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1933 by accepting that all knowledge
remains theoretical, and that although
some of this knowledge may be true, its
truth can never be proved, even to a
degree of probability. This solution
makes distinguishing science from fan-
tasy all the more important. How then do
we account for the obvious practical suc-
cesses of science versus fantasy in pro-
viding useful understandings of how the
world works? Popper proposes an
“evolutionary” theory of knowledge,
which also answers his problem of
demarcation.

According to him, the only logically
defensible test of knowledge is that of
falsification. If knowledge can be stated
in the form of a theory, then specific
predictions can be deduced logically
from it and given initial conditions. (I
pass over the critical and unresolved
problem of what a theory is—cf. Suppe
[ed.], 1977.) With a proper test, the
disconfirmation of a single prediction
logically proves the theory to be false,
but no number of confirmatory tests will
ever prove its truth. Popper then answers
his problem of demarcation by conclud-
ing that no idea is scientific or rational if
it cannot make potentially falsifiable
predictions about the empirical world.
Thus defined, scientific understanding
grows only through proposing bold
hypotheses—hypotheses which cover or
include the “known” phenomena, but
which are “improbable” (or information
rich) because they deductively predict
heretofore unexpected relationships or
situations. These new predictions are
then subjected to empirical tests, or in
Popper’s words “ingenious and severe
attempts to refute them.” As bold hy-
potheses are proposed and tested ever
more stringently against reality, those
which contain high contents of untruth
are falsified and selectively eliminated.
Thus, a bold hypothesis which survives
criticism contains additional information
which is not demonstrably false, even
though its absolute truth cannot be
proved. The net result of Popper’s pro-
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gram to “discover’” scientific knowledge
is then to “evolve” selectively an increas-
ing and empirically realistic understand-
ing of the world (Kuhn, 1965; Popper,
1970, 1972a, b, ¢).

Caveat emptor. As an ideal, Popper’s
program has much to recommend it, but
as a scientist following Popper’s advice to
critically test generalizations against
empirical reality, I find it difficult to ap-
ply. There are several traps in the philo-
sophical ideals abstracted above, but a
digression into metaphysics and seman-
tics is needed before I can adequately
discuss them.

My most basic metaphysical assump-
tions for my practice as a scientist are uni-
formitarianism, empiricism or realism,
and nondeterminism. I see no reason to
assume that anything has happened in
the past, or will happen in the future,
which cannot at least in principle happen
in the present. Nor do I see any justifica-
tion for assuming the existence behind
the empirical world of an ultimate reality
of deterministic causality and essences.
Many aspects of the empirical world are
usefully and pragmatically explained by
the theoretical world of nondeterministic
quantum physics. For those unfamiliar
with the physical evidence for the exist-
ence of this world, I recommend Eisberg
and Resnick (1974) as a nontrivial intro-
duction to the effects of quantum level
uncertainty on more familiar levels of
matter. Although fairly rigorous, the
nonphysicist should still find this read-
able. If this quantum physical world is
accepted as the basis for reality, the
deduced conclusion is that no causal rela-
tionship involving matter is determin-
istic, except to a (sometimes nearly exact)
approximation. Quantum level uncer-
tainty leads to uncertainty in radioactive
decay and Brownian motion. In tumn,
these and other nondeterministic effects
on molecules directly influence such
macroscopically important phenomena as
neuron firing; fertilization; and the
mutation, recombination, and assortment
of chromosomes. Thus, nondeterministic.
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processes significantly affect the predict-
ability of the development and behavior
of individual organisms.

This world view has profound implica-
tions for the natural philosophy of evolu-
tionary processes. However, one thing
not implied is that these processes must
be completely unpredictable. All that is
indicated is that they cannot be predicted
exactly. Both theory and practice suggest
that stochastic or probabilistic predic-
tions are still possible (e.g., Monod, 1971,
Morowitz, 1968).

To avoid misunderstanding, either
here or in later discussions, the terms
deterministic, nondeterministic, stochas-
tic, random, and cause should be defined
as I use them. A deterministic relation-
ship between two events or things signi-
fies that the occurrence of one specific
event or thing requires that the other also
occur with exact and unchanging quali-
ties and properties in comparison to the
first. The deterministic relationship is
assumed to apply universally. Non-
determinism simply implies that the
relationship between two events or
things is no longer exactly deterministic.
Nondeterministic relationships may be
either stochastic or random. A stochastic
relationship is where one specified event
or thing has a definite but not determinis-
tic effect on the probability of the occur-
rence, qualities, or properties of the
second. In general this relationship can
be described by some probability distrib-
tion function which may reflect the ac-
tions or characteristics of some natural
law. A random relationship is where one
event or thing has absolutely no effect on
the probability of occurrence, qualities,
or properties of the second. A causal re-
lationship between two events or things
bearing a temporal relationship to one
another assumes that the antecedent
event influences the occurrence, quali-
ties, or properties of the subsequent
event or thing through the action of
natural law. This influence may be either
stochastic or deterministic, depending on
the law. The antecedent event or thing is
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the cause, and the influenced character-
istic(s) of the subsequent event or thing is
the effect.

Given this groundwork, the scientist
wishing to use the ideals of the philoso-
phers of science should beware of the fol-
lowing difficulties:

1) From Plato and Aristotle to at least
the 1960’s most philosophers have been
searching for a logical methodology to
reveal absolute truth in an ideal world of
universal and deterministic laws—a
world which science has convincingly
demonstrated simply does not exist in
empirical reality. By 1969 the philoso-
phers were just getting this message
(Suppe [ed.], 1977).

2) Many situations which scientists are
concerned with are not universal by any
definition of the term (e.g., Kitts, 1977).
Many logical arguments philosophers
use to support their theses depend cru-
cially on the assumption of universal
determinism. For instance, although
Popper accepts nondeterminism in his
world view (Popper, 1972c¢), his argu-
ment that a generalization can be abso-
lutely falsified by a single disconfirma-
tion is logically invalid if the prediction
to be falsified is nondeterministic. For
stochastic predictions, no number of dis-
confirmations will ever absolutely prove
falsity. All arguments, whether inductive
or deductive, must be criticized on their
initial assumptions and statistical merits,
not by some ideal of absolute truth or
falsity. (But note that the logic of statisti-
cal inference also has critical and unre-
solved foundation problems—Salmon,
1966, 1967.)

However, that hypotheses should be
empirically realistic is still the principle
which makes science different from fan-
tasy. The idea of-a test assumes that the
generalization predicts empirically ob-
servable conditions which may in prin-
ciple be distinguished from imaginable
alternative conditions. If such predic-
tions are confirmed, they support the
belief that the generalization is realistic.
If they fail, the generalization is probably
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unrealistic. However, there are also other
ways to eliminate unrealistic generaliza-
tions which will be discussed in more
detail below.

3) Many philosophers of science, in-
cluding Popper, may be criticized be-
cause they have chosen to ignore proces-
ses used to discover generalizations. Al-
though Popper gave his main thesis the
title, “The Logic of Scientific Dis-
covery,” his program of “discovery” is no
more than his evolutionary theory of
knowledge as I have outlined it above.
His “logic” is simply to be “bold”—to
include as many untried predictions as
possible under a single covering gen-
eralization, and to test as many different
bold generalizations as possible—to en-
tail the maximum information content.
The logical result of this boldness should
be that some increase in realistic infor-
mation will survive testing. Thus, despite
Popper’s lip service to the logic of mak-
ing generalizations, he dismisses the
process of discovery as irrational and not
worth considering because it involves
induction.

My conclusions amplify those of Suppe
(1977) and others in Suppe [ed.] (1977):
at least until recently, most philosophers
of “‘science” have paid scant attention to
how science actually works. Aside from
their quixotic search for truth in a non-
existent ideal world, they have assumed
that one set of heuristic schemata (e.g., the
Hypothetico-Deductive schema) is ade-
quate for all science. Most have also ig-
nored the logic and epistemic signifi-
cance of making generalizations (except
for example, Hanson, 1958). Yet real
science inescapably involves both mak-
ing generalizations and assessing
whether they are realistic. Both compo-
nents yield information on the empirical
realism of the putative knowledge
(Salmon, 1966, 1967; Suppe, 1977), but
philosophers have not even fully clarified
how realistic generalizations are tested,
let alone generated. Nickles (1973) and
Suppe (1977) indicate the path to resol-
ving this situation. It is to accept that each
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scientific discipline tends to have its own
armory of heuristic schemata, which
evolve as new practices prove better than
older ones in producing empirically re-
alistic knowledge. Philosophers of sei-
ence should then develop a taxonomy of
the various kinds of problems scientists
wish to solve, identify the specialized
schemata used to solve them, and ascer-
tain the logical and epistemic values of
these schemata.! Then, perhaps philoso-
phers can innovate and justify still better
logics for problem solving. This work is
only beginning (Suppe, 1977).

My study of heuristic schemata used in
evolutionary biology is incomplete.
However, I have isolated those used in
my own work from the data and hypothe-
ses within which they are embedded.
Once isolated, their functions can be
described and their logical and epistemic
values for solving particular kinds of
problems assessed. The schemata are
surprisingly general: they should apply
with little modification to a wide range of
problems with similar logical structures
in a variety of fields beyond biology. My
discussion of the schemata is broken into
four sections: in the first, speciation
represents a class of problems which
share many characteristics. Given these
characteristics the possible forms of a
solution and the possible ways this solu-
tion can be reached are constrained.
Solving a problem of this type is equiva-
lent to locating and then understanding
an unknown but repeated signal hidden

1Chorley and Haggett [eds.] (1967) and Harvey
(1969) have done almost exactly this for geography,
which studies some problems that are structurally
very similar to those of evolutionary biology. Har-
vey (1969) reviews and develops the relevant
epistemological theory much more completely than
I have. These works are commendable exemplars
for what could be done with the heuristic methods
of evolutionary biology. Also interesting is that they
seem to result from a major revolution in the logical
methodology of problem identification and solving
in geography which is at least as fundamental as
that evolutionists now seem to face (see also foot-
note page 660, below).
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in the random fluctuations of a noisy
communication channel. The second
section describes schemata used to locate
those features in the noise which should
be included in an explanatory model to
solve the problem. This may be called a
program for discovery. The third section
then discusses how models may be con-
structed once the components of the
potential solution have been located. The
final section then discusses several heur-
istic schemata which may be used to
further test the empirical realism of the
hypothesis. Each of these will be illus-
trated by examples of how I have used
them in the sceloporine program.

THE PROGRAM FOR DISCOVERY BY
COMPARISON

THE PROBLEM TO BE SOLVED: TO EX-
PLAIN COMPLEX STOCHASTIC BUT ITER-
ATED HISTORICAL PROCESSES

The nature of the problem of specia-
tion. Speciation is typical of problems
many evolutionists study. Most evolu-
tionists probably would accept the fol-
lowing generalizations about speciation:
the formation of two or more present
species from one past species results
from historical processes comprised of
individually unique and unrepeatable
combinations of events which bear spa-
tial, temporal, and perhaps causal rela-
tionships to one another. When the ques-
tion of how one past species became two
present species is considered, the only
evidence usually available will be ob-
servable effects of the past history of
events on the present. The effects of
some, or many of these past events, may
be partially or completely obscured by
the effects of other historical events hav-
ing nothing to do with the case of specia-
tion being considered (i.e., are randomly
related to it). Speciation is also a
phenomenon where most causal relation-
ships can be assumed to be nondetermin-
istic (i.e., involving mutation, recombina-
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tion, migration, selection, and sampling
errors of reproduction and death—all of
which trace stochastic properties from
quantum physics). Although some evolu-
tionists might disagree, there is also no
reason to believe a priori that there is
only one set of qualitatively similar
processes which form new species. The
desired solution to the problem of specia-
tion is to find the most realistic under-
standing of the laws of causation govern-
ing processes which result in speciation.

As defined here with respect to histori-
cal processes, a law is a fundamental
property of nature. Although the scientist
can never prove that the law is known
exactly, it may at least be understood to
an empirically testable approximation,
The most useful understandings of laws
are those which prove to have the great-
est explanatory or predictive power. Ex-
planations should logically account for
observations already made. Predictions
should specify observations to be ex-
pected in unexamined sets of the
phenomenon in question. Predictions
may concern either unexamined proper-
ties of the initial cases studied, or they
may apply to the same types of properties
originally studied but in cases not
studied initially. Obviously, if the ex-
planation is based on unrealistic assump-
tions, if it is not logical, or if its predic-
tions are not substantiated, the under-
standing is poor and should be revised or
replaced.

Generalized statement of the problem.
In its most general sense, the problem of
speciation is to identify those kinds of
past events which result in the formation
of two or more descendent species from
one ancestral species and to explain how
this result is achieved. Thus it belongs to
a general class of fundamentally similar
problems characterized by at least most
of the following assumptions about
properties of the phenomenon to be
explained, “P”’, and of the world in which
P occurs:

1) P results from complex historical
processes which are evolutionary
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5)

6)

7)

8)

10)
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(i.e., they involve a series of re-
lated events and changes spread
through time) and which produce
the observable consequence(s)
by which P is recognized.

Each process producing P may
be resolved into a finite number
of unit events which are unique
for that particular example in
detail, number, and spatio-
temporal relationships (i.e., the
process is “unrepeatable”).
Causal relationships among the
unit events producing P are
governed by stochastic laws.
These laws derive from funda-
mental properties of matter,
space, and time and may be ex-
plained by them.
Uniformitarianism applies: noth-
ing has happened in the past
which is in principle not observ-
able in the present.

Several causes may affect one
event, and one cause may affect
several events. Such multiple
causes or causations will obey
rational laws of interaction as in 3
and 4, above.

The only evidence of past events
in processes which result in P is
their empirically observable con-
sequences in the present.
These consequences may be
obscured to some unknown ex-
tent by the effects (or “noise’) of
events unrelated to P.

Although processes producing P
are unique because of their dif-
ferences in detail, P’s are iter-
ated, and similar consequences
produced by similar processes
may be examined independent-
ly.

Processes producing P’s may be
found in various stages of com-
pletion.

The desired solution is to under-
stand how the consequences by
which P is recognized are pro-
duced and to determine the

range of initial conditions which
result in P. The understanding
should be as realistic as possible.

Besides their frequency in evolution-
ary biology, problems with these charac-
teristics (or simpler relatives) are found
in disciplines as diverse as the history of
science, geology, economics, and psy-
chology, as recognized by Ghiselin
(1969, 1974). I would add political sci-
ence, ecology, geography, and cosmology
to this list. The comparative approach
should be efficacious for achieving
understandings in all of these fields. It
involves the successive and/or parallel
use of various heuristic schemata and
also includes several stages of corrective
feedback from nature which help the
evolving understanding become more
realistic in its explanations of nature.
Figure 1 provides a flow chart to indicate
the informational relationships among
the various components of the entire
program of the approach.

SIGNAL AVERAGING SCHEMAS

Overview. The major source of induc-
tive power in the comparative approach
is a logical methodology which facilitates
generalizations about causal relation-
ships among present variables. It works
with sets of facts obtained from observa-
tions of the present characteristics of
multiple examples of P. The core of the
method is a statistical signal averaging or
cross correlation procedure: if multiple
cases of P exist and can be studied, and if
the causes of these P’s are iterated,! then
their effects projected onto present fea-
tures should be detectable as modes of
correlation with one another and with the
features that identify P. The “noise” due
to random features should not correlate
significantly. The added information

1If P results from more than one set of causes, at
least the number of these sets should be small with
respect to the number of cases available for analy-
sis, and there should be several cases of each set.
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1. PROBLEM IDENTIFICATION AND INITIAL SPECULATIONS_J

|

TO ILLUSTRATE PROBLEM

2. SELECT APPROPRIATE "EXPERIMENTS" AND "CONTROLS"

i

3. COLLECT DATA FROM EXPERIMENTS AND CONTROLS

COLLECT OTHER NEEDED DATA l'_

t

l 3a.
)

ARE

CORRELATIONS

FOUND
?

4. DO CROSS-CORRELATION ANALYSES OF N-DIMENSIONAL
MATRICES TO IDENTIFY SIGNIFICANT PHENOMENA

4a. FURTHER CROSS CORRELATION

T ANALYSES WITH NEW DATA

5. GENERATE MODEL(S) THROUGH ANALOGY, INDUCTION,
ETC. WHICH PROVIDE CAUSAL EXPLANATIONS FOR
SIGNIFICANTLY CORRELATED PHENOMENA

5a. REVISC AND/OR REPLACE
MODEL AS INDICATED BY

NEW CORRELATION ANALYSES

SHOULD

RANKED
?

NO

YES

6a IS
MODEL LOGIC
0K ?

YES

7. TEST ASSUMPTIONS 8. TEST PREDICTIONS 9. TEST RECONSTRUCTIONS
a. DEMONSTRATIONS a. SAME PHENOMENA OF NEW CASES DO MODELS PLAUSIBLY
b. H-D EXPERIMENTS b. OTHER PHENOMENA OF ORIGINAL CASES RECONSTRUCT CASES
¢, SIMULATIONS c. OTHER PHENOMENA OF OTHER CASES ACCORDING TO EVIDENCE

0K NO
7
YES TR NO
?
YES

NO

YES

‘AND'

10, A NATURAL PHENOMENON HAS BEEN IDENTIFIED AND UNDERSTOOD, BUT THIS UNDERSTANDING SHOULD
BE HELD ONLY AS LONG AS IT PROVIDES REALISTIC EXPLANATIONS OF OBSERVATIDNS ABOUT NATURE

Figure 1.

Flow chart tracing the informational relationships of the heuristic schemata used to discover and test

understandings about the causal processes involved in the evolutionary development of classes of historical

phenomena.

from correlated features should limit
“guessing” for an explanation, since the
explanation should be able to account
deductively for the coexistence of the
newly identified features along with
those used to identify P. In other words,
the cross correlation procedure provides
a logical basis for developing bold
hypotheses in Popper’s sense, which will
contain an information content already
shown to be realistic.

More power is gained if stages in the
development of P can be cormrelated
across similar developmental stages.

Presumably, initial events will be less
obscured in the earlier stages by noise
and subsequent events than they will be
in later ones. Dated stages should also
provide evidence on the temporal evolu-
tion of the processes involved.

It is even better if a group of geneti-
cally or otherwise related cases can be
found which resemble the P cases, but
which lack the features of P itself. These
may be considered as “controls” for the
“experimental” cases which do exhibit
features of P. If the experimental or P
cases show correlated features not found
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among the selected controls, this pro-
vides strong evidence that these are
causally related to P.

The signal averaging principle will be
amplified and exemplified, as I describe
and discuss the individual steps in the
discovery program (Fig. 1). These ex-
amples serve to introduce the scelopo-
rine studies.

STEP 1: PROBLEM IDENTIFICATION AND
INITIAL SPECULATIONS

General principle. Contrasted with
mere data gathering, any scientific re-
search should begin with a problem. The
problem will generally first be seen by
the scientist as a situation or phenome-
non which is inadequately explained by
his knowledge of the world. The more
clearly the problem can be demarcated
and questions relating to it formulated,
the easier it will be to develop specific

methodologies to find the desired
knowledge.
Background information on the

sceloporines. While I was an under-
graduate in biology at San Diego State
University, from 1961 through 1964, 1
became interested in lizard biology and
studied some simple field ecology prob-
lems with local species under the super-
vision of Don Hunsaker II. From my
courses (including Richard Etheridge’s
comparative anatomy of the vertebrates)
and informal contact with Etheridge and
Hunsaker, both experts on sceloporines,
I became familiar with these animals and
the problem they posed.

According to Smith and Taylor (1950),
the lizard fauna of continental North
America included 54 species of Scelo-
porus and perhaps 50 Anolis (also
iguanids). The next most speciose genera
in North American representation were
Eumeces (Scincidae) with 22 species, and
Cnemidophorus (Teiidae) with about 17
species. No other genus contained more
than about 15 species by this taxonomy.
Aside from being remarkably numerous,
Sceloporus species are also ecologically
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remarkably diverse. They are found in
almost every habitat available to lizards;
over a range from the Canadian border to
Panama, from below sea level in desert
basins to above timberlines in high
mountains, and from extreme tropical
rainforests to extreme temperate deserts.
In many areas three to seven species
occur sympatrically. No other North
American genus approaches this ecologi-
cal diversity or species density,! although
both Eumeces and Cnemidophorus have
wider geographic ranges due to their
occurrence on other continents.

Savage (1958) grouped Sceloporus
with eight other genera (Phrynosoma,
Uta, Urosaurus, Petrosaurus, Callisau-
rus, Holbrookia, Uma, and Sator) to form
the sceloporine branch of the family.
Etheridge (1964) excluded Phrynosoma
from this assemblage, but acknowledged
its close relationship. Etheridge’s (1964)
osteological observations indicated that
Sceloporus are not primitive scelopo-
rines. Sceloporus, Uta, Urosaurus, and
Sator were grouped in a relatively de-
rived position within the sceloporines
(see Fig. 2, from Presch, 1969, based
primarily on Etheridge, 1964). Although
osteology does not differentiate among
these four genera, external morphology
(development and imbrication of body
scales, and the loss of the gular fold)
suggests that Sceloporus are probably
derived even with respect to Uta and
Urosaurus. Also, a comparatively recent
derivation is supported by the fact that
morphological variation among the 54+
species of Sceloporus does not exceed
that found in other iguanid genera with
only 10 to 15 species. A thesis that Scel-

1Cnemidophorus, as it is presently known, may
have up to 5 or 6 species occurring sympatrically in
areas of the Rio Grande Valley of New Mexico.
However, in these cases, all but one or two of the
“species” prove to be diploid or triploid unisexual
parthenospecies, which clearly are the products of
instantaneous speciation. Most of these are proven
to be of hybrid origin (Cole, 1975; Parker and
Selander, 1976).
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UMA (4 sp.)
CALLISAURUS (1 sp.)
HOLBROOKIA (4 sp.)

PHRYNOSOMA (15 sp.)
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SCELOPORUS 4 sp.)

(5
SATOR (2 Sp.)
16

p
UROSAURUS |
vra (9 sp.)

e. First cervical

rib lost

€. Lacrimal and postfrontal
lost

d. Frontals covered anteriorly

f. Clavicles develoyp
hooks

d. Frontals covered
anteriorly in some

g. Interclavicle median process

shortened

N\

a. Sternal
in size

fontanella increased

b. Sternal ribs reduced to 3

PETROSAURUS (incl. STREPTOSAURUS) (4 sp.)

. Sternal
Sternal ribs 4

MmO >

fontanella of moderate size

Lacrimal ana postfrontal present
Frontals exposed anteriorly

. Five pairs of cervical ribs

. Clavicles without hooks

. Interclavicle median process long.

Figure 2. Phylogenetic relationships and numbers of species of the sceloporine genera. Phylogeny based on
Presch (1969: 286), after Etheridge (1964). Primitive character states designated by capital letters. Small letters
indicate derived character states. Species numbers are from Smith and Taylor (1950). By 1966 taxonomic
revisions changed Holbrookia to 3 species, Petrosaurus to 3, Phrynosoma to 14, and Sceloporus to 57.

oporus had more opportunities for speci-
ation simply because it is an older radia-
tion cannot reasonably explain the strik-
ing species diversity. The conclusion
from these data showed that the species
diversity of Sceloporus was extraordi-
nary compared to other North American
genera, and particularly to their close
relatives.

Hunsaker continually reminded me
that this anomaly presented a fascinating

problem to be explained. However, no
opportunities in biogeography or special-
izations in ecology or morphology ex-
plained why Sceloporus, instead of some
combination of the related genera,
should have achieved such a striking
proliferation of species. The anomalous
species diversity most likely was a result
rather than a cause.

For a cytogenetics course project (Hall,
1964) also suggested by Hunsaker, I col-
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lected all information then available on

iguanid lizard cytogenetics (Painter,
1921; Matthey, 1931; Cavazos, 1951;
Hunsaker, personal communication;
Schroeder, personal communication;

Zeff, 1962). Data were found for 11
species (Table 1): five were from genera
distantly related to Sceloporus and to one
another. All were reported to have 2n=36
karyotypes, which I argued (Hall, 1964)
were primitive in the Iguanidae (see
Paull et al., 1976, for a discussion of the
logic followed). The remaining six spe-
cies, all Sceloporus or their closest rela-
tives (Fig. 2), were reported to have 2n’s
from 22 to 30 or more. Many of these data
proved to be wrong, but the concentra-
tion of chromosomal diversity in Scelop-
orus has been fully validated (Paull et al.,
1976).

First statement of the sceloporine
problem. As I finished my undergraduate
degree in January 1964, I planned to spe-
cialize in community ecology, but my
ecological interests did not suggest prac-
tical master’s thesis projects. With the
question in mind—“what explains the
extraordinary species diversity of Scelop-
orus?—I saw that the correlation of
chromosomal diversity and species
diversity might lead towards this ex-
planation. I did not expect that the prob-
lem could actually be solved, but that the
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attempt would help me to understand
better the species concept as a useful
background for studying species interac-
tions in ecological communities. The
comparative approach provided the ideal
tool for attacking the problem.

Even though 2n’s were available for
only 11 of more than 500 species in the
family, because I could see no other ob-
vious correlation with prolific speciation,
I thought that the chromosomal diversity
might offer a clue (Hall, 1964). Chromo-
somal differentiation might allow some
form of non-allopatric “chromosomal
speciation,” while more conservatively
evolving genera could form species only
by slower allopatric speciation (Mayr,
1963). Thus, chromosomally variable
lineages might form species besides
those formed allopatrically. These extra
species would provide added opportuni-
ties to evolve a wider variety of ecologi-
cal specializations. Sceloporus was parti-
cularly suitable for intensive study, not
only because of the possible association
between species diversity and chromo-
somal diversity, but also because its
many closely related species offered the
possibility of finding relatively early
stages in the process of chromosomal dif-
ferentiation and the possibly associated
speciation (i.e., where morphospecies
were still “polymorphic”). The compara-

TABLE 1. IGUANID KARYOTYPE FORMULAS AVAILABLE IN 1964.

source

species 2n:formula*
Anolis carolinensis 36:12MM,24m
Dipsosaurus dorsalis 36:12MM,24m
Crotaphytus collaris 36:12MM,24m

Phrynosoma cornutum 36:12MM,24mt
Holbrookia texana
Urosaurus ornatus
Sator angustus
Sceloporus graciosus

Sceloporus undulatus

30:12MM, 18m*
~28:12MM, 16m?!

30:12MM, 18m¢

34-36:12MM,22-24m'

30-36:12MM, 18-24m!

Painter, 1921; Matthey, 1931

Zefl, 1962

Painter, 1921; Zeff, 1962

Cavazos, 1951

Painter, 1921

Painter, 1921

Hunsaker, pers. comm.

Schroeder and Hunsaker, pers. comm.
Painter, 1921

Sceloporus occidentalis 22:12MM,10m Schroeder and Hunsaker, pers. comm.
Sceloporus olivaceus 22:12MM,10m Painter, 1921
*MM = Metacentric Macrochromosome, m = microchromosome,

tActual formulas = 34:12MM,22m.
! Actual formula = 30:12MM,18m.
$Actual formula = 22:12MM, 10m.
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tive approach might reveal details that
would show how chromosomal specia-
tion differed from other kinds. I also
mentioned but did not discuss in detail
that variation should be examined in
other genera, such as Anolis (not closely
related to Sceloporus) to test further the
reality of the correlation between
chromosomal differentiation and specia-
tion.

STEP 2. SELECT APPROPRIATE “EXPERI-
MENTAL”’ AND “CONTROL”’ CASES TO
ILLUSTRATE THE PROBLEM

General principle. The principle of
“controlling” a comparative study is
analogous to that of controlling a labora-
tory experiment. In the laboratory, the
experimenter uses an apparatus where an
independent variable can be manipu-
lated to learn its effects on dependent
variables whose variations are presumed
to be causally connected to those of the
independent variable. To exclude effects
in the output of the experimental appara-
tus from unknown or extraneous inputs
not under the experimenter’s control, the
experiment is controlled by an apparatus
which is as similar to the experimental
apparatus as possible, except that the
independent variable is held constant.
Any variation in the output of the control
apparatus is assumed to be experimental
artifact, and subtracted from the output of
the experimental apparatus. The varia-
tion in the dependent variable remaining
after subtracting the artifact should result
from the causal influences of the parame-
ter manipulated by the experimenter.

The principle in a comparative study is
the same, except that “nature” is the
experimenter. The investigator selects a
set of natural experiments, or cases, Cx ,
from nature which exhibit the dlagnostlc
variables, V*,  which identify the
phenomenon of interest, P; and a set of
similar control cases, Co,, that do not
show the V* of P. Many features Ve, will
be constant, or correlate strongly across
both sets of cases. These presumably are
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not causally related to V* but result from
the selection procedure. Other features,
Vx, will show correlations within the set
of Cx;, but not among the Co,. These Vx
are assumed to be causally related to V*
in the production of P.

Comparative studies differ from the
laboratory experiment in that experimen-
tal cases may be selected either because
they exhibit a presumed “cause” or in-
dependent variable, e.g., the fixation of a
certain kind of chromosomal rearrange-
ment, or because they exhibit the pre-
sumed ‘“‘effect” or dependent variable,
e.g., speciation. Also, the heuristic
schema requires no hypothesis to
account for the relationship of the vari-
ables, V* and Vx, or even an idea of what
the Vx should be. The relationship is
demonstrated as a logical consequence of
the causal connections between the vari-
ables, and not by preconceived beliefs of
the investigator. In practice, there may
be a working hypothesis to explain P,
which can help to select potentially im-
portant variables to study. This kind of
selection is useful, if not too restrictive,
since it is impractical to study all aspects
of the cases (this is the difficulty with
Baconian induction). On the other hand,
preconceptions should not influence
selection of which experimental and
control cases to study. This should be
determined arbitrarily by the way the
problem is defined. In biological sys-
tems, the most obvious and probably
least biased controls would be lineages
which ecologically parallel the experi-
mental lineages, and which are phylo-
genetically closely related to them. If
such controls are not practical, depend-
ing on the problem, controls should be
selected which meet at least one of these
criteria.

Sceloporine experiments and controls.
The research question formulated to
guide the selection of cases for the com-
parative study of sceloporine speciation
was based on the anomalous species
diversity of Sceloporus relative to the
other North American lizard genera: is
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this anomaly explained by the fact that
Sceloporus formed “extra” species by
nonallopatric speciation mechanisms not
available to conservatively speciating
genera? Does this involve chromosomal
differentiation, and if so, what other fea-
ture(s) result from this speciation me-
chanism (or mechanisms), and how is this
constellation of features produced? The
obvious experimental cases were specia-
tion events in Sceloporus, and the obvi-
ous controls were speciation events in
the other eight sceloporine genera.

Although there was no evidence, ini-
tially, to determine which Sceloporus
species may have resulted from the sup-
posed non-allopatric speciation mecha-
nism(s), it was assumed that Sceloporus
probably included many cases of non-
allopatric speciation in the evolution of
its 54+ species. However, some Scelop-
orus species were presumably also
formed allopatrically. Although later in
the study these would provide the best
controls for nonallopatric speciation, ini-
tially, the cases of allopatric speciation
would represent noise or artifact among
the experimental cases. Thus appropriate
control genera should be studied to
identify features that correlate only with
allopatric speciation, so they could be
subtracted from the Sceloporus data base,
to leave primarily those cases likely to
have resulted from nonallopatric specia-
tion.

The other sceloporine genera serve as
controls for identifying the allopatrically
speciating Sceloporus. These are Petro-
saurus (2 species), Phrynosoma (14 spe-
cies), sand lizards—Callisaurus, Hol-
brookia, and Uma (~10 species), Uta (6
species), Urosaurus (~10 species), and
Sator (2 species). According to Savage
(1958), Etheridge (1964), and Presch
(1969), all share a close common ancestry
with Sceloporus. The biogeographical
opportunities for speciation appear to
have been similar for all of the genera
except the insular Sator: all have distri-
butions centering on the North American
deserts, and belong to the “New North-
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ern Faunal Element” of the North
American herpetofauna (Savage, 1960,
1966) which evolved in situ along with
the development of the North American
deserts (Axelrod, 1950, 1958; Axtell,
1958; Norris, 1958; see also Morafka,
1977). Within this desert environment,
the sceloporine genera show three main
ecological specializations: Phrynosoma,
which are specialized nomadic anteaters;
the sand lizards, which are cursorial
insectivores that run after their prey, and
which normally perch directly on the
ground or small stones; and the Uta-
Sceloporus assemblage, which normally
perch off the ground (on rocks, trees,
bushes, etc.), and wait for prey to come
within easy striking distance. At least Uta
and Urosaurus should ecologically
parallel Sceloporus. Other controls are
needed to distinguish speciation of any
kind from non-speciation. These are
provided by studying different popula-
tions included within operationally de-
fined species.

Extending the idea of the natural ex-
periment, if the correlation between
chromosomal diversity and species
diversity seen in the sceloporines results
from generally applicable natural laws,
rather than from some unique specializa-
tion of Sceloporus, then the “experi-
ments” should be repeatable: similar
patterns of correlation should be seen
when other prolifically speciose genera
such as Anolis and Liolaemus are com-
pared with their appropriate controls.

STEP 3: INITIAL DATA COLLECTING

General principle. Once appropriate
experimental cases and their suitable
controls have been selected, then as
much information as practical relating to
each should be collected: a “history”
should be developed for each case. The
inductive power of the methodology
depends on not limiting observations to
those parameters which would support
the preconceived speculations. Every
attempt should be made to survey a
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variety of parameters, some of which
might potentially relate to P, and some of
which should not.

Data collected or available from the
sceloporines. In my studies of the
sceloporines, besides collecting informa-
tion on a variety of cytogenetic parame-
ters from as many species as practical, I
have observed reproductive biology,
anatomy, population biology, and eceol-
ogy. Also, I have tried to keep track of all
published work dealing with any aspect of
the biology of the genera being studied.
These data will be presented in the more
detailed papers to come later in the
present series.

STEP 4: CROSS CORRELATION ANALYSES

General principles: Signal averaging
schemata. The major inductive power in
the comparative approach comes from
heuristic schemata which facilitate gen-
eralizing from specific observations to
assumptions about causal realtionships
among the variables studied from the
case histories. At the same time the
methodology keeps these generalizations
in touch with reality. Modes of inter-
correlated variables which are probably
causally involved with P can be identi-
fied independently from any a priori
speculations. The schemata are de-
veloped by analogy from an inductive
statistical procedure known as signal
averaging.

The concept of signal averaging is well
known in neurophysiology (Glaser and
Ruchkin, 1976) where a frequently en-
countered problem is to extract iterated,
but otherwise unknown signals, which
are individually completely hidden with-
in random noise in an input channel.
This is the simple signal averaging
schema.

Assume that a noisy input includes a
signal in the form of a voltage fluctuation
which has a fixed time relationship to
some identifiable marker event. A
computer or tape storage can then be
triggered by the marker event to record
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the voltage fluctuations during the time
sequence believed to contain the un-
known signal. The marker triggered
recording sequence is repeated many
times with the same time delay relative
to the marker event. Each recorded
sequence is placed in register with the
triggering events and added algebraically
to sum the recordings. As many recorded
cycles are added, voltage deviations
which are randomly related to the marker
will tend to an average or null value,
since positive deviations for a given time
delay after the marker will tend to be as
frequent for negative deviations at the
same delay. However, any repeated sig-
nal embedded in the noise which shows
a constant voltage fluctuation relative to
the marker, will always show the same
slight positive or negative deviation
added to the noise. With enough repeti-
tions, a generalized signal will eventu-
ally emerge from the masking noise as a
statistical average of the repeated signals.
Assuming unlimited repetitions and a
constant signal, the signal-to-noise-ratio
can be increased to any desired value by
continued averaging, even though the
signal is undetectable in any one repeti-
tion.

A slightly different schema—an auto-
correction procedure—can be used to
extract unmarked signals from a noise
channel if they are repeated at a constant
interval, even if nothing is known about
the signal’s periodicity or other charac-
teristics. Here, one long recording from
the input channel is chopped into many
short segments of a given duration, and
the segments are then added together in
register relative to the chopping points.
Any recurring signal in the chopped
recording which has a simple harmonic
relationship relative to the period deter-
mined by the duration of the chopped
segment will add algebraically. With the
summing of enough segments, the signal
will emerge from the masking noise as in
the simple signal averaging schema. With
a computer, a long recording from the
channel can be systematically chopped
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and added this way for a variety of dif-
ferent duration periods until a signal with
the highest signal-to-noise ratio is found
for a constant number of additions. This
presumably occurs when the length of a
single chopped segment exactly coin-
cides with the actual repetition period of
the original signal. Other procedures for
extracting signals from noise have also
been developed, but the basic principles
of signal averaging illustrated above are
all that are needed for the analogies to be
developed here.

Cross-correlation schemata. Analysis
of data from complex, nondeterministic,
but iterated historical processes involves
extracting signals produced by causal
events in the past. These signals are
transmitted from the past through the
noisy communication channel of time
onto the event surface of the present, and
need to be extracted from the variety of
“noise” generated by random historical
events. Simple signal averaging from a
communication channel involves making
essentially longitudinal correlations of
input voltage deviations stored along the
linear axis of a recording tape. By an-
alogy, in a comparative study, when case
histories are made of the present states of
parameters of the selected experiments
and controls, information on the variables
is stored on various parameter axes (one
for each parameter examined) of a data
matrix for each case. The stored informa-
tion in these data matrices or case histo-
ries can then be averaged to search for
correlations among their parameters.
This is exactly analogous to what is done
with the one dimensional data matrices
of the signal averaging schema. Any vari-
ables bearing relatively constant rela-
tionships among the data sets of the case
histories should stand out as strong addi-
tive correlations against the “noise” due
to unrelated events. I call this the n-
dimensional cross-correlation schema.l

1As part of their revolution in heuristic method-
ology (see footnote p. 650), geographers have re-
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To clarify the analogy, in signal averag-
ing the input triggered by a marker event
is recorded as a voltage deviation along
the linear time axis established by the
uniform movement of a tape past a
recording head, or by the sequential fil-
ling of adjacent “bins” in a computer
memory. If records associated with trig-
gering events are stored individually for
later off-line analysis, each recorded time
deviation sequence is associated with a
unique address for each specific trigger-
ing event. Thus, a one dimensional cross-
correlation matrix is formed. For each
specific triggering event, the input devi-
ations are recorded along the one dimen-
sional time axis. Note that the filled data
matrix is already three dimensional in a
physical sense: one dimension is estab-
lished by a sequence of addresses cor-
responding to the sequence of individual
triggering events. A second is established
by the time axis of the recorded sequence
for each triggering event. And the third is
required to hold the specific deviations
for each given instant of delay along this

cently begun to think and work with multi-
dimensional “‘data matrices” very similar to the idea
I propose here. Matrix manipulations and multi-
variate statistical procedures (many of them from
numerical taxonomy!) are applied to identify modes
of correlation and relationships among the various
parameters of these matrices (e.g., Berry, 1964;
Haggett and Chorley, 1967, Harvey, 1969; King,
1969). To quote from Harvey (1969: 347-348):

We are concerned to find general classes and
general relationships among attributes, we are
concerned with finding comparable underlying
structures in complex data matrices, and, above
all, we are concerned with identifying a theory
about structures which can command our confi-
dence as an analytic, retrodictive, or predictive
device. Quantitative techniques for classifica-
tion bode well as search procedures. They can
lead us to new ideas, new frameworks for analy-
sis, and so on. [My italics]

Although all of these points are touched on by
Harvey (1969), the geographers have not focused on
the ideas of selecting natural experiments and their
controls, the epistemic contributions of the process
of discovery to the realism of explanations derived
from the process, or the ways the empirical content
of the explanation can be increased through differ-
ent kinds of attempts to refute it.
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time axis. The average signal is then ex-
tracted from the matrix by averaging all of
the individual input voltage X time his-
tories to form the single 2-dimensional
plot of the iterated signal.

When the signal averaging schema is
modified to extract information from the
effects of past events on the present, the
method of selecting the cases to be ex-
amined is exactly analogous to the trig-
gering event in the one dimensional sig-
nal averaging paradigm. Clearly, just as
in triggering a recording from a noisy
communication channel, the success of
the n-dimensional procedure will de-
pend on how well selection has limited
the cases to be studied to one, or at most a
few, underlying causes relative to the
number of cases to be studied. In the
sceloporine lizards, by present count
(Hall, part II) there are about 57 species
which are known to be, or probably are,
chromosomally derived. Each of these
derived species may then be the reflec-
tion on the event surface of the present of
one or more instances of a past event of
“chromosomal speciation”. The remain-
ing approximately 65 species in the radia-
tion all have, or are suspected to have,
identical, presumably conservative 2n=
34 karyotypes. These almost certainly do
not reflect past chromosomal speciation.
The radiation includes approximately
120 species in total. Each pair of species
will include one or more speciation
events in its derivation from a common
ancestor. When averaged, the cases
should form at least two modes of correla-
tion—one resulting from allopatric
speciation and the other(s) from non-
allopatric speciation. Differences be-
tween these pairs can also be compared
with differences between paired popula-
tions belonging to a single species. Once
cases have been selected, an n-
dimensional data matrix is established for
each case history. A different axis of the
standard data matrix is used to store ob-
servations for each kind or parameter
being studied across the selected cases.

If features of the selected cases reflect
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iterated but still unknown underlying
mechanism(s), and if all cases have simi-
lar ages relative to P (i.e., if the triggering
event bears a relatively precise time re-
lationship to the signal), then when a
given axis is averaged from the data
matrices from the selected cases, states of
a parameter having a specific causal
(either caused or causing) relationship to
the process should frequently coincide.
Conversely, states of a parameter only
randomly associated with the process
should be randomly distributed and
should average to some neutral value. In
some cases, effects due to unrelated
processes may also add to the value of a
causally related parameter, but presum-
ably the deviations from these other ef-
fects would also be random with respect
to the value causally related to P. In other
words, the effects of random events
should be exactly analogous to the noise
in a communication channel. For cau-
sally unrelated parameters, observations
would include only noise, and should
average null as the number of record
matrices examined is increased. For a
causally related parameter, the observa-
tions will include a signal embedded in
the noise, which should give increasingly
stronger correlations as the sample size is
increased. Similarly, causal relationships
between different parameters will show
up as cross correlations across the
parameter axes involved.

Here the importance of having “con-
trols” for experimental cases should be
obvious. The controls establish a null or
baseline value for a parameter which
contains only noise relative to experi-
mental cases. Strongly intercorrelated
values from experimental cases which
differ from this null are fairly conclusive-
ly related causally to the factor(s) which
led these cases to be designated as “ex-
periments”.

However, actual historical processes
will rarely be of the same age or at the
same degree of completion, and values of
important parameters may vary causally
according to the stage of completion of
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the process. This presents a problem
which makes the schema more complex,
but its resolution contributes importantly
to the inductive power of the approach. If
available information (e.g., taxonomy and
phylogenetic reconstruction in the scel-
oporine example) allows the cases to be
segregated into subsets that can be
ranked according to approximately
equivalent stages in the process, then it is
probably most efficient to proceed by
doing so. Each subset of case histories
resulting from this segregation is then
averaged to identify correlated parame-
ters associated with particular stages of
the process. A tentative model generated
from such ranked subsets may suggest
better criteria for re-segregating and re-
ranking; which may, in turn, suggest
revisions in the model. This negative
feedback process should lead through a
series of successive approximations to a
stable relationship between the ar-
rangement of the data and the theoretical

. generalizations drawn from the data. If-

the process does not converge to a stable
relationship, the basic model is probably
fundamentally unrealistic and other,
completely different models should be
«considered. )

In many instances it may not be ob-
vious how to segregate the cases, or the
attempt to do so may have given no
useful results. An auto-correlation
schema may then be used to randomly
segregate the cases into variously sized
subsets. Each possible combination of
cases is then independently checked for
cross correlation of information. The
procedure is analogous to auto-correlating
from a communication channel where
both the periodicity and characteristics of
the signal are originally known. As ap-
plied to historical problems, the schema
may be termed auto-correlation by ran-
dom association.

If many cases are available for study,
and data have been collected for many
parameters of each, auto-correlation by
random association would be extremely
laborious if performed manually. But
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data involved in such historical studies
may not lend themselves to computer
coding and analysis either. It is in-
triguing to speculate that human memo-
ries may be organized like the n-
dimensional data matrices described for
the cross-correlation and auto-correlation
schemas (Harvey, 1969). Possibly human
memories automatically correlate these
matrices by random association as part of
the unconscious filing system. I would
even suggest that this process might
account for the powerful inductive “in-
tuition” of some comparative biologists.
However, the auto-correlation process
has enough logical rigor so computer
processing could be used where observa-
tions can be suitably quantified, and it is
also one which can be performed manu-
ally by hand sorting where few enough
recording matrices (e.g., data entered in a
standard format on a page) are involved
to make it feasible.

In summation, signal averaging
schemata provide logical methodologies
to reveal correlations among variables
from a given number of empirical ob-
servations of real-world situations. These
correlations provide objective statistical
evidence to support the inductive
generalization that the correlated vari-
ables are causally related. Similarly, the
methodology will also provide objective
statistical evidence on the absence of
causal relationships among other vari-
ables which do not show correlation.
These generalizations are based directly
on the evidence, completely indepen-
dently from any preconception which
may have been held before the observa-
tions were made. The problem of model
building then becomes a greatly simpli-
fied one of plausibly explaining causal
relationships which are corroborated by
already existing statistical evidence. This
aspect of the comparative methodology
may be sufficient to explain “the truly
amazing feature of Darwin’s intellect”
which accounted for “the frequency with
which he was able to ‘guess’ correctly,
even though he lacked the requisite data
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and anything like an adequate theory
governing the phenomena” (Hull, 1973:
77).

CONSTRUCTING EXPLANATORY MODELS

STEP 5: MODEL GENERATION

General principles. When certain vari-
ables correlate across cases selected be-
cause they demonstrate some particular
P, this correlation provides evidence to
suggest that the variables represent ef-
fects of past events in the causation of P.
Model building then involves develop-
ing a covering explanation that requires
the observed correlations as logical con-
sequences. This resembles Hanson's
(1958, 1961) program of retroduction
(Achinstein, 1971). Obviously, explana-
tions can require conditions other than
those already observed. An explanation
may depend on various assumed initial
conditions, and unanticipated additional
consequences may follow logically from
these assumed initial conditions. These
dependencies and requirements beyond
the original observations provide oppor-
tunities for testing the realism of the ex-
planation, However, at the very least, any
realistic model should account logically
and simply for those conditions already
shown to correlate with P. Similarly, a
realistic model should not require condi-
tions already observed not to exist.

Developing a realistic explanation
does not test its realism, yet a program
which discovers information helping to
explain P contributes epistemically to the
realism of any explanation which logi-
cally requires this information. Examin-
ing the alternative, to have no discovery
program, demonstrates this: on proba-
bilistic grounds, explanations which
logically require consequences already
observed to correlate with P should en-
tail more empirically realistic informa-
tion than would any single attempt to
explain P by a random guess, no matter
how “bold” the guess. Irrationally gener-
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ating and then testing many different
bold hypotheses might eventually
produce an empirically realistic explana-
tion for P which entailed as much infor-
mation as an explanation yielded by the
discovery program. However, for such
explanations with similar contents, it
should make no epistemological differ-
ence whether observations corroborating
the required circumstances are made
before or after developing the explana-
tion. Note that this argument assumes
that the information content of the ex-
planations derives from examining the
same number of variables in the same
number of cases (cf. Popper, 1972¢). In
practice, guessing for fruitful explana-
tions is difficult when few data limit the
guesses. It is more efficient (and more
justifiable epistemologically) to collect a
series of related case histories in advance
of guessing, and scan them for correla-
tions. Large domains of possible guesses
may then be avoided because observa-
tions already made contradict some con-
ditions demanded by the domains. Thus,
attention for guessing is focused logically
on what is frequently a very much
smaller domain of possible explanations
not already contradicted by observations.

Models to explain modes of scelo-
porine speciation. I will show in detail
later in this series that features of the
cases of sceloporine speciation group
into two particularly distinct modes. The
characteristics of the two modes will be
abstracted here from Hall (1973, 1977) to
provide background for illustrating the
logic followed to explain them. In one
mode, pairs of closely related species
show a sibling type relationship and
belong to conservatively evolving radia-
tions containing few species. The paired
species frequently have an obvious his-
tory of allopatric isolation from one
another and do not differ chromosomally.
Usually, where species are presently in
geographic contact they are so similar
ecologically that close sympatry is pre-
vented. The allopatric speciation model
(Mayr, 1963, etc.) easily explains all of
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these features, so this mode will not be
considered further here.

In the second mode, pairs of closely
related species have ancestor-descen-
dent relationships and belong to pre-
dominantly linear sequences of phy-
logenetic derivation. These lineages fre-
guently contain many species. Paired
species show little or no evidence of past
allopatric isolation from one another, and
they frequently differ enough ecologi-
cally to coexist in extensive sympatry or
syntopy. Paired species in lineages fre-
quently differ by chromosomal re-
arrangements which can potentially
cause meiotic malassortment, thereby
reducing fitness of heterozygotes (i.e.,
heterozygotes show negative heterosis).
Chromosomally primitive species near
the origins of sequences of chromosomal
derivation tend to be ecologically con-
servative, while highly derived species
towards the ends of sequences either
have extreme ecological specializations
or show impressive ecological domi-
nance. Most sequences of chromosomal
derivation involve only one type of
chromosomal rearrangement (e.g., all
fissions or all fusions), and it seems that
rates of speciation accelerate towards the
terminations of the sequences of deriva-
tion. Terminal species at the ends of
sequences of derivation frequently have
either exhausted the karyotypic substrate
for the particular type of chromosomal
rearrangement involved in the sequence,
or show polymorphisms for that kind of
rearrangement. The most closely related
populations known to differ chromo-
somally, form narrow hybrid zones where
the populations meet geographically
(e.g., Hall and Selander, 1973). Paradoxi-
cally, although hybrids in hybrid zones
are fertile and backcross, there seems to
be a complete block to gene flow be-
tween the chromosomally different popu-
lations. No sceloporine species outside of
Sceloporus shows any evidence for
chromosomal differentiation; and even
within Sceloporus, speciation events
between close relatives that differ
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chromosomally are considerably less fre-
quent than allopatric speciation events
not involving chromosomal differentia-
tion. Yet, a greatly disproportionate
number of Sceloporus species have a
background of recent chromosomal
derivation in their phylogenetic his-
tories.

As observations forming this second
mode accumulated, I developed a
chromosomal speciation model to ac-
count logically for the correlations that
emerged (Hall, 1973, 1977). The com-
plete explanatory model resolves into
three major components, each of which
explains some of the features listed
above. One part of the model describes
how negatively heterotic chromosomal
rearrangements can become fixed in
populations and initiate speciation.
Another explains how hybrid zones be-
tween chromosomally differentiated
populations function to block gene flow.
The third part of the complete chromo-
somal speciation model explains: 1) the
disproportionate evolutionary successes
of chromosomally derived species in
comparison to species formed allopatri-
cally, 2) the predominantly linear nature
of sequences of chromosomal derivation,
and 3) details of patterns of chromosomal
variation within the lineages. These par-
tial explanations were developed in the
order listed, to account for particular cor-
relations in the growing body of informa-
tion on sceloporine speciation. Without
attempting to detail their actual historical
development, I abstract the reasoning
followed to reach these explanations, to
illustrate the logic of model generation.

The chance fixation model. The first
and most obvious correlation seen with
the prolific speciation of Sceloporus re-
lated the fixation of chromosomal dif-
ferences between species to prolific
speciation. Species differ by Robert-
sonian mutations, which, at least theo-
retically, are negatively heterotic be-
cause they cause meiotic malassortment
(White, 1973, 1978). Thus, heterozygous
hybrids and backcrosses between
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chromosomally different populations
should be less fit than either homozygous
parental type. Two consequences follow
directly from this assumption: 1) Re-
duced hybrid fitness should serve as a
partial barrier to reduce gene flow be-
tween the chromosomally different
homozygous populations. This will make
it easier for them to evolve indepen-
dently. 2) Reduced hybrid fitness should
also selectively favor individual geno-
types which avoid hybridization. Thus,
the chromosomally differentiated popu-
lations should rapidly evolve isolating
mechanisms to prevent hybridization.
Both consequences would work in the
absence of allopatric isolation to speed
the evolution of a completed barrier to
gene flow between the chromosomally
different populations. Neither conse-
quence would occur if the populations
were geographically isolated from one
another.

Thus, in theory, negatively heterotic
chromosomal differences can aid specia-
tion; but how are the differences first
established? Any mutation which has a
strong enough negative heterosis to favor
the evolution of a barrier between incipi-
ent species could not become fixed in a
large, randomly breeding population.
This is because the Hardy-Weinberg
equilibrium frequency equals the fre-
quency of the new (rare) chromosome,
while the frequency of the neutral or
advantageous homozygous mutant
genotype equals the square of the fre-
quency of the new arrangement. In a
large population, essentially all of the
chromosomes carrying a new rearrange-
ment will occur in the selectively disad-
vantageous heterozygous state. Hence
selection will quickly eliminate it, even if
it potentially has a strong selective ad-
vantage in the homozygous state.

However, if the negatively heterotic
mutations should occur in a very small
population, statistical sampling errors in
mating (= genetic drift) become evolu-
tionarily significant. Here, a negatively
heterotic mutation has an evolutionarily
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interesting possibility of becoming fixed
by chance (about one chance in 1073 for a
population size of 10 and a 50% reduction
in heterozygote fitness [Wright, 1941]).
Also, selection against negatively hetero-
tic mutants constantly works to eliminate
whichever chromosome arrangement is
rarest in a population. If a new mutation
once passes 50% frequency by drift,
selection will work to push it to complete
fixation, even against some immigration
of individuals carrying the ancestral
chromosome. Hence, as long as the small
population remains predominantly in-
bred, small amounts of outcrossing per
generation (say up to 10 or 15%) will not
greatly affect the probability of fixing a
new mutation. Given reasonable condi-
tions of population structure, fixation of
the chromosomal rearrangement may
occur entirely without allopatric isolation
of the populations in the classical sense.

In this partial model, initiation of
chromosomal speciation requires certain
antecedent conditions: 1) Chromosomal
heterozygotes are substantially less fit
than either homozygote. 2) Negatively
heterotic mutations occur with appreci-
able frequency. 3) These negatively
heterotic mutations occur in populations
which include many small inbred demes.
It follows from these initial conditions
and the chance fixation model that: 1)
Chromosomally derived species will be
“founded” by initially very small demes
within which the chromosomal re-
arrangements first become fixed. 2) Such
founder populations occur within the
geographical range of the chromosomally
more primitive ancestral stock. 3)
Competitive interactions between the
founder population of the chromosomally
derived incipient species and the much
more massive ancestral stock should
force the derived species to differentiate
ecologically away from the niche of the
more massive ancestral stock. Thus,
given only the correlation between
chromosomal diversity and species
diversity, other observed correlations fol-
low logically from the most straight-
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forward guess to explain the first correla-
tion: species will be formed in an ances-
tor-descendent relationship, and chromo-
somally derived species will be eco-
logically derived relative to their ances-
tral species.

However, predictions of this simplistic
chance fixation model seem to be con-
trary to the evidence in at least one re-
spect: selection against parents which
hybridize to form the negatively hetero-
tic chromosomal heterozygotes should
lead to the rapid evolution of premating
isolating mechanisms to prevent this
hybridization. Evidence from the narrow
hybrid zones in Sceloporus grammicus
(Hall, 1973; Hall and Selander, 1973),
and similar studies in other organisms
(e.g., Nevo and Bar-El, 1976; Szymura,
1976a, b; Szymura et al., in preparation;
White et al., 1964, 1967, 1969), suggests
that selection in these hybrid zones does
not lead to the evolution of premating
isolation. Paradoxically, although the
failure to evolve premating barriers
allows frequent hybridization and back-
crossing rather than just reducing gene
flow, the hybrid zones appear to com-
pletely block it. The second partial
model was developed to explain this
paradox.

The hybrid sink model. If populations
differ by a negatively heterotic mutation
and hybridize, their hybrid zone will in-
clude a relatively high frequency of less
fit heterozygotes. Because of the negative
heterosis of the hybrids, populations in
the center of the zone will have a re-
duced productivity compared with pure
homozygous populations outside of it.
Thus, hybrid populations will put less
pressure on the carrying capacity of their
environment than will the pure popula-
tions. Consequently, there should be a
net migration or diffusion of individuals
from pure populations towards the re-
duced pressure of the hybrid zone. Mi-
grating individuals will carry their genes
towards the “sink” for gene flow, repre-
sented by the chromosomally un-
balanced (and therefore genetically
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lethal) gametes of the chromosomal
heterozygotes and the balanced gametes
that may combine with them to form
lethally unbalanced zygotes. It seems
reasonable that the diffusion gradient
towards the hybrid zone may become
steep enough to prevent any gene from
leaving the vicinity once it enters the
zone, and that this may happen well
before a complete sterility barrier
evolves. Hence, the hybrid zone may
completely block gene flow between the
pure populations even though hybrids
and backcrosses retain appreciable fer-
tility. It also follows that the residence
time of any gene in the hybrid zone
should be relatively short, as long as
individuals carrying this gene cannot
discriminate absolutely against mis-
mating with chromosomally different
individuals. Thus, the sink would prob-
ably prevent the evolution of premating
isolation in the hybrid zone, even though
selection favors this. No single gene
mutation would be likely to confer its
carrier with a complete discriminatory
ability to avoid mismating, and any gene
conferring only partial discriminatory
ability would almost certainly be lost in
the sink before other mutations allowing
partial discrimination could combine
with it to produce a perfected isolating
mechanism.

Many details of the fully developed
hybrid sink model have been suggested
by field observations of the sceloporine
hybrid zone. These will be discussed in
later papers of this series. However, of
concern here is that hybrid sinks should
exhibit surface tension (Key, 1968, 1974).
Populations on the concave side of a
curved hybrid zone will have a shorter
contact front than will those on the con-
vex (or outer) side of the curvature. If
other circumstances are equal, the popu-
lation on the concave side cannot feed as
many immigrants into the sink as can the
other population. Consequently, the
larger number of immigrants from the
convex side will push the center of the
zone towards the concave side. Where
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populations meet on a broad front, this
surface tension effect will tend to
straighten out any kinks in the contact.
But where a newly differentiated founder
population occupies only a very small
area within the range of its parental
stocks, the surface tension will press
inward around this entire circumference.
Many newly differentiated populations
must be quickly swamped by this effect,
thus raising the question: could any
chromosomally differentiated popula-
tions survive swamping in this critical
early state? Attempts to answer this
question and to account for the impres-
sive ecological dominance of the pro-
ducts of one chain of derivation in
Sceloporus led to guessing for the third
part of the chromosomal speciation
model.

The cascading or chain speciation
model. Three sets of assumed or demon-
strated circumstances provide the basis
for this explanation, which also accounts
for the remaining features correlated
with rapid speciation in Sceloporus: 1)
Chromosomally differentiated species
originate as very small founder popula-
tions. 2) The probability that chromo-
somal differentiation will occur at all is
profoundly affected by: a) rates of chro-
mosomal mutation, b) behavior of the
chromosomes in meiosis and the genetic
consequences of any meiotic errors, c)
details of the species’ mating system, and
d) details of its population structure. 3)
The aspects of a species’ genetic system
listed above are genetically controlled.
These circumstances allow evolution by
two unusual mechanisms, a group selec-
tion effect and a positive feedback or
deviation amplifying process (Szarski,
1971). These may counteract natural
selection working at the level of single
individuals.

The genetic system parameters listed
above can vary considerably and still
have minimal effects on individual fit-
ness. Hence, if loci determining them are
polymorphic, demes small enough for fix-
ing chromosomal rearrangements may
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also show substantial variation in these
parameters due to genetic drift. Over the
range of a species which has an appro-
priate population structure, through
chance some demes will have a much
more favorable genetic background for
chromosomal speciation than will others.
It follows that chromosomal speciation
will more likely begin in these “fa-
vorable” demes than in others. Founder
populations that survive as new species
will tend to perpetuate the favorable
genetic backgrounds. Thus, chromo-
somally derived species will, on the
average, offer more favorable circum-
stances of further chromosomal specia-
tion than will ancestral species. This
positive feedback amplification process
may work in each chromosomal specia-
tion event in a sequence to produce a
predominantly linear and increasingly
rapid chain of chromosomal speciation.
(see Hall, 1973, 1977, and later papers in
this series). Three circumstances (2 in-
trinsic and 1 extrinsic) can terminate such
a chain of speciation.

1) If chromosomal fissions and fusions
are qualitatively different kinds of muta-
tions, different genes should affect their
mutation rates. Similarly, different genes
may control their meiotic behavior. Thus,
if a speciation event involved centric fis-
sions, then positive feedback effects
would result in more favorable condi-
tions for further speciation involving fis-
sions. The chain of derivation may then
proceed at an accelerating rate until all
metacentric chromosomes in the karyo-
type were fissioned. At this point, further
chromosomal speciation involving fis-
sions would be blocked, and the genetic
system might not be conditioned to favor
speciation involving other kinds of
chromosomal mutations.

2) One variable which has a directly
proportional effect on the probability that
chromosomal speciation will occur is the
rate of chromosome mutation for a given
kind of rearrangement. This rate could
easily be raised by the positive feedback
process to such a high level that many
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individuals in a population would suffer
from the negative heterotic effects of
chromosomal heterozygosity. If this
happened, individual selection would
favor evolving modifications in the
mechanics of meiotic assortment to
prevent malassortment in the large
number of heterozygotes carrying new
mutations. Chromosomal heterozygosity
would no longer show negative heterosis
and could no longer produce the hybrid
sink required for successful speciation.
Consequently, the species forced into
this adaptation could form no more spe-
cies chromosomally, but would be left
with a high rate of chromosome mutation,
and should be polymorphic for the kinds
of rearrangements involved in the chain
of derivation in its ancestry.

3) The third type of termination in-
volves extrinsic circumstances. If the
chain speciation process works as I have
suggested, a fairly large number of spe-
cies may form in a geologically short time
under circumstances where they are not
geographically isolated from one another.
If species need an ecological niche of
some minimum width, and if their basic
adaptations allow them to use only a cer-
tain subdivision of the environment, then
as the lineage proliferates new species,
they would be limited to progressively
more restricted niches or geographic
areas. Eventually a point would be
reached where further speciation either
would be impossible or could not occur
without extinction of other forms. If fur-
ther speciation was blocked for long
enough, individual selection would
eventually force genetic system parame-
ters to revert to their “unamplified” ori-
ginal conditions, which would not favor
chromosomal speciation even with new
ecological opportunities.

Group selection in this model is asso-
ciated with the positive feedback
mechanism, but its effects show pri-
marily in the ecological consequences of
chromosomal speciation. The major
“selective” force involved is the surface
tension produced by the hybrid zone sur-
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rounding newly differentiated founder
populations. According to the competi-
tive exclusion principle, two species
cannot coexist in the same ecological
niche. If a nascent species is formed
within the range of its ancestral stock, the
ancestral and derived forms will in-
evitably compete ecologically. Three
outcomes are possible: 1) One of the
species becomes extinct—most probably
this will be the nascent species. 2) The
two species remain in similar niches but
displace one another geographically
along some environmental gradient (i.e.,
geographical exclusion). 3) The two spe-
cies coexist geographically but displace
one another along one or more resource
axis of the environment (i.e., character
displacement). As mentioned above in
the discussion of the random fixation
model. in character displacement the
ancestral population will almost always
displace the derived population, thereby
forcing it into a new and probably more
specialized niche. However, in geo-
graphic exclusion, exclusion of the ini-
tially very small founder population will
be equivalent to extinction.

When a lineage invades a new en-
vironment or adaptive range, and its
species have few competitors, character
displacement is probably easy (e.g., Wil-
liams, 1972). The ready availability of
vacant sympatric niches and the initial
selection against hybridization in the
random fixation model may allow the
rapid evolution of premating isolation.
One can also imagine that establishment
of a hybrid sink situation along some
resource axis of the environment would
prevent gene flow along the axis so that
disruptive selection would favor the
rapid evolution of sympatric species.
However, once an environment becomes
fairly saturated with related species (as in
the current situation for the Sceloporus
grammicus complex), most chromosomal
speciation probably involves a long
period of geographic exclusion. The
consequences logically required by the
group selection model are interesting.
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Because of the surface tension of its
hybrid sink, which occurs independently
of any environmental circumstances, the
nascent chromosomally differentiated
species will be at an immediate disad-
vantage. If the risk of hybridization can-
not be reduced quickly by character dis-
placement and expansion into a sympa-
tric niche (or an uncontested geographic
range) the founder population will prob-
ably be consumed by its own hybrid sink.
Where the founder population cannot
escape hybridization its survival is likely
only if the parental stock can be pushed
back to increase the hybrid zone’s radius
of curvature enough to reduce the surface
tension. Two kinds of chance circum-
stances allow the founder population to
achieve this initial expansion. The first
depends entirely on extrinsic events,
such as a catastrophe, to eliminate an
adjacent ancestral population so the
nascent species can spread into the
depopulated area. The other circum-
stance depends on intrinsic aspects of the
genetic system.

The founder population required for
the chance fixation of a negatively
heterotic chromosomal rearrangement is
ideal for other stochastic phenomena
such as the random fixation or drift of
alleles at a variety of polymorphic gene
loci. Also, founder populations will be
exposed to specific local circumstances
which may result in selection pressures
that differ considerably from the average
selective environment of the ancestral
species. The ancestral species must
maintain an adaptation to some average
habitat occupied by populations ex-
changing genes with one another, while
the initial barrier provided by chromo-
somal differentiation allows the founder
population to adapt to its own specific
local habitat. Thus, although most incipi-
ent chromosomally differentiated species
will be quickly consumed by their own
hybrid sinks, one may rarely achieve a
fortuitous genotype which is sufficiently
superior in its local environment so that it
can feed enough migrants into the hybrid
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sink to counteract its surface tension. If
the founder population once manages to
push the sink back to a greater radius of
curvature, the pressure will be reduced
and the founder population’s superior
fitness may then allow it to displace the
ancestral stock from a wide geographic
range, Chromosomal differentiation
events may become frequent towards the
end of a chain of derivation, but the en-
vironment will probably be too saturated
to allow easy character displacement.
The vast majority of these incipient spe-
cies will be immediately consumed by
their hybrid zones. Barring the lucky
environmental circumstances, the only
populations to survive will be those
which achieve an especially superior
adaption which allows them to over-
whelm the surface tension of their hybrid
zone.

Note that the positive feedback in
chain speciation will also work here.
Each founder population must be fit
enough to be able to displace its im-
mediate ancestor against the added
impediment or pressure of the hybrid
sink’s surface tension. Thus, species at
the ends of chains of geographic dis-
placement should be especially effective
competitors against species formed early
in the chain. Chromosomally conserva-
tive species should survive competition
with their derivatives, because they
presumably held extensive geographic
ranges before chromosomal speciation
began. However, intermediate species in
a chain may easily be excluded into ex-
tinction by their competitively superior
derivatives, because they may have little
chance to expand geographically before
producing further derivatives.

In sum, the discovery program of the
comparative approach has identified in
the sceloporine radiation, independently
of models, a variety of circumstances of
cytogenetics, ecology, and phylogenetic
relationships which appear to correlate
with prolific speciation in Sceloporus.
These are not adequately explained by
the allopatric speciation of Mayr (1963,
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etc.). The “guessing” to explain the
totality of these relationships has been
very straightforward and has led in easy
steps to a three-part model which fully
explains all of the phenomena revealed
so far by the discovery program. By con-
trast, none of the guesses made in ad-
vance of collecting these data make
predictions which approach the richness
or realism of the circumstances logically
required by the complete model and
reasonable initial conditions. The com-
plete model is, of course, fully corrobo-
rated by the information content of the
conditions it has been developed to ex-
plain. The question remains—can the
realism of these explanations be tested
further? The answer provided by the next
section is yes.

TESTING EXPLANATORY MODELS

General principles. The logic of testing
the realism of explanatory models for
historical processes is not difficult. How-
ever, it is my impression that many
workers who fail to understand how the
models are generated, fail also to under-
stand all of the tests which can be used to
further corroborate them (e.g., Peters,
1976). Under any circumstances it is logi-
cally impossible to prove any universal
explanation to be absolutely true; al-
though if uniformitarianism is accepted,
the explanation can be demonstrated to
be realistic to some degree of statistical
confidence. If the world is fundamentally
nondeterministic, falsity cannot be abso-
lutely proven either. However, the idea
of empirically testing and criticizing the
logically derived statements a theory
makes about nature still must form the
basis that makes science different from
fantasy.

If the program of discovery described
above is followed it will lead to general-
izations which already contain a large
quantity of empirically realistic (or pre-
tested) information. However, the pro-

gram of science is always to extend the
frontiers of knowledge, and Popper’s
evolutionary theory of knowledge sug-
gests how this should be done, except
rather than beginning by testing wild
guesses, the program begins with testing
generalizations which already include a
large body of pretested and empirically
realistic information. Following Popper
the content of realistic information en-
tailed by the explanation can be in-
creased by attempting to refute it.

There are at least three ways to refute
an explanation (most workers think only
of testing “predictions”, and assume that
an explanation which cannot be attacked
in this way must be metaphysical, e.g.,
Peters, 1976): 1) An explanation may be
refuted if its predictions are consistently
unrealistic. 2) If an explanation depends
logically on certain initial conditions or
assumptions and it can be shown that
these are unrealistic, then the explana-
tion is refuted (Ghiselin, 1969). 3) Also, if
it can be shown that supposed final con-
ditions actually do not follow logically
from supposed initial conditions, the ex-
planation is obviously faulty. Full cor-
roboration of an explanation should re-
quire that it survive all of these attempts
to refute it. Each of these tests will be
explained in more detail and illustrated
with examples from my research pro-
gram.

STEP 6: TEST LOGIC

Principle. In principle, testing the
logic of an explanation requires no addi-
tional data gathering or processing. This
should be the first and most obvious type
of test to apply, but judging by many of
the published attempts to explain non-
allopatric speciation, it is frequently
overlooked. The critical question to be
asked in this kind of test is, do the sup-
posed consequences the model proposes
to explain actually follow logically from
its supposed initial conditions. It should
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be possible to reduce deterministic
models to mathematical or logical sym-
bols to see if the consequences do follow.
For stochastic models, some of which can
become quite complex, it should be pos-
sible to test their logic by computer simu-
lation to see if the supposed conse-
quences follow from the initial condi-
tions and the explanation.

Application. Several aspects of the
chromosomal speciation model are sus-
ceptible to testing via computer simula-
tion. The most critical points to attack are:

1) Fixation of negatively heterotic
mutations in small populations: the
probability of fixing a negatively heter-
otic mutation should be calculated or
determined by simulations for a variety
of population sizes, migration rates, and
relative fitnesses of the three possible
genotypes (two homozygous conditions
versus heterozygotes).

2) The hybrid sink effect: for various
conditions of population structure and
density, vagility, and degrees of negative
heterosis, how effective is the hybrid
sink as a block to the penetration of un-
linked or linked alleles? What relative
fitnesses of the two populations are re-
quired to maintain a curved hybrid sink
in equilibrium and how do these vary asa
function of the radius of curvature of the
center of the sink? What conditions
would be required to form a hybrid sink
along an environmental resource axis
rather than a geographical axis?

3) Chain speciation and positive feed-
back amplification: how reasonable is the
group selection argument? For a plau-
sible random fixation model, what muta-
tion rate would be required to generate
enough incipient species to provide a
plausible frequency of species able to
displace their ancestors against the ini-
tially high surface tension pressure?
What changes in the frequency of alleles
in controlling genetic system parameters
are plausible in chromosomal speciation
and how rapidly could selection at the
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individual level change these fre-
quencies? Many other aspects could also
be modeled, but the tests listed here
would seem to have the greatest power to
corroborate the proposed explanations.

STEP 7: TEST ASSUMPTIONS

Principle. Any demonstration that a
necessary a priori assumption of the ex-
planation is unrealistic, immediately
makes the model unrealistic to the extent
that it depends on the assumption, and to
the extent that the assumption is shown
to be realistic. There are many ways to
provide such demonstrations. Any model
which assumes a “fact” of nature is falsi-
fied by demonstrating that the assumed
“fact” is in reality not true.

Applications. The most critical as-
sumption in the chromosomal speciation
model is that the chromosomal re-
arrangements fixed between species
were negatively heterotic when they
originally occurred as new mutations.
Presumably, where they are involved in
narrow hybrid zones which appear to
function as sinks, such as found in the
Sceloporus grammicus complex, they
should still be negatively heterotic.
Thus, examining meiotic assortment in
heterozygotes from these hybrid zones
should test this important assumption.
Such tests have already been done for a
similar situation of rapid chromosomal
differentiation in European mice of the
genus Mus (Cattanach and Moseley,
1973), where single metacentric chromo-
somes have been backcrossed for the test
into essentially pure Mus musculus geno-
types to isolate them from possible genic
problems in the hybrids. It should also be
possible to do the same with Sceloporus
grammicus. Another critical assumption
concerns population subdivision. In
sceloporines the most recent chromo-
somal speciation appears to have been in
the Sceloporus grammicus complex.
Superficially it appears to have an ideally
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subdivided population. However, the
assumption can be tested further by mak-
ing detailed observations on population
structure, mating system and vagility by
using mark-observation and recapture
methods.

STEPS 8 AND 9: TESTING PREDICTIONS

Principles. If an explanation requires
potentially observable circumstances
(conditions which should be causally
related to P) which have not been ex-
amined, then attempts to demonstrate
these circumstances will test the expla-
nation. For stochastic models, confirma-
tion or disconfirmation of these predic-
tions will support or reject the explana-
tion with some degree of statistical con-
fidence. Such tests can take at least two
qualitatively different forms: testing
predictions in a relatively strict meaning
of the term, and testing the ability of the
model to reconstruct case histories re-
alistically.

Testable predictions can be sub-
divided into three categories: 1) The
model may predict already observed
classes of phenomena in new cases (i.e.,
the natural experiments should be re-
peatable). 2) The model may predict new
classes of phenomena in cases already
observed. 3) The model may predict new
classes of phenomena in new cases.
These are listed here in the order of the
epistemic values of the tests from least to
most (cf. Popper, 1972a, b, ¢). However, it
should be recognized that an efficient
discovery program may already have
found all of the classes of phenomena
causally related to P. If the explanation
covers these, the failure of the model to
predict “new classes of testable
phenomena” does not necessarily sug-
gest that the model is unscientific as
Popper might claim. If both the logic and
assumptions of the model have been
tested, the failure to predict new phe-
nomena suggests that the discovery pro-
gram has already provided the model
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with nearly the maximum content of in-
formation available in the domain it
covers. That is, the model has been
proven to be realistic within the limita-
tions of the real world. This would cor-
respond to Kuhn’s (1962, 1970a, b) “nor-
mal science”.

Historical explanations can be used to
make “predictions” of still another kind.
Models will usually be expressed in the
form of generalizations about assumed
initial conditions and the kinds of effects
expected to follow from them. Aside from
predicting general classes of phenomena,
as discussed above, the explanations
should also allow the past histories of
specific cases to be reconstructed in de-
tail. If evidence not already included in
the model by the discovery program al-
lows an independent reconstruction of
the past histories of cases, then the
realism of the model is tested to the
degree that the independent reconstruc-
tions are realistic and coincide with the
reconstructions provided by the model.

Applications. Except for requiring cer-
tain initial conditions which can be
tested empirically, the chromosomal
speciation model predicts no phenomena
not already suggested by the discovery
program. However, these “predictions”
can be tested over a wider range of scel-
oporine species than have been ex-
amined to date. Also, the predicted pat-
terns of chromosomal variability and
phylogenetic relationships should be
found in other speciose genera of the
Iguanidae (i.e., in Anolis and Liolaemus)
and they should not occur in other small
genera (Paull et al, 1976 have already
begun this test). Also, can these patterns
be found in other lizard families, other
classes of vertebrates, and other phyla?
The most critical tests available are those
of the accuracy of historical explanations.
The chromosomal speciation model
greatly constrains possible phylogenies
which can be reconstructed from karyo-
typic evidence. Do these karyotypic
phylogenies correspond to phylogenies
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which can be reconstructed from evi-
dence provided by independent charac-
ter sets?

OTHER CONSIDERATIONS

Corrective feedback and the growth of
knowledge. Tests provide new empirical
observations which tend to falsify, sup-
port, or suggest extending the tested
model. Whatever the “favorable” or “un-
favorable” import of the observations for
the model being considered, these new
data increase the information content of
the domain of the explanation which in-
cludes the observations by giving a more
complete view of the world than existed
previously (Popper, 1970, 1972c). A
methodology which does not take ad-
vantage of this input is less than fully
effective. Where some assumption of a
model has been proven false, the obvious
response is to find another explanation
for the available data which does not
depend on this assumption. If this cannot
be done, perhaps the problem is poorly
defined and the new data may suggest a
clearer formulation of the research ques-
tion, further data collecting, and/or look-
ing at the available case histories in new
combinations. Predictive or reconstruc-
tive tests automatically provide new data
which can be entered in the cross correla-
tion analyses to improve their inductive
precision, and the evidence provided by
the new data should clearly indicate the
strengths and weaknesses of the tested
model. Assuming that a model has at least
some contact with reality, this feedback
should lead through successive ap-
proximations of data gathering, testing,
and revisions to ever more realistic
understandings of the fundamental laws
governing the processes modeled

(Popper, 1972).1

1See Lakatos and Musgrave [eds.] (1970) for a
debate between Popper, Kuhn, and their various
followers and critics about their respective ideas
concerning how scientific “knowledge” grows and
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Semantics and syntax. The final
epistemological difficulties of a method-
ology for the comparative study of evolu-
tionary problems concern the precision
of its tools. Since the comparative ap-
proach seeks to understand processes
which cannot be manipulated readily in
the laboratory, information and specula-
tions concerning them must be ab-
stracted through several levels of lan-
guage before they can be manipulated
logically in building and testing explana-
tory models. The logical sequences of
abstracting inductively from reality to
formulating a model, and reflecting de-
ductively back to reality for testing the
model, both depend on the precision of
the symbols used for these manipula-
tions. The conclusion of any logical
argument of this nature can be no
stronger than the weakest or foggiest de-
finitions used in the chain of reasoning.
(Note that this is a very different problem
from determining the “essential” mean-
ing of a word; cf. Popper, 1976.) Many
proposed explanations of non-allopatric
speciation are unrealistic because of
logical problems introduced by using
common words with semantically or
syntactically faulty definitions. These
faults are easily made by using as de-
scriptors of nature (i.e., “facts”) terms
which were originally defined on the
basis of some unsubstantiated model of
nature. As Popper (e.g., 1970, 1976) and
others (e.g., Kuhn, 1962; and others in
Suppe [ed.], 1977) have shown, all words
are theory laden, so the problem is un-
avoidable to some degree; but the utmost
should be done to minimize it, and it is
certainly unwise for an investigator to
forget that it exists. Another reason for
the confusion of proposals cited in my
introduction results from inconsistent
use of terms in discussing speciation
phenomena between the different

can be defined through its contacts with empirical

reality.
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“scientific communities” (Kuhn, 1970:
176) concerned with the problems of
species and speciation.

Thus, although many before me have
discussed these definitions, I think it
essential for the following papers in this
series to redefine much of the vocabulary
concerned with geographic and genetic
relationships of populations and species,
and with isolating mechanisms and their
failures. A glossary of these definitions
will be provided later in this series.

CONCLUSIONS

Solving the problem of speciation. To
understand realistically how new species
form is probably the most difficult task
evolutionists have attempted to achieve.
Besides confronting the unresolved prob-
lem of what species are, these attempts
confront the fundamental epistemologi-
cal problem of determining how realistic
the explanations are, when speciation
cannot be directly manipulated or ob-
served. I propose that the comparative
methodology described above answers
the epistemological problem and pro-
vides an efficacious approach towards
explaining how species are formed, and
thus also, what they are. Many evolution-
ists claim to use comparative method-
ologies but few appear to understand
clearly the epistemic power of the ap-
proach; so far as I know, none have ade-
quately formulated or justified the logical
methodology. From this, and my own
experience with the approach, I conclude
that it is sufficiently novel to be ex-
plained in detail and justified philo-
sophically. Therefore, in the present
paper I have presented and justified
epistemologically the logical schemata I
have followed in my own attempts to
solve the problem of how species are
formed. These schemata offer seemingly
novel tools, both for discovering causally
related effects of historical processes
hidden among the noise of unrelated
events, and for empirically testing the
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realism of any models proposed to ex-
plain the process and its causally related
effects. In justifying these schemata I
confront and tentatively answer two ma-
jor problems in the philosophical founda-
tions of scientific methodology: 1) Is
there an inductive logic which can be
used to infer realistic generalizations
about nature from specific observations
of nature, and if so what is the epistemic
value of this logic? 2) How can one test
the empirical realism of generalizations
about historical processes, when the
processes cannot be observed or manipu-
lated experimentally? The answers to
these questions provide a methodology
which appears to be effective for under-
standing speciation, and a surprisingly
wide diversity of other historical prob-
lems ranging from cosmology through
economics and possibly even to funda-
mental particle physics. The approaches
to answering these questions also seem
to indicate the way to solutions of some of
the foundation problems of the philoso-
phy of science.

The inductive power of the compara-
tive approach is most effective if it can be
applied to a compact phylogenetic
radiation which can be subdivided into a
series of genetically and ecologically
related cases, some of which serve as
“natural experiments” to demonstrate
the phenomenon to be explained, and
others which serve as “controls” because
they are similar to the “experiments” in
most respects, but do not show the ex-
perimental phenomenon. The 120+
species of the sceloporine radiation of the
lizard family Iguanidae provide an ideal
radiation for this comparative approach.
The radiation involves at least two quali-
tatively different modes of speciation
which may be compared and contrasted
by the comparative methods to help iso-
late specific features that help to explain
the differences. I abstract my research
program on the comparative cytogene-
tics, speciation, and evolution of the
sceloporine lizards to illustrate how the
comparative methodology has actually
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been used in my own research program.
Thus, the present paper serves to intro-
duce the series of papers to follow, which
will present in detail the results of the
research program on sceloporine specia-
tion. It also serves as a methodology sec-
tion for this program.

Modes of speciation: where we stand.
To illustrate and recapitulate the epis-
temological problems the present paper
faces and attempts to solve, 1 offer the
following quotations as a necessary
background to the attempt to understand
sceloporine speciation:

It is rather discouraging to read this perennial
controversy because the same old arguments are
cited again and again in favor of sympatric specia-
tion.... In the last analysis, all the various
schemes make arbitrary postulates that at once
endow the speciating individuals with the attri-
butes of a full species. They attempt thus to by-
pass the real problem of speciation. One would
think that it should no longer be necessary to
devote so much time to this topic, but past ex-
perience permits one to predict that the issue will
be raised again at regular intervals. Sympatric
speciation is like the Lernaean Hydra which grew
two new heads whenever one of its old heads was
cut off. There is only one way in which final
agreement can be reached and that is to clarify
the whole relevant complex of questions to such
an extent that disagreement is no longer possible.
(Mayr, 1963: 451)

False facts are highly injurious to the progress
of science, for they often endure long; but false
views, if supported by some evidence, do little
harm, for everyone takes a salutory pleasure in
proving their falseness; and when this is done,
one path toward error is closed and the road to
truth is often at the same time opened. (Darwin,
1889: 606, as quoted in Ghiselin, 1969—
emphasizing the importance of distinguishing
syntactically between observations and explana-
tions)

For evolutionary biology ... history ... pro-
vides the needed key to scientific knowledge.
Our approach to evolutionary and population
problems should involve historical reconstruction
as well as more traditional camparative and ex-
perimental techniques. We must account for what
actually has occurred: what might take place
under ideal conditions will never do. Otherwise
we shall justify our conceptions of things from
our ideas, rather than letting the way things are
determine how we shall conceive of them. [Italics
mine] (Ghiselin, 1974: 27, stressing the impor-

tance of not begging the conclusion by working
logically from unrealistic initial assumptions [i.e.,
to avoid the error of petitio principii])

Two alternatives seem open to us at this junc-
ture: either revert to a hypothetic-inductive
model of science or argue that evolutionary
theory after a century is still inadequately formu-
lated and that in a more finished form will con-
form to the H-D model. The problem with the
first alternative is that there is no H-I model.
Thus, this alternative reduces to the admission
that there is no reconstruction of science appro-
priate to evolutionary theory as it now stands.
Biologists are currently working on the second
alternative. Some are attempting to reformulate
macro-evolutionary theory more rigorously so
that deductive confirmation or disconfirmation is
possible. Others find evolutionary theory in terms
of organisms and their interactions too crude to
permit an adequate formulation of evolutionary
theory. Instead, they call for a molecular version
of evolutionary theory, hoping in this manner
to fulfill the requirements of the H-D model. . ..
(Hull, 1973: 34-35)

I would claim that the comparative
approach outlined in this paper is as logi-
cally rigorous both for making inductive
generalizations and for deductively test-
ing them as is possible, given a funda-
mentally stochastic reality. It remains to
demonstrate the utility of the method-
ology, as will be attempted in the follow-
ing papers.
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