. Hence the overall crude estimare of 2
toral of roughly three times the number currentdy classified, or
around 3 million to 5 million.

This estimare is open to several quesdons. For one thing, the toral
includes relaavely few species of bacterial, protozoan, and helminth
parasites, largelv because such parasites are usually studied in
connecton with cconomucally important animal hosts. Bur ir could
be that essentially every animal species is host to at least one
specialized such parasitic species (47), which would immediately
double the esumated total. For another thing, the Acarina (mites},
both tropical and temperate, are even less well studied than cropical
tnsects; it was largely tropical insects thar carried the estimate from
the known 1.5 million to 3 million to 3 miltion, and mites could
carry it significandv higher.

An indirect approach to the question of the number of species
whose bodyv size 15 small 1s through studies of species-size relatons,
such as thar in Fig. 2. Figure 6 depicts a very crude esumarte of the
global torals of rerrestrial amimal species in different size categories
{classified, on a logarithmic scale, according to charactenstc body

Naro
Small

log Abundance log Body size

per species

Fig. 5. (A} The height of each intersection 15 proportional to the number of
beetle species that have a particular combination of body length [pioted
logarithmically on a scale that extends from 0.5 mm, “small,” to 30 mm,
“large™] and abundance [plomred as logarithms to the base 2. on the
conventional “octave” scale of Preston (13)]; for details, see {29). (B through
E} The same information for the separate beetle guilds of herbivores,
predators, fungivores. and scavengers, respectively (29).
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length); the dara in Fig. 6 arc the result of a muldrude of rough and
uncertain estimates {18). The dashed line indicates the scaling of
numbers of species as L2 (20); the fractal consideratons reviewed
in connection with Figs. 3 and 4 suggest the scaling might more
appropriately be somewhere berween L1+ and L2 (48). Whatever
the detailed scaling reladon at larger body sizes, it clearly breaks
down for organisms whose characeristic body length is significandy
below 1 cm. But these are exactly the same creatures—insects, mites,
and the like—that have received reladvely littie attentdon from
taxonomists. Because we lack a findamental understanding of the
size-species relation itself, chere is no reason to expect a simple
extrapoladon of the scaling law for large sizes to estimate accurately
the number of unclassified smaller specics. It is, however, interesting
that the total number of species obtained by extrapoiating down to
around 1 mm or 50 is in the range 10 million to 50 million.

A sounder basis for an upward revision of the estimated number
of species comes from Erwin’s studies of the insect fauna in the
canopy of tropical trees (45). Using an insecticidal fog to “knock
down” the canopy msects, Erwin found that most opical arthro-
pod specics appear to live in the tee tops. This is not so surprising,
because this is where there is most sunshine as well as most green
leaves, fruits, and flowers.

Erwin’s original studies {49} were on canopv-dwelling beetles
{(including weevils) collected from Luehea seemannii trees in Panama
over three seasons. He found more than 1100 species of such
bestles. distributed among the categories of herbivore, predaror.
fungivore, and scavenger as shown in Table 4. To use this informa-
ton as a basis for esumaung the total number of insect species in the
tropics, one needs to know whar fraction of the fauna are specific to
the particular tree species or genus under study; unfortunately, there
arc essentially no data bearing on this point. Erwin estimared 20%
of the herbivorous beetles to be specific to Luekes (in the sense that
they must use this tree species in some way for successtul reproduc-
don) (Table 4); the overall answer 1s more sensitive to this guess
than to the corresponding figures of 3%, 10%, and 5% for predator,
fungivore, and scavenger beetles, respectively. In this wav, one
arrives at the estimate of around 160 species of canopy beetles
specific to a tvpical tropical uee.

N
N
Ay
N

—_
<
-
T

Number ol species
-
(=]
=]
]

102 - .

10F

1 1 1 L I . I

0.5 G 05 1 1.5 2 2.5 3 3.5 4
Iogw[Leng‘lh {rmm)]

Fig. 6. A crude estimate of the distribution of aumber of specics of ail
terteserial animals, categorized according to characteristic lenpgth L. The
dashed line indicates the relation $ ~ L7°, as in Fig. 2 (S is number of
species) [after (18)]. The question mark emphasizes the crudity of these
estirnates and the tnadequacy of the data for small size classes.
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Several other assumptions are needed to pyramid this esimate of
160 host-specific species of canopy beetles per wee to 30 million
species in total. Slighty simplified, the argument runs as follows.
First, Enwin noted that beetles represent 40% of all known arthro-
pod specics, leading to an estimare of around 400 canopy arthropod
species per tree species. Next, Erwin suggested the canopy fauna is
at least twice as rich as the forest-floor fauna and is composed mainly
of different specics; this increases the estimate to around 600
arthropod species that are specific to each species or genus-group of
wopical tree. Finally, using the estimate of 50,000 species of tropical
trees (50), Erwin arrived at the possibility that there are 30 million
tropical arthropods in total. This estimate has been widely cited,
often withour full appreciation of the chain of argumenc underlying
it

Although it is easy to cavil at each step in Erwin’s argument, the
work is important in providing 2 new and focused approach to the
problem of estimating how many species there are. Erwin does not
so much answer the question as define an agenda of research.

First, the overall estimate depends almost lincarly on the necessar-
ily arbitrary assumpton that 20% of the herbivorous beetes are
found only on one specics or genus-group of tree; changing this
number 0 10% would halve the global estimate to 15 million
species. 1 chink it likely that insects feeding in the canopies of rain-
forest trees could be significandy less specialized in their use of food
plancs than are temperate insects, in order to help them deal with the
sparse distribution of many wopical trees. Experiments that
“knocked down” the canopy insect fauna from each of many
neighboring trees of different species could shed light on these issues
and provide a firmer basis for the estmates in the last column of
Table 4 (51).

Second, the fact that 40% of taxonomically classified arthropod
specics are beetles is of doubrtful relevance i, in truth, essencially all
arthropods are unclassified tropical canopy dwellers. What we need
10 know 1s the fraction of the canopy fauna that are beetles. Again,
this informatdon could be obtained by systemade studies of the
overall arthropod fauna in the canopics of a variery of tropical trees.

Third, the assumption that there are roughly two canopy species
for cach forest-floor species is aiso amenable 1o systemadc study.
Such studies should, in my view, reach below the forest floor into
the soil, artempting to get a berrer idea of the species diversity of
decomposing animals (including nemarodes and other helminths;
and other soil-dwellers.

More generally, T believe our ignorance of tropical mites—to
name but one group—is at least as grear as the ignorance about
beetles and other arthropods that Erwin has exposed. These other
groups mav be similarly diverse. One proposal that is ambitious by
ccological standards (although not by those in the physical sciences)
is ta assemble a teamn of taxonomusts, with 2 comprehensive range of
expertise, and then make a rough list of all the species found in one
representauve hectare in the topical rain forest; it would be bemer
to census several such sites (52). Unul this is done, [ will not trust
anyv esdmate of the global total of species.

Coda

For most of the history of life on Earth that is preserved in the
fossil record. rates of extincuon and rates of speciation have been
roughly commensurate. If, however, we assume that something like
haif the extant species evolved in the last 50 million ro 100 mullion
years and that mavbe half of all exrant species will become extinct in
the next 50 to 100 vears if current rates of tropical deforestauon
continue, then contemporary rates of speciation are of order 1
million times slower than rates of extincton (53}, Were speciation

1448

rates plotred as the y-axis on a graph 10 em high, then on the same
scale extinction rates would require an x-axis extending 100 km.

These circumstances give a special urgency to the kinds of studies
called for above. Unlike essentially ali other scientific disciplines,
conservation biology is a science with a time limit, with the clock
ticking faster as the human population condnues to increase. We
need to understand the world of living things for the same
fundamental reasons that we need to understand the physics of the
unimaginably small and of the unimaginably large. We also need
such understanding to manage the biosphere in a sustainable way
(which we do not appear to be doing at present) and to design
rational strategies for preserving some habitats while exploiting
others in ways that allow some fraction of the originat flora and
fauna to persist. I believe furure generations will find it blankly
incomprehensible that we are devotng so lictle money and effort o
the study of these questions.
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