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CHAPTER 4

The Mechanistic Bases of Behavioral
Evolution: A Multivariate Analysis of
Musculoskeletal Function

George V. Lauder and Stephen M. Reilly

Of the many approaches that one might take to studying amimal
behavior, the comparative and phylogenetic analysis of physiological
traits has been one of the lcast utilized, On the one hand, the discipline
of neuroethology has had spectacular success in investigating the neural
basis of behavior in individual species, but only rarely have such studics
ventured into phylogenetic territory (e.g., Arbas et al. 1991; Hoy ct al.
1988: Katz 1991). For the most part, neuroethologists have focused on
understanding the mechanistic basis of behavior in individual species
and on clarifying the motor and sensory systems involved in gencrating
behavior, However, some evolutionary biologists have used
physiological and neural traits to understand evolutionary processes
such as sexual selection and mate choice (Ryan & Keddyhector 1992;
Ryan & Rand 1990},

On the other hand, comparative biologists have recently taken
increased interest in studying behavioral evolution. Behavioral
characters are again being used to generate phylogenies (De Queiroz &
Wimbcrger 1993; Wenzel 1992), a return to earlier days in ethology
when the phylogenetic study of behavior was common (Lauder 1986;
McLennan et al. 1988). Behavioral traits have also been correlated with
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other characters such as body size, territory size, and brain size to clarify
historical (phylogenetic) patterns of character coevolution (Brooks &
MecLennan 1991; Harvey & Keymer 1991; Harvey & Pagel 1991; Pagel
& Harvey 1988), and many of these studies are using recently
developed quantitative comparative methods (Felsenstein 1985; Garland
et al. 1992, 1993, Grafen 1989; Harvey & Pagel 1991; Martins &
Garland 1991). The central theme of Felsenstein's (1985) oft-cited
paper, that species cannot be treated as statistically independent entities
in comparative analysis due to their genealogical relationship to each
other, has now permeated the comparative literature (e.g., Garland &
Adolph 1994; Huey 1987; Miles & Dunham 1993).

However, only rarcly have comparative analyses been extended to
physiological traits that directly measure the function of phenotypic
features, The relative lack of comparative analyses of physiological
traits is understandable given that determining the value of
physiological characters usually involves conducting laboratory
experiments on multiple individuals in each of the taxa to be used in the
phylogenetic analysis. Obtaining physiological or functional characters
might involve using several different techniques to measure multiple
traits, which greatly increases the effort needed to obtain comparative
data. Furthermore, individuals in taxa critical for the phylogenetic
analysis, such as outgroup clades, may not be readily available (or
amenable) for laboratory study, making a complete phylogenetic
analysis of physiological traits difficult.

Despite these difficulties, there is considerable value in analyzing
physiological or functional traits that underlie behavior. First, there are
few data on patterns of evolution in physiological or functional
characters. Most comparative analyses are of structural, genetic (relying
on DNA base or amino acid sequences), or behavioral data (Lauder
1990). Second, the analysis of physiological characters provides data on
the proximate causcs of behavior. For example, by studying the
neuromuscular mechanisms that generate behavior in related species, we
can understand the specific changes in neural activation and muscle
physiology that cause novel behavior. Third, data on functional
characteristics enable us to examine the relationship between form and
function from a historical perspective. If we are to analyze the
relationship between structure and function in a noncircular manner,
then functional traits must not be inferred from structure but should be
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measured independently (Lauder 1990, 1995, Reilly & Wainwright
1994). Applying comparative phylogenetic methods to structural and
functional traits will then allow us to examine coevolutionary patterns to
structural  and  functional characters, much  as  host-parasite
coevolutionary patterns may be studied phylogenetically (e.g., Brooks
& McLennan 1993; Mitter et al. 1991).

The major aims of this chapter are, first, to explain in more detail the
value of a comparative examination of the physiological bases of
behavior as a means to understanding how behavior evolves; second, to
illustrate one approach to examining the relationship among different
classes of functional traits as a heuristic tool to aid in understanding the
mechanistic bases of behavioral evolution; third, to provide a case study
of aquatic feeding behavior in salamanders as an example of the
interspecific analysis of behavioral differentiation.

Physiological bases of behavioral evolution

A. Levels of analysis

A key concept for the comparative analysis of mechanistic bases of
behavioral differentiation among species is the heuristic separation of
underlying physiological mechanisms into several different levels. As
illustrated in Table 4.1, a behavioral difference belween two species
could be due to changes at one or more of a number of levels. Behavior
itself (row 1 in Table 4.1) could be quantified by measuring the
amplitude and direction of movement, and/or velocities or accelerations
of bones using a high-speed film or video system. If two species differ
in behavior, in the movements of the forelimb during a mating display
for example, the differences we observe might be due to chanpes in one
or more structural and physiological properties (rows 2 through 5 in
Table 4.1). Species may differ in the topological arrangement of
muscles and bones of the limb or in structural properties of the muscles
causing the movement (such as muscle fiber type). In addition, observed
interspecific differences in behavior might be due to alterations in one
or more species of the physiological properties of peripheral
musculature, such as the contraction time. Changes in the central
nervous system, either in structure (such as the pattern of neuronal
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interconnection) or function (aclivation or modulation of neuronal
circuits generating motor output) could also cause a novel behavior to
be obscrved in one or more species. Table 4.1 certainly does not
represent the only possible arrangement of causal levels; many other
possible classes of traits could be chosen that might underlie behavioral
variation. But whatever the specific levels or hierarchical organization
chosen, some decomposition of causal mechanisms of behavior is likely

to be a valuable heuristic for our attempts to understand behavioral
evolution,

Tabfe 4.1. Hicrarchy of classes of data (characters or traits) that might be
analyzed to understand the mechanistic bases of behavioral attributes.

Class of data Example of an organismal trait that
might be studied interspecifically

I. Behavioral Pattern of forelimb movement during a
mating display

2. Structural (ol the level of

Topographic arrangement of muscles
peripheral tissucs)

and bones; tissue histology; muscle
fiber types

3. Functional/physiological {(at Physiological properties of muscles;
the level of peripheral tissues) biomechanical tissue propertics; pattern
of muscle activation

4. Structural {at the level of the Neuronal morphology; 1opolopy of
nervous system) neurcnal interconnection; wiring of
sensory and motor pathways

5. Functional/physiclogical {at MNeuronal spiking patterns; motor
the level of the nervous system) patterns; membrane properties;
modulation by neurotransmitters

In this particular hierarchy, cheracters are grouped into either structural or
functional’physiological classes to reflect potential proximate causes for variation at
the behavioral level, Nete that variation in a behavioral trait among species might be

duc to change at a number of possible levels. See also Fig. 1 for a schematic
illustration of this idea.
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Figure 1. Schematic diagrams illustrating the role of differcnt classes of
characters in behavioral evolution. A: phylogenctic relationships of nine taxa.
The ancestral condition for this clade is the behavior "lexion then extension”
of the bony elements (shaded) shown in panel B. Taxa in bold (B and G)
possess a derived behavior "extension then flexion” illustrated in panel C. B:
morphological configuration of a limb in most taxa within the clade shown in
panel A. Two muscles (M1 and M2) connect the bony clements that are
attached at a joint (black dot). The pattern of muscle activation for these
species is shown to the right. Black bars indicate the duration of muscle
activity. Note that activation of M1 followed by M2 gencrates the behavior
"flexion then extension.” C: derived behavior, morphology, and motor pattern
in species G and B. Both species convergently possess the derived behavior,
but differ in the underlying mechanistic causes of the novel behavior. Specics
G retains the ancestral morphology for the clade but possesses a novel motor
pattern. Species B exhibits a novel morphelogy (in which the muscles have
changed their insertions) but retains the primitive motor pattern.
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Figure | schematically tllustrates how evolutionary changes al two
of the levels discussed above might independently result in a novel
behavior, A comparative behavioral investigation of the nine species in
a clade (Fig. 1A) indicates that all 1axa except B and G generate a threat
behavior with the forelimb called "flexion followed by extension™ the
lower bone in Fig. 1B moves up in flexion, followed by a downward
extension movement, Mupping this character onto the cladogram reveals
that "flexion followed by extension” behavior is the ancestral condition
for this clade. Further comparative investigation demonstrates that two
species, B and G, possess a novel threat behavior that may be described
as “extension followed by flexion." Within this clade these two species
display convergently acquired behavioral novelties. How has this
behavioral novelty been produced in these two species?

Investigation of the anatomy of species in this clade shows that all
species possess a forelimb with a basic structure consisting of two bones
connected at one joint which is spanned by two muscles (Fig. 1B), M1
and M2. However, in species B (and only in species B), M1 and M2
have changed position relative to the ancestral condition. An
ontogenetic study shows that M1 grows posteriorly to attach behind the
joint, while M2 grows anteriorly to insert anterior to the joint (Fig. 1C).
This contrasts with the condition in all other specics in which muscle
MI runs anteriorly 1o its attachment, while muscle M2 inserts posterior
to the joint (Fig. 1B).

Measurement of the activation pattern of the two muscles in each
species (by implanting small electrodes in the muscles and recording
electromyograms during the threat behavior) reveals the motor pattern
shown to the right of the morphology in panels B and C. In all species
except species G, the motor activity pattern is that muscle M1 is
activated first, followed by muscle M2. In species G, however, muscle
M2 is activaled first, followed by muscle M1. A simple biomechanical
analysis confirms that given the morphology of the limb in species B,
activating M1 causes extension of the horizontal bone, and that the
subsequent activation of M2 causes flexion of that bone. In this species,
then, the behavioral novelty ("extension followed by flexion") results
from a topological rearrangement at the level of musculoskeletal
structure and not from any change in neural output to the musculature.
In fact, species B shares the ancestral motor pattern for the clade as a
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whole. Recordings of the motor pattern in species G show a different
result. Unique to all species in the clade, species G possesses o novel
motor pattern in which muscle M2 is activated prior to muscle MI.
Given the topology of the musculoskeletal system, such a motor pattern
will produce a movement of "extension followed by flexion”.

Even though the behavior might appear to be similar in species 13
and G, the underlying mechanistic bases of the behavior are different.
The novel behavior in B resulted from changes at the level of peripheral
gross morphology, while the novel behavior in species G resulted from
evolution in the motor pattern. If we do not investigate the mechanistic
basis of behavioral evolution, then we will be unable to focus on the
appropriate hierarchical level at which behavioral novelty is generated
(Lauder 1994),

One benefit to such a schema for considering behavioral evolution is
the Newtonian mechanical basis for musculoskeletal and nervous
function that permits increased confidence in attributions of cause and
effect. If two taxa differ in behavior and motor pattern and yet are
similar in morphology, a biomechanical analysis of the effects of those
differences in molor pattern enables functional morphologists to predict
differences in behavior. Behavioral differences are caused {in the
mechanical sense) by novelties at some level (Table 4.1), and
evolutionary patterns at each level may not be congruent. In our view, a
key question in the analysis of behavioral evolution is the identification

of the appropriate hierarchical level or levels that account causally for
behavioral differences among species.

B. Visualizing multivariate levels

One limitation 1o the approach discussed above, of dissecting the causal
basis of behavioral differences among species, is that too often such
analyses arc univariate in nature and focus on only a few variables. Yet
all levels presented in Table 4.1, from behavior to neuronal physiology,
are intrinsically multivariate; the analysis of many attributes of each
level is nccessary to adequately capture interspecific variation.
Univariate approaches have been of considerable value in the past, used
extensively in biomechanical analyses of musculoskeletal function
where the influence of specific features of musele structure and function
on movement are of interest. In an example taken from our own work,

The Mechanistic Dases of Behavioral Evolution 111

we analyzed the mechanism by which salamanders feeding on land
project their tongues toward the prey during feeding (Reilly & Lauder
1991). We studied the effect of one muscle (the subarcualis rectus one,
SARI) on feeding performance and behavior. As this muscle was
belicved to provide the main motive force projecting the tongue from
the mouth, our focus was on the effect of structure and function of the
SARI on behavior,

However, in order to udequately describe interspecific variation in
any class of traits, a multivariate approach allows many different
measured attributes at each level to contribute to decisions as to which
species differ from others. While use of multivariate analyses is hardly
new in most areas of biology (Bookstein et al. 1985; Rohlf & Bookstein
1990), in the interspecific study of organismal function and physiology
multivariate studies of variation are relatively rare.

Onc way in which we might extend the depiction of different
mechanistic levels underlying behavior (Table 4.1) to a multivariate
framework is to use a basic multivariate technique such as principal
components analysis to describe variation at each level. For example,
measurement of a varicly of different aspects of movement of the
hindlimb during locomotion (such as the amplitude of excursion of each
of the bones in the limb and their peak velocities and accelerations) for
several individuals in cach species of a clade could be used to measure
variation at the behavioral level. This would generate a data set of
several kinematic varinbles for cach species, and such a data set could
be subjected to principal components analysis to summarize variation
among the species.

A principal components analysis (PCA) gencrates a set of new
variables that are lincar combinations of the original vanables in the
data set. Coefficients of variables contributing to the first PC are chosen
to maximize the variance for PC1, and PCI thus represents the vector of
greatest variation in the data sel. PC2 is calculated similarly, but the PC
scores calculated Ifrom the linear combination of variables and
coefficients must be uncorrelated with the PC1 scores. The variation in
the data set explained by PC2 is thus uncorrelated with that explained
by PCI1. The number of principal components calculated is equal to the
number of original variables, with each successive componemt
accounting for successively less variation; the first four PCs commonly
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account for greater than 75% of variation in the data set. Useful
dcsqmlinns of PCA are given in Dunteman (1989) and Harris (1975).
‘An important use of PCA is to reduce a data set with 2 large number of
intercorrelated variables to a smaller set of uncorrelated variables.
Analyzing these uncorrelated PCs avoids the problem of interpreting
separate univariate analyses that are correlated with cach other in a
complex fashion (Bray & Maxwell 1985; Willig et al, 1986).
Multivariate variation in a large number of variables can be summarized
succinetly. Each variable can also be examined for its contribution to
lhe_r:wcrall PC score on each component, so that the specific pattern of
variation in measured variables can be determined.

Figure 2 illustrates schematically one possible result from such a
PCA. Given five taxa (A to E), we could analyze behavioral variation
by conducting a PCA on the set of kinematic variables and then plot the
mean position of each species in the resulting multivariate space (Fig.
2B). Only principal components | and 2 are shown, as these represent
the greatest percentage of variation within the data set. While the
technique of principal components analysis itself does not account for
phylogenetic relationships among species in calculating the component
scores, thesc scores can be calculated using phylogenetically
standardized contrasts of the original data matrix (if a corroborated
phylogeny of the species is available, Felsenstein 1985). Martins (1993)
provides an example of this procedure in an analysis of behavioral
characters. In order 1o define differences among species, we could also
analyze principal component scores to test for significant groupings
among the taxa. Figure 2B also illustrates an example of a multivariate
analysis of variance on the principal component scores {accounting lor
individuals within each taxon). Taxa A and B are not significantly
different in behavior from each other {and are thus grouped by a circle),
while these two taxa together do occupy a significanuly different portion
of the behavioral space from taxa C, D, and E, all of which are

behaviorally distinct from each other as well as from taxa A and B
together,
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Figure 2. Schematic illustration of one method for visualizing the
relationships among classes of characters for an interspecific analysis of the
mechanistic bases of behavioral evolution. A: Phylogenetic relationships of
five taxa (A to E) with an outgroup tlaxon (nearest phylogenetic relative) O.
B: Principal components analysis of behavioral traits measured, for example,
from high-speed video records of movement. Letters indicate the mean for
each taxon of valucs for all the individuals studied in that taxon. Taxa
enclosed by a circle are not significantly different from each other. Taxa not
enclosed by a circle are significantly different in principal component | and 2
scores from  all other taxa, C: Principal components analysis of
morphological traits measured for the same five taxa. D: Principal
componenis analysis of muscle activity traits. Note the changing pattern of
differences among taxa in the different classes of characters, E: Schematic
overview of the relationships among the three classes of characters, Lines
between adjacent levels connect taxa and show the mapping of character
variation; sce text for further discussion.
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For the same species one might also measure a variety of structural
attributes of the musculoskeletal system that are mechanically involved
in generating the observed locomotor behavior: c.p., mass of leg
muscles and bones, lever arms, or muscle fiber lengths and angles.
These data could also be subjected to a PCA (Fig. 2C), and the resulting
plot might reveal o different array of taxa in multivariale spaiee, In this
schematic example, taxa A und B occupy similur regions of the
multivariale morphulogical space and are similar structurally. These
taxa together diller from taxa C, D, and E, all of which oceupy distinct
morphological positions,

Finally, one might conduct a similar analysis for a set of
physiological/functional characters of the limb muscles. For example,
study of the pattern of activation (motor pattern) of the limb muscles is
of interest in understanding how the nervous system drives limb
morphology to generate the locomotor behavior quantified in Fig. 2B,
For each specics we record the electrical patterns in several limb
muscles involved in generating locomotor behavior and quantify such
patterns by measuring the duration of electromyographic bursts, peak
amplitudes, and relative onset times of activity. These data can then be
subjected to a PCA and the position of taxa in the muscle activity
pattern space plotted (Fig. 2D). In this schematic example, taxa A, B,
and C are similar in motor pattern, while taxa D and E share similar
motor patterns to each other and differ from the A, B, and C group.

The most heuristic feature of an analysis of interspecific variation
among character classes is evident when we consider the relationships
among levels, What is the mapping among uxa from one level to
another? When o taxon possesses a novel morphology, does it tend to
also possess a novel motor pattern? To what extent are behavioral
novelties in a taxon generated by both morphological and
neuromuscular changes? Of particular interest is the changing pattern of
differences among taxa as we move among levels. This mapping may be
visualized simply by orienting the resulls of each ICA as a planc and
connecting taxa with lines (Fig. 2E). The significant feature of this
visualization is not changes in absolute locations of cach taxon at each
level: the positions of each taxon are calculated from a different data
matrix at each level, and shifis in absolute position reflect changes in
variable correlations within each data set. Rather, it is the changes that
occur in groupings of significant differences among taxa that provide
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the information of interest. Thus, taxon C possesses a behavior distinet
from other members of this clade (Fig. 2E). In addition, this taxon
possesses novel features of morphology as compared to outgroup taxa
(close relatives) A and B (the phylogeny of this clade is shown in panel
A). Taxon C shares a similar motor pattern with taxa A and B, Given a
primitively similur motor pattern, a reasonable mechanical/evolutionary
hypothesis is that taxon C possesses a derived behavior because of
morphological novelties; Taxa A and B share similar motor patterns and
morphelogies and thus must possess a similur kinematic (behavioral)
pattern, Taxa D and [ share similar patterns of muscle uctivation but
differ in morphology und behavior. A similar causal evolutionary
hypothesis would indicate that the behavioral differences observed
between these two taxa result from changes in morphology (such as
bone lengths, muscle lever arms and masses) which produce a different
behavior given a similar motor pattern,

A varicty of theorctically possible patierns of interrelationships
among taxa and levels can be envisioned. Figure 3 shows three such
pallerns in association with the phylogenetic relationships of the five
taxa (A to E) and the closest relative of this clade, outgroup taxon O.
Figure 3A shows a situation in which there is no general pattern to
behavioral, morphological, and motor pattern evolution: each taxon is
distinct from the others and possesses derived traits at each level. This
pattern is not expected, given the mechanically causal relationships that
must exist among levels and our knowledge that many traits are
relatively conservative phylogenetically, but it is possible that each
taxon could possess autapomorphies (uniquely derived features) for
cach class of traits,

Figure 3B shows a clade in which all ingroup taxa share a common
motor pattern but show interspecific differentiation at the morphological
and behavieral levels. In this case, taxa D and E share novelties in
morphology that map onto shared behavioral novelties, Variation in
morphology is a likely causal explanation of behavioral dilferentiation
among these taxa, since similarities in motor pattern are a plesiomorphic
{ancestral) characteristic of the clade and cannot explain behavioral
differentiation among taxa. Thus, taxa A, B, and C differ
morphologically, and these differences are mirrored by differentiation at
the behavioral level.
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The phylogenetic pattern depicted in Fig. 38, with taxa showing
relatively  linle  differentiation in - motor pattern and behavioral
dilferentiation resulting {rom differences among taxa in morphology,
has been the focus of considerable research in the field of functional and
evolutionary morphology. A number of authors have suggested that
homologous muscles may retain primitive activity patterns, and that
behavioral evolution may be a consequence ol chanpes at the
morphelogical level alone Dial et al. 1991; Gatesy 1994; Goslow et al,
1989, Jenkins & Goslow 1983; Lauder 1990; Lauder & Shaffer 1988).
Lvidence both for und against ontogenetic and phylogenetic
conservation of motor patterns has been presented, and as yel no general
conclusions are possible (Smith 1994),

Figure 3C illustrates taxa in a clade sharing a similar plesiomorphic
(ancestral) morphological configuration, while exhibiting diversity at
the motor pattern and kinematic levels. Taxa B and C share derived
conditions of both miotor output and kinematics (beluvior), while taxa
A, D, and E possess novel motor patterns and kinematics that are not
shared with other taxa.

There are two useful features of such an analysis for understanding
causal relationships among the levels deriving from the Newtonian
mechanical relationships that connect variation among classes of
characters. First, a kinematic differentiation between two taxa that share
a common structural plan (e.q., taxa A and E in Fig. 3C) allows the
general prediction that A and E must differ in motor pattern. Only by
differentiation in motor output could two taxa with similar morphology
display different behavior patterns. Second, and more specifically, the
individual traits that make up the components can be recovered from the
analysis and cvaluated against a biomechanical model. Thus, taxon A
differs from taxon C in morphology and kinematics (Fig. 3B). An
examination of the variables loading highly on morphological PCI
might show that taxon C possesses a longer lower jaw and hyoid linkage
in the skull as compuared to taxon A. Given the shared uncestral
aclivation pattern of muscles controlling these elements (Fig. 3B), the
type of behavioral diflerence between these taxa can be predicted: a
longer time course for mouth movements, for example. This prediction
can be checked against the variable loadings for those movements on
principal components one and two at the kinematic level.
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A case study: aquatic feeding behavior in salamanders

A. Background

The feeding mechanism of salamanders has been the subject of
numerous studics over the last 20 years (Cundall 1983; Erdman &
Cundall 1984; Larsen et al. 1989; Lauder & Reilly 1990; Lauder &
Shaffer 1985, 1988; Lombard & Wake 1976, 1977; Miller & Larsen
1990; Reilly & Lauder 1989a, 1990: Roth 1976: Schwenk & Wake
1993; Thexton ct al. 1977; recent reviews in Lauder & Reilly 1994,
Lauder & Shaffer 1993; Reilly 1994). These analyses have served to
characterize basic biomechanical features of the musculoskeletal system
and many aspects of the diversity in salamander skull structure and
function. Thus, there is moderately extensive knowledge of behavioral
variation, morphology, and muscle function during a behavior that is
important to fitness: food acquisition. This background on skull
biomechanics facilitates a comparative analysis of feeding behavior
(kinematics), morphology of the skull, and motor patterns of cranial
musculature that can be used to help analyze patterns of differentiation
among taxa in these classes of characters.

Here we present a case study of aquatic feeding behavior in six taxa
of salamanders that represent most of the salamander clades exhibiting
aquatic prey capture. In this analysis we used our previous functional
research on both aquatic and terrestrial prey capture in ambyslomatid
salamanders (Lauder & Reilly 1988, 1990, 1994: Lauder & Shaffer
1985, 1988, Reilly & Lauder 1988, 1989a, 1989b, 1990; Shaffer &
Lauder 1985a, 1985b) to define relevant biomechanical variables at the
morphological and motor pattern levels (Table 4.1), The analysis of
behavior and morphology has been published elsewhere {Reilly &
Lauder 1992), but the cleciromyographic data on motor patterns used to
generate data for the third class of characters (Table 4.1) has not been
previously presented. We will demonstrate that interesting historical
questions about the evolution of behavior and its underlying
physiological bases miy emerge from a comparative analysis of
different classes of characters that are causally related to the generation
of behavior.
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B. Methods and data

The six taxa of sulamanders used in this analysis are shown in Figure 4
along with their phylogenetic relationships as most recently analyzed by
Larson and Dimmick (1993). One difficulty inherent in a comparative
analysis involving different salamander families at this time is that
current views of the phylogenetic relationships of these families are still
the subject of some controversy and ambiguity. We utilized the
phylogenetic relationships resulting from a combined analysis of
molecular and morphological data sets as summarized by Larson and
Dimmick (1993), but other morphological data (which include fossil
taxa) support a different topology (Cloutier in press; Trueb & Cloutier
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Figure 4. Phylogenctic relationships of the six taxa of salamanders used in
this study. Dehavioral and morphological data sets were generated for all six
taxa, but only four taxa were studied in the analysis of motor patterns (Siren,
Cryptobranchis, Necturns, and Ambystome). Phylogenctic relationships of
the taxa are from Larson and Dimmick (1993), and the branching pattern
reflects only relative time of divergence, not amount of phenotypic change.
The external morphology of the head (in dorsal view) is shown for each taxon
to illustrate head shape and the size and location of external gill filaments;
figures are not drawn to the same scale.
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1991). The morphological characters of the feeding  mechanism
analyzed here are not part of the data used by Larson and Dimunick
(1993) and Cloutier (in press) to construet their phylogeny. Prey capture
behavior in a total of six families was analyzed: Siren intermedia
(Sirenidae),  Cryptobranchus  allegheniensis  (Cryptobranchidae),
Amphiuma meany (Amphiumidae), Necturuy maculosus (Pruteidae),
Dicamptodon  tenebrosus  (Dicamptodontidae), and  Ambystoma
mexicanum (Ambystomatidae). The number of individuals studied
varied between 2 and 10 in each species.

Prey capture in salamanders is rapid (taking between 30 and 120
ms), requiring high-speed films or video recordings (at 200 frames per
second) for accurate measurement of cranial bone movements.
Individual salamanders were trained to feed in an aquarium under
filming lights, and 1- to 2-cm-long pieces of earthworms (Lumbricus)
were used as prey. Video or film recordings of prey capture were
analyzed frame by frame to quantify head movements. From each frame
we digitized movements of the head, hyoid region, and jaws. Profiles of
the movements of each set of structures were plotted against time (a
sample kinematic profile for Necturus is shown in Figure 5) and from
these profiles seven kinematic variables were derived that describe the
behavior of the head during feeding. Behavioral variables measured
both the timing of movement (such as the time to maximal head angle
and the duration of the gape cycle from the onset of mouth opening to
mouth closing) and the amplitude of bone movement. At least five
feedings were quantified from each individual. .

Cranial morphology of the six taxa was characterized by measuring
five structural variables that described features of head shape relevant to
prey capture behavior. Morphological variables included the number of
open gill slits at the back of the buccal cavity (a hydrodynamically
important factor in the feeding mechanism, Lauder & Shaffer 1986:
Reilly & Lauder 1988), and measurements of lower jaw length and head
size.
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Figure 5. Sample kinematic plots of head movements during prey capture by
Necturus. Poinls shown are means (N=3) from one individual with the
standard error about the mean. Head angle increases from 0 to 25 ms
indicating elevation of the skull on the veriebral column. Peak gape is also
reached at 25 ms, while hyoid depression (reflecting expansion of the throat)
begins a plateau at 45 ms. Prey capture occurs within 30 ms. Plots from
individual feedings such as this were used to generate the behavioral
variables for the principal components analysis.

Motor output to the cranial musculature was measured by
implanting fine-wire electrodes into five muscles involved in generating
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movements ol the head, jows, and hyoid during prey capture. These
muscles were chosen to rellect likely causul relitionships between
morphology and leeding behavior. For example, head angle was one of
the kinematic variables measured, and the epaxial muscles are the only
set of muscles in the head capable of generating an increase in head
angle; thus, activity in the epaxial musculature was quantified,
Individual salamanders were anaesthetized and electrodes implanted
percutaneously into cranial muscles as in previous research (Lauder &
Shaffer 1985; Reilly & Lauder 1991). The five homologous muscles
studied in each taxon were (a) the epaxial muscles, which act to elevate
the head and thus contribute to opening the mouth during feeding; (b)
the depressor mandibulae muscle, which acts to move the lower jaw
ventrally and thus open the mouth; (c) the rectus cervicis muscle, which
moves the hyoid apparatus posteroventrally expanding the volume
inside the mouth cavity and creating suction; (d) the adductor
mandibulae externus muscle, which is one of two major mouth closing
muscles; (e) the branchiohyoideus muscle, which acts to abduct the gill
arches during prey capture [Lauder and Shaffer (1985) provide
morphological deseriptions of these muscles in Ambystomal.
Cryptobranchus possesses the capability of penerating asymmetrical
movements of the right and left sides of the head during feeding
(Cundall et al. 1987}, and we implanted bilateral clectrodes (for a total
of 10 channels) to assess asyminetry in onc individual. Electrodes from
each muscle were bundled together into a common cuble that led from
an attachment on the animal's back to AC preamplifiers (amplificalion
was 5000= to 10,000=) and then into an FM tape recorder. All channels
were recorded simultancously. The analog tape recordings of
electromyographic data were digitized at 12-bit resolution (8000-Hz
sample rate) into a binary data file from which individual motor pattern
variables were measured (to the nearest 0.1 ms resolution). Due to
limited animal availability and performance with implanted electrodes,
electromyographic data could be obtained from only four taxa: Siren,
Cryptobranchus, Necturus, and Ambystoma.

Electromyographic data from a single prey capture event by
Cryptobranchus are shown in Fig. 6. Most muscles show a rapid onset
of activity (within 10 ms of each other) except for the adductor
mandibulae, which occasionally showed a considerable delay in onset.
From these data, 14 motor pattern variables were measured. The onset
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Cryptobranchus: jaw muscle eleclromyograms
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Figure fi, Representative pattern of muscle activity for five cranial muscles
during prey captlure by Cryptobranchus. Note the nearly simultaneous onset
time in all muscles except for the adductor mandibulae. Recordings such as
this were used to gencrale the motor pattern variables for the principal
components anilysis.

of activity in four muscles was measured relative Lo the onset time of the
rectus cervicis muscle. The rectus cervicis is a major mouth-opening
muscle, often used as a marker of the onset of the feeding motor pattern.
We measured the duration of cach muscle burst and the total rectified
integrated clectrical activity within cach burst.

Separate statistical analyses on the three data sets (behavioral,
morphological, and motor pattemn) included standard two-level nested
analysis of variance (with individuals nested within taxon), PCA on the
correlation matrix of each data set (since variables differed in
measurement scale; Bookstein et al. 1985), and multivariate analysis of
variance on the principal component scores to define groups of taxa
within each class of data.
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C. Results wnd interpretation

Results from the analysis of three classes of data for the four taxa
common to all three levels are presented in Fig., 7. This ligure
schematically represents three plots of principal components one
(horizontal or x uxis) and two (y axis) resulting lrom analyses of the
three separate data sets. The first two levels represent a subset of the
behavioral and morphological results presented by Reilly and Lauder
(1992) for all six taxa. Each taxon is represented by a letter reflecting
the mean position of the values for all individuals measured in that
Jdaxon, and taxa that are not significantly different from each other are
grouped by circles. Taxa that are not located within a circle are
significantly different from other groupings within each level when all
characters are considered together.

Behaviorally, Ambystoma and Necturus share commeon features of
prey capture movements that result in both taxa grouping together in the
principal components analysis of feeding behavior (Fig. 7). Siren and
Cryptobranchus are located in different regions of the mwultivariate
space that describes prey capture and are distinet both from cach other
and from the Ambystoma + Necturus group. High values of principal
component | reflect larger values for maximal mouth opening and hyoid
expansion, while larger values of principal component 2 indicate more
rapid feedings (shorter gape cycle times and time to maximal pape).
Thus, Cryptobranchus possesses slower prey capture and larger mouth
and hyoid excursions than the other taxa. Morphologically, Siren and
Ambystoma possess similar cranial structures (Fig. 7), while Necturus
and Cryprobranchus occupy divergent areas of morphological space.

Mappings between the behavioral and morphological levels reveal
several interesting patterns, and this  visualization [facilitates
consideration of the extent to which behavioral variation among taxa
may be due to changes in morphology. First, taxa such as Ambystoma
and Siren, which share similar morphology, show divergent behavior.
This result must be due to differences between these two taxa at the
motor pattern level. The mapping between the behavioral and
morphological levels can thus be used to predict patterns of vaniation in
motor pattern. Second, since Ambystoma and Necturus are divergent in
morphology but not in behavior, one cannot predict the pattern of
interspecific vanation in motor pattern. Morphological variation alonc
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could couse behavioral dilferences, as could dillerences in both
morpholopy and motor pattern. A similar result obtains for the
mappings between levels for Cryptobranchus. Third, taxu may show
similar behavior and divergent morphologies, or the converse. No
overall pattern corresponding to the examples in Fig. 3 was found.

Examination of the motor pattern data for the four taxa (Fig. 7)
shows that NMecturus and Cryprobranchus share similar regions of motor
pattern space, while Ambystoma and Siren are divergent. High values on
principal component |1 primarily reflect greater activity (longer duration
and higher rectified integrated arca) for the rectus cervicis muscle,
longer duration activity in the branchiohyoideus and epaxial muscles,
and shorter relative onsct times of the depressor mandibulae and epaxial
muscles. High values of principal component 2 indicate greater activity
in the depressor mandibulae and adductor mandibulae muscles and
longer relative onset limes of the depressor mandibulae and epaxial
muscles. Thus, compared to Siren, the motor pattern used by
Ambystoma during prey capture involves relatively less activity in the
rectus cervicis and longer times between rectus cervicis onset and the
start of activity in the depressor and adductor mandibulae muscles.

Overall, the mappings among the three levels demonstrate three
significant patterns. First, two of the taxa, Ambystoma and Necturus,
possess divergent motor patterns and morphology but share similar prey
capture behavior patterns. These two taxa have taken  different
mechanistic "paths” 1o arrive at a similar behavioral phenotype;
differences in motor pattern and morphology are interacting to generate
similar bone movements. Second, the prediction discussed above (based
on the analysis of data from the behavioral and morphological levels),
that Ambystoma and Siren must show divergent motor patterns is
correct. These two taxa show significantly different patterns of muscle
activity. Causally, differences at the motor pattern level must account
for differences at the behavioral level. Third, Cryprobranchus, is distinct
in morphology and bechavior but possesses a similar motor pattern to
Mecturus. This result indicates that morphological and behaviorl
divergence in Cryptobranchus is not mirrored at the motor pattern level.
Overall, the relationships observed among taxa and levels in this study
are complex, and no pencral patterns are apparent.
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Behavioral (kinematic) space

Motor pattern space

Figure 7. Results from the principal components analysis of three data sels:
behavioral, at the top; morphologieal, in the middle; molor pattern, at bottom.
Each plane represents principal component 2 (PC2) plotted against principal
component | (PC1). Following the conventions established in Figure 2, lines
connect taxa on adjacent planes, while taxa that arc not significantly different
from each other are circled. Abbreviations: A, Ambysioma, C,
Cryptobranchis, N, Necturus; 5, Siren.
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Siren Cryptobranchus MNeclurus Ambysioma

Figure 8. Phylogenetic interpretation of the changes in trails at each of three
levels: K, kinematic (behavioral), M, morphological, and MP, motor pattern,
The data matrix in the lower right codes the differences among taxa for each
class of characters based on the results of statistical tests on principal
component | and 2 scores. Taxa with the same numbered state are not
significantly different frum cach other in this trait. The resulting characters in
the data matrix are mapped onto the phylogeny. Note that motor pattern
character state 2 is illustrated as having been gained once and then lost in
Ambystoma. An equally parsimonious explanation of this character is that 1
was pained independently in Cryptobranchus end Necrurny,

The data shown in Fig. 7 may also be analyzed phylogenetically as
discrete character states. In Fig. 8 the variation among the four taxa for
each of the three classes of characters is coded into discrete states (1, 2,
or 3) based on statistical differences among taxa at each level. For
example, at the kinematic level (K), Necrurus and Ambystoma are coded
as state 3 based on similar patterns of bone movement, while the other
two taxa receive characler state codes of 1 and 2. Perhaps the most
striking feature of the phylogenetic paltern depicted in Fig. 8 is the
extent to which the four taxa possess uniquely denved (mutapomorphic)
features of behavior, morphology, and motor pattern: there has been
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considerable phylogenctic divergence in all three elasses of characters.
Only one character (the shared kinematic pattern of Necturus and
Ambystoma, coded 3) can be used to unambiguously diagnose a
monophyletic clade. A second character, the motor pattern shared by
Necturus  and  Cryprobranchus  (coded 2) could diagnose the
Cryptobranchus+Necturus+Ambystoma clade (with a loss of this
character in Ambystoma). Alternatively, this character could have arisen
independently in Cryprobranchus and Necturus.

General discussion

The method presented here for visualizing differences among taxa in
behavior focuses on the mechanical interrelationships among bone
movement (behavior), morphology, and output from the central nervous
system. Bul not all interspecific differences in behavior are the result of
changes at these levels, Learned behavior patterns, for example, do not
result from changes in morphology (although learning may change
motor outpul; Wainwright 1986). Differcnces among  taxa  in
biochemistry or in organismal properties not addressed by the levels in
Table 4.1 may also contribute to interspecific behavioral differentiation.
Furthermore, changes in behavior may have arisen phylogenetically
prior to changes in morphology. Indeed, there has been considerable
discussion in past ethological literature as to the primacy of
morphological or behavioral change (Lauder 1986). The visualization
presented in Fig. 2 suggests that changes in behavior are due (and
caused by) changes in morphology or motor pattern, and thus that
behavioral changes occur either along the same branch or at a later time
phylogenetically than changes in morphology. A phylogenetic analysis
of behavioral and morphological characters might show that a change in
behavior preceded the occurrence of novel morphology, thus changing
the direction of causality implied by Fig. 2. In such cases, the analysis
of characters at the motor pattern level is critical, as alterations in motor
pattern may well have caused behavioral change prior to alterations in
musculoskeletal structure. For example, neuromodulators within the
nervous system may change and produce novel behavior in a specics
without any change in peripheral morphology. Neuromodulators can
alter motor output directly by their effect on central neurons und thus
generate a novel behavior (Kalz 1991 discusses examples). Change in
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neuromodulators and the consequent change in behavior muy then
characterize a clade which is similar in morphology. This scenario
would produce a pattern similar to that shown in Fig. 3C.

Answering the question "Which changes first, morphology or
behavior?” depends on (1) a phylogenetic analysis of morphological and
behavioral characters and (2) an assessment of motor patterns produced
by the nervous system. We predict that when phylogenetic analysis
demonstrates novelties in behavior preceding morphology, motor output
from the nervous system will be found to have changed concordantly
with behavior, and novelties in both these classes of characters will
precede morphology.

Although we believe that there is much 1o be gained by the
comparative mechanistic analysis of interspecific differences in
behavior, this is one aspect of ethology that has received relatively little
attention. Compared to progress that has been recenlly made in the
comparative (phylogenctic) study of behavioral ecology (v.p., Brooks &
McLennan 1991 Huarvey & Pagel 1991; Harvey ot al. 1990), our
knowledge of behavioral, structural, and functional variation among
taxa is minimal. In discussing the method of analyzing interspecific
behavioral differentintion presented here, we will first consider practical
issues thal bear on the development of case studies, then discuss
analytical considerations, and finally address strengths of this approach.
There are a number of reasons why comparative functional data are
relatively scarce. Obtaining both physiological and morphological data
on a variety of taxa is extremely time consuming, particularly if
complex physiological procedures must be performed on multiple
individuals within each taxon. Measuring physiological traits in living
animals often requires a number of invasive experimental techniques.
This may limit the size range of animals that can be studicd, restricting
comparative functional data to those taxa in which adulls are a suitable
size. In addition, species vary in their ability to tolerate experimental
procedures while still exhibiting normal behavioral responses. Some
specics simply do not respond well to laboratory conditions, and yet
such species may be critical for testing a given comparative hypothesis.
Unless physiclogical data can be obtained along with behavioral
characters, we will not be able to make the link between functional and
behavioral variation. O course, the ability to obtain functional data
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depends critically on the availability of species in the chosen clade in
the first place. While structural data may be obtained from museum
specimens, physiological and behavioral data clearly cannot. In this
study we began with a behavioral and morphological analysis of six taxa
(Fig. 4; Reilly & Lauder 1992), but data on muscle activity patterns
could be obtained for just four taxa.

A significant problem may arise when taxa studied are reduced 1o a
small number. With such a small number of taxa, the opportunity for
linding cases of convergent character acquisition (which may
themselves provide tests of causal hypotheses) is small, and the
possibility of conducting statistical tests of character association greatly
reduced. The availability of a small number of taxa within a larger clade
also increases the possibility of identifying some traits as uniquely
derived characlers of a single taxon (autapomorphies) when in reality
these traits might characterize a larger of grouping of taxa.

The conventional approach to analyzing traits of this kind has been
to map charucters onto a phylogeny of the studied taxa (e.p., Lauder
1990; Brooks & McLennan 1991; Maddison & Maddison 1992). Such
mappings allow the sequential acquisition of characters in a clade to be
determined. Given a sufficiently large number of taxa and a well-
corroborated phylogeny, relationships among characters can be assessed
by using quantitative phylogenetic techniques for the analysis of
carrelated characters (e.g., Pagel 1994). But if the number of laxa is
small, then, as is evident from the character mappings presented in Fig.
8, relatively few novel insights are gained into the data using a mapping
type of analysis. On the other hand, when the number of character
classes equals or exceeds three and the number of taxa is also large,
simply gaining a basic understanding of the pattern of variation among
characters can be difficult.

One of the reasons for presenting the multivariate visualization
illustrated in this paper is that it facilitates analysis of variation among
several taxa as well as among multiple classes of characters
simultaneously. But as yet there are no analytical techniques that have
been applied to data such as those presented here which would allow a
quantitative assessment of mapping among levels. A significant advance
would be the direet incorporation of information on the phylogenctic
history of the taxa into the analysis of the mappings themselves, Use of
phylogenetically standardized contrasts (based on a well-corroborated
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phylogeny) at each level as data for the principal components analysis
(Felsenstein 1985; Martins 1993) would incorporate information on
phylogeny into each plane of Fig. 2, but would not resolve the problem
of analyzing mappings among levels. Path analytic techniques might
provide & partial solution to this problem, as might analyses of data
matrices for cach class of characters as suggested by Douglas and
Endler (1982). Alternatively, the statistical relationships among taxa at
cach level could be transformed into alternative hypotheses for
phylogenctic relationships among taxa. Each class of characters
provides evidence of genealogical relationships among laxa, and these
cladograms (one for cach class of characters) could be examined for
regions of congruence und incongruence,

There are considerable benefits to be gained from a comparative
analysis of structural und functional traits that underlie behavioral
variation among taxa. Comparative analyses are nceded to provide
proximate explanations of behavioral differentiation, and such
explanations are critical for a comprehensive understanding of
behavioral evolution. We present this study as an example of one simple
approach to visualizing the relationships among both taxa and classes of
characters that underlie behavioral diversification. By considering the
causal bases of behavioral differentiation among taxa as consisting of
several different clusses of characters (Table 4.1), we are able to
hypothesize how behavior and its underlying mechanistic bases have
evolved. Is there congruence in patterns of variation among types of
characters? Does the existence of behavioral novelties in a clade
necessarily imply novelties at both the morphological and motor pattern
levels? Do motor pattern and behavioral characters tend to coevolve
prior to morphological differentiation? Such questions may be
approached, at least to a first approximation, by describing the variation
within each class of characters using principal components analysis, and
then considering the taxonomic mappings among levels.

One advantage of this approach is the generation of an
understandable scheme for visualizing both the changing relationships
among characters as well as among classes of traits. Figure 7, for
example, reduces a considerable amount of information into a
manageable format which highlights key changes across levels, As a
visualization and description of the data, such figures point to areas
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where further investigation would be profitable (such as a detailed study
of the comparative feeding biomechanics of Ambystoma and Necturus).
In addition, there is a predictive aspect to such visualizations that
extends the approach beyond the merely descriptive. For example,
analysis of behavior and morphology in salamander feeding
mechanisms led Reilly and Lauder (1992) to make several predictions
about results at the motor pattern level prior to col lecting the muscle
activity data for this chapter. A prediction was made that
Cryptobranchus and Siren would likely possess significantly different
motor patterns, as should Siren and Ambystoma. Because of the
mechanically causal relationships among levels, differences in behavior
possessed by taxa that are similar in morphology must be generated by
differences in muscle activity, The motor pattern data gathered for this
study confirm both predictions.

Although the approach described here is but one avenue by which
the analysis of behavioral evolution might proceed, in conjunction with
other research directions and an increased focus on the evolution of
physiological and functional traits in general (Garland & Carter 1994;
Huey 1987; Huey & Bennett 1987; Lauder 19914, b, 1994; Wainwright
& Reilly 1994), we are likely to see much new information over the

next few years en the evolution of the mechanistic bases of animal
behavior.
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