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Morphology, Performance and Fitness!
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SyNopsis.

Selection can be measured in natural populations by the changes it causes in

the means, variances and covariances of phenotypic characters. Furthermore the force of
selection can be measured in conventional statistical terms that also play a key role in
theoretical equations for evolutionary change. The problem of measuring selection on
morphological traits is simplified by breaking the task into two parts: measurement of the
effects of morphological variation on performance and measurement of the effects of
performance on fitness. The first part can be pursued in the laboratory but the second
part is best accomplished in the field. The approach is illustrated with a hypothetical
analysis of selection acting on the complex trophic morphology of snakes.

INTRODUCTION

My thesis in this paper is that it is possible
to measure adaptive significance directly.
In particular it is possible to characterize
statistically the relationship between fit-
ness and morphology in natural popula-
tions. One can argue that this statistical
approach constitutes the highest grade of
evidence for selection and adaptation. I will
stress this direct approach to selection
because of the unique insights it can offer
and because it has often been neglected.

Despite its virtues, measurement of
selection should not be considered a sub-
stitute for other modes of attack on adap-
tive significance. Direct analysis of selec-
tion will be most valuable when it is
combined with analytical studies of func-
tion and with comparative studies that
describe the scope of evolution. Likewise,
inferences from functional and compara-
tive studies will be strengthened by com-
panion studies of selection in particular
populations.

How can we measure the force of natural
selection on specific aspects of morphol-
ogy, physiology and behavior? The current
practice, unfortunately, is to use ad hoc data
analysis that is not related to any formal
evolutionary theory. The strategy outlined
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here rests on recent advances in multi-
variate selection theory, which deals with
the effects of selection acting simulta-
neously on multiple characters (Lande,
1979, 1980, 1982). These theoretical
results, together with recent success in field
measurement of fitness, indicate that selec-
tion can be measured in nature in the same
terms that are used in equations for the
evolutionary transformation of popula-
tions (Lande and Arnold, 1983). Multi-
variate selection theory is briefly reviewed
here and a new result is introduced. This
is the simple notion that when the selection
acting on a trait is formally expressed as
the statistical relationship between the trait
and fitness, then selection can be factored
into two parts: a performance gradient rep-
resenting the effect of the trait on some
aspect of performance (e.g., the ability to
swallow large prey) and a fitness gradient
representing the effect of performance on
fitness. The point of this distinction is that
even when effects on fitness cannot be mea-
sured, it will often be possible to measure
effects on performance. Thus, one contri-
bution of the present paper is a statistical
methodology for implementing the labo-
ratory—and field—phased research pro-
gram advocated by Bock (1977, 1980).
Although the approach advocated here
is generally applicable to the study of adap-
tation, I will illustrate the strategy using
only snake feeding as an example of per-
formance. Such illustration, of course,
makes the results relevant to the sympo-
sium and it may make the abstract concepts
more tangible. Since no one has success-
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A tentacled snake (Herpeton tentaculum Lacépéde) in the process of swallowing a fish. This large fish

was close to the snake’s breaking point and the ingestion process lasted 1% hr.

fully implemented the entire methodol-
ogy, some of my examples are necessarily
hypothetical. My goal is to point out new,
sometimes difficult directions for research
rather than to display empirical results.
My discussion is restricted to the analysis
of adaptation within populations of con-
specifics. The main focus is on the analysis
of selection that acts on the spectrum of
rather minor variations that can be found
within a local population. Such variation
is usually ignored by morphologists. Al-
though natural selection on phenotypic
characters has been detected on numerous
occasions during the past 100 years by doc-
umentation of subtle shifts in population
means and variances (see review by John-
son, 1976), functional morphologists have
tended to use other, less direct techniques
to study adaptation. Nevertheless the anal-
ysis of population variation should become

a powerful weapon in the morphologist’s
arsenal: even adaptation in complex func-
tional systems can be studied using recent
theoretical advances. Of course, such stud-
ies are not a substitute for other ap-
proaches. Measurement of selection will be
most informative when it is supplemented
by observational, experimental and com-
parative work.

In the following sections I outline a
methodology for studying adaptation. 1
begin with the problem of identifying
appropriate phenotypic characters, review
multivariate selection theory, outline the
prospects for measuring selection on mor-
phology and performance and, finally, dis-
cuss the limitations of the approach.
Throughout I will use “morphology” as a
shorthand for any measurable or count-
able aspect of structure, physiology or
behavior.
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Fic. 2. A diagrammatic portrayal of an African egg-eating snake (Dasypeltis sp.) almost maximally distended
during the ingestion of its prey (reconstructed from Rabb [1972] and Gans [1974]). Candidate structural
elements contributing to swallowing ability are: width of the braincase (z,) and lengths of the supratemporal
(z5), the quadrate (z5), the mandible (z,) and the mandibular symphysis (z,).

IDENTIFICATION OF INTERESTING
PueENOTYPIC CHARACTERS

Comparative, observational and experi-
mental studies can often provide valuable
clues about adaptive significance. Such
work can generate hypotheses about adap-
tation that can then be tested with actual
measurements of selection acting on vari-
ation within populations. For example, Mell
(1929) compared genera and families of
snakes and noted an association between
number of scale rows girdling the body and
tendency to eat large prey. Mell’s obser-
vation makes functional sense because elas-
tic skin between the scales stretches during
prey ingestion (e.g., Gans, 1974, and Fig.
1) and so the number of elastic elements
will be proportional to the number of scale
rows encircling a snake’s body. An obvious
next step is to see whether swallowing abil-
ity is associated with the differences in scale
row number that can be found within snake
populations, since this would permit mea-
surement of part of the selective force
impinging on scale row number. Ideally
Mell’s hypothesis should be tested in a vari-
ety of snake populations.

The mode of analysis is slightly more
complex if comparative and observational

studies suggest that a whole suite of char-
acters interact to confer a particular adap-
tive capacity. Consider, for example, the
structural elements that are implicated as
contributing to swallowing ability by obser-
vation, dissection and electromyography
(Albright and Nelson, 1959; Gans, 1961;
Kardong, 1979; Cundall, 1983; Pough and
Groves, 1983). If we scrutinize a snake that
is maximally distended during prey inges-
tion (Fig. 1) and visualize the location of
bony elements by X-ray photography or
dissection (Fig. 2) we can easily guess which
bony elements contribute to swallowing
ability. Thus from Gans’ (1952, 1974) and
Rabb’s (1972) observations of egg-eating
snakes (Dasypeltis), it appears that the
braincase, supratemporal, quadrate, man-
dible and mandibular symphysis form a
chain of elements that encircle the prey
during ingestion (Fig. 2). Furthermore, at
least some of these elements are propor-
tionally large in taxa such as vipers that
can swallow very large prey (Marx and
Rabb, 1972). The five structural elements
shown in Figure 2 will be used to illustrate
the problem of measuring selection acting
on an ensemble of traits, even though a
variety of other characters might contrib-
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ute to swallowing ability and should be
included in any definitive study (e.g., num-
ber of teeth on various elements, size and
placement of cephalic muscles, length of
palato-pterygoid arch).

Although comparative studies and func-
tional analysis can suggest which traits par-
ticipate in a particular adaptive complex,
they do not provide direct evidence of
selection or adaptation. For example, while
functional and comparative studies impli-
cate the structural elements shown in Fig-
ure 2 as contributors to swallowing per-
formance, they do not tell us whether the
length of the quadrate actually affects fit-
ness through its effects on swallowing abil-
ity. Nor do functional and comparative
studies tell us whether selection impinges
more strongly on the quadrate or on the
mandible. These kinds of questions can be
approached with correlational studies that
relate morphological variation to perfor-
mance and fitness.

Such correlational work is not a poor
cousin to experimental analysis. We can
approach selection experimentally by
ablating a character and measuring the
resulting decrement in fitness. Unfortu-
nately such experiments measure the effect
on fitness along an artificial character scale,
not along the actual spectrum of character
variation that occurs in nature. Only the
latter can be related to evolutionary theory
for responses to selection. Thus experi-
mental work (e.g., ablation) can be infor-
mative when it is practical but it does not
estimate the critical parameters most use-
ful in evolutionary theory.

Before discussing how the forces of
selection impinging on the five elements
shown in Figure 2 might be measured, it
will be useful to review recent progress in
multivariate selection theory, in order to
motivate the approach.

MULTIVARIATE SELECTION THEORY

Recent progress in selection theory
enables us to predict how much each of a
whole series of characters will evolve each
generation. However we must know both
the patterns of inheritance and selection
for the whole series. Using the symbol z
with a subscript to denote each character
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whose evolution is of interest, then the
measurements that describe an individual
can be represented by a column vector, z.
For example, using the characters shown
in Figure 2, z corresponds to the width of
the braincase, length of supratemporal,
etc., each measured in an animal of a par-
ticular age (e.g., in a newborn snake) and
arranged in a column. Likewise the pop-
ulation means of the characters can be rep-
resented by a column vector, Z. Thus the
first element in this vector is the average
newborn braincase width in the popula-
tion, z,. The evolutionary change in the
multivariate mean from one generation to
the next (the directional response to selec-
tion), can also be represented as a column
vector, AZ. The first element in this vector
is the shift in average newborn braincase
width from one generation to the next. If
the characters, z, are normally distributed
(transformation of scale may be required
to accomplish this) then, as Lande (1979)
showed, the deterministic equation pre-
dicting one generation of evolution for the
whole array of characters is surprisingly
simple,

Az =GP-'S. (1)

In this equation, G is the additive genetic
variance-covariance matrix that describes
the polygenic inheritance of characters, P!
is the inverse of the matrix of phenotypic
variances and covariances among charac-
ters and S is a column vector of selection
differentials or shifts in character means
due to selection within a generation. In
other words, G describes inheritance, P
describes character variation, S describes
selection and AZ gives the response to
selection across generations.

In order to visualize these vectors and
matrices, it may help if we focus on one
character in the illustrated series (Fig. 2),
namely braincase width, z,, measured at a
particular age, say in newborn animals.
Thus the top lefthand element in the
genetic matrix, G, is the additive genetic
variance for braincase width, describing the
correspondence between newborn brain-
case width in parents and their offspring.
The other elements in the first row of this
matrix are the genetic covariances between
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