CHAPTER 2

The Argument From Design

GEORGE V. LAUDER

ne day, while out for a walk, I have the good fortune to come
ying on the ground. At first I am pleased at the prospect of
ement to the inexpensive plastic watch that I am currently
ntinue my walk and examine the Rolex more closely, I begin to
h may not be all that it seems. The gold on the casing has
and the band has a suspiciously flimsy feel to it. I come to
ch I have found might be a counterfeit, discarded by an
aser who uncovered the deception. Just how good is the watch
How does this “Rolex” compare to my inexpensive digital watch
nd resistance to shock? How does a Rolex keep time in
.S. National Bureau of Standards atomic clock? The watch I
slow due to lack of a precise fit among the parts. The watch
| due to a broken spring. Or the watch may actually be a
ade by a clever watchmaker, which looks well made but only
breaking. We can only discover the quality of a watch we
king it apart, examining its mechanics, and testing its
inst alternative designs.
theme of this chapter is that we have been too assumptive in the
I design. Too often we have been willing to assume, like the
ounterfeit Rolex, that the watchmaker has done a good job as a
the external features of the watch instead of focusing on
ormance evaluation. We also have been assumptive in
eatures of organismal design are accidental by-products of
ction, without a design analysis. This is not so much the
aker as it is a case of “buyer beware.” Evolutionary biologists
mal design must experimentally assess the mechanical quality
scovered in comparison to other designs, and not restrict
ysis of the face alone.
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This chapter addresses two specific issues. First, I suggest that in our desire to
draw conclusions about biological design and to support theoretical views of how
organisms are built, we have been too willing to make assumptions about the
relationship between structure and mechanical function, about the patterns of
selection that have acted on components of design, and about the process of
design construction itself. Second, I argue that we have not often conducted the
mechanical and performance tests needed to assess the average quality of
organismal design. Perhaps we have been blinded by a few exemplary cases, but if
the variance in quality is high, these few best cases will give a misleading picture of
the range and variation in design. Additionally, conclusions that specific
phenotypic features may be accidental by-products of the design process may also
suffer from the lack of a rigorous design analysis.

I begin by reviewing the argument from design in its classical and modern
formulations. I then consider four reasons why we might be cautious about
accepting an argument from design as prima facie evidence of the past action of
selection in generating adaptive traits. My analysis of the argument from design
will use primarily concepts and examples from the study of animal morphology
and physiology. The investigation of animal design is the focus of research in the
disciplines of functional morphology, biomechanics, and comparative physiology,
and many issues relevant to the argument from design can be seen with special
clarity via the study of specific features of animal structure. Two major means by
which we recognize design in organisms are by applying engineering and
mechanical principles, and by analogies to man-made devices. In addition, both
the original formulations of the argument from design and their modern
counterparts often rely heavily on anatomical examples and analogies. While the
argument from design is certainly much broader than this and has been applied to '
numerous other phenotypic features, such as behaviors and host-parasite
relationships (e.g., Cronin, 1991; Dawkins, 1987; Williams, 1966, 1992), this
chapter will focus on the application of the argument from design as it relates to
the specific areas of anatomical structure and physiological function.

One advantage of restricting the analysis to this area is that the mechanistic
emphasis of biomechanics and physiology allows explicit specification of
performance metrics such as efficiency, force output, and velocity of motion
(Lauder, 1991b, 1994). Also, structural configuration can be quantified with
considerable precision, and the physiological function of these structures can be
measured directly to permit a direct evaluation of design performance. Itis
often more difficult to conduct comparative analyses of behavioral or ecological
designs and their relative efficiencies. In addition, the causal implications of
differences in design among species are often easier to determine in a
mechanical system (where lever arms, masses, €tc. can be measured precisely)
than in ecological or behavioral comparisons, and we can thus minimize the
problem of correlative results not possessing causal information.
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al Argument

€ argument from design (or AFD) is considerable, and in its
on, the logic of the AFD is as follows. The very existence of any
ex structure or function implies the existence of a purposeful
ect. Hence, Paley (1836), in an oft-cited example, explained that
on the ground implies directly the existence of a watchmaker. It
eivable (o attribute the presence of a watch on the ground to the
embly of materials into the exact configuration needed to make a
However, should we happen to find a stone on the ground, we
‘any maker of the stone as it is common for stones to arise as a
erous geological processes. In the case of the stone, we can clearly
nical causal agent that could place the stone in the position that

y (1836) who used the mammalian forelimb to illustrate
(A): Human arm bones, including the humerus (a), radius (d), ulna (e), and hand.

nd showing the superficial musculature and flexor tendons to the fingers. (C): Human
moved to show the musculature.
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we happen to find it, without the need to resort to a “designer” to construct the
stone. A watch is considerably more complex and intricate than a stone, and Paley
argues that it is this complexity that requires the invocation of a maker or
“designer” of the watch.

Paley then compares the complexity of the watch to the complexity of
organisms (Fig. 1; Table 1). He argues that just as the intricate watch required a
designer, so does a complex organism. Organisms, then, provide evidence of a
Creator and are one manifestation of His work.

There are differing interpretations of the logic of Paley’s argument from
design. If one accepts that Paley was constructing an argument by analogy,
suggesting an analogy between how we conceive of the intricacy a watch and how
we perceive the complexity of organisms, then Hume (1779) is often held to have
demolished this argument more than 50 years prior to Paley. Thus, Hurlbutt,
(1985, p. 169) was able to remark that “... I shall assume what I feel to be quite
evident: the proposition that Hume’s analysis destroyed the rational foundations
of the design argument as it was commonly presented in the seventeenth and
cighteenth centuries.” In fact, Hume’s “Dialogues Concerning Natural Religion”
(1779) are valuable reading for modern biologists interested in the logical
foundation of the argument from design. In his Dialogues, Hume describes a
conversation among three individuals: Philo, Demea, and Cleanthes. Cleanthes
argues in favor of the proposition that God is manifest in the world and that such
manifestation is evident in the design of organisms (Table 1). That the Designer
of the world is intelligent and magnanimous is shown by the intricacy and
harmonious nature of organic design. Cleanthes directly uses an argument from
analogy: human designers built a mechanical world, organisms are mechanical in
design, so a Creator must have constructed organisms. A key feature of Cleanthes’
argument is that the parts of organisms appear to be adapted to their functions as
“means to ends”; how else could this occur without a Designer? It is the role of
Philo in the Dialogues to destroy Cleanthes’ argument, and he does so by showing
that the argument from analogy is logically flawed.

Sober (1993, pp. 30-36) argues that Paley was in fact not arguing by analogy
(hence Hume'’s critique has no force) and that Paley actually used two arguments
as follows. First, a watch is a complex design for keeping time; either the watch was
produced by a designer or by a random physical process. Second, organisms are of
complex design which aids in survival and reproduction; either organisms have
been constructed by a Designer or organisms are the result of random physical
processes. Sober suggests that the Paley AFD amounts to a general statement that
if you accept the first argument then it is plausible for you to accept the second.
Since no one believes that the watch was the product of a random physical
process, then you should be inclined to accept that organisms are the product of a
Creator.

B. The Darwinian Argument

This dispute over the logical nature of Paley’s AFD notwithstanding, it is clear that
publication of the Origin of Species (Darwin, 1859) ushered in a new way
of thinking about the design of organisms. Richard Dawkins has most clearly
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d Statements from the Literature lllustrating Both the Teleological
dern Argument from Design

‘Reference

Comment on the argument from design

(1966, p. 10)

liams (1992, p. 40)

“Look around the world: contemplate the whole and every part of
it: you will find it to be nothing but one great machine,
subdivided into an infinite number of lesser machines...”

“All these various machines, and even their most minute parts, are
adjusted to each other with an accuracy, which ravishes into
admiration all men, who have ever contemplated them.”

“The curious adapting of means to ends, throughout all nature,
resembles exactly ... the productions of human contrivance...”

“...for, in the watch which we are examining, are seen contrivance,
design, and end, a purpose, means for the end, adaptation to
the purpose.”

“...the detection of any adaptation in a fossil organism must be
based on a perception of the machine-like character of its parts,
and on an appreciation of their mechanical fitness to perform
some function in the presumed interest of the organism.”

“A frequently helpful but not infallible rule is to recognize
adaptation in organic systems that show a clear analogy with
human implements. "

“At other times the purpose of a mechanism may not be apparent
initially, and the search for the goal becomes a motivation for
further study. Adaptation is assumed in such cases...on the
indirect evidence of complexity and constancy.”

“Evolutionary theory offers clear criteria for when a trait should
be attributed to natural selection: complex design for some
function, and the absence of alternative processes capable of
explaining such complexity.”

“...adaptations are the long-term consequences of evolution by
selection and thus understanding the functional design of an
adaptation is synonymous with understanding how evolution by

directional selection worked ...”

“Adaptation is demonstrated by observed conformity to a priori
design specifications.”

“The hand is an adaptation for manipulation because it conforms
in many ways to what an engineer would expect, a priorj of

manipulative machinery...”
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expressed the Darwinian formulation of the argument from design in his book
entitled “The Blind Watchmaker” (Dawkins, 1987). Dawkins argues cogently in
favor of the view that the process of evolution by natural selection may act like a
blind watchmaker. Basic biological principles of variation, heredity, and selection
operate to generate biological design and complexity of structure without
requiring a purposive guiding hand or a Designer with a view to the end product.
Biological design arises as a result of selection and is modified in succeeding
generations as selection acts on those designs that result from previous episodes of
selection. Although mutation, which generates new variation, may be random with
respect to currently available variation within populations, natural selection is not
random. Selection acts on existing variation within the context of the current
environment to build up biological design, modifying what has come before and
not acting to generate design de novo in each generation. The potential
transformation of any biological design is thus constrained by its past history of
variation and selection. The role of Paley’s purposive Creator/Designer/
watchmaker has been replaced by selection acting on heritable variation. Darwin’s
mechanistic explanation of organic design was surely a great intellectual
achievement.

One might suppose that the presence of a mechanistic explanation for
biological design such as that proposed by Darwin would have marked the end of
the argument from design in modern biology. After all, given the sufficiency of a
purely statistical/mechanical explanation for design, it would seem unnecessary to
even present arguments derived from the way organisms are constructed.

C. The Modern Application

But in fact the AFD is alive and well, although certainly different in its particulars,
if not in character, from what Paley invoked. In its modern formulation, the AFD
centers around the recognition of adaptive characters and the inference that these
traits have been produced by the process of natural selection. Instead of
attempting to infer the action of a Creator from the manifest complexity of
organisms, many evolutionary biologists seek instead to infer the action of
selection from organismal design. Often it is the complexity of design itself that is
held to provide evidence of the past action of selection (Table 1; Pinker and
Bloom, 1990). A second criterion for the inference of adaptation is the
resemblance of organic design to man-made design. The selection of comments
from Rudwick (1964) and Williams (1966, 1992) presented in Table 1 illustrates
this widespread view. If we can recognize in organisms a configuration reminiscent
of how a human engineer might have designed a structure (enabling us to call the
structure a “design”), then according to the modern AFD we can reasonably infer
that selection acted to produce the structure and that the structure serves an
adaptive function, aiding survival and reproduction.

There are many conceptual similarities between the modern AFD and the
classical version presented by Paley. Indeed, some modern advocates of the AFD
use Paley explicitly as a suggested guide for the study of adaptation. Thus, Williams
(1992, p. 190) suggests that the works of Paley be studied as a means of
understanding how adaptation may be recognized, and he approvingly reproduces




7. e Argument from Design 61

e action of a Designer) from a pattern (organismal design, however recognized).
, the validity and the utility of the modern AFD depend critically on the
to which one can reliably make such an inference.
ot all evolutionary biologists have accepted the modern version of the AFD
use the term “design” to reflect the result of a mechanistic process that
tes complex structure (whether by a Designer or by natural selection).
s (1987) subtitled his book “why the evidence of evolution reveals a
e without design,” implying that the very concept of “design” has been
olete for biological systems. Continued use of the argument from design
108y prompted Ollason (1987) to proclaim in frustration that “...the idea
als are designed is dead, killed by Hume, buried, perhaps unwittingly, by
ut however comprehensively it is disposed of, like the walking dead it
still.”
r more than simply haunting us, the modern version of the AFD is so
e that in many ways it may be said to be the most commonly used means of
 the past action of selection (Table 1; Thornhill, 1990, 1996; Williams,
92). And far from abandoning the use of the term “design,” evolutionary

have instead relied heavily on this concept as a means of inferring
forces.

it has been widely noted that the term “adaptation” may refer to both a
n adaptation) and the process of becoming adapted (Brandon, 1990;
986), this distinction is necessarily conflated in most discussions of
(see Lauder et al., 1993; Leroi et al, 1994; Sober, 1984). Many workers
€ variation of the following historical definition of adaptation, and this
on I will use here: an adaptation is a trait that enhances fitness and
istorically as a result of natural selection for its current biological role
1994b; Baum and Larson, 1991; Brooks and McLennan, 1991;
1988; Gould and Vrba, 1982; Greene, 1986; Harvey and Pagel, 1991;
1993; Mishler, 1988; Sober, 1984). Thus, adaptation as a state is
part by the action of a mechanistic process, natural selection, acting
that trait currently deemed to be an adaptation. One implication of
is that neither a trait that resulted from correlated responses to
different character nor a trait that results from random genetic drift
idered as adaptations. Such traits might have fitness effects and they
form an integral part of the phenotype, but they would not be
A number of other terms have been proposed to describe traits of
um and Larson, 1991; Gould and Vrba, 1982; Griffiths, 1992), some of
considered later in this chapter]. To be an adaptation a trait must
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have resulted from direct selection for that trait. Not all workers accept this
approach, however: other definitions of adaptation emphasize that an adaptive
trait is one that enhances current fitness without regard to the mechanism that
gave rise to the trait (Fisher, 1985; Reeve and Sherman, 1993) and consider the
comparative fitness of extant variation in a trait as the means to identifying
adaptation.

2. Function

The term “function” has an equally confused history in the literature, with
biologists in different research areas using this term with very different meanings.
Recently, a number of authors have attempted to sort out some of this conceptual
confusion and clarify the multiple uses of this term (Allen and Bekoff, 1995;
Amundson and Lauder, 1994; Bekoff and Allen, 1995; Griffiths, 1992; Lauder,
1994). Most evolutionary biologists use the term function as synonymous with
selective advantage, suggesting that the function of a trait is that property of the
trait that resulted in the trait having been selected for. Thus, the function of long
Jimbs in ungulates might be given as “escape from predators.” By this definition, a
function is recognized as an effect of the process of selection [and hence may be
referred to as the selected-effect (SE) definition of function (Amundson and
Lauder, 1994)] and by the performance/fitness advantage incurred by the trait.
Implicit in this definition is that the history of selection needs to be known in
order to make an informed statement about function, and hence the SE definition
of function is inherently historical.

On the other hand, functional morphologists and physiologists often use the
term function to mean the use, action, or mechanical role of phenotypic features
(Amundson and Lauder, 1994; Bock and von Wahlert, 1965; Lauder, 1994). Thus,
a bone might have the mechanical function of stiffening the limb against gravity
even though this may not be the effect or performance advantage on which
selection acted during the origin of the bone. (For example, the bony components
of the limb could have originated in an aquatic ancestor of the terrestrial taxon
now under consideration.) This is a nonhistorical use of the term “function” that
does not depend on identifying selection forces. The concept of anatomical
function is essential to our discussion of the argument from design because it is
the measurement (Or estimate) of how structures are used by animals that most
often is the basis by which inferences about adaptation and selection are made.
The biomechanical analysis of anatomical structure and function provides the
basis for comparing biological phenotypes with man-made devices, and thus is a
tool by which one could possibly detect adaptation in biological design. It is
analysis of the “machine-like character” of traits (Rudwick, 1964), “complex design
for some function” (Pinker and Bloom, 1990), and “conformity to a priori design
speciﬁcations” (Williams, 1992) that encourages the inference of adaptation and
selection, and hence constitutes a key component of the modern argument from
design (Table 1).

This chapter uses the phrase “mechanical function,” “anatomical function,”
or “physiological function” to distinguish this nonhistorical meaning from the
selected-effect use more common in evolutionary biology (“evolutionary function”
or “adaptive function”). This will be a convenient way to describe the action of
complex morphology in our analysis of the AFD below, without making any
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s about selected functions of those structures. The biological context of
nd function is referred to as the “biological role” of a structure or
function (Bock and von Wahlert, 1965; Lauder, 1994).

and the Argument Jrom Design

ncept of design as used in the fields of biomechanics and functional
' refers to an organized biological system which performs one or more
functions (Lauder, 1982, 1995; Amundson and Lauder, 1994). Design
e is not necessarily equivalent to structure, but is a more general
structure in relation to function. However, the term design is often also
and for complex structure that appears to have some, possibly yet to
ed, function.
utionary biology, the notion of function often has a teleological
1 that is closely related to the concept of “design” (Allen and Bekoff,
1970; Griffiths, 1992). The “design” of an organism in evolutionary
e often includes the adaptive (selected-effect) function of those traits that
all a “design” (Dennett, 1995). Although the purposive connotations
have engendered some controversy (e.g., Ollason, 1987), in general
espread recognition of the fact that natural selection acts to alter
anization based on currently available variation and not with
n of an endpoint in the future.
nodern evolutionary incarnation of the argument from design is based
ctly or indirectly on several propositions that are required to perform
ogram suggested by the AFD. At its core, the AFD is an inference of
pattern: the process and the action of natural selection are inferred
lexity and configuration of structure. Most of the discussion about
ncerns allied research programs, as there are several means of
Iogical design. How, empirically, do we recognize biological
Jow can we analyze complexity of organization and the relationship
ogical and human design? What can we infer about the action of
m an analysis of the phenotype alone? If the argument from design is
than a theoretical construct, we must be able to successfully conduct
esearch program.

e four critical components to the analysis of biological design. Not
I be present in any one analysis, and any given investigation may use
re than one of these components.

‘must be able to make accurate inferences of mechanical function
€. Many authors writing about the AFD have stressed the relevance of
ng how organisms function as machines (Table 1). It is through such
al analyses that we come to understand how organisms are
d how various components of the phenotype interact to generate
it is via an understanding of the relationships between mechanical
structure that we propose hypotheses about evolutionary function,
d selection, key elements of the modern AFD.

j organic design is to be compared to man-made implements as a
Iring evolutionary function, then we must be able to specify design
tis, given a mechanical function such as “detect prey in the water at a
£ 10 cm” as a goal, we must be able to abstract from the desired
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mechanical function basic elements of design that will meet that goal. Then we
need to evaluate the extent to which oné or more biological designs match those
design criteria and thus are likely to have performed the hypothesized function. In
addition, it would be enormously helpful in formulating AFD hypotheses tO
construct alternative designs and to assess the relative performance of those
configurations. Are there several designs with equivalent performance that could
perform the needed function?

Third, we must be able to infer evolutionary function from analysis of the
phenotype alone. Many AFDs are based exclusively on 2 phenotypic analysis of 2
few individuals or 2 few groups of related taxa. Central to the modern AFD is the
ability to make inferences of patterns of selection on traits sO that we can say thata
given trait is an adaptation for some specific evolutionary function. Indeed, we
must be able to g0 further than this and distinguish between direct selection for 2
trait and alternative explanations for that trait: correlated response to selection on
another character, drift, unmodified inheritance from the ancestral condition,
and the like.

Fourth, a key to the successful implementation of the AFD is the ability to
atomize complex collections of phenotypic features into relevant component
parts. This is necessary in order to analyze individual components of design. If all
parts of an organism function in such an interconnected and integrated manner
that we cannot consider components in isolation, then we cannot apply the AFD
to less than the entirety of the organism, the latter not normally being 2 feasible
research program.

111, Problems With Applying The Argument From Design

This section treats the four issues discussed above in detail and evaluates the
empirical sufficiency of each issue as it might relate to our ability to apply the AFD
to a specific case. The general theme of this section is that there ar€ considerable
difficulties associated with all four empirical components of the AFD, and that
these difficulties place considerable constraints on applying this argument in
practice.

A. Structure And Mechanical Function Are Not Tightly Matched

The notion that structure and function are closely linked has a long history in
biology dating from at least the time of Aristotle (Russell, 1916). Indeed, some of
the leading figures in the history of biology, such as Cuvier, have been strong
believers in the matching of structure to function, and this view is held by many to
this day [ (Arber, 1950; Dullemeijer, 1974; Rudwick, 1964); also see papers in
Thomason (1995) ]. Certainly the ability to predict the mechanical function of 2
structure from an analysis of the structure alone has 2 strong appeal, if only
because We could then avoid having to measure the physiological function of
structures directly.

Unfortunately, as functional morphologists have begun experimental
investigation of the relationship between structure and function, 2 large number
of complexities have been discovered that render the structure-function
relationship more obscure than previously supposed (Gans, 1983; Lauder, 1995).
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ch of the discussion of structure-function relationships tends to be highly
tative and assumptive in character, drawing on expected patterns of function
hypothetical relationships that appear likely to be true based on knowledge
1 human engineers. In order to evaluate the precision of the relationship
een structure and function it is vital to conduct experimental analyses and
ctly test predicted relationships.
I have previously argued that the predictability of mechanical function from
ture may be scale dependent (Lauder, 1995). At a histological level of
is, the relationship between cellular structure and function appears to be
onably predictable. For example, myofibrillar cross-sectional area can be used
high degree of accuracy to predict maximal muscle contractile tension;
es in membrane surface area have predictable effects on diffusion rates. At
neral level of behavior and ecology, numerous examples exist of well-
led general inferences of traits such as habitat (arboreal or aquatic) or diet
or soft prey) based on organismal structure. Although we may in fact be
nt of many ecological complexities when we make such broad comparisons,
ccess has been obtained in inferring general dietary characteristics. It is at
ediate level, of which musculoskeletal function acting to generate
vior is one good example, where the relationship between structure and
ion becomes much more obscure. Yet it is at this level where anatomical
es may be studied with relative ease in both living and fossil taxa and
bility is most often desired. It is also at this gross anatomical level where
gument from design, from Paley (1836) to Williams (1992), has often been

re I briefly present two case studies from the experimental functional
logy of vertebrates that exemplify the complex character of structure-
elationships.

aspecific Differentiation in Structure and Function

ertebrates that eat hard prey possess molariform teeth which act as
urfaces for the application of forces from the (usually) hypertrophied
cles. Sunfishes (Centrarchidae) provide a nice example of durophagy
on of hard prey) as several species are known to eat snails and to
s both molariform teeth and hypertrophied pharyngeal muscles. In
we know from experimental studies of muscle function in which direct
graphic recordings were made of the relevant jaw muscles, as both hard
L prey were being eaten, just when the muscles are activated by the nervous
luring the crushing behavior (Lauder, 1983a, b). In addition to measuring
es associated with durophagy, we also quantified the pattern of muscle
sed by fishes in different populations to discover if there was
on in the mechanical function of the muscles that perform the
avior. One might expect to find a good correlation between the
ard prey in the diet (in this case, snails), hypertrophy of jaw muscles,
 in function of the hypertrophied muscles across populations that vary
rtion of hard prey in the diet. Is there, at this interpopulational level,
ationship between structure and function?
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Structure Function

LP PCe
Most
different

PCi RD

RD PCi

LE LP
Least
different PCe LE

Figure 2 Comparison of structure and function in the pharyngeal jaw bones and muscles of the
pumpkinseed sunfish (Lepomis gibbosus). The left column lists several different muscles that control the
crushing behavior of the pharyngeal jaws. Two populations were compared that differ in the extent to
which snails are an important part of the diet, and the muscles are ranked within each column by the
magnitude of the difference among populations. Thus, the LP muscle differed most in structure
between the snail-eating and the nonsnaileating populations, while the PCe differed least between
these two populations. A similar ranking was performed for muscle function. Note that little
correlation exists between structural and functional differentiation in the muscles of these two
populations. Muscle abbreviations: LE, levator externus; LP, levator posterior; PCe, pharyngocleithralis
externus; PCi, pharyngocleithralis internus; RD, retractor dorsalis.

different populations of these fishes (Wainwright et al., 1991a, b). We found that
the two populations studied were significantly different in their muscle activity
patterns (Wainwright et al., 1991a). However, the surprise was that the pattern of
differentiation in structure and function among muscles was not consistent
between populations: muscles that were most different in structure were least
differentiated in function. This result may be visualized (Fig. 2) by ranking the
level of differentiation between populations in muscle structure in one column
(from most different at the top to least at the bottom) and comparing it to the
level of differentiation in mechanical function ranked similarly in a second
column [see Wainwright et al. (1991a) for details]. Connecting homologous
muscles across columns shows clearly the discordance between structure and
function. This result was surprising because it suggests that even in an intraspecific
study there is little predictability of function from structure at the level of gross
anatomical muscle and bone function.

2. Musculoskeletal Design and the Causes of Behavior

Behavior results from patterned output from the central nervous system to
musculature. This output, in conjunction with physiological properties of the
musculature and the mechanics of the arrangement of muscles and bones,
determines the observed pattern of movement that we call behavior. The analysis
of musculoskeletal function provides one way of addressing the causal
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(mechanistic) bases of evolutionary changes in behavior and of illustrating the
complexity of the relationship among structure, function, and behavior.

If two species differ in some aspect of their behavior, then these differences
might have resulted from changes in either musculoskeletal structure (topology)
or in neural output to the muscles that produce the behavior. Figure 3 illustrates
this concept using a simplified vertebrate forelimb (humerus and forelimb bones
and associated muscles). Given a monophyletic clade, we might investigate the
pattern of movement (behavior) in each of the species and determine that the
primitive condition in the clade is the behavior “flexion then extension”: that is,
the forearm flexes by moving dorsally (up) and then extends by moving ventrally
(down). Thus, the forelimb in most species in this clade moves dorsally around its
articulation with the humerus in a flexion motion, followed by ventral rotation in
an extension movement (Fig. 3A). This behavior is caused by the activation of two
muscles (M1 and M2) in sequence. Now imagine that within this clade we discover
a new species that exhibits the novel behavior of “extension then flexion.” This
novel behavior could be produced by either of two possible mechanisms. Changes
in muscle function (the timing of activation) certainly could generate the new
behavior by altering the sequence in which each muscle is activated and hence
generate the novel behavior [Fig. 3B(i)]. But changes in musculoskeletal structure
could also produce the same new behavior. The primitive pattern of muscle
activity in conjunction with a new arrangement of muscles (in which muscle M1
now attaches to the posterior of the forearm, while the muscle M2 insertion has
moved anteriorly) also could generate the new behavior [Fig. 3B(ii)]. Muscle M1
now acts to move the forearm ventrally in a flexion motion and is activated first,
while muscle M2 elevates the forearm and is activated next.

This theoretical example illustrates the point that changes in either
musculoskeletal structure or function may occur and that changes in structure and
function may be dissociated from each other during the evolution of novel
behaviors. There is no obligatory historical coupling between novelty in structure and
function; there is no reason why structure and function at any one level must evolve in
concert.

Here I provide a case study of musculoskeletal function and its relationship
to behavior by summarizing the results of a study of the jaw muscles and bones of
salamanders and their physiological function during aquatic prey capture. Some
background is needed before the major conclusions can be presented. Aquatic
feeding occurs in several salamander families and involves the coordinated action
of many cranial muscles to cause a rapid expansion of the head and the
subsequent creation of a current of water (carrying the prey) into the mouth
(Lauder, 1985; Lauder and Shaffer, 1985; Reilly and Lauder, 1992). There is
considerable diversity in the structure of the head of salamanders in different
clades that exhibit aquatic feeding, and the goal of this analysis was to study four
taxa to determine if interspecific patterns of variation in mechanical function and
feeding behavior matched structural differentiation [details are provided in
(Lauder, 1995) and (Reilly and Lauder, 1992)]. We quantified the structure of the
musculoskeletal system of the head, the function of the head muscles (by
recording muscle activity electromyographically), and behavior (by obtaining
high-speed video recordings of prey capture); each class of traits was quantified by
measurement of a number of variables. We were thus able to make a multivariate
assessment of behavior, function, and structure and to assess the extent to which
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e results of three principal components analyses of physiological, structural, and
on four taxa of salamanders: A, Ambystoma, C, Cryptobranchus, N, Necturus, and S, Siren.
omponent plots of PC 2 versus PC 1 summarize the pattern of variation for each data
?f the head of each taxon are shown on the right. The symbol plotted on each plane
-presents the mean for all the individuals studied in that taxon. Lines connect taxa on
to show the mapping across levels of analysis. Note that there is no clear relationship
ons of taxa in a single plane to their positions on other planes, making the prediction
ehavior from structure alone difficult. Modified from Lauder and Reilly (1996).
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structure and function coevolve in these salamander taxa. To enable visualization
of the relationships among characters and taxa, the relationships among
characters at any one level (function, structure, or behavior) have been reduced to
two dimensions by conducting a principal components analysis on each class of
data separately.

Figure 4 illustrates the pattern obtained from these data. Each plane
represents the results of the analysis of one class of characters, and the position of
the four taxa in each plane is determined by the mean value for all the individuals
studied for that taxon. Taxa that are circled occupy positions in principal
component space that are not significantly different from each other (based on a
MANOVA of PC scores), and lines connect taxa in adjacent planes to illustrate the
mapping across levels. Thus, in the muscle activity (motor pattern) plane at the
bottom of Fig. 4, Necturus (N) and Cryptobranchus (C) possess patterns of muscle
activity during prey capture that are not significantly different from each other.
Siren (S) and Ambystoma (A) both possess novel muscle activity patterns that are
significantly different from each other as well as from N and C together. The
principal component analysis summarizing the morphological data shows a
different pattern of interspecific differentiation in structure from that seen in the
function plane. Here, Siren and Ambystoma possess similar structures of the cranial
musculoskeletal system, while Necturus and Cryptobranchus are morphologically
different from both each other and the Siren—Ambystoma group. Finally, at the
behavioral level, a third pattern of interspeciﬁc differentiation is observed, where
Ambystoma and Necturus show similar patterns of feeding movements.

The data summarized in Fig. 4 illustrate three results of special interest. First,
Ambystoma and Siren possess different feeding behaviors but similar morphology.
Due to the mechanistic nature of musculoskeletal function, this could only be true
if these two taxa differed in the pattern of muscle activity: given similar structure,
differences at the level of physiological function must exist to generate different
behaviors. This is indeed the case, as the motor patterns of Siren and Ambystoma are
signiﬁcantly different. Second, two taxa, Ambystoma and Necturus, show different
patterns of grouping in each of the three levels. These two taxa differ in both
morphology and muscle function, but these differences interact mechanically to
produce similar behaviors. Third, these data illustrate that there is not a simple
mapping across levels as might be anticipated if the structural and functional
components of musculoskeletal design evolved in a predictable, regular manner. It
is clear that an analysis of any one level alone is an insufficient description of the
design of the feeding system in salamanders, and that prediction of behavior or
physiological function from structure alone in this case study is effectively
impossible.

3. Conclusion

Numerous other examples could have been chosen to illustrate the point that
structure and function exhibit a complex relationship that makes prediction of
function from structure a very hazardous proposition (e.g., Gans, 1983, 1988;
Lauder, 1991a, 1994, 1995; Vermeij and Zipser, 1986). Without an assessment of
mechanical function independent of structure, we cannot hope to avoid circularity
in our efforts to understand organismal design. And yet, what structures actually
do, how they are used, and how they perform is an integral component of
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arguments about the history of organismal design and about the mechanistic
causes of design.

B. Relevant a Priori Design Criteria are Rarely Identified
1. Engineering Models and Mechanical Function

The claim that relevant design criteria can be specified priori to allow the
analysis of biological design amounts to a claim that we can specify in advance the
- problem or problems that the design is supposed to solve. Although it is almost
- always possible to specify some design criterion, the more complex the design, the
 less likely is it that we will be able to determine what the relevant performance and
~ mechanical functions are that any given structure needs to solve. And furthermore
the less likely is it that we will be able to meaningfully weigh alternative

performance goals. Models of optimal foraging, sex ratio proportions, and life
: history evolution have used a few carefully chosen design criteria such as minimal
 foraging time as the performance goal to evaluate ecological design (Beatty, 1980;
“Orzack and Sober, 1994a, b; Parker and Maynard Smith, 1990), and analyses of
plant biomechanics have been successful in using engineering criteria to evaluate
alternative designs (Niklas, 1986, 1992). While even some of these efforts have

A

been criticized (e.g., Rose et al., 1987), such endeavors have been still less
successful in other arenas (Lauder, 1995).

- The major problem facing an anatomist in specifying design criteria is that
the anatomical system of interest is often so complex and the “degrees of design
freedom” so high that a virtually infinite number of possible performance goals
may be specified to explain the very large number of anatomical traits. In cases
where biological structures operate in primarily two dimensions and the number
of elements is low (reducing the number of degrees of freedom), it will be easier
to use engineering theory to determine design criteria and hence to evaluate
performance. In practice, the necessary design specifications are most often simply
assumed, and based on this assumption the argument from design is used to
suggest an evolutionary function. A particularly good example of this is the human
and. Williams (1992, p- 40), for example, with reference to human anatomy,
asserts that “the hand is an adaptation for manipulation” because it conforms to
engineer’s a priori specification for a manipulative machine (Table 1). Let us
mine this claim.

First, what are the structural components of human hand design that call for
explanation? The human hand possesses 26 separate bones (Fig. 5; for our
oses I define hand structure as those elements distal to the radius and ulna,
dlthough there are of course structures such as nerves, blood vessels, and tendons
t pass from the forearm into the hand). Some of these bones articulate with

other to form five separate fingers, elongate combinations of phalangeal
etal elements that articulate with each other in ball and socket joints and
hich are capable of some independent movement. Five other bones, the
etacarpals, articulate both with the phalanges and a collection of seven carpal
ones grouped together at the base of the wrist (Fig. 5). Numerous ligaments
trict motion of the hand bones. For example, the transverse metacarpal
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Figure 5 (A): The major osteological components of hand design. This diagram shows the human left
hand in ventral view. (B): Diagram of a human hand on the left and a mechanical schematization on
the right to show one possible mechanical abstraction of the human hand. (C): Design of a mechanical
hand with three fingers. (D): Design of a mechanical hand with two fingers which move to grip
cylindrical items in the center. Panels B, C, and D are modified from Kato (1982). Reproduced by
permission. All rights reserved.
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ligaments tie the distal tips of the metacarpals to each other, while the collateral
capsular ligaments of the phalanges restrict motion at the knuckle joints to
primarily one plane.

: The hand also contains about 18 intrinsic muscles, limited to the hand itself,
which interconnect skeletal elements. The various interosseus muscles, for
_example, act to abduct, adduct, flex, and extend the fingers. The lumbrical
muscles of the hand take their origin from tendons of the flexor digitorum
profundus (whose belly lies in the forearm) and these muscles both flex and
extend the fingers at separate joints. Additional muscles abduct and adduct the
thumb and little finger. Finally, the hand contains an extensive network of sinovial
sheathes and bursae (fluid-filled sacs) through which tendons run.

Second, exactly which components of hand structure described above are
signed specifically for manipulation? Has the hand in its entirety resulted from
lection for manipulative function, or, have only some components of this design
cen selected for manipulation? If only some components were o designed,which
ones? Is it perhaps only the muscles, bones, and sinovial sheaths of the thumb that
e been designed by selection for manipulation, or is it the combination of the
nar interosseus muscles, the dorsal intercarpal ligament, and the triquetral
bal bone that we should focus on? We cannot gloss over the problem of
ntifying those elements that were subjected to selection for manipulative
ction because we must have a biological design to compare to our engineering
I: the closer the fit, the more likely our argument from design is correct.
Third, which engineering model are we to choose to represent the function
anipulation? We might choose to develop a specific mechanical model based
series of rigid elements, articulating with each other, controlled by a series of
s to permit motion of the various “joints,” and capable of movement in
sition (such as our thumb and fingers) so that individual objects may be
ed up. Or, we might simply specify general engineering principles: that
ipulation can be accomplished by any design with independently movable
onnected in a way that permits objects to be grasped and controlled. But
we must go farther than this and specify the model precisely enough to
ate a predicted design that one would expect a priori to exist when
ulation of objects is a problem to be solved.
urth, we must ask if there are other ways of designing a manipulative
e. What is striking about the mechanical engineering literature on
lative function is the extent to which the engineering solutions themselves
en dictated by existing human anatomy and used multiple jointed elements
features of the design for manipulation (Fig. 5: B, G, D). Everything from
lanipulation arms in deep-sea research submarines to artificial forelimbs

ived from a human model (Kato, 1982), and it is thus circular to argue
hanical hands provide evidence of “good” biological design. It could be
hat this similarity is in fact evidence for the engineering design of the
1 b and itself, as there may only be one “good” design. But if alternative
manipulation exist, then this argument fails.
us arms are an excellent manipulation device that embody well-
d engineering design concepts using the principle of a muscular
and layers of circular and longitudinal muscle (Kier and Smith, 1985).
e about this manipulative design that can be claimed a priori as being
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Didelphis

Ambystoma Alligator Ophiacodon

Figure 6 Phylogenetic relationships of several selected hand designs to show that many design
elements of the human hand are in fact ancient features of the vertebrate forelimb. Such ancient
features (such as multiple jointed digits that are capable of largely independent motion) cannot be
used to argue for adaptive design of those features in the human hand. Note that even taxa as
phylogenetically disparate as the salamander Ambystoma, the pelecosaur Ophiacodon, and the opossum
Didelphis show many similarities in hand design. The diagrams show the left hand in dorsal view
[diagrams modified from THE VERTEBRATE BODY, Fifth Edition by Thomas S. Parsons and Alfred S.
Romer, copyright © 1977 by Saunders College Publishers, reproduced by permission of the publisher].

irrelevant to the development of a general engineering model for manipulation:
octopus arms contain no specialized anatomical elements that could not in theory
develop in any multicellular organism. In addition, octopus arms do not contain
jointed bony elements and yet are capable of fine manipulative function, especially
when several arms are used in concert. If we choose the octopus arm model, then
it will indeed be difficult to argue that the human hand is the only possible
engineering design for manipulation. If there are alternative designs for
manipulative function, then which of the available models will we choose? And
how will we ensure that we have not biased our choice of model by the knowledge
we already have about the biological design that we are trying to explain?

Fifth, on what basis has it been decided that manipulation is the problem to
be solved? Perhaps various components of the human hand have resulted from
selection for grasping function (perhaps the grasping of branches during arboreal
locomotion). Some of the anatomical features that characterize the design of the
human hand today may have been incorporated into hand design to “solve”
problems that were experienced by ancestral populations. For example, many of
the ligaments that bind hand bones together might be designed to solve problems
relating to ancestral locomotor styles. Finally, perhaps certain aspects of current
hand structure evolved as a result of selection for more precise communication
using hand signals. Generating a priori engineering designs that distinguish
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een grasping and manipulation will be a challenge, as will ruling out other
ssible a priori functions that might be proposed for the hand.
- Despite the manifold difficulties that occur when attempting to specify in
jance the engineering problem to which any anatomical design is a solution,
€re is at least one method that can be used to rule out particular structural
atures as possible design elements for current function. A phylogenetic analysis
{etrapod hand structure, for example, can at least provide some guidelines as to
lich structural components of the human hand are not likely to be adaptations to
pulative function. A highly simplified phylogeny with representative
atic illustrations of hand osteology is shown in Fig. 6. From this phylogenetic
m is it clear that possession of independently mobile jointed elements
gers”) is not a design component that could be linked to any specific function
is unique to the human hand: fingers are an ancient design feature of the
ate forelimb (Coates and Clack, 1990) and occur in many animals that do
have the manipulative abilities of the human hand. Neither can the presence
arpal bones be adduced as a design feature of the human hand that arose by
on for manipulative function as these too are ancient elements. Indeed, the
€ structure of the tetrapod forelimb predates fully terrestrial vertebrate life
on, 1960; Edwards, 1989) and cannot even be used to support a claim that
mb design arose as a result of selection for support against gravity and
motion on land.
With a phylogenetic analysis of hand design in humans and closely related
taxa, we could at least narrow down the possible set of design features
h explanation is required: traits unique to those taxa which share the
d mechanical function. That is, the relevant anatomical structures should
oncordant phylogenetic distribution with the proposed function. But
not alleviate the requirement of (1) demonstrating experimentally that
ion was in fact present in the relevant taxa, (2) producing an engineering
demonstrates that the design features actually do solve the functional
and (3) rejecting other plausible models of function.
i¢ of these arguments change the fact that the human hand might
be used for manipulation. But our observation that the human hand is
used for manipulation in no Way supports an a priori engineering
nt that the hand was designed for manipulation (or any other function for
er) as a result of natural selection for that function. In fact, no
ing argument has been presented at all, alternative functions have not
L out, and manipulation as the engineering “problem” that must be
by natural selection is simply assumed.

rels and the Assumption of Design Constraints

roblems in specifying design criteria for biological structure outlined
ot restricted to cases in which we might like to argue that some design
m selection for one specific physiological function. A similar difficulty
altempting to claim that a particular trait is an accidental by-product of

0 and in fact has not arisen as a result of selection for a specific

the most famous analysis of a design that is held to have arisen as a
of construction, one that spawned numerous rebuttals, much soul
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Spandrel

Dome

Spandrel

Figure 7 The construction of a spandrel [more properly called a pendentive, Mark (1996)]. In (A)
and (C) the domed roof has been omitted for clarity. (A): A spandrel is formed by the space between
two perpendicular adjacent arches which is filled in and frequently decorated. These arches arise in
walls perpendicular to the floor with a curved dome above forming the roof. (B): Two arches
Jjuxtaposed within rectangles in the same plane. (C): Bending the two arches from the previous panel
into a right-angle intersection leaves an upper corner space (dotted lines) that does not contain a
spandrel. Note that the walls containing the arches meet at a right angle from floor to ceiling. (D), (E),
and (F) show three alternative designs for putting a domed roof onto a corner intersection of two walls
(whether they contain arches or not). In the cross-sectional views shown in panels D, E, and F thick
lines accentuate the surface facing into the room. The portion of the wall illustrated is that outlined by
the dashed lines in C; the dome is again not shown for clarity. The inset for each of these panels shows
a crosssection through the region supporting the dome (in the plane defined by the two arrows) and
one possible configuration of a domed roof. (D): By curving the supporting surface above the corner, a
curved dome can be attached above a right-angle junction of two walls. (E): The curved addition onto
the corner can be extended toward the floor, increasing the amount of supporting material under the
edge of the dome and providing a surface for decoration (vertical lines) that can be seen from the
room below. (F): A spandrel may be constructed by adding material in the corner in a cone shape that
tapers from the curved interface with the dome above to a point below. This design also allows for
decoration. A spandrel is thus not an obligatory element arising necessarily from building two arches at
right angles to each other: spandrels are added design elements and do not arise from mechanical
necessity.
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g, New analyses (Bock, 1980; Brandon, 1990; Coddington, 1988; Dennett,
s, 1988; Garland and Adolph, 1994; Harvey and Purvis, 1991; Lauder et
Mayr, 1983; Mitchell and Valone, 1990; Reeve and Sherman, 1993;
1983; Wenzel and Carpenter, 1994), and even a book on literary critical
s of the paper itself (Selzer, 1993), is the engineering case presented by
Lewontin (1979) of the spandrels of the San Marco church in Venice.
ef, Gould and Lewontin use spandrels to argue that the traditional
on research program in evolutionary biology does not allow for design
 that may arise as purely constructional artifacts. These design features
d be coopted by organisms (and architects) and subsequently put to
ptive) use. But Gould and Lewontin suggest that we need to develop a
ogram that enables us to recognize that the primary origin of some
of design may have nothing to do with selection for a specific

chitectural example used by Gould and Lewontin (1979) to illustrate
s the spandrel. When two arches are brought together with their bases
les, a triangular area is formed between the top of each arch and a
(Fig. 7A). Note that the arches arise perpendicular to the floor, and
me sits on top of these vertical walls which contain arches. This
pace, which is decorated to great effect in the church of San Marco, is
or pendentive; Mark, 1996). In addition, note that the surface area
rel is not parallel to either of the walls containing the arches and is at
egree angle to the plane of each arch. The surface of the spandrel
the room, and the spandrel actually occupies a triangular volume
m the wall behind on each side out to the decorated surface. Gould
argue that spandrels arise from architectural or constructional
andrels must be formed when two arches are brought together, and
1correct to view them as primary (adaptive) design features of the
are a “secondary epiphenomenon” (Gould and Lewontin, 1979, p.
buld not receive an adaptive explanation. Any attempt to argue
m spandrels would be erroneous. It is important to realize that
yontin’s analysis of spandrels is primarily an engineering one: they
re is simply no other way to design a dome mounted on two arches
nga spandrel. The term spandrel has even passed into the biological

mean a trait that arose nonadaptively as a by-product of
ecessity [see Pinker and Bloom (1990) and the discussion articles

ment that spandrels are secondary by-products of constructional
nilar to the argument discussed above that the function of the
manipulation. Both rely not on actual engineering models or
echanical analyses which the reader can evaluate, but on the
mechanical function (or the lack thereof). Let us examine the
els arise from constructional necessity.

le design analysis reveals that spandrels are not an obligatory
truct associated with two arches [as first pointed out by Dennett
cusses other architectural implications of the Gould and Lewontin
, shows (in two dimensions) two arches aligned in the same plane
nstruction material such as concrete filling in the spaces between
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each arch and the edge of a rectangle enclosing the arch. Pushing the two arches
together so that one edge of each rectangular area meets results in an expanse of
concrete between the two arches [a proper spandrel as defined by Mark (1996)].
If we now bend the two arches so that they form a right angle to each other and
view the result in three dimensions (Fig. 7C), we can see that the two walls
containing arches can meet at a right angle with no necessary triangular space
being formed. The narrower the arches, the greater the cross-sectional area of the
column supporting the roof and thus the less stress (force per unit area) on that
column. Widening each arch to reduce the surface area of concrete between the
arches (and hence the cross-sectional area of the column) does not produce a
necessary triangular space, but rather a smaller corner.

Now consider the ways in which a domed roof might be added above the
walls by focusing on the region of the corner marked in dotted outline in Fig. 7C.
We might simply add a dome-shaped roof by curving the region where the dome
meets the walls, leaving a small ledge in the corner (Fig. 7D). This would create a
dark area of shadow (if light emanated from lights or skylights in the dome) under
the curved region above the corner. Alternatively, we could design the dome to
curve around the corner with a supporting shelf (Fig. 7E). This too leaves a ledge
in the corner, but now at least there is a curved surface facing out that could be
used for decoration. There is still an area under the ledge that might be dark and
unsuitable for decoration. Finally, we could fashion a decorative spandrel-shaped
region in the corner (by adding material below the dome) with the base of the
dome forming the curved top of the spandrel (Fig. 7F). To orient the surface of
the spandrel so that the decorated surface might be seen from below, we might
taper the lateral edges of the spandrel so that they meet at the junction of the two
walls (Fig. 7F).

Each of these designs will have engineering strengths and weaknesses, but
they do represent valid alternative designs to the “problem” of designing the space
formed by a roof and two walls. It is hardly true that a spandrel must be an
incidental artifact of construction (Dennett, 1995). Indeed, as Fig. 7F shows,
construction of a spandrel requires deliberately adding material to the corner to
build up a surface that faces down and into the room. In fact, Mark (1996) argues
that this additional material behind the curving face of the pendentive is
functionally significant in supporting the dome itself. Hence, a spandrel could be
a structure designed to allow decoration of what would otherwise be a dark corner,
and might be a functional necessity for dome support. The spandrel would in this
case be an “adaptation”. Dennett (1995, p. 273) even suggests that the spandrel
might represent the minimal surface area that could be stretched across the
corner space, and hence represent an optimal solution (using minimal added
material) to a decorative problem.

I have discussed both the spandrel and hand examples at some length to
illustrate a general feature of the design literature from two perspectives: a priori
design specifications are usually assumed and rarely defined and analyzed. This is
not surprising, as deriving an appropriate engineering model, even if one can
divine the functional problems to be solved, is no easy task given the complexity of
biological design. Even in the relatively simple case of the spandrels, where there
are few structural elements, we have not exhausted the range of possible
configurations, nor have we conducted any mechanical analyses of force
transmission from the dome to the supporting columns. It may well be that the
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figurations illustrated in Fig. 7 (panels D, E, and F) have differing
rformance under load and that the performance ranking of the designs might
ange as we change testing parameters (such as altering the configuration or
veight of the roof).
- In practice, using the criterion of a priori design specification is likely to be
licable under only certain restricted circumstances. Even Williams (1992, p-
, Who strongly advocates the construction of a priori designs as a key method for
yzing adaptation, admits that “...those who wish to ascertain whether some
ibute of an organism does or does not conform to design specifications are left
ely to their own intuitions....” This is hardly a desirable situation for a key
thodological underpinning of the argument from design.

i
. Inferring the Retrospective Action of Selection from the
Phenotype Alone is Difficult

cessful application of the argument from design requires us to be able to make
rate inferences about the process of selection from an analysis of the
notype. After all, a component of design is an adaptation only if it enhances
itness and arose historically as a result of natural selection on that trait for its
i ‘_ent function. Hence, if we are to recognize design by selection we must be
: to determine if the process of selection acted on the trait of interest.

Under the best of circumstances, evolutionary biologists can indeed make
ng inferences about the action of selection. The best of circumstances include
1€ availability of longitudinal data on extant populations (Arnold, 1983, 1986;
ndler, 1986), study of selection in laboratory evolution coupled with genetic
nalysis of intertrait correlations (Lande, 1978, 1979; Rose, 1984a, b), and the
cution of replicated field evolution experiments (Reznick, 1989; Reznick and
1987). These conditions do not often hold when the argument from design
s made. In fact, the AFD is often applied retrospectively and to taxa in which
etic data and manipulative laboratory and field experiments cannot be done.
gine, for example, that we have discovered a new species of fish in a geological
nation of Mesozoic age and wish to ascertain if a particular structure (such as a
picuously enlarged caudal fin) is an adaptation or not. How are we ever to
W if selection acted directly on the caudal fin? Specifically, there are four
reasons why such retrospective analyses of selection pressures present
ties for the inference of selection.

First, if the trait of interest is novel, with few available analogs in extant taxa,
~we will have considerable difficulty in designing mechanical/engineering
s to guide us in estimating the mechanical or evolutionary function of that
In cases where structural analogies can be made with extant taxa, then
native hypotheses of mechanical function can at least be developed by using
neering approaches. But even such analyses are fraught with difficulty because
[ the large number of assumptions that must be made about the nature of the
onal “problem” to be solved. Many structures may have been designed for
problems as signaling during courtship which do not permit easy mechanical
eling. Also, argument by analogy to extant taxa has conceptual problems: we
orced to rely on structures that are analogous to infer analogous functions,
h assumes that structure and function are closely linked. I have argued above



80 George V. Lauder

that this is a hazardous proposition [also see Lauder (1995)]. We cannot reason
from the stronger base of homology of structure.

Second, many structures have more than one mechanical function and may
have been subjected to multiple selection pressures in the past. If we can
demonstrate using an engineering model that a given structure might have had
several mechanical functions, then how are we to choose which function (or
functions) should be the one(s) to which we ascribe evolutionary significance by
labeling the structure an adaptation? For example, let us say that we wish to
investigate the potential significance of the enlarged caudal fin of our fossil fish
and propose two likely mechanical explanations: large fin area might increase
maneuverability during slow speed swimming (by allowing longer wavelength
undulations of the fin rays) or it might enhance escape performance by increasing
surface area and hence thrust. If a design analysis shows that both are possible
mechanical functions, how can we choose which problem or problems the
structure was designed by selection to solve and which was the incidental function?
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e (1976, p. 333), for example, examined the extent of phenotypic change in

ts of Tertiary mammals and concluded that, “Using statistical tests, it is
hat the observed evolution of these mammalian tooth characters could
urred by random genetic drift in rather large populations, with effective
the tens or hundreds of thousands.” If a statistical model of drift cannot be
tas an explanation of a trait, then claiming that the trait is an adaptation

quire a substantial body of ancillary evidence to justify adducing selection as
ausal agent of design.

he enlarged caudal fin might have been purely a correlated response to
n for increased body size, selection for increased pectoral fin size, selection
educed vertebral number, or a response to selection on any one of a myriad
r characters correlated either positively or negatively with caudal fin area. If
large caudal fin cannot be called an adaptation for either locomotor escape
nance or for maneuverability, even if a biomechanical analysis shows the
e caudal fin to have performance benefits. The issue of correlated characters is
rely of academic interest. There is increasing evidence that even traits with
fitness effects can evolve as a correlated response to selection on other
ers (Price and Langen, 1992).
e possible means of avoiding some of these difficulties is to use
ative phylogenetic analysis to evaluate the adaptive significance of
Tters, and in recent years a great many comparative methods have been

The comparative historical approach to studying adaptation and one difficulty with that
This clade contains three taxa, 1, 2, and 3, and character states for cach taxon are listed

e phylogenetic distributions of traits (Aand A'), environments or selective regimes (E and
the performance of traits (o and o') one can determine if a trait is an adaptation. If a derived
s phylogenetically correlated with derived performance (') and both occur within derived
egime (E'), then A' is held to be an adaptation that resulted from natural selection for
d performance within the new environment. (B): Phylogenetic methods may also be used to
ypotheses of adaptation. A study of taxon 3$ may suggest that trait A' is an adaptation that
from selection for increased performance (a') in environment E'. But a broader comparative
ve would show that trait A" arose prior to the derived selective regime (E') and hence could
an adaptation in E'. (C): Character correlations pose problems for comparative methods. The
on the left shows that traits A and B are both positively correlated with each other (indicated

ick line connecting the two traits) and that only trait B has a positive correlation with
ormance and fitness. Thin lines connect genetically uncorrelated traits such as trait A and
rmance. Trait A' might be deemed an adaptation in the absence of knowledge about trait B
trait A' occurs phylogenetically in correlation with o' and within the derived selective regime

trait A" only occurs at this position phylogenetically due to its correlation with B and B
tion acted on B and not on A

; trait A" cannot then be viewed as an adaptation. Panels A and C
ified from Lauder et al, (1993).
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advocated as providing data on the adaptive significance of traits (Arnold, 1994b,
1995; Baum and Larson, 1991; Brooks and McLennan, 1991; Coddington, 1988;
Garland and Adolph, 1994; Harvey and Pagel, 1991; Harvey and Purvis, 1991;
Losos and Miles, 1994; Miles and Dunham, 1993; Pagel and Harvey, 1989; Wenzel
and Carpenter, 1994). These methods all require comparative data for at least
three taxa on the environment (or problem to be solved), the trait of interest, and
performance of that trait in each taxon. These methods do not then alleviate all of
the problems described above, but they promise improved inferential ability in
some cases where selection cannot be measured directly.

In brief, phylogenetic methods operate by developing a historical view of the
pattern of acquisition of traits, performances, and environments (Fig. 8A);
arguments about the adaptive character of traits are then made based on the
order of appearance of these characters. For example, if trait A' is to be deemed
an adaptation for increased performance in climbing trees (a') as a result of
selection for escape from terrestrial predators (E'), then to be consistent with this
hypothesis trait A' must have evolved in a clade in which both the increased
performance is found and in which the environmental shift to a new selective
regime has occurred. Also fundamental to a phylogenetic approach to adaptation
is the notion that comparisons must be made between the derived states A', o, and
E' and the primitive states of these characters (A, o, and E; Fig. 8A). As described
by Baum and Larson (1991, p- 6), “To constitute an adaptation, a trait must have
enhanced utility relative to its antecedent state, and the evolutionary transition
must be found to have occurred within the selective regime of the focal taxon....”
In the example presented in Fig. 8A, the transition from trait A to trait A'is
correlated with a performance increase from o to o', and this transition occurred
within the derived selective regime of E' which characterizes taxon 3 (because the
transition from E to E' characterizes a larger clade of taxa 2 and 3).

A schema such as that in Fig. 8A can also be used to explain a variety of other
terms that have been applied to characters, performance, and environments [see
discussions in Arnold (1994a, 1995), Brooks and McLennan (1991), Coddington
(1988), Funk and Brooks (1990), Gould and Vrba (1982), Greene (1986), Harvey
and Pagel (1991)]. For example, Baum and Larson (1991) term a trait in which
performance decreases in the face of a new selective regime (o'<o) a “disaptation,”
while no change in performance (o'=0) results in a trait being a “nonaptation.” An
“exaptation” is a trait which retains its performance advantage despite a change in
environment after its origin.

One area in which the phylogenetic approach can be of use is to reject
hypotheses of character adaptation by evaluating the expected phylogenetic
pattern that must minimally hold if the proposed pattern of selection actually
produced the postulated performance advantage (Basolo, 1990; Bjorklund, 1991;
Brooks and McLennan, 1991, 1993; Meyer et al., 1994). Figure 8B shows a situation
in which we might wish to reject the hypothesis that trait A’ resulted from selection
in environment E' for performance advantage o' (making trait A' an adaptation).
This hypothesis initially might have resulted from a population-level study of taxon
3 where all three derived traits are present. A broader comparative phylogenetic
analysis reveals, however, that trait A' arose prior to the change in environment in
correlation with the performance increase (o to a'). This phylogenetic pattern
suggests that trait A' might actually have resulted from other patterns of selection
in the lineage leading to taxa 2 and 3, but cannot be an adaptation to E'.
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(2) selection for that specific trait in its current environment, (3) previous utility
of the trait in an ancestral taxon or lineage with a different performance advantage
than the current one, and (4) natural selection for that trait (and not for a
genetically correlated trait) in the ancestral environment. To successfully identify
an exaptation we must be successful in our retrospective inferences of natural
selection and of the trait(s) that it acts on. If an exaptation is claimed to have
arisen as a by-product of selection on other aspects of organismal design (perhaps
as a correlated character), then we must be able to demonstrate this pattern of
selection and not simply assume that selection acted in accordance with our
wishes.

D. Complex Features Cannot Easily Be Atomized

The final problem with implementing the argument from design arises when we
must decide on those traits and characters that are the subject of selection.
Innumerable such traits exist, from the whole arm (Fig. 1) to various parts of the
hand (Figs. 5 and 6). Is the finger a trait? Is the terminal phalanx a trait? Or, are
the opponens digiti minimi muscle and the deep transverse metacarpal ligament
together one character? Clearly if we cannot meaningfully atomize design in some
way then it will be difficult to characterize those components of the organism that
are the target of the hypothesized selection pattern, and difficult to conduct
performance tests on alternative designs.

The problem of how we dissect the organism into component parts has been
widely recognized (e.g., Beatty, 1980; Cronin, 1991; Lewontin, 1978; Sober, 1990),
and it is useful to view the problem of atomism as arising from couplings among
characters at two (related) levels: phylogenetic, and genetic/developmental.

Phylogenetically, characters arise and are integrated into organisms so that
our a posteriori phylogenetic reconstructions show nested sets of characters, some
of which we interpret as homologies and others of which may arise multiple times
convergently across a clade. But the pattern of character evolution is not random,
in the sense that on average characters persist after arising, allowing us to use
them as synapomorphies to recognize monophyletic clades. Some traits persist for
a remarkably long time, such as the jaw-opening mechanical system in fishes
which, after its origin, persists to characterize a clade of over 20,000 species
(Lauder and Liem, 1989). The jaw-opening system in a fish species that is a
member of the derived clade Percomorpha consists of elements that have arisen at
various phylogenetic levels, and each element forms one component of the final
hierarchical design. Biological designs are built piecemeal (Lauder, 1990, 1991a)
and yet we must typically disassemble them to apply the argument from design in
ways that do not mirror the pattern of construction.

I view this phylogenetic coupling among traits as a fundamental (and mostly
unrecognized) aspect of the problem of atomizing organic design and one that
does not correspond well to our mechanical intuitions based on human design. If
we remove the spark plugs from a car engine, we do so without caring if in the
process of engine assembly at the factory the spark plugs were the last component
installed. Although we recognize that different parts of a car engine must work
together in order for the engine to perform mechanical work, we do not expect
that the order of assembly per se will influence our analysis of why any particular
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‘engine does not function. On the other hand, biological design is the result of a
“historical process of assembly, in which each component was integrated into an
_existing design prior to the addition of subsequent design elements (Lauder,
11990). Removal of components of such a design in ignorance of the process of
assembly is likely to lead to considerable difficulty: experimental manipulation of
different components will involve altering nonequivalent historical couplings with
other characters. While experimental manipulation will continue to be a valuable
tool for the study of function, an increased awareness of the historical pattern of
construction will limit the confounding effects of history on experimental
interpretation.
Pleiotropy and epigenetic effects may also result in correlations among
characters that make it difficult to atomize a complex design. Pleiotropic effects
are well known and give rise to complex patterns of character intercorrelation
(Price and Langen, 1992) which greatly complicate any attempt to isolate any one
feature of design for analysis. As noted in the previous section, the widespread
effects of pleiotropy make it difficult to assert that any trait could be the single
target of selection and to dissociate features into meaningful independent units.

Some progress has been made in attempting to use quantitative genetic methods
as a basis for defining independent evolutionary associations of characters
(Shaffer, 1986), but the vast majority of cases in which functional design has been
studied lack such information.

Epigenetic effects arise in ontogeny as a functional connection among traits
due to the action of developmental processes such as induction or the effects of
hormones on disparate tissues (Atchley and Hall, 1991). For example, if the
velease of thyroid hormone into the bloodstream affects growth in both bone and
uscle cells of the hindlimb, then to what extent are we justified in considering
the ontogeny of bone and muscle to be independent of each other (or in
analyzing just muscle ontogeny as though muscle were an isolated biological
tissue)? As summarized by Atchley and Hall (1991, p. 143), “If an epigenetic factor
(hormone, maternal effect, etc.) has a significant impact on development of a
morphological structure, then a non-zero covariance results between the
igenetic factor and the morphological structure.” Note that a significant
evolutionary association between two traits may also arise via epigenetic
mechanisms even if the associated structures share no genes in common.

~ Despite the many difficulties involved in discerning the linkages among
characters and the natural biological units into which we might divide
morphology, several excellent analyses have shown that progress can be made by
combining morphological, developmental, and genetic analyses. For example,

\ichley and Hall (1991) summarize current understanding of mouse mandible
ontogeny and have managed to identify five developmental units of the lower jaw
skeleton. Comparison of the mouse mandible to that of other mouse strains and
ther species of rodents holds the promise of providing a relatively complete
‘derstandmg of mandible structure and how intraspecific and interspecific
variation in design has been achieved by the transformation of fundamental
developmental units.

~ While the practical consequences of the atomism problem have often been
ignored or dismissed (e.g., Cronin, 1991), Sober (1990) suggests that instead of
orrying about such difficulties we focus on the properties of traits and ask which
of those properties might have resulted from selection. Under this view, there may
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be many ways of analyzing any given design, and any one of these ways will be
adequate for a specific analysis. Perhaps what really matters are the properties of a
specific atomization, regardless of whether or not the dissection into component
parts falls along genetic or phylogenetically meaningful lines. However, only the
analysis of designs in which phylogenetic and developmental genetic correlations
are known will permit us to evaluate empirically the consequences of alternative
views of organismal components. At present we are largely operating blind in most
comparative studies, with little idea of the historical or genetic patterns that
underlie chosen sets of characters.

IV. The Future of the Argument from Design

We have been far too assumptive about the design of organisms. All too often we
have been willing to make assumptions about the process of design from the fact
of complexity alone. The literature is filled with statements about the mechanical
function of this or that trait, or about the “superiority” of this or that design
without a single experiment to back up the claim. In addition, facile claims that
particular traits cannot have had some specific function (or any function at all)
often rest on equally thin ice, a lack of function simply having been assumed.
Further, numerous papers elaborate on the evolutionary function of some design
without even the pretense of performance analysis, a methodology for breaking
down the design into biologically relevant component parts, data on genetically
correlated characters, or a quantitative estimate of patterns of selection. It is one
thing to simply assume that any complex aspect of the phenotype must have
resulted from natural selection in its entirely and in its present configuration, but
it is quite another (more interesting) thing to demonstrate the complexity of
current design, the stepwise historical acquisition of components of that design,
and the diverse evolutionary and developmental processes that likely have
contributed to any complex phenotypic trait.

As we have seen, the empirical application of the argument from design does
not rest on very solid ground. However, the AFD is not without theoretical
support: most evolutionary biologists believe that complex organic designs are
either partially or largely built by patterns of selection acting on various
components of existing designs because there is extensive evidence demonstrating
the power of selection to alter biological design in response to environmental
demands. Rather, the point of this chapter is that the experiments and analyses
necessary to demonstrate specific patterns of selection, especially on gross aspects
of the phenotype, are rarely conducted: complexity of design alone is simply
assumed to be sufficient evidence. To my mind, assumptive approaches are
undesirable largely because they do not promote further research: if we are willing
to assume that the hand is designed for manipulation, then we are unlikely to
embark on the interesting research program of discovering the historical origin
and phylogenetic pattern to hand structure, testing possible models of hand
design and their performance on various tasks such as grasping or manipulation,
or examining genetic or phylogenetic correlations among components of hand
design.

Perhaps empirical standards could be raised if, when we encounter an
“argument from design” in research papers or seminar presentations, we ask one
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more of the following questions.
© Where are the physiological or biomechanical experiments to support the
pretation that a structure has the proposed mechanical function? For a
mparative phylogenetic analysis, such experiments should be conducted for all
embers of the clade and outgroups relevant to the interpretation of traits of
erest.
¢ Have alternative designs been compared for performance on a common
erion? It is all to easy to conduct experiments on one design and then simply
that this design is better than alternatives.
¢ Do analyses of traits as adaptations or exaptations provide supporting data
) patterns of selection (either in the present or past, as appropriate), (2)
acter correlations to demonstrate that selection either did or did not act
y on the trait of interest, and (3) comparative performance tests to
monstrate the utility or lack thereof of the trait? In short, what evidence
ports the inferred evolutionary function claimed for a trait?

® Has the author of an analysis of design explained the criteria by which a
sign was atomized into component parts and justified the analysis of only a few
onents of that design?

i
Let us refashion the argument from design. Instead of aiming to infer
esses retrospectively from a design endpoint, we could choose to focus on the
ss of building the design: an argument of construction. How are complex
al designs constructed from the combination of direct selection for certain
nents, the correlated transformation of others, drift and historical
ngency, with each stage in the process of construction influenced by the
y of past design? This argument of construction points to a multifaceted
ch program in which biomechanics, population biology, quantitative
s, and phylogenetic analysis all have roles to play in research to reveal the
of Darwinian fabrication. The extent to which such research will
ibute to our understanding of biological design will be a function of how
e are to abandon assumptive practices about evolutionary mechanisms to
stead on patterns of biological design and the many possible mechanisms
h such patterns may have arisen.
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