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Introduction
Darwin (1859) argued that all evolutionary
change could be explained by natural selec-
tion acting on variations within populations.
He folt that this process led to the emergence
of new species and could account for all
organic diversity.

1f variation and selection were the only fac-
tors influencing the direction and rate of ev-
olution, one might expect a nearly uniform
and continuous distribution of anatomical
patterns and general adaptive types in both
space and time (Figure 1). In contrast, study
of both tha modem fauna and the fossil re-
cord shows that most organisms can be
grouped into a relatively small number of ma-
jor structural patterns and clearly distinct ways
of life.
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Figure 1 Hypothetical radiation of a group in which
there are no constraints. All potential morphotypes
are produced by natural selection acting on ran-
dom variation. Morphoiogical change proceeds at
& uniform rate.

Within the modern fauna, vertebrate classes
and orders are clearly distinct from one an-
other and very few extant genera and spe-
cies cannot be readily classified in one group
or another. There arae certainly no living an-
imals that might be considered intermediate
between amphibians, reptiles, birds and
mammals. Among mamrmais, the only group
for which there is current dispute over its
ordinal classification is the family Tupaiidae
{tree shraws), which has been allied with both
primates and insectivores {Luckett, 1980).

The high degree of adaptation of all mod-
ern specles for distinct ways of life made it
difficult for biclogists to conceive of the idea
of avolution prior to the writings of Darwin.
Darwin became convinced of the fact of ev-
olution through his knowledge of the gec-
graphical distribution of plants and animals
and the basic structural similarities of all ma-
jor groups, revealed through the study of
comparative anatomy and developmental bi-
ology. He assurmed that the fossil record would
eveniually demonstrate a continuous se-
quence of intermediate forms, showing the
gradual development of all structural changes
and linking all taxonomic groups.

The fossil record was very poorly known
in the nineteenth century, and palecntolo-
gists, including Owen, Cuvier, Agassiz, and
Dawson (1977) were among the strongest
opponents of evolutionary thought. To them,
the fossil record showed the same patiern
as that exhibited by the modem flora and
fauna, that is, a series of vary distinct groups,
without intarmediates.

Knowledge of the fossil record has greatly
improved during the twentieth century. Some
major groups, such as repliles and mam-
mals, are known from more fossil than mod-
ern genera. We now have a fajrly complete
record of the major events in vertebrate his-
tory during the Cenozoic and Mesozoic and
al least a rough cutline for the Paleozoic.

Surprisingly, the fossil record still shows a
pattern of a relatively small number of major
groups which are clearly distinguishable from
cne another. Fossil intermediates between
major groups are known, but they are rare.
The fossil racord does not show a continuous
spectrum of adaptive types, nor a uniform
patten of progressive change over time
{Gould and Eldredge, 1977). In contrast, ver-
tebrate history is dominanted by a number
of rapid radiations, followed by the long-term
persistence of a relatively few adaptive types
(Figure 2}, Groups such as the therapsids
inctude some families that were structurally
and physiologically intermediate between
ancestral and descendant groups, but the
majority of included families represent clearly
divergent lineages. The radiation of therap-
sids was clearly separate from that of both
pelycosaurs and mammals, and was based
on a different combination of structural and
physiological characteristics.

The fossil record of vertebrates in the Cen-
ozoic is certainly sufficiently complele to
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demonstrate that the conceivable universe
of organisms is distributed in a discontinuous
manner in both space and time. A similar
pattern is avident in the Mesozoic and Pa-
leozoic, where it iIs accentuated by the rel-
ative incompleteness of the record which
results in a bias toward the digscovery of com-
mon, long-lived and widespread species.

How can this heterogeneous pattern be
explained?

Does it demonstrate basic inadequacies in
selection theory as developed by Darwin?

What other, non-Darwinian, factors might
be responsibie?

The history of vertebrates suggests that
there are limits to the powers of natural se-
lection. Evolution acts at different rates on
different structures and at different times in
different groups. Some groups appear to ex-
hibit little evolutionary change, and many
conceivable structures and adaptive patterns
never appear, or contribute little to species
diversity.

The term evolutionary constrainl may be
applied 1o any factors that limit the expras-
sion of the full spectrum of morphological and
adaptive patterns that might be conceived as
resulting from adaptive radiation.

Several, somewhat overlapping, cate-
gories of constraints may be recognized:

1. Environmental constraints. Factors that are
extarnal to the organism, including both other
species and the physical environment.

2. Intrinsic constraints. (a) Developmental
processes; (b} Factors related to the mate-
rials of which the body is composed and the
physiological properties of biological systems.

Environmental Constraints

The most obvicus explanation for the dis-
continuous distribution of organisms is to be
found in the heterogensity of the environ-
ment. Throughout vertebrate history, the vast
majority of organisms have been adapted to
particular environmsnts and ways of life. Al-
most all can be described as being primarily
aquatic, terrestrial or aerial. Within these broad
physical environments, further habitat sub-
division can be recognized on the basis of
currents, salinity, climate, etc. Biological fac-
tors such as trophic level and specific diets
define particular ways of life.

The physical and biolegical environments
of any one habitat result in selection for fea-
res that are nearly always disadvanta-
geous in other environments or ways of life.
This leads to the perpetuation and intensifi-
cation of particular anatomical and physio-
logical specializations. Hence, among
mammalian groups, basic adaptations such
as herbivory, insectivory, and carnivory tend
to be perpetuated within a lineage so that
most members of the major mammalian or-
ders have retained characteristic morpholo-
gies for 50-60 million years.

The basic constancy of major groups is
attributed to stabilizing selection. As long as
the adaptive zone is well defined by physical
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and biclogical factors, selection will act to
limit any structural and behavioural changes
that might potentially lead to different ways
of life. Adaptive zones are not defined solely
by external factors, however, but are rec-
ognized by the nature of the organisms that
inhabit them.

Changes in biologica! factors such as com-
petition or predation that favour an adapta-
tional shift would alter the direction of selection
and might lead to a markedly different way
of life. Significant shifts have occurred in many
well-established groups. Among the mam-
malian carnivores for example, the most sig-
nificant change has been toward an obligatory
aquatic way of life which occurred separately
among the ancestors of seals and the sea
lions and walruses (Tedford, 1977). Their
basically predatory role was retained,
however.

Adaptation to biological aspects of the en-
vironment is an every changing process, since
all other organisms (including members of
the same species) are changing as well
Physicat aspects of the environment, in con-
trast, may be essentially constant and lead
to particular, optimal solutions. That a spe-
cific structural patterm is optimal can be judged
in several cases by the convergent achieve-
ment of very similar structures in groups with

different ancestry. A clear example is pro-
vided by the body form in rapidly-swimming
sharks, bony fish and ichthyosaurs (Figure 3).

The optimal shape for rapidly-swimming
animals can be established from principles
of tiydrodynamics and the constraints of the
vertebrate body plan (Lighthill, 1970). The
fastest swimming modemn bony fish belong
to the family Carangidae, typified by the tuna.
The body plan, termed thunniform, is char-
acterized by a spindle-shaped trunk and a
high, lunate tail. The body is laterally com-
pressed to resist lateral movement and the
force of muscle contraction is concentrated
at the base of the tail, A nearly identical body
form was achieved by Jurassic ichthyosaurs
and by several groups of sharks, the first as
aarly as the Upper Devonian. Among marine
mammals, the cetaceans exhibit a similar body
form.

There are differences between the swim-
ming adaptations of these groups but they
can be attributed to their distinct ancestry.
The most clear cut ditference is between ce-
taceans and other fast-swimming verte-
brates. Locomotion in both fish and reptiles
is produced primarily by lateral undulation of
the trunk and tail. One of the major changes
accompanying the origin of mammals was
the elimination of lateral undulation of the

trunk and the elaboration of dorsoventral un-
dulation. When the ancestors of whales went
back to the water, effective locomotion in-
volved the evolution of a horizontal fluke,
rather than a vertical caudal fin, as occurred
in the ancestry of ichthyosaurs.

The bony support of the tail in sharks and
ichthyosaurs differs in its orientation. Its dor-
sal orientation in sharks and the flat, rather
than rounded, ventral surface of the body can
be related to the fact that sharks are heavier
than water and would sink if they did not swim
constantly and use the forelimbs and front of
the trunk as hydrofoils to produce lit. The
reversed heterocercal tail of ichthyosaurs may
have served to keep the front of the body,
buoyed up by the lungs, from raising in the
water. The body of the tuna and other fast-
swimming bony fish has nearly neutral buoy-
ancy, and the caudal fin is aimost completely
symmetrical. Despite these differences, the
body profile of rapidly-swimming members of
all these groups is remarkably similar in shape.
There is clearly an optimal body form for rapid
swimming.

Between groups, specialized aquatic lo-
comotion provides an excellent example of
convergence. Within groups, it demonstrales
changing evolutionary rates and stasis. From
the Lower Jurassic into the Upper Creta-
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Flgure 2 Aadiation of amniotes (reptiles, birds, and mammals) since the Carboniferous. In contrast with Figure 1, evolution is strongly apisodic, with & series of
rapid radiations followed by fong-term maintainance of relativaly similar patterns of morphology and adaptation.
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ceous (approximately 120 million years)
ichthyosaurs exhibit a nearly constant body
torm. The fossil record of ichthyosaurs in the
Triassic is incomplete, but it appears to have
required about 40 million years to achieve
the pattern of advanced ichthyosaurs
{McGowan, 1983},

Active flight similarly constrains the body
form to a particular pattern, and nearly iden-
tical structures were achieved separately by
flying reptiles (the pterosaurs) and birds
(Figure 4).

Physical constraints of the environment are
clearly sufficient to explain why particuiar
structural patterns may be achieved fairly
quickly and persist for long periods of time.

Development Constraints

Developmenta! constraints have been viewed
as somewhat independent from the selection
hypothesis since they act to limit the amount
of variability that is available.

Alberch (1980), Gould (1980), Williamson
(1981) and Bonner {1982) have argued that
the course of evolution may be significantly
restricted by inherent limitations of devel-
opmental processes. As an example,
Alberch and Gale (1985) cited distinct de-
valopmental differences in the expression of
digits in frogs and salamanders which have
persisted over a period of more than
200 million years.

An analogous situation is evident in the
pattern of carpal and tarsal formation in rep-
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tiles. The sequence of ossification of the bones
of the wrist and ankle is well documented in
late Permian reptiles on the basis of growth
series of several species (Currie, 1982; Currie
and Carroll, 1984).

In the carpus, the first bone 1o appear is
the ulnare, followed by the fourth distal carpal
and the intermedium, then the lateral cen-
trale, distal carpals 1 and 3, followed by the
radiale, medial centrale, and distal carpals 2
and 5, and last of all, the pisiform. In the
tarsus, the astragalus and calcaneum ap-
pear first, followed by the fourth distal tarsal,
the centrale, distal tarsals 3, 1, and 2, and
finally the fifth distal tarsal, which may then
fuse with the fourth.

These early genera were near the base of
a large radiation leading to all modern rep-
tiles (other than turtles) and a number of ex-
linct aquatic groups. Early members of the
aquatic lineages show a reduction in the
number of carpals and tarsals 1o provide
greater flexibility of the wrist and ankle and
to reduce weight. The first elements to be
lost were the last elements t¢ be ossified in
the more primitive group. It appears to be a
general rule of development that the last ele-
ments to appear are the most subject to
change and loss. it may be considered a
developmental constraint that predicts, in a
general way, the pattern of the carpus and
tarsus in many groups of secondarily aquatic
reptiles. This is clearly shown by the notho-
saurs (Figure 5). It is also evident in primitive
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Figure 3 Body outline of rapidly-swimming aquatic vertebrates. (A) The mariin, a living teiecst bony fish.
(B) a predacecus shark. C-G, a variety of ichthyosaurs: (C) Ichthyosaurus, Lower Liassic, Lower Jurassic;
(D) Stenopterygius, Upper Liassic, Lowsr Jurassic, (E) Eurhinosaurus, Upper Liassic; (F) Ophthalmosaurus,
Upper Jurassic and Lower Cretaceous; (G} Platypterigius, Upper Cretaceous. These ichthyosaurs differ
somewhat in fin proportions and the configuration of the skull and jaws, reflecting different degrees of
manceuvrability and feeding habits, but the general body form has remained nearly constant for 120 million
years i response to the constraints of rapid swirnming. (Outlines of ichthyosaurs adapted from McGowan,

1983).
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members of more advanced groups, includ-
ing plesiosaurs and ichthyosaurs. It is not an
absolute constraint, however. Advanced
plesiosaurs and ichthyosaurs have a clearly
different pattern of the limbs which over-
comes this constraint with the development
of new elements and significant changes in
proportions and configuration. The primitive
distinction between elements of the lower limb
and the hand and foot are lost, and some
ichthyosaurs also iose the serial pattern of
the digits (Figure 6).

Another developmental “rule” that is bro-
ken among secondarily aquatic reptiles is that
which states that limb reduction begins with
the most distal elemeants and proceeds prox-
imally (Wolpert, 1983). This pattern is fol-
lowed in nothosaurs, with reduction of the
digits and then the distal limb elements, while
the humerus and femur remain large. In con-
trast, the number of phalanges and the total
length of the hand increase in plesiosaurs
and ichthyosaurs, while the distal limb ele-
ments are reduced. The humerus and femur
remain large in plesiosaurs, but are much
reduced in ichthyosaurs.

Unfortunately, fittle is yet known of the way
in which devalopmental processes are con-
troiled among vertebrates (Bonner, 1982;
Goodwin et al., 1983; Raff and Kaufman,
1983). lt is not possible to outline what changes
may be possible and which are prohibited.
Holder (1983}, in a general discussion of con-
straints on limb develepment, points out that
no current model can explain specific changes
in localized regions of the limbs. On the other
hand, Hinchliffe and Griffiths (1983) de-
scribed mutations that have very specitic ef-
fects, and suggest that the pattern of the
carpus and tarsus are directly amenable to
selection.

On the basis of currently available evi-
dence, it is difficult, it not impossible, to de-
termine whether conservative developmental
patterns are a constraint on evolutionary
change, or conversely, reflect long-term sta-
bilizing selection. This may depend on the
particular trait and group under considera-
tion. Orie may atribute the overall constancy
of the vertebrate body plan to some inherent
aspecls of development. Such pervasive fea-
tures of vertebrate anatomy might also be
termed historical constraints. Among tetra-
pods, the paired limbs always show the same
general pattern, but this is not a basic ver-
tebrate constraint since cartilaginous and bony
fish show many different arrangements of the
fin skeiletor.

Prasumably, long-term selection can elim-
inate some developmental pathways, thus
forever eliminating some originally possibie
directions of adaptation. Limbs and other
major features that are lost are probably never
regained.

Ancther type of constraint that may be noted
in aquatic reptiles is the basic way in which
propulsive force is generated. This may be
considered either a behavioural constraint,



or a structural or developmental constraint
of the central nervous system. Primitive rep-
tiles retain from their fish ancestors a mode
of propulsion based on lateral flexure of the
trunk and tail. This force is translated to the
limbs in primitive tetrapods, but continues to
depend primarily on the axial musculature.
Most secondarlly aguatic reptiles, including
ichthyosaurs, mosasaurs, marine crocodiles
and lizards, retain this behavioural system
as they reduce their limbs. Two groups break
this constraint. Both sea turtles and plesio-
saurs raly primarily on their limbs for pro-
pulsion and they are used symmetrically,
rather than alternately as was the case in
primitive terrestrial reptiles. The turtles are
obliged to use their limbs rather than their
trunk for propulsion since it is immobilized
by a rigid shell.

The ancestors of plesiosaurs, the Triassic
nothosaurs, retain a more normal, lizard-like
body form. As in other secondarily aquatic
reptiles, the limbs are reduced and they re-
lied primarily on the tail for propulsion {Carroll
and Gaskil!, 1985). The forelimbs were pre-
sumably not initially used in aquatic propul-
sion since their inhaerently asymmetrical
movement would drive the head and anterior
trunk from side to side, interfering with forward
movement.

Plesiosaurs are characterized by much
{arger limbs than those of nothosaurs and a
much more rigid trunk. Their limbs must have
been used symmetrically for forward loco-
motion. The substantial anatomical gap be-
tween nothosaurs and plesiosaurs may be
accounted for by behavioural and develop-
mental constraints of the locomotor system.

The fossil record of sauropterygians is very
incomplete during the Upper Triassic, butiso-
lated vertebrae and limb bones show a tran-
sition between the typical nothosaur pattern
and that of plesiosaurs. The nature of the
change in body proportions, which is one of
the most significant factors that separate these
two groups, has not been documented. The
orlgin of plesiosaurs also invalved a switch
in habitat from shaliow, near shore, t¢ more
open ocean. Unfortunately, deposits that re-
flact this range of habitats are poorly known
from this time interval.

As in the case of the ichthyosaurs, the typ-
ical plesiosaur pattern, once evolved, was
maintained for approximatety 120 million
years. The tength of the head and neck var-
ies greatly, but not the relative length of the
limbs and trunk.

Structural and Physiologlcal Constraints
There ate some aspects of organisms that
show little if any significant variability and
thus are not amenable to change in response
to selection. They may be considered the
most clear-cut examples of evolutionary
constraints.

Most activities of vartebrates are associ-
ated directly with the skelstal and muscular
systems whose fundamental units show ex-

Figure 4 Pectoral girdle of a bird (A) and a pterosaur (B) in ventral and lateral views, showing high
degree of structural similarity. Abbreviations: acro, acrocoracoid process; bl, biceps tubercls; cor, Cor-
acoid: cris, cristospine; for trl, foramen triosseum; fure, furcula; gl, glenoid fosse; hum, humerus; keel,
sternal keel (partially cartilaginous in the pterosaur); 8¢, scapula; stern, sternum. Frincipal diffarences
include the absence of the lurcula in the pterosaur. fts function may be partially taken by the cristospine
that extends anteriory from the starnum. In the absence of & furcula, thers is no foramen triosseum in the
pterosaur, but the acromial process of the scapuiocoracoid would serve as a pulley for the recrientation

of the tendon of the supracoracold muscle, as in birds. (From Padian, 1983).

Figure 5 Forelimb of nothosaurs showing different patterns of the carpus. These correspond in & genaral
way to the sequence of ossification of the carpals in primitive eosuchians. {A} Proneusticosaurus; (B}
Lariosaurus; {C) Ceresiosaurus; (D) Parancthosaurus;(E) Dactylosaurus; (F) Nothosaurus;(G) Pachypleu-
rosaurus; the number of phalanges is reduced from the primitive reptifian formula of 2, 3, 4, 5, 3 to 1, 2,
3, 4, 3. Abbraviations: |, intermedium; p, pisiform; £, radiale; 1-5, distal carpals. The medial and lateral
centrala, present in primitive reptites, are missing in alf these genera. (From Carroll, 1983).
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tremely limited variability. Although the con-
figuration and distribution of bone and cartilage
differ greatly among the vertebrate groups,
their strength per unit area is essentially con-
stant (Hildsbrand, 1982). Selection may act
to make the most effective use of their phys-
ical properties, but their strength under ten-
sion, compression or shear cannot be
significantly altered.

The distribution of bone and cartilage can
be adjusted to take advantage of the relative
strength of bone and the relative lighiness
and compressibility of cartilage. The elabo-
ration of cartilage as the only endoskeletal

material in sharks and their allies presumably
preciudes the evolution within that group of
the complex feeding structures common to
bony fish which require the greater strength
of bone.

The strength of muscle contraction is also
restricted within narrow limits. The arrange-
ment of the fibres and some aspects of their
physiology are variable, but all muscles exert
a force of approximately 2-3 kg cm? of cross-
section, measured at right angles to the ori-
entation of the fibres. The degree by which
a muscle contracls, and the amount that it
can be stretched without damage are also
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Figure 6 Limbs of ichthyosaurs and plesiosaurs. (A) the ichthyosaur Chachusaurus; (B) Mixosaurus; (C)
ichthyosaurus, (D) forelimb of Plesiosaurus triatarsestinus; (E) foralimb of Plesiosaurus brachyplerygius;
(F) rear limb of Plesiosaurus triatarsostinus; (G) rear limb of Plesiosaurus brachypterygius. Abbreviations:
8, astragalus; ¢, caicaneum; {, (a new bone in the position of the tibiale of amphibians); x, neomorphic
element in the tarsus comparable to the pisiform of the carpus; others as in Figure 5. (From Carroll, 1985).

Figure 7 Skulls of two closely-related salamanders, showing striking differences in the pattern of the
dermal bones to accommodate the great relative increase in size of the sense organs as a result of the
smaller absoiute size of the skull. (A) Pseudoeurycea goebeli; (B) the much smalier species, Thorius
narisoualis. Scale bars = 1 mm. Abbraviations: en, external naris; 1, frontal; fp, frontoparietal fontaneife;
|, internasal fontanelle; m, maxilla; n, nasal; nc, nasal capsule; o¢, occipital condyle; ot, ofic capsule; pa,
parietal; pm, premaxilla; pr, prefrontal; pt, pterygoid process; §, quadrale; 8, squamosal; st synotic

tactum,
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closely limited. Muscles can contract only
about 30% of their resting length, and are
capable of stretching by approximately 50%
of their resting langth. Change in the size and
proportions of the skuil and appendicular
skeleton are closely constrained by these
properties of the muscles.

Perhaps the most general structural con-
straints are those associated with the rela-
tionships between linear dimensions, surface
area and volume. If one congiders the ver-
tebrate body as a roughly cubical structure,
doubling of linear dimensions results in
squaring the surface area, while the volume
increasaes as the cube of linear dimensions.
Since the weight-bearing capacity of bone
and the force generated by muscles are both
proportional to cross-sectional area, the
muscles and bones of the limbs must increase
faster than linear dimensions to support and
move a heavier body.

This factor also affects processes such as
heat gain and loss, and exchange of respi-
ratory gasses and nutrient molecules across
membranes, all of which occur at an essen-
tially constant rate that is proportional to sur-
face area. Increased body 5ize requires a
disproportionate elaboration of the area of
the gills or lungs for gas exchange, and the
area of the intestinal surface for absomption
of food. Tha rate of heat loss and gain, and
water loss are correspondingly reduced in
animals with larger bodies.

Metabolic rale within a particular group in-
creases in proportion to approximately the
75 power of the body weight (Schrnidt-
Nielsen, 1975). Requirements for food, oxy-
gen and elimination of metabolic waste in-
crease faster than linear dimensions, although
not at the rate of volume increase. Gouid
(1975a) has demonstrated a direct relation-
ship between occlusal area of the cheek testh
and body size in a variety of mammals. The
tooth size increases at a significantly faster
rate than linear measures of the skull.

All changes in proportions related to change
in absolute size are termed allcmetric, and
are of greal significance in constraining the
general body form of vertebrates (Gould, 1966,
1974, 1975b).

The relative size of the sense organs of
the head provides a striking example of &
structural constraint. Both the eye and the
otic capsule are significantly larger, relative
to other features of the head, in small ver-
tebrates. This is related to physical factors
that restrict their practical size within fixed
limits. The rate of fluid flow is restricted in
small tubes and hence the diameter of the
semicircular canal varies only slightly over a
great range of body weights (Jones and Spells,
1963). The dimensions of the rods and cones
of the eye are limited by the interference pat-
tern of the waves of light which set bounds
to the production of a clear retinal image
(D'Arcy Thompson, 1966). In tiny verte-
brates, the eye and otic capsule dominate
the structure of the skull (Figure 7). This greatly
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influences the configuration of the surround-
ing skeletal elements. The development of
the bones conforms to the earlier established
pattern of the sense organs (Hanken, 1984).
The bones can thus change very significantly
in shape without any corresponding genetic
change in the mechanism that controls bone
formation. Presumably the manifest changes
in the details of skuil structure are governed
by one factor, selection for smaller body size.

The reorganization of the skull in reiation-
ship to reduced body size has been an im-
portant factor in the early evolution of
lepospondyls and modern amphibians (Carroll
and Holmes, 1980}, primitive reptiles (Carroll,
1970), modern lizards, and possibly ances-
tral snakes (Rieppel, 1984).

Hanken (1985) notes that changes in de-
velopment leading to rapid ossification at small
body size in plethodontid salamanders greatly
increase variability, opening up the possibility
for extensive adaptative radiation. A similar
change, resulting in precocious ossification,
may have been an important factor in the
emergence of amniotes and lepospondyt
amphibians in the Carboniferous.

Summary

Environmental and intrinsic constraints help
to explain why evolution has not rasulted in
a continuous spectrum of adaptive forms in
space and time. The discontinuous pattern
of adaptive types might not be predicted di-
rectly from Darwinian selection theory, but it
is easily understood in relationship to a het-
erogeneous environment and limiting factors
inherent to all crganisms. On the basis of our
current knowledge of the history of verte-
brates, no clearly non-Darwinian factors are
necessary to explain their evolution.
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