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THE BIOLOGICAL SPECIES CONCEPT:
A CRITICAL EVALUATION*

RoBERT R. SoxAL AND THEODORE J. CROVELLO

Department of Biological Sciences, State University of New York at Stony Brook, and
Department of Biology, University of Notre Dame

I. INTRODUCTION

A species concept has been a central tenet of biological belief since the
early origins of biology as a science. The implications of this term have
changed over the years: the fixed, immutable, and sharply distinet entities
of the Linnaean period gave way to the more variable and intergrading units
of the post-Darwinian era. For many taxonomists before and after Darwin,
the species has simply implied the recognition of groups of morphologically
similar individuals that differ from other such groups.

Through much of biological history there has been controversy regarding
the existence of species in nature. Are species real units in nature? Can the
species category be defined objectively? Given an affirmative answer to the
above two questions, can real organisms be assigned to one of the nonover-
lapping species so delimited ¢ Darwin’s work contributed to the recognition
of species as real entities. The very title of his book, On the Origin of
Species, stressed this category. But as Mayr (1959) has pointed out, Darwin
himself was so impressed by the variability and intergradation in the
material he studied that he considered the term ‘‘species’” to be arbitrary,
not differing in essential features from ‘‘variety.”” Argument regarding
these questions has persisted through changing concepts of the biological
universe and with increasing insights into the genetic and ecological
mechanisms governing the behavior of individuals and populations. The
history of these ideas and controversies is reviewed by Mayr (1957), and we
shall not enlarge upon it here. Some have considered species as man-made,
arbitrary units either because of their philosophical orientation or because
of the difficulty of interpreting variable material from widely ranging
organisms as consisting of one or more species. These arguments have been
countered by evidence of the common-sense recognition of discontinuities
in nature even by lay observers (see Mayr [1963, p. 17] for an account of
species recognition by New Guinea natives, but see Berlin, Breedlove, and
Raven [1966] for a contrary view) and also of species recognition, pre-
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sumably instinctive, by other organisms. Such discontinuities are most
easily noted by naturalists who study local faunas and floras, and the
species concept derived from such situations has been called the ‘‘non-
dimensional species concept’” by Mayr (1963). But in some taxa, such as
in willows, groups generally assigned generic or sectional rank are more
easily recognized by local naturalists than are the species.

The apparent necessity to accommodate within one species concept several
aspeets of organisms led to the development of the so-called biological
species concept (hereafter abbreviated BSC). These aspects include the
variation of characteristics over large geographic areas, changes in these
characteristics as populations adapt to environmental challenges or inter-
act with other populations, and the integration of individuals into popula-
tions to form gene pools through direct processes, as well as indirectly
through their ecological interactions. We shall not trace the development of
the concept during the 1930s. Ernst Mayr, recognized as its foremost advo-
cate, has called the BSC a ‘‘multidimensional concept’’ (Mayr 1963) be-
cause it deals with populations that are distributed through time and space,
interrelated through mutual interbreeding, and distinguished from others
by reproductive barriers.

Since its formulation there have been objections to the BSC from a
variety of sources and motives. Many taxonomists have ignored it for
practical reasons. Some workers (e.g., Blackwelder 1962 ; Sokal 1962) have
charged that the employment of the BSC is misleading in that it imbues
species described by conventional morphological criteria with a false aura
of evolutionary distinctness and with unwarranted biosystematic impli-
cations. In fairness we point out that some supporters of the BSC (e.g.,
Simpson 1961, p. 149) state clearly the difficulties of correlating phenetic
and genetic species criteria even in the same taxonomic group but especially
across diverse taxa. Nevertheless, such caveats do not generally affect either
taxonomic practice or teaching as it filters down to the level of the introduc-
tory courses. These critics also point out that the actual procedures em-
ployed even by systematists with a modern outlook are quite different from
those implied or required by the BSC. Recent trends toward quantification
in the biological sciences and especially emphasis on operationalism in
systematic and taxonomic procedures (Ehrlich and Holm 1962; Ehrlich
and Raven 1969; Sokal 1964; Sokal and Camin 1965; Sokal and Sneath
1963) have raised fundamental questions about the BSC to discover whether
it is operational, useful, and/or heuristic with relation to an understanding
of organic evolution.

The general purposes of this paper are: (1) to show, by means of a de-
tailed flow chart, that the BSC is largely a phenetic concept; (2) given the
above, to show that the BSC should be at least as arbitrary as phenetic
taxonomic procedure; and (3) to explore the value of the BSC to evolution
by posing a set of specific questions. Specifically, we shall first review the
definition of the BSC and enumerate those of its attributes that require
extended discussion and analysis. Next we shall discuss three operations
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required for making decisions about actual populations with respect to
these attributes of the BSC. Armed with an understanding of these opera-
tions, we shall then consider a flow chart of the detailed steps necessary to
determine which of a set of organisms under study can be considered to
form a biological species.

As a next step we shall note the difficulties of applying the BSC even in
the optimal case of complete knowledge regarding the material under study,
and examine how problems multiply as knowledge of the organisms
diminishes.

Finally, given the difficulties of the BSC as a workable concept for the
practicing taxonomist, we shall briefly examine the necessity for such a
concept in evolutionary theory, its heuristic value, and the evidence for the
existence of biological species in spite of the difficulty of their recognition
and definition.

Although our philosophical attitude in systematics is that of empiricism
and consequently we are not committed to the existence of biological species,
we have approached our task with as open minds as has been possible. We
recognize, as must any observer of nature, that there are discontinuities in
the spectrum of phenetic variation. The question we have asked ourselves,
one which we believe must be asked by every biologist concerned with
problems of systematics and of evolution, is whether there is a special class
of these discontinuities that delimits units (the biological species) whose
definition and description should be attempted because they play an
especially significant role in the process of evolution or help in understand-
ing it.

II. THE BIOLOGICAL SPECIES CONCEPT

The number of species definitions that have been proposed since the
advent of the New Systematics and that fall within the general purlieus
of the BSC is very large, but an extended review and discussion of these
definitions would serve little useful purpose here. Many are but minor
variants of the one to be discussed below, and they share in most ways the
problems that we shall encounter with it. We shall employ the classical
definition of biological species as restated by Mayr (1963, p. 19) in his
definitive treatise. The definition is:

Groups of (1)
actually (2)
or potentially (3)
interbreeding (4)
populations, (5)
which are reproductively isolated (6)
from other such groups. (7

We have deliberately arranged the definition in the above manner to em-
phasize those terms or phrases which make separate and important contri-
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butions to the overall definition. Let us briefly go through these. We are
dealing with populations (line 5) whose members nterbreed (line 4) ac-
tually (line 2) or potentially (line 3). The difficulties of the latter term will
be taken up in the next section. There usually is more than one such popula-
tion (line 1). This group of populations will not exchange genes (line 6)
with other interbreeding groups (line 7). This phenomenon is referred to
as reproductive isolation.

According to Mayr (1963, p. 20) there are three aspects of the BSC:
¢“(1) Species are defined by distinctness rather than by difference.”’ By
this he means reproductive gaps rather than phenetic differences (Mayr,
personal communication). ‘‘ (2) Species consist of populations rather than
of unconnected individuals; and (3) species are more unequivocally de-
fined by their relation to nonconspecific populations (‘isolation’) than by
the relation of conspecific individuals to each other. The decisive criterion
is not the fertility of individuals but the reproductive isolation of popula-
tions.”’

Thus to discover whether a given set of individuals is a biological species
in the sense of the above definition we must have information about three
essential components of the BSC: (1) that some individuals lack distinet-
ness (sensu Mayr) from other individuals and join these in comprising
biological populations of interbreeding individuals (this is the meaning
by implication of the term ‘‘population’’ in the definition of the BSC);
(2) that there is a group of such populations among which interbreeding
does, or could, take place (this follows from the ‘‘actually or potentially
interbreeding’’ clause of this definition); (3) that this group lacks gene
flow with other groups of populations (this covers the ‘‘reproductively
isolated’’ portion of the definition). These three aspects of the biological
species are worked into the flow chart (fig. 1) presented below.

III. FUNDAMENTAL OPERATIONS

To ascertain whether a given assemblage of organisms belongs to one
or more biological species, three types of operations for grouping organisms
and population samples will be found necessary (although only the third
is directly implied by the definition given above). The first operation groups
organisms by geographic contiguity; the second, by phenetic relationships;
and the third, by reproductive relationships. In all these cases there will
be some difference in the procedure when the initial grouping is of indi-
viduals into subsets (populations), and when these subsets are the basic
units being grouped into more inclusive sets (species).

All grouping procedures will of necessity be based on samples of
organisms and populations. Only in a minuscule number of instances will
we have knowledge of all the individuals about which inferences are being
made. This is not necessarily an unsatisfactory state of affairs, but it is
important to specify the size of the samples required to estimate parameters
of the populations with a desired level of confidence. Also, the use of samples
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necessitates that some assumptions be made about the spatiotemporal distri-
bution of individuals and populations.

The grouping operations will frequently refer to the idea of commected-
ness. We shall consider two operational taxonomic units (OTUs; see Sokal
and Sneath [1963, p. 121]—individuals or population samples in this con-
text) to be connected if there exists some definable relation between them
(geographic contiguity, phenetic similarity, or interfertility, for example).
Minimally connected sets of such OTUs have at least as many such relations
as permit any two OTUs to be connected via any other members of the
set. Fully connected sets have relations between every pair of members of
the set. We use these terms by analogy with their employment in graph
theory (Busacker and Saaty 1965).

‘We shall take up the three types of operations below in the order in which
they were introduced.

The first operation groups by geographic contiguity. In order to belong
to one population, organisms must be within reach of some others, that is,
have the possibility of encountering for reproductive purposes other
organisms within the same spatiotemporal framework. A first prerequisite
for individuals to belong to the same population is that they come from
sites which would enable them to be within reach of each other, considering
the normal vagility of these organisms or of their propagules. In many
cases we can simply assume this when we have samples from one site con-
taining numerous individuals such as are obtained by seining, light traps,
or botanical mass collecting. In other cases (especially with large orga-
nisms) where single individuals are found at specific sites, we have to be
reasonably certain that individuals from separate sites presumed to be
within the same local population have intersecting home ranges. In de-
veloping a criterion of geographic connectedness among local populations
we need to be concerned with the probability of members of one locality
visiting members of another one to permit the necessary gene flow required
by the model. Again, this will be a function of the distance between locali-
ties, the vagility of organisms, and the ecological conditions that obtain
between points. Various techniques of locational analysis (see Haggett
1966) can be used for establishing these linkages. We note in passing that
the essential information required for this operation is lacking for most
taxa. For example, the pollen and seed ranges for most flowering plant
taxa are unknown (Harper 1966).

A second operation is the establishment of phenetic similarity between
individuals within population samples and between such samples from
various areas. While the definition of the BSC does not invoke phenetic
considerations, it will be shown in the next section that any attempt to
apply the definition to an actual sample of organisms will need to resort
to phenetics in practice. In the initial stages of a study it may be that
sufficient estimates of phenetic similarity can be determined by visual
inspection of the specimens. Clearly, when the material is very heterog-
enous such an initial sorting of the material into putatively conspecific
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assemblages can be profitable. When more refined analysis is indicated, a
quantitative phenetic approach is necessary. Here again we need not con-
cern ourselves with the technical details, which are by now well established
through the techniques of numerical taxonomy (Sokal and Sneath 1963).

The third operation involves grouping nterbreeding tndividuals into
population samples and grouping interbreeding population samples into
larger assemblages. Before discussing this in detail, a semantic digression is
necessary. In most relevant texts the term ‘‘interbreeding’’ is not defined
precisely or distinguished clearly from intercrossing, interfertility, mating,
and similar terms. Recourse to a dictionary is not enlightening. The reader
is aware that the very act of mating (i.e., copulation in animals with or
without insemination, or pollination in plants, to name only two of the
more common mechanisms of sexual reproduction) does not of itself in-
sure the production of viable offspring and especially of fertile offspring.
Clearly, the act of mating or the transfer of male gametes toward a female
gamete is the single necessary precondition for successful interbreeding, but
it does not in itself insure fertile offspring. We shall use the term ‘‘inter-
breeding’’ to mean crossing between individuals resulting in the production
of fertile offspring, but we shall occasionally use the terms ‘‘interfertility’’
or simply ‘‘mating’’ in a similar context.

The only unequivocal, direct basis for forming interbreeding groups is
to observe organisms interbreeding in nature. If we wanted to make the
definition absurdly rigorous, we would wish to insist that an interbreeding
population sample be one where a sufficient number of females from the
local population sample is mated with a sufficient number of males in the
same sample to insure reproductive connectedness to the required degree.
Fertile offspring would have to result from all of these unions. Obviously
such observations are unlikely. Even if we were to turn to experiments to
answer the question, we could not insist on so complete a test of inter-
fertility, both because the number of experiments would be far too great
and because, in most cases such crosses would be impossible, since the
biological nature of the organisms precludes more than a single mating
(e.g., longevity of mating individuals, incompatibility toward further mates
by an already mated female, developmental period of the young, etec.).

Thus, as noted earlier we shall have to resort to samples of field observa-
tions or of crossing experiments. The latter raise the often discussed issue
of whether laboratory tests of interbreeding should be considered as evi-
dence when contrasted with field observations. Clearly, first consideration
must be given to observations of nature as it is. Success in crossing experi-
ments might indicate ‘‘potential’’ interbreeding. In designing crossing
experiments as criteria of interfertility, clear instructions must be given on
what role these experiments will play and whether the definition to be tested
will be satisfied by laboratory crossing experiments or whether field obser-
vations are required.

Added to these difficulties is the fact that most of the material systema-
tists deal with is already dead at the time of study and cannot be brought
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into the laboratory or experimental garden for crossing purposes. Thus,
extensive interbreeding tests are impractical, and one needs to resort to
partial or circumstantial evidence on crossing for inference on interfertility.
As direct evidence on interbreeding diminishes, the methods become in-
creasingly phenetie. Phenetic information is of value in ascertaining inter-
breeding relationships only insofar as one may assume that phenetic
similarity is directly related to ease of interbreeding. Yet we know that
phenetics is an imperfect reflection of interfertility between organisms. In
fact, this has been one of the main criticisms of numerical taxonomy by
evolutionists.

The above arguments should not be interpreted as insistence on our
part for ‘‘complete’’ knowledge of reproductive relationships. Just as one
samples in phenetic studies to obtain estimates of phenetic structure of a
larger population, so it is entirely justified to test reproductive relation-
ships among only a sample of individuals and make inferences about a
larger population. However, both sampling procedures are based on prior
phenetic sorting out of specimens and populations. Thus we test reproduc-
tive relationships only among organisms likely to be interfertile, and the
only way we can recognize these is on a phenetic basis. Therefore, except
for the absurdly extreme reproductive test of each organism against every
other one—biologically and experimentally infeasible, as well as destructive
of the original taxa if it were possible to carry out such a test—reproduc-
tive tests based on samples reflect phenetic considerations in choosing the
individuals to be tested. Furthermore, we must stress that even if we
carried out some crossing experiments we would still need to employ
phenetic inference to reason from the results of our limited number of
crosses to the larger population sample, to the entire local population living
today, and to the entire local population both living and dead.

Depending on the set of reproductive properties chosen by a given scien-
tist, interbreeding will range continuously from complete interbreeding
through intermediate stages to total lack of interbreeding. The two prop-
erties most often considered are connectedness and success of reproduction.
If every individual in a group could interbreed with every other one of
the opposite sex, connectedness would be complete. But the total number of
possible combinations will likely be reduced; that is, some pairs may not
be able to interbreed. This could be so for a variety of reasons, directly
and indirectly genetic, such as sterility genes, reproductive incompatibil-
ities, behavioral differences, seasonal isolation, etc. We are prepared to
accept a sample as connected within itself if each individual is capable of
interbreeding with one or more of the opposite sex in such a way that
the reproductive relationships would yield a minimally connected graph
(Busacker and Saaty 1965) (with n -+ m — 1 edges, where n is the number
of one sex and m that of the other), with terminal members being connected
to one mate only. Such a minimal interbreeding relationship is unlikely in
a large biological sample because it would imply a very complex system
of mating types and intersterilities; yet even such a system practiced over
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many generations would insure genetic connectedness among its members.
A sample whose reproductive relations are less than a minimal connected
set should be separated into those subsets which are connected.

But the ability to mate is clearly not enough. Fertile offspring, which
have a nonzero probability of survival and of leaving new offspring, must
result from such a union. This consideration leads us directly to the
second property characterizing interbreeding.

Success of reproduction can be expressed as the percentage of fertile
offspring resulting from a given mating measured in terms of percentage
of eggs hatched, percentage of seed set, litter size, and similar criteria in
the F; or later generations. The standards set for such criteria and accept-
able levels of success will vary with the investigator.

Therefore, members of a local population sample may be considered to
interbreed either if they are completely interfertile as defined above or if
they are partially interfertile. In the latter case, only samples whose mem-
bers show at least minimal connectedness and whose average success of
reproduction is greater than an arbitrarily established value would qualify.

If organisms are apomicts or obligate selfers, then by their very nature
they cannot form biological species (as has indeed been pointed out by pro-
ponents of the BSC, e.g., Simpson, [1961, p. 161] or Mayr [1963, p. 27]).
If these biological facts are not known to us, they might be suggested by
all individuals forming a disjoint set in this step (i.e., no individuals will
reproduce with any other individual in the sample). Technically, we should
no longer process such samples through the flow chart. However, a useful
classification could be arrived at if we ran the individuals of each local
sample through the phenetic pathways of the flow chart. We infer this
because taxonomists have had no apparent difficulty in deseribing species
by conventional methods in these forms.

Onece it has been demonstrated that the individuals within each local
population sample interbreed, we need only show that there is some gene
flow among the samples studied in order to establish interbreeding among
them. Once genes from population A enter population B, (and those from B
enter 4), interbreeding among the members of A and B provides an oppor-
tunity for the establishment of the new genes in both populations.

We can conceive of several partially interfertile population samples as a
connected set. It would follow that in order to be considered actually inter-
breeding the several population samples would have to represent at least
a minimally connected set of reproductive relationships. Therefore, not
every population sample needs to be directly reproductively connected to
every other population sample in the study. A Rassenkreis is an example of
such a situation. These relationships may be somewhat difficult to represent
because the paths of connection will have to pass through either the off-
spring or parents of mates in a zigzag fashion. However, in populations
among which there is substantial gene flow, it should be possible to make a
chain of connection between any two organisms by going through relatively
few ancestral and descendant generations,
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The term ‘‘potentially interbreeding,’’ which is included in some defini-
tions of the biological species, has never really been defined, let alone de-
fined operationally. It appears to us that the only possible answer one could
get to the question of whether two samples are potentially interbreeding is
““don’t know.”” At best, one would be reduced to inferences about potential
interfertility from phenetic evidence (and we have already seen that this
is not too reliable). It is interesting to note that in his latest work, Mayr
(1969) has dropped ‘‘potentially interbreeding’’ from his biological
species definition.

IV. FLOW CHART FOR RECOGNIZING BIOLOGICAL SPECIES

The actual flow chart is shown in figure 1. The various steps in this
figure are listed in this section, each followed by an explanatory account
of the reasons for the step, the manner in which it could be carried out, and
inherent difficulties.

1. Assemble phenetically similar tndividuals.—This preliminary step is
important because unless the individuals used for the study are ‘‘rela-
tively’’ similar, it is not reasonable to suppose that they interbreed. Lacking
such a procedure, one would be forced to carry out a vast amount of fruit-
less testing for interfertility. Cottonwoods, aphids, and field mice could all
be obtained in samples from the same locality, and, while the subsequent
logic of the flow chart should ensure their separation into independent
biological species (if we can determine that they are not actually or poten-
tially interbreeding populations), a large amount of unnecessary and most
likely impractical work would have to be done to test for fertility between
cottonwoods and field mice, for example.

Systematists have appropriately decided not to trouble about this point
but to use the relatively great phenetic dissimilarity of such groups of
organisms to infer that they would be intersterile if an attempt at artificial
crossing were made. Substantial evidence is available, especially from
plants, that individuals allocated to different orders, families, or genera
are usually intersterile. However, in the vast majority of organisms we may
state with certainty that decisions about the presumptive intersterility of
two dissimilar individuals or populations are based on phenetics alone. But
since phenetic similarity is a continuous variable (as is reproductive inter-
relationship), it is difficult to designate anything but arbitrary similarity
levels above which individuals and populations are potentially interbreed-
ing and hence potentially conspecific and therefore need further testing and
below which they are phenetically so different that the likelihood of inter-
breeding (hence of conspecificity) is small enough to be neglected. In the
absurdly extreme instance of cottonwoods and field mice, this phenetic
comparison is made instantaneously by the taxonomist without the need
for more precise and sophisticated phenetic methods. This step is stressed
here mainly to make the logic of the flow chart complete. When assembling
similar individuals, dimorphisms and polymorphisms may give rise to
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Know all facts; partition each LPS
into parts containing mutually inter-
breeding individuals (localized bi-
ological population samples, LBPS).

Know all facts; partition set into
parts containing interbreeding ele-
ments (LBPSs). Each part represents
the nucleus of a biological species.

Added samples obtained.

No added samples obtained. Bi-
ological species delimited.

o Assemble phenetically similar individuals.

Divide the set of phenetically similar individuals
l(rlitgs’one or more localized population samples

Do individuals within each LPS interbreed?

Do not know and cannot discover all facts;
dL%IiSmit phenetic surrogates of LBPSs in each

Group LBPSs (or their phenetic surrogates) for all
LPSs into phenetically homogeneous sets.

Are the elements of each set found in step 4 (the
set of LBPSs or their phenetic surrogates) actually
or potentially interbreeding?

Do not know and cannot discover all facts;
partition set into parts containin? phen-
etically homogeneous elements (each a
phenetic surrogate of an LBPS) and infer
possibility of interbreeding among these.

Parts obtained in step 5b are further divided
into geographically connected parts; each re-
presents the nucleus of a biological species.

Are there other LPSs that should be added to this
nucleus? Sample extensively and intensively from
the potential geographic range.

grouping
operation

reproductive

divisive agglomerative

geographical A A
phenetic © O

@ O

decision on completeness of information O

F1e. 1.—TFlow chart for determining biological species. For explanation, see

text.
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practical difficulties, and relational criteria based on knowledge of the
biology of the organisms involved may be invoked. Thus, knowing that given
caterpillars give rise to given butterflies, we shall associate them, and in
cases of marked sexual dimorphism we would wish to associate males and
females that appear to form sexual pairs. This can sometimes be done by
refined biometric techniques, but where previous knowledge or simple
observations suffice these should surely be preferred.

A second point is that step 1 should not be carried out so finely that
potential candidates for conspecific status are excluded. Thus the grouping
should err by inclusion rather than by exclusion. Otherwise, since the flow
chart will not e¢ycle through the original sample again, some of the initial
sample of organisms that also belong to the same biological species would
be excluded.

2. Divide the set of phenetically similar individuals into one or more
localized population samples—The procedure leading to localized popula-
tion samples is that of grouping by geographical contiguity as defined in
Section ITI. Since we are at the moment concerned with the grouping of
individuals to form population samples, we would be unlikely to encounter
fixed geographic points from which we can create an interconnected net-
work. Rather, we are likely to obtain a scattering of incidental collection
sites from which we must draw inferences about the potential for geographic
overlap of the lifetime movement ranges of the individuals concerned.

‘We shall define a localized population sample (LPS) in terms of the
natural vagility of the organism. The need for such a definition stems from
the biological attributes of populations as integrated gene pools which re-
quire that the members of a population be within the geographic range
making such integration possible. We use the term ‘‘localized,’”’ following
the conventions of the statistical geographers (Haggett 1966), rather than
the more common ‘‘local’’ population which has certain biological, genetic
and ecological connotations that, although hard to define, nevertheless are
generally invoked in the minds of systematists. By localized population
sample we mean to imply only connection by an external relationship,
largely spatial but also temporal and ecological. Unless otherwise qualified,
this does not necessarily imply genetic or phenetic similarity among its
members.

Gametes or propagules will differ in the distances they travel. A distribu-
tion of such distances, if known, could serve as a measure of vagility. The
ninety-ninth percentile, V, gives a near upper limit to the distances
travelled. If the largest observed distance between any two members of a
cluster being formed is less than %V, where k is an arbitrary constant, we
may define this cluster as a localized population sample. Problems might
arise with uniformly spaced individuals, but such instances invite arbitrary
decisions by any procedure. Also, while the samples are likely to be
phenetically similar following step 1, we have no assurance that each sample
represents one and the same species. Hence the vagilities of the individuals
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within each sample are potentially heterogeneous as well. Percentiles other
than the ninety-ninth might be employed.

Many times one will not have a distribution of exact locations at which
individual specimens have been obtained because the sample will have been
collected at one spot or because the collection records for the entire sample
refer to one spot or to a broad area. In the former case we are clearly deal-
ing with a sample from a localized population; in the latter we have to
make a judicious definition of the area sampled. For instance, if a botanist
furnishes only county records and the sample may be from anywhere within
a county, the maximum straight-line distance within the county will have
to stand for the greatest distance between any two members of the sample.

Of course, in most instances we will not know enough about the biology
of the organisms studied to make a useful estimate of V. We therefore
may have to guess at this value by analogy with known similar organisms.

The definition for localized samples given above should perhaps also
include other criteria, such as time and ecological factors. The biological
species definition as generally stated does not specifically refer to synchro-
nous populations; yet, as has been repeatedly pointed out, the delimitation
of species becomes much more complicated if chronistic aspects are also con-
sidered. One might very well impose an analogous criterion of chronistic
connectedness on the definition and obtain samples localized in both space
and time. Restriction to a given general habitat such as crowns of trees
or leaf litter could also be imposed to restrict the possibility further, but
we do not pursue this subject here.

Each resulting LPS is not necessarily a local population in the conven-
tional biological sense. To be that it would have to be connected not only
in the geographical sense but also by interbreeding relationships. The next
step in the flow chart will impose this added constraint.

3. Is each localized population sample, defined by geographic contiguity
in step 2 above, also interbreeding within itself; that s, do its individual
members interbreed among themselves?—Localized populations that are
not interfertile within themselves cannot make up the elements of a biologi-
cal species population. In its rigid interpretation, we would have to ascer-
tain whether there is either actual or potential interbreeding within each
localized population sample. We have two choices in answering this ques-
tion: we can either claim to know or hope to find out what the actual
interbreeding relations among the organisms are—this leads us to step 3a—
or we may decide that the question cannot be answered fully or at all in
terms of interbreeding relationships and proceed to make inferences about
these from other evidence, usually phenetics (step 3b).

3a) Knowing all the facts about interbreeding interrelationships within
each LPS, we may partition it into parts containing mutually interbreeding
elements. Bach such part represents a localized biological population sample
(LBPS).

The general criteria for recognizing interbreeding have been given in the
previous section and will not be repeated here. The difficulties of testing
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even within a limited sample the interbreeding of a sufficient number of
members are considerable, and in fact step 3¢ is, for all intents and pur-
poses, impracticable. Even if all necessary crosses were feasible in theory,
we have seen that sampling based on phenetics will be required sooner or
later for inferences about potential interfertility of some untested members
of each LPS and of the larger local population. For this reason a broken
arrow leads to and from the grouping operation based strictly on repro-
ductive criteria, 3a, to indicate that this is not the usual path.

3b) When we do not know and cannot discover all the facts regarding
interbreeding, we have to delimit at least some phenetically homogeneous
subsets in each LPS and infer interbreeding of members of each subset
(we may call these subsets phenetic surrogates of an LBPS).

We may assume that markedly dissimilar organisms have already been
eliminated in step 1. When eliminating grossly different organisms, one
should also take care that polymorphic forms representing sexes, genetic
polymorphs, or different ontogenetic or cyclomorphic stages are not ex-
cluded. If no obvious differences are present, the establishment of the
homogeneity of the individuals within the sample may require sophisticated
biometrical analysis. Even then, homogeneity cannot ever be proven. It
can only be established that for the set of characters which has been mea-
sured the individuals appear to be homogeneous. If a heterogeneity is dis-
covered, as, for example, in the form of a bimodality of a given character
or a constriction or discontinuity in character hyperspace, we need to allo-
cate the sampled individuals to the two or more subpopulations thus defined.
Intergrades will be troublesome in this context, and final decisions on
boundaries of the phenetic groups are bound to be arbitrary.

Another method for grouping the subsamples within the original LPS
would be to cluster the organisms by one of the methods of numerical
taxonomy. As before, such a procedure is quite arbitrary in terms of the
choice of a criterion of homogeneity.

4. Group the LBPSs (or their phenetic surrogates) for all LPSs into
phenetically homogeneous sets—This is an agglomerative phenetic group-
ing procedure and is necessary as a preliminary to the rigorous test by
the defined criteria for the BSC. This is so because, following the strict
guidelines of the biological species definition of ‘‘actually or potentially
interbreeding populations,”’ one would have to test all samples obtained
at the various localities for mutual interbreeding. As will be seen later, this
is a formidable, if not impossible, task even when the samples are homoge-
neous within and among LBPSs, so that one may presume that they all be-
long to the same species. However, at this point in our procedure for deter-
mining whether a group of populations constitutes a biological species, we
do not as yet know that the separate subsets in the various LBPSs defined
in step 3 are similar to such a degree. All we know is that they are homoge-
neous within LBPSs. This does not necessarily mean that they are homoge-
neous among LBPSs.

Markedly different populations will already have been eliminated in step
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1 of the flow chart. Thus we would no longer find one LBPS of drosophila
and another LBPS of field mice. However, there might well be several
species of drosophila, from the same locality, each in a single LBPSs, formed
by a partition of one original LPS during step 3. We now must take all
LBPSs (subsets from different LPSs) and combine them to form one or
more sets whose elements are phenetically closely related LBPSs, regardless
of the LBP from which they originated. It should be understood here that
LBPSs in this step include not only those samples defined by step 3a, when
this is possible, but must often include their phenetic surrogates established
in step 3b.

When the LBPSs comprise two or more phenetically closely related but
reproductively isolated groups of samples, this admixture becomes a prob-
lem. In most cases, techniques like numerical taxonomy should be able to
cluster the populations correctly into those that are phenetically alike and
therefore candidates for becoming a biological species, subject to further
tests in this flow chart. The criterion of phenetic similarity to be employed
is necessarily arbitrary, and for this step to be operational we have to
establish phenetic limits. One situation where such an analysis might result
in clusters undesirable for the present purpose is with marked geographie
variation, possibly related to adaptation to ecological differences. Suppose
there were two sibling species distributed over the area. It may well be
that samples from reproductively isolated populations showing parallel
ecological adaptations may cluster before joining with freely interbreeding
samples from ecologically different areas. In such cases, some other form of
multivariate analysis that removed the effect of ecological differences from
a series of morphological variables would reveal the correct situation.

In summary, in most instances of testing for biological species the pre-
liminary test (step 1) is carried out automatically, often already by the
collector who does not bother to pick up animals other than those of the
species group he is interested in. Nevertheless, it must be clearly recog-
nized that unless the phenetic decisions of steps 1 and 4 are taken, one
cannot in practice proceed with the determination of the specific status of
these populations.

5. Are the elements of each set found in step 4, the set of LBPSs or their
phenetic surrogates, actually or potentially interbreeding among them-
selves?—This question refers to the most important criterion of the BSC.
In its rigid interpretation in terms of the definition, we would have to
ascertain whether there is either actual or potential interbreeding among
individuals of all the population samples obtained for our study. We have
two choices in answering this question: we can either claim to know or
hope to find out what the actual interbreeding relations among the orga-
nisms are—this leads us to step 5a— or, we may decide that the question
cannot be answered fully or at all in terms of fertility relationships and
proceed to make inferences about these from other evidence, usually
phenetics (step 5b).

5a¢) Knowing all of the facts about interbreeding interrelationships
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among elements of this set, we may partition it into parts containing
mutually interbreeding elements (LBPSs). Each such part represents the
nucleus of a biological species.

As has been pointed out repeatedly by proponents as well as opponents
of the biological species definition, it is impracticable to ascertain these
facts in most real situations. The difficulties encountered are of many kinds.
The only kind of evidence that would unequivocally answer the question
posed is direct observations of marked individuals and of their dispersal
(or that of their gametes or offspring), plus observations on mating and
success of the progeny in the field. Laboratory experiments on interfertility
could be carried out but would indicate neither whether such interbreeding
would take place in the field nor whether the offspring of such unions
would be viable and reproduce under field conditions.

Even if we were to admit the evidence of laboratory tests, or of crossing
experiments by botanists in experimental gardens, the number of crosses
required would be formidable. With only two reciprocal crosses for any
pair of population samples, we would need a? tests for ¢ samples (including
controls within samples). Thus, for 10 local populations (a far from ade-
quate number in most modern studies of speciation), 100 crosses would have
to be made. Yet, we have no assurance that a single representative of each
local sample would suffice to establish the necessary facts. After all, if an
incomplete sterility barrier exists between these populations, then certain
genotypes representing the population might not be able to cross while
others would do so successfully. Doubtless, a more representative subsample
of each population sample is needed to arrive at a decision on this matter.

On the other hand, since it was demonstrated—or inferred—in step 3
that the individuals within each sample interbreed, we have already stressed
in Section III that we need only show that there is some gene flow among
the samples being compared in order to establish interbreeding. Again, we
need to distinguish between complete interbreeding, which would mean total
panmixia or swamping among all population samples (an unlikely occur-
rence if the samples are reasonably far apart), and partial interbreeding.
The latter, again, could depend on connectedness between some individuals
in different LBPSs, which will govern the amount of gene flow, and
success of reproduction, which refers to the percentage of fertile offspring
from such crosses and the success of these offspring, evaluated by some
standard. Arbitrary levels for these parameters must be designated to make
the definition operational. We shall not suggest such levels here. In any
event, the amount of experimental work and of field observations necessary
to obtain answers for step 5a would become staggering and is clearly not
practical. Sampling and inferences for the larger population are again
phenetically based. For this reason there is once more (as in step 3a) a
broken arrow leading to and from this operation.

5b) We do not know and cannot discover reproductive relationships
among all of the elements (LBPSs) of this set. We therefore partition it
into parts containing phenetically homogeneous elements (phenetic surro-
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gates of LBPSs) and infer the possibility of interfertility among these.

This is a phenetic grouping procedure. The type of phenetic connected-
ness that should reflect whether samples (LLBPSs) are actually inter-
breeding includes a high degree of overall phenetic similarity or the pres-
ence of intermediaries (introgression). Both kinds of phenetic evidence
are subject to the same arbitrariness associated with the degree to which
isolating mechanisms must be present before one can call two samples the
same biological species. Here, we have to decide what degree of phenetic
similarity must be present before considering two samples members of the
same biological species. This will vary, of course, with the particular group
under study and most of all with the characters chosen for analysis. As
Davis and Heywood (1963), as well as critics of numerical taxonomy (e.g.,
Stebbins 1963), point out, morphological similarity is not a very accurate
reflection of the evolutionary status of biological species. Also, overall
similarity may not be the most critical phenetic relationship to be estab-
lished. Phenetic evidence of introgression may be considered a more im-
portant criterion. We shall not discuss the possible procedures in detail
here, since our main point is to point out the necessity of inference from
phenetic evidence.

Had we been able to follow through on step 5a¢ and define parts con-
taining mutually interfertile elements, we could have bypassed step 6
below because we would have met the requirements of the biological species
definition. Since we could not rigidly proceed by step 5e¢ and had to resort
to phenetic evidence in step 5b, we should strengthen our inferences by
determining the geographical connectedness of these elements as shown in
step 6.

6. The parts of homogeneous sets of phenetic surrogates of LBPSs 0b-
tained in step 5b are further divided into one or more parts by geographic
contiguity.—This is done to increase our accuracy in the delimitation of
biological species. Criteria of geographic proximity should reflect the likeli-
hood of gene flow occurring between any two populations. Thus localities
will be considered connected if some members of one LBPS at one locality
have an opportunity to join a similar LBPS at the other locality. Geo-
graphical distances in such a model would be modified into ecological
distances expressing the probability of propagules from one population
entering the other population. We are now in a position to make joint
judgments about the biological status of the resulting parts, which are
phenetically homogeneous and geographically connected sets, constructed
by a technique analogous to that of Gabriel and Sokal (1969) for geographic
variation analysis.

It will be obvious that, since the level of phenetic homogeneity desig-
nated for assigning LBPSs to the same biological species is arbitrary, as is
the accepted degree of geographic connectedness, decisions on membership
in a biological species are arbitrary as well. That is, we may occasionally
decide to include within the same biological species phenetically homoge-
neous populations that are not fully geographically connected; and, con-
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versely, we may include populations that are phenetically distinet but
seem to be fully geographically connected. Since these criteria do not, in
any case, meet the formal definition of the BSC, their exact interpretation
is not at issue here, unless we wish to infer ‘‘potential interbreeding’’ from
them.

Following steps 5b and 6 we obtain the intersection of the parts resulting
from these procedures. We infer that the elements in such an intersection
(LBPSs or their phenetic surrogates) can represent the nucleus of a
biological species. If we are prepared to accept the concept of potentially
interbreeding populations, then we may simply use phenetic similarity as
a criterion and bypass step 6, which implies actual gene flow in the geo-
graphic connections defined by its operations. To avoid confusion, this
alternative is not shown in figure 1.

We now must ask ourselves whether the delimitation of this particular
biological species can be extended to include other local populations. This
is done by the final step, which follows.

7. Are there other LPSs that should be added to the above nucleus?—
This step tests the adequacy of sampling. This question can be answered by
further sampling of organisms from newly studied LPSs, starting with step
1 and repeating the entire procedure.

We define two kinds of additional sampling. Extensive sampling gathers
further samples beyond the spatial limits of previous samples. Intensive
sampling seeks to sample areas within the spatial limits of previous samples
that have not been sampled before. This step will involve phenetic and
geographic criteria, since it would be even more impractical to employ
fertility criteria here as well. There is little point in going back through
the flow chart, since the same information (phenetics and contiguity in
distribution) will be used. In this step, as in steps 1, 3b, 4, and 5b, phenetic
considerations will in the end largely delimit the biological species.

V. PHENETIC BOTTLENECKS

We now can examine the flow chart as a whole and imagine ourselves
running some organisms through it to determine into how many biological
species they should be divided. Let us design the optimal case for the
systematic study of these organisms by the BSC criteria. Therefore we
assume unlimited quantities of live material available from suitably posi-
tioned locations throughout the range of the organisms. Since tests of
fertility would still require an enormous amount of experimentation, we
shall imagine ourselves equipped with an all-knowing computer of unlimited
capacity which will provide correct answers for meaningful questions asked
of it, obviating experimental tests for interbreeding between pairs of
individuals within and between locality samples. To make the situation
correspond more closely to the real world about which we wish to make
inferences, we shall restrict the computer’s performance as follows. It
cannot be queried simultaneously about the interbreeding of all individuals
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of interest, but it will provide correct replies to sequential questions about
relationships between each and every pair of individuals.

Given the above (and assuming that we have agreed on a criterion of
interbreeding as discussed in Section III), we should be able to eliminate
all steps in the flow chart except those that make critical tests of inter-
breeding, namely, 3a and 5a. But we would find that even our phenomenal
computer would soon be running overtime providing answers to the millions
of questions about interbreeding results of the possible combinations of
individuals which we would have to ask. Hence, even in this utopian case
we would wish to avail ourselves of steps 1 and 4 for purposes of grouping
individuals and populations initially by phenetic likeness so as to cut down
on the number of questions about interbreeding that need to be asked. (Thus
we shall avoid asking whether an individual cottonwood would cross with
an individual aphid.) However, even this timesaving device would not be
sufficient. We would still have so many questions to ask about interbreeding,
that our patience, if not that of a computer, would soon be exhausted, and
we would take certain shorteuts, that is, ask questions about interbreeding
of some of the individuals while resorting to phenetic similarities of these
with other untested individuals for conclusions about the entire sample.
But, having made this concession (i.e., having taken the path of the solid
arrows in fig. 1), we are back at steps 3b and 5b, which we call the phenetic
bottlenecks because limitations of time will force all studies, even the imag-
inary optimal study just discussed, into these operations.

Hence, while the definition of the BSC does not involve phenetics, the
actual determination of a biological species always will do so, even in the
optimal case. As soon as we permit less favorable (and more realistic) con-
ditions to obtain, such as more limited material and no omniscient com-
puter but a hard-working scientist with limited resources and facilities,
establishment of biological species from fertility characteristics is entirely
quixotic. We are left with what is essentially a phenetic criterion of
homogeneous groups that show definite aspects of geographic connectedness
and in which we have any evidence at all on interbreeding in only a
minuscule proportion of cases.

The above is true for all animal organisms and for most plant organisms,
as well. But even in those plant groups where crossing tests (the so-called
experimental taxonomy) have been applied, the basic definition of the
species is of necessity phenetic because the statements that are made rest
on phenetic inferences from the relatively few crosses that have actually
been carried out in these groups.

Phylogenetically oriented systematists have pointed out in the past that
there are practical difficulties in determining the potentiality of interbreed-
ing in given cases. But, as we have shown here, the concept cannot be used
even under optimal circumstances. Simpson (1961, p. 150) has called this
a pseudoproblem. He feels that the difficulty of ascertaining whether the
definition is met in a given case with a sufficient degree of probability is
different from the validity of the concept as such. Yet, as will be discussed
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below, there is serious question that the concept is evolutionarily mean-
ingful.

VI. DISCUSSION

The BSC 1is imprecise in its formulation and inapplicable in practice.—
An obvious conclusion from the above flow chart and analysis is that in
practice phenetics plays an essential role at several crucial points in the
delimitation of a biological species. This leads to the critical question of the
degree to which phenetics reflects interbreeding among individuals and
populations. But many examples are known (see Davis and Heywood
1963) where phenetics can only mislead the biosystematist who is seeking
the biological species. This ranges from simple polyploidy without pheno-
typic change and eryptic species, on the one hand, to problems of reactions
to the environment, on the other. For example, small flowers are a result
of dryness but can also be produced by mutation (Grant 1954). Without
subjecting his material to experimental analysis the practicing systematist
could not distinguish between these two causes. In other words, the induec-
tive inference that is necessary here is often unwarranted.

Our study of the operations necessary to delimit a biological species
revealed considerable arbitrariness in the application of the concept. This
is in direet conflict with the claims of nonarbitrariness by proponents of
the BSC. We use the terms ‘‘arbitrary’’ and ‘‘nonarbitrary’’ here in the
sense of Simpson (1961, p. 115), where ‘‘a group is nonarbitrary as to
inclusion if all its members are continuous by an appropriate eriterion, and
nonarbitrary as to exclusion if it is discontinuous from any other group by
the same criterion. It is arbitrary as to inclusion if it has internal discon-
tinuities and as to exclusion if it has an external continuity.’’ The degree
of sterility required in any given cross and the number of fertile crosses
between members of populations, not to mention the necessarily arbitrary
decisions proper to the hidden phenetic components of the BSC, make this
concept no less arbitrary than a purely phenetic species concept, and per-
haps even more so, since phenetics is but one of its components.

Relevant at this point is a contradiction in the use of the BSC regarding
hybridization. This is a confusing term because at one extreme some
authors call successful crosses between members of two strains a hybrid,
while at the other extreme only crosses between members of two species, or
between two genera, are hybrids. If a hybrid is produced in nature from
two species and there is any backerossing at all, then by a striet applica-
tion of the BSC the two parents should belong to the same species, even if
such hybrids appear in only a small part of the range of the species. But
such an application is not usually made, since the investigator has some
arbitrary level of frequency of crossing that he will tolerate before as-
signing the parents to the same species.

One of the prime complaints of the opponents of a phenetic taxonomy
has been that it is typological (Inger 1958; Mayr 1965; Simpson 1961).
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‘Whether empirical or statistical typology is an undesirable approach for a
classificatory procedure is not at issue here. This question is discussed in
some detail by Sokal (1962). In his most recent work on systematics Mayr
(1969, p. 67) describes essentialist ideology as synonymous with typology in
the following terms: ‘‘This philosophy, when applied to the classification
of organic diversity, attempts to assign the variability of nature to a fixed
number of basic types at various levels. It postulates that all members of a
taxon reflect the same essential nature, or in other words that they con-
form to the same type. . .. The constancy of taxa and the sharpness of
the gaps separating them tend to be exaggerated by [the typologist]. The
fatal flaw of essentialism is that there is no way of determining what the
essential properties of an organism are.”” However, it should be pointed
out that, whether this is desirable or not, the BSC as advanced by its
proponents is in itself a typological concept in the above sense. It is
typological because it is defined by strict genetic criteria which are rarely
tested, and which may not be met by its members (individuals or local
populations). We shall examine below the question of whether populations
in nature correspond to the biological species type erected by the new
systematists. It may well be that the BSC does not reflect a widespread
phenomenon in nature but rather represents a theoretical ideal to which
existing situations are forced to fit as closely as possible.

It might be claimed that other variants of the biological species definition
than the one employed by us could have been shown not to involve un-
warranted inferences. However, a careful study of a great variety of such
definitions shows this not to be the case. The definition by Emerson (1945)
—‘“evolved (and probably evolving), genetically distinctive, reproductively
isolated, natural population’’—and that by Grant (1957)—‘‘a community
of cross-fertilizing individuals linked together by bonds of mating and
isolated reproductively from other species by barriers to mating’’—are
both prone to the same difficulties. Simpson (1961, p. 153) defined ‘‘evolu-
tionary species’”’ as ‘‘a linkage (an ancestral-descendant sequence of
populations) evolving separately from others and with its own unitary
evolutionary role and tendencies.’’ This is so vague as to make any attempt
at operational definition foredoomed to failure.

Some plant biosystematists consider the BSC definition we have chosen
to be genetie, and not necessarily evolutionary. Some, for example, would
maintain that two populations belong to two biological species if they
differ in at least one qualitative character and if there exists a certain
amount of sterility between them. But this and similar definitions contain
the same drawbacks of necessary phenetic inferences and arbitrariness as the
concept we have discussed. It still is based in large part on phenetic infer-
ences that may be unwarranted, and it still distorts relationships among
populations by lumping them into a smaller number of biological species.
The same comments apply to the definition of a biological species as a set
of individuals sharing a common gene pool. This last definition may appear
to have one advantage over previous ones. It does not demand that local
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populations be erected during the process of species delimitation. In terms
of our flow chart, steps 2 and 3 would be deleted and subsequent steps
reworded. Although this has the ‘‘advantage’’ of reducing the number of
necessary steps in the process, this is more than outweighed by the in-
creased amount of inference about gene-pool membership that now must
be made from only phenetic evidence, as opposed to inferences made previ-
ously from both phenetic and geographic information.

Some essential questions about the BSC.—From the above conclusions
drawn about the BSC, we see that only in rare instances, such as a species
consisting entirely of one small endemic population, is the concept even
partly operational in practice. But a nonoperational concept may still be
of value. For example, it may be used to generate hypotheses of evolution-
ary importance. We shall examine several relevant questions for systematists
and evolutionists concerned with the BSC. At this time we can do little
more than to ask the questions and to suggest possible answers.

1. Is the BSC necessary for practical taxonomy ? By practical taxonomy
we mean the straightforward description of the patterns of variation in
nature for the purpose of ordering knowledge. This is phenetic taxonomy,
or perhaps simply taxonomy as Blackwelder (1967) sees it. The BSC is
not a necessary part of the theory of practical taxonomy, although the
category ‘‘species’’ is. The answer to question one is no.

2. Is the BSC necessary (or useful) for evolutionary taxonomy? This
is a more difficult question to answer, since different workers attach differ-
ent meanings to the term ‘‘evolutionary taxonomy.’”’ It may mean the
relatively less complex task of putting all members believed to be derived
from the same ancestral stock into the same taxon, say at the genus, or
family, level. Or it may involve detailed (usually phenetically inferred)
description of cladistic relationships among taxa at some categorical level.
The property of interbreeding may or may not be possessed by all members
of the group currently under study. Most evidence for decisions in evolu-
tionary taxonomy (and all evidence above the level of classification where
crossing is not possible, e.g., between members of two families) is based not
on interbreeding but on phenetics and homologies, whether they are
morphological, behavioral, physiological, serological, or DNA homologies.
Most work to date, especially on DNA homologies, has involved very dis-
similar taxa, such as wheat, corn, pigs, monkeys, and man. Since the
biological species does not play an essential role in any of the above work,
the answer to question 2 also would appear to be no.

3. Is the BSC valuable as a unique, heuristic concept from which
hypotheses valuable for evolutionary theory can be generated at a high
rate? It would appear that any evolutionary hypothesis generated in terms
of the BSC can also be generated in terms of the less abstract localized
population and perhaps generated more easily. Significantly, population
genetics, both theoretical and practical, in nature and in the laboratory,
concerns itself with the localized population, or a small number of adjacent
localized biological populations. There are few if any insights supposedly
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obtained from species that cannot be better interpreted at the population
level. In fact, some would say that they can be interpreted only at the
population level. Nothing is gained by additional abstraction to the species
level (except perhaps in efficiency of names), but much is lost, namely,
accuracy, for no two localized biological populations are alike. By forcing
a large series of them into one biological species we lose the resolution of
their differences. The answer to question 3 appears to be no.

4. TIs the BSC necessary (or useful) for evolutionary theory? That is,
does the general theory of evolution, or any particular evolutionary process,
require, or use, the BSC? With respect to the general theory, the answer
appears to be no. If we examine the evolutionary situation within some
ecosystem, we can generate the same theory based on localized biological
populations without grouping sets of interbreeding populations into more
abstract biological species. Parenthetically, we may point out that what
are probably the most important and progressive books on evolutionary
theory that have been published within the last year or so essentially do
not refer to the biological species at all. MacArthur and Wilson (1967) in
their study of island biogeography, Wallace (1968) in his analysis of
evolutionary mechanisms, and Levins (1968) in his theory of evolution in
changing environments base their entire discussions on Mendelian popula-
tions and hardly mention the BSC. Williams (1966, p. 252) believes that
the species is ‘‘a key taxonomic and evolutionary concept but [it] has no
special significance for the study of adaptation. It is not an adapted unit
and there are no mechanisms that function for the survival of the species.”’

Let us turn to evolution over geological time and consider the birth and
death of a presumed biological species. Assume that a certain phenetic form
appeared at time ¢ in the fossil record, subsequently became abundant, and
then became extinct at time j. What does this mean? It means only that
certain populations that possessed the given phenotype were able to survive
from time ¢ to time j. Ignoring polytopic origins, this means that this favor-
able character combination was transmitted among several localized bio-
logical populations. Nowhere does such a process demand that this set of
populations be put into one group and that it be called a biological species.
This can be done, but it is not essential to evolutionary theory. Of course, it
is done for convenience of reference. It orders our knowledge in a certain
way, as does grouping organisms into taxonomic species, then into genera,
then families, ete. Thus it would seem to us that the biological species is an
arbitrary category, which may be useful in given situations but is not a
fundamental unit of evolution, except possibly in a case in which there is
only one local biological population, and therefore the biological species as
a class has only one member.

Furthermore, if we assume a priori that all organisms can be put into
some biological species, then we of necessity concentrate on finding such
classes. Could it be that the occurrence of well-circumseribed biological
species is mot the rule but the exception, in biology? Although Stebbins
(1963) says that 70%-80% of higher plant species conform well to the
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BSC, other evolutionists, upon the accumulation of more and more evidence
(e.g., Grant 1963, p. 343 ff.) recognize the frequent occurrence of borderline
situations.

We do not in any of the above statements imply that reproductive bar-
riers are either nonexistent or unimportant in evolution. Quite clearly they
are of fundamental significance. But we do question whether they can be
employed to define species and whether emphasis in evolutionary theory
should be based on phenomena (including reproductive barriers) pertain-
ing to the species category or to a lower category, the local population.

The answer to question 4 appears to be unclear at best.

Conclusions.—If our contention that the BSC is neither operational nor
necessary for evolutionary theory is granted, what consequences result for
general evolutionary theory? There would be few changes if any in terms
of our understanding of speciational mechanisms. For example, the numer-
ous important principles outlined by Mayr (1963) in his treatise on the
species would still be relevant even if the term ‘‘species’’ as such were re-
moved and replaced by others referring to phenetically different popula-
tions, or reproductively isolated populations, or populations with both
properties. The positive aspect of such a procedure would be that evolu-
tionary theory and research would concern themselves more with discover-
ing and describing mechanisms bringing about population changes than
with trying to bring organic diversity into an order conforming to an ab-
stract ideal. The emphasis would be on unbiased description of the variety
of evolutionary patterns that actually exist among organisms in nature, and
of the types of processes bringing about the different varieties of population
structure. We believe that in the long run this approach would lead to
greater and newer insights into the mechanisms of evolution. Funda-
mentally this would be so because such an approach would free hypothesis
construction in evolution from the language-bound constraint imposed by
the species concept. (See Kraus [1968] for a lucid exposition of some of
these issues and especially the role of the Whorfian hypothesis.) Even if the
‘Whorfian hypothesis is only partially correct, the very fact that we need no
longer put our major emphasis on species definition and description would
have a liberating effect on evolutionary thinking. By not tying the variation
of individuals and populations to abstract ideals or relating it to a one-
dimensional nomenclatural system incapable of handling the higher dimen-
sionality of the variation pattern, we would be led to new ways of looking at
nature and evolution.

Having decided that the BSC is neither operational nor heuristic nor of
practical value, we conclude that the phenetic species as normally described
and whose definition may be improved by numerical taxonomy is the ap-
propriate concept to be associated with the taxonomic category ‘species,’’
while the local population may be the most useful unit for evolutionary
study.

In advocating a phenetic species concept we should stress that, in con-
cert with most numerical taxonomists, we conceive of phenetics in a very
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wide sense. All observable properties of organisms and populations are con-
sidered in estimating phenetic similarities between pairs of OTUs. These
would include not only traditional morphological similarity but also physio-
logical, biochemical, behavioral similarity, DNA homologies (Reich et al.
1966), similarities in amino acid sequences in proteins (Eck and Dayhoff
1966 ; Fitch and Margoliash 1967), ecological properties (Fujii 1969), and
even intercrossability (Morishima 1969). Critics of a phenetic taxonomy
have claimed that such a wide definition of phenetics makes the term mean-
ingless, since all possible relationships among organisms are then by defini-
tion phenetic. But this is not necessarily so. Similarities over the set of all
known properties are surely different from similarities based solely on the
ability to produce fertile offspring.

Insistence on a phenetic species concept leads inevitably to a conceptual-
ization of species as dense regions within a hyperdimensional environmental
space in the sense of Hutchinson (1957, 1969). Current trends in evolu-
tionary thinking do, in fact, consider this approach to species definition as
a more useful and heuristic concept, and, as already mentioned, the exis-
tence of apparently ‘‘good’’ asexual species supports this view. However,
the establishment of such an environmentally bounded species concept, an
idea whose germs can be found in numerous recent papers, is beyond the
scope of the present article, which limits itself to pointing out the weak-
nesses of the generally promulgated BSC.

SUMMARY

The term ‘‘species’” has been a central tenet of biological belief since the
early days of biology. But the concepts attached to the term have varied
and often were not defined rigorously. The purpose of this paper is to in-
vestigate the biological species concept (BSC): to consider its theoretical
aspects, how one would actually delimit a biological species in nature,
whether such species exist in nature, and whether the concept is of any
unique value to the study of evolution.

The classical definition of the BSC is partitioned into its essential com-
ponents, and some of their aspects and problems are discussed. Three fun-
damental operations necessary for the delimitation of biological species in
nature are described in detail. These are operations based on criteria of:
(1) geographic contiguity, (2) phenetic similarity, and (3) interbreeding.
Two properties of interbreeding, connectedness and success of reproduc-
tion, are defined and discussed.

A flow chart for recognizing biological species is constructed from the
definition as given by Mayr. Each step involves one of the three operations
mentioned above. Reasons are given for including each step, as well as the
inherent difficulties of each. It can be seen that most steps are either largely
or entirely phenetic, even in theory. The necessary phenetic steps are termed
‘‘phenetic bottlenecks.”” To test the flow chart, we assume the unrealistic
but optimal situation of total knowledge about the interbreeding relations
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among sampled organisms. The phenetic bottlenecks remain in this optimal
case, and the degree of reliance on phenetic information for the delimita-
tion of biological species increases as we depart from the optimal situation
and make it more realistic.

The BSC is found to be arbitrary (semsu Simpson) when attempts are
made to apply it to actual data in nature, and not only because arbitrary
phenetic decisions are a necessary part of the delimitation of biological
species in nature.

On asking some essential questions about the value of the BSC to taxon-
omy and evolution, we find that the BSC is not necessary for practical
taxonomy, is neither necessary nor especially useful for evolutionary taxon-
omy, nor is it a unique or heuristic concept necessary for generating hypoth-
eses in evolutionary theory. Most of the important evolutionary principles
commonly associated with the BSC could just as easily be applied to
localized biological populations, often resulting in deeper insight into
evolution.

Having decided that the BSC is neither operational nor heuristic nor of
any practical value, we conclude that the phenetic species as normally
described is the desirable species concept to be associated with the tax-
onomic category ‘‘species,’”’ and that the localized biological population
may be the most useful unit for evolutionary study.
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