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A NY comparative study in binlogy al necessity involves some
atlcinpt to assess simdlarirics and dilferences among arganisuns. These
sitnilarities el ditferences may he interpreted within two general
Framewnrks: (1} an equalifedrin view in which heliaviors or morphologies
are viewed in relation to the enviremment and explanations of simikar-
itics sl dilferences are sought in terms of selection Torces amld covi-
ranmenial variables, and (2) a transformational view where patterns of
similarity amd difference atohy organisms, species, and higler mxa
ity be used to construct evolutionary sequences. The transfonmational
approach (Lauder, 1981) Focuses on histarical patteras of structare,
function, and bebawior, and relics fundamentally on phylogenetic
hypotlicses 1o pravide a Basis Tor interpreting historical seqqeences smed
testing evelutionary concepis. The subject of this volume is the evalu-
tion of Dehavier, ained o this chapier 1 will focus oo historica] interpre-
tations of similarities and differences in behavior, and on methods Tor
analyring evolutionary patterns of behavior,

There has been an interest in eransformaticnal patterns of beluawvior
angt in the comparison of beliaviors in relation i the phylopenctic rela-
tionships af species Trom the carly diys of cthology {(Heinrath, 1911;
Whitman, L84, Larenz {1960, p. 238), for exiunple, remarked that
“as carly as 1898, ¢ (). Whitman wrate the seinence that marks the
hirth of comparative ethelogy. "Instinets and srgans are t be stucdicd
from the commen viewpaint of phyletic descent.”™ Hawever, nust cth-
ologists in the Tast twenty years have focused on the relationship of
bBeliavior ter the enviromment inhabited by organisms, izl this Focus is
well exemplitied hy the papers in this hook (e, Fitrpatrick and Wosl-
fenden, Thernhily, The dominamt emnphasis ef ethologisis has been on
the physinlugical hasis of hehavior (Gee Fentress, 176 Manning, 1967}
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anid on the equilibrium relationship of behavierns to fitness, selection
pressures, amd envircinnents. For example, Manning (1967, p. 1) apens
his text om amimal behavior with the staiement that “rhere are twe main
:||||:-ru;1:h::_~. to the study of behavior, the physiclogical and the psycho-
logical.” A survey ol 2 number ol 1exts in ethology reveals that onty two
(Alcnck, 1975; Eibl-Fikesfeldt, 1970) cven list the words “phylegeny™
andfor “homolegy™ in the index {c.g., Mannitgg, 1967 Marder and
Hamilton, 1966; Hinde, 1966; Bateson and Hinde, 1976; Gouold,
T982). Exolution ol behavior vsually means the study of anitmal behay-
tor in relation te the environment and the identification al possible
selective explanations for the distribition of bebaviers within and
among species.

Blespite the emphasis on equilikrium analyses in etholegy, 2 numhber
of investigators have considered ihe historical and 1ransformational
implications of similaritcs anel differences in behavier among ongn-
isms. Amnong the langer volumes on this topic, the books edited by Roe
anel Sitnpscen (1958), Brewn {(1975), and Masterton e al. (JU76) starud
out as offering 1lie most detailed treatment of elhwlogy in a translor-
mational framework. 1t is apparent from these hooks that a lumdamen-
tal issue in historical ethalogy, the problem of homalogy recognition,
tias yet 1o be smislactesily resolved. Concepts of homelogy and conver-
getee are fundamental te the study of any histonical pattern and 1o he
testing o histarical explanations in ctholagy. H ethalogy is to diswcern
r:\'ululiml:lr}' pattems of behiovior and iF it is o contribute i gcneral-
ieations absut the process of evolutivn and to the recepmition of pa-
terns in pature, e it is imporant o critically evaluate conveprual
approaches o the study of historical cthology.

In this chapter 1 attempt to clarily the issue of homoelogy in ethelogy
by locusing an two classes al criteria that have been propuosed by cih-
aologists as reliable indlicaters of behaviorl Lamaology: marplclogical
anil newral correlates of belavior. T begin by prosenting an overview of
historical analyses by ethologisis aml by reviewing proposals Hun
homologeus behaviors can he recypmized by analvsing moepholosiend
and neurak substrites of beluwior, OUspecial opovisoce lor fhas e
are the following questiotis: (L) Are current rescarch methiods in ethol-
ogy adequate far the analysis of histovical paticoos s immstorn-
tiomal sequences al behavior? (2) Do a prier eriteria often vsed by eth-
alogists  provide o useful method  Tor determining  bheluviarl
Lhemalogies? (3) What are aliernative approaches to the Htl:ll}'ﬁi\ al his-
terical patterns sunl the recogmition of belavioral homologios? and ()
Honwe tightly coupled are historical patterns of morphological, neural,
imd behavinral features? Finally, [ conelude with o case study that is
used te flusimie sne appraach te the analysis of behavioral evelution.
[ know af no ather such sudy where the evolation of a behavior has
been studicd comparatively (at the species level) within a clde it mor-
phnlogical, plysiological, and cihinlogical levels, This ease soucly will
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serve as an example of i imalysis of the historical relationship among
beluwioral, funciional, and warphnlogical characters, imd will provide
the basis for pmpusing hypothieses about the evolution of Beliavior and
the l:'n:-lutiml.'lry trarslormation of molor patterns.

HISTORICAL ANALYSIS IN ETHOLOGY

Common Research Approaches

Ethalogists have several approaches to historical issues, "Those issues of
special interest in the context al' a discussion of homology in ethology
are;

. The use of behavioral characters to produce  phylegenies of
organisims.

2. The use of ethelogical series as a basis for scenartos alxut the evo-
lution al hehaviar,

3. The identilicatinn al homalegaus hehaviors by the applicaliion ala
prion criteria {i.e., criteria independent of phylogenetic patlerms of
charicter distribution), OF primary concern here is the concept tlut
the structure of the nervous system producing e bohavions of
interestand the morphology used in a belivior proside prima Geele
cridence lor Behavieral homolegy,

Belore discussing these three issues, it is necessary (e clirily the use
al three 1erms that are impenant far this analysis. First, consiler the
termns Mfunction™ and “behavier.™ While seme ctholegists claim that
their eriteriia for belnvienal Tomolegy are drawn from e work of mor-
phalegists fe.g., Ate, 1970; Tinbergen, 105%; Eibl-Eibesleld, 10706},
their use of the termn “funcion” Is very dillerent fram that af evolu-
tomary motpholegsis. Cracraft {1981) oeed the dilference belween
function and Bebaviar as concepts uselul in studying historical pa-
terns, and commented thar “functions of structures generally hive not
heen lhuught ol as syslematic chaneters, whereas ritzalized heliavior
patterns have been utilized as characters Tor many years, ... Tt is the
behaviar pattern, then, and not the function that constilutes @ sysiems-
atic character.” Cracmaft’s use of the tenmn “fanctinon® is ronsistent with
thsn of most evelutionary morpholegists: Tunctions are the actions or
uses ol structures. But etholagists, in keeping with the domimainee of
equilibrivm methods and e emphasis on envitenmenral variables as
determinants ol behavier, have generally treld that function “definively
mcans somcthimg guite dilferenc and specific: it means “selective aelvan-
tage™™ {Hailman, 1976b, p. 184} Other I'.‘tll(]ll:lj,;'i.'i'[.'q have expressed slm-
ilar vicws: “A function is a lenelicial consequence al a belowiee® (Ber-
tram, 1976). “Within ctholagy, questinns of Tunction have been studicd
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m two tain ways: comparative studics of related species in which inier-
specics variations ina character are related to environmental variables

- andl sletailed fictd siudies involving either ficld experiments ar the
assessment of relations between variability in a trait and subsequent
survival ar reprsluctive success ... (Batesan and Hinde, 1976, P
193). A primary aim of primare socio-biology for sacio-ecology) is w
explain variation in sucial Lehavier in 1erms of biologieal fnction. To
do this, it is necessary to consider the possible consequences of dilfer-
ctices in behavior. . . . Same of these may be scleclively wlvantageous,
some neulral and same disadvantageous. Thrangh this paper we refer
to those in the first category as *fnctions'”" (Cluton-Brock and Har-
vey, 1976, p. 195). The eihological definitien of function is similar to
what Back and vonr Wahlert {1965) called “biological rale.” in this
chapter T will use the term “functian™ in its morphological sense. This
avoids the numeraws diflicullies associated with detenmining sclection
[orces before vne can meaningfully use the term “Munction.™ In addi-
tion, the morphological definition will allow us to consider a mcthod-
olagy for historical analysis in which Lehaviers, morphinlogics, and
funciions can be used botl: as systematic characters and as elements of
an vverall transformational pattecn with general implications abaur the
evolulion of behavior,

Secondly, considet terms that caulid be applicd 10 fearures ol vrgmn-
isins that are mistakenly believed to be homalogous. Fatterson {1982,
- 45) distinguishes five possible terins that represent nunhomologous
{homnplasous) features: parallclisn, cunvergence, analogy, mimicry,
and chance. To 1his list we might add learned similarities. 1 will inclede
the last four 1erms of Patterson’s list and Ieamed bebavieral similarities
under the lalwl “convergence.” Thus, my use of the word “conver-
gent” incledes nonhomologous features that iy be the result of scv-
cral processes,

L. Behowioral characters end phylageny. Perhaps the most canunon
avenue of rescarch inie historical problems in etholopy is thie uswe of
behavior ta chirity the relationsitips of suguisins, Since the carly doys
of cthalogy, behaviors or components of 2 behavior have heen used 1o
infler phylegeneiic relationships (Whitman, 1899; Lorenz, 1950; Tin-
bergen, 1959; Miller and Jearld, 1982; Miller and Robison, 1994
Mayr, 1858; Eberbard, 198%; Greene, 1977). 'The procedures fur such
research are usually grouped under the rubric “comparative methued”
(Halman, 1976a}, and are afen field o be similar to the methods gsed
by marphulogists to study phylogenetic relationships. As outlined hy
Hinde and Tinbergen (1958), comparative analyses of behavior usually
begin wilh the examimuion of several species and the recognition of
behavieral similarities among the species. Then, either the patterns ol
behavieral similarity can be compared to a currently accepied phylog-
eny {Greene and Burghardt, 1978; alse see Mayr, 1958) ta see how sim-
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ilar ke pacern of relationships based on bebavioral chamweters is 1o
that hased on morphological evidence, or the behavioral similaritics
themselves can be used 1o canstruct a phylogeny, as in the work of Lor-
enz {1941). Two imporeant eoncerns bave often heen expressed by cih-
alogists in relativn Lo the process of using behavioral characters in phy-
logenetic analysis. “The first is the problem of the units ol hehavior.,
What are the appropriale components of an onganism’s behavioral rep-
cTioiTe 1o use in 3 comparative analysis? Many workers have suppested
that *fixed™ action patterns be used in phylogenelic analysis because
of their relative sicreotypy and their consequent ease of identification
{e.iz., Bateson aned Hinde, 197G}, The sccond Issue is the variability of
behavior, 1T bebavioral units appropriate lor comparisen cannat I
reliahly identilied and if it is not passible o identify hemologous simi-
laritics {an issue constdered in detail below), then beliavior would
appear e have little value in histerical analysis. This has bed several
investigators to conclude that behaviers Inve no wility whalsoever in
the analysis of patierns of relafonship Aronson, D81 A, 1970).

2. Ethological series. A second mcthod used by ethologists o sludy
the evolution of behavior is similir to the’ moemqhological serics
approach of morpholugists (Louder, 1981, If an itvestigor wishes 1o
uralyze the evolution ol a comtiplex belavior, for example, a CLnRIGL
Live approacl: Is taken in which taxa cxlibiting similar but less complex
hebaviars are arranged in a series from the least complex te the most
complex. This series is ofien taken as representative ol jHnsible evo-
lutiomary pathway leading to the complex behavior, and interpretations
of selection forees, behavioral cransfonnations, and causative enviran-
rienial [ctors are based on this serics. A goaxl examje of this proce-
dure is 1he analysis of Kessel (1855), whe studied caurtship behavior of
Lalleon flies.

This approach has several pitEalls, not 1he least of which is the prob-
able Lick of congruence hetween a behaviorat or marpluslogical serivs
and 1w pattern of tansformatien derived from a corroborated ply-
logenctic hypothesis of the relativnships of the clade under study (1au-
der, 18981}, Behavioral or marphulogical serics are artilicial constructs
ol equilibrivm points ancd are nanhisterical in mure.

3. Criteria far homolegy. 'The final and most important issue to con-
sider in this examination of current approaches to histariral paiterns
in etholegy is the problem of recognizing beliwioral homologies. Many
eriterin have been proposed hy etholngists for determiming which
hehaviers in a comparative analysis are homologous, and many workers
lave discussed exiensively the value of these eriterin, Virlually withaut
exceplion, however, these discussions have had ane premise; dat
homologaus beltaviors can be recoymized by the application of criteria
that are Iargely independent of phylogenetic patterss of chanicter dis-
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tribution. 1 term such criteria a priavi criterta for fomalogy because no
reference is made to the pliylogenetic distribution of other characters
passessedl by the clade. Three such a priori criteria have been of par-
ticular importance in cthology:

. Two behaviers are homologous if the neural and neuromuscutar
control systems of the two behaviers are similar. [ will reler 1o (his
as the reural crilerion,

2. Two behaviors are homalogous if the gross morphiclogical features
used in the belavior are hamologous. 1 will refer to this a5 the s
pholagical criterion.

3. Two behaviors are likely to be analogous if the biolagical tole (func-
tien in etholagical terminelogy) of the two bebaviors is similar, and/
or if the two behaviars could have been subijecied 10 simitar selee-
tion pressures. | refer 1o this as the sefection criterfon.

First, consider the neural criterion, which is perhaps the most com-
monly proposed a priori crilerion for determining homologies. Bacr-
cnds (LY58, p. 409} has staied one version of this criterion clearly:
"Our considerations lead to the conclusion that in camparative ethal-
ngy it is most essential for homolugy that the patierns of muscle con-
traction should be largely identical.” Other investigalors have Leen
equally impressed with the capahility of the central nervous system of
providing a reliable guide 1o behavioral homology, as the following
quotations demonstrate:

'['!nu\, uncovering a behavinral process which, in spite of superficial meod.
ifications, is shown ro depend on hamolngous neural siructures provides
avalid ctilerion uselul ina axapomy of bebavior—and valid criteria for
classification are not abundant in the behaviorl scicnces, (I'rilarzun 1954,
P 142

The study of the evilulion of the eapacitics 1n arquire new behaviors
leads inevicubly jato ale ceniral ervos sysienn as i o us ol Tsaoolo-
K::‘)Il‘h struciural correlates through which Lonualogaus behuaviond capac-
itics can be ilemificd. (Hodos, 1476, p. 162},

Behaviors associated with brain structures that have a common genea-
logical history are homelogous, whether or noet the belaviors are of the

sune 1ype or serve 1he sune function o ihie animal,
(Hodaos, 1976, p. 163,

_Twu concepts would appear to underlie application of the ncural
criterion: the idea that the central nervous system and the mator pat-
terns il praditees exhibit more canservative evolution than <o behay-
tors, and the idea that there is a tight canpling between neoral structure
and behavior. In the absence of evidence supparting these ideas, it
wanld be difficult to suggest that the nervous system is the map thal
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allews us te determine beliavioral homologies. We need an expliciu
methodology Tor evaluating the linkage between neural and behavioral
evalation,

There are several ditficulties that arise with the application of the
neural eriterion, ignoring the fact that we know relacively little about
the nearal control of behavior, although the field of neurncthology is
showing rapid progress (Hailtman, 1976h), A simple theeretical exam-
pie will introduce tire discussion.

Consider the approach depicted in Figure 1-1. A clade of (en sprecies
is studied (A te | with an owtgroup species ) and a certain belaviar
is Toune t» be present in five of 1these species (B, E, G, 11, [, boxes in
upper pancl). This behavior is ideotical in these species. An analysis of
the morphological imd neural bases of this behavior reveals tat specics
G, H, and I all show morphological and neural correlates of the beluny-
ior, but that species I and E possess only one correlate. Using an
aceepted cladopram (Figure 1-1, middle panel} as a basis, we can map
the distributions of ilie behavioral, morphological, and neural novelties
anlo the cadagram e pravide a basis for historical inferences about
the evnlution af behavier. In this case (Figure 1-1, lnwer pancl}, we sce
that the hehavioral patiern shown by species B is not homolugous with
that of species E, and that ihic behavior is homelagous within the mon-
ophyletic clade formed by species G, 11, and 1.

Figure 1-2 illusirales twn possible outcomes of a 1hearetical study in
thie cvnlution of hehavior relevant in our consideration of the neural
eriterion. lmagine that ten species of shrimp have been studied {A w
1, with an outgraup species O) aid that six specices are Tound te display
2 particular escape hehavior. High-speed films al this hebaviar dem-
onsiralc that the Lebavior is idemical inoall six species. The mapping of
the oceurrence of this Behavior onw the cladogram Greceped as true
on the basis of ather characters) demonstrates that the hehavior s
homolngous In species A, 1L, and G and in species (o H, and I, o nox
between these two groups, Thius, the behavive las evolved i least twice
irs this elade of shrimp.

Further neurobintogical study reveals that in some species one
aeural circuit mediates this belavier, while in other species a eome-
pletely dilferent cireuit composed of dilferent smotoneurons inneoval-
ing dilfercnt peripheral muscles controls the heliavior, 1T the results af
this study are as shown in the upper panel of Figure 1-2, then we may
conchude that the independent evolution ol similar escape Lehaviors in
the twoe groups of shrimp was accompanied Ly the evolution of wo
slifferent neurat contrel systems [or the behaviors, Tn this case, the pat-
terns of vamation in ehavior and the neurabiclogy are historically
CDHgI’tIL‘IIl.

lawever, it the resulls of the study produce the pattern sliown in
the lower panel of Figure 1-2, then an entircly dilferent conclusion may
be drawr. In this cise, a humologous bebavior {the escape behavior in
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FIG. 1-1 A simple thearetical example w illusirate one procedure for stuly-
ing t][c svalution of behavior and the neural smd morphologicnl bases of
behavior, In this example, species A to | are sudied {03 is an aulproup olade)
E'ml several of ihe species are found o passess a pattenlar behavior patiern
indicaled by the boxes in the upper pancl The beluvior is idenrical in each ol
these species. Study of the merpholngical and neurn) patterns in these specics
shows that sone specics share a particular specialization indicated by the solid
and open circles respectively, Using an accepred cladugram ais a basis (middie
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Hl 1 Mcural patlern 1
B 2 Heural pattern 2

FiG. 1-2 A simple theoretical example to illustrale application of the nean)
crilerion for detenmining beliviomal homolngies, The two pancks illustrale two
types of mapping of behavieral and ncural patterns we might expect il there
i~ o tiglt histerieal coupling Between neural il Lelewvionsl Teatores (oppr
patiel) and a loose coupling (lower pancl). The distrbution of two neural pai-
rorus is shawn in relation to e belavior, Note ihat in both paoels the belos-
ior is homologons in taxa A, B, and C, as well as in taxa G, H, and 1, but that
the behavior is oot primilive for he clade as a whole and s is o Toroalo-
gous in these two growps. The cladogren i accepiol as being correct; of
course, the behavioral and reural characters could be used 1o muodily the cla-
||n1;r..|r|:| Tor m:lrw:]m‘llt ;I!:l.:!.l}"h‘.‘ﬁ.. Arrows incdicane tie level where the bohaviors
are inferred o have cvolved, Also nole that the distribution of cdharacters on
the lower panel shows that hamobogous behaviors may love nonlomaelogoos
ncural substrales,

pantcl), the morpholegical, neural, and behaviorml novelties may Be mappaed
ok e chiliegran (lnntom panet), Inlerences based on this patcrn provide
insight into the evolution of behavior,
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species A and 1Y) is mediated by nonhomologous neoral systems, I
addition, there is ne clear relativoship between the phylogenetic dis-
trilutian of escape hebaviar and the ype of neural circuit controlling
the behavior. Here, the nearal oriterion fails,

The mosl important point is that the success or failure of the neural
criterion depends entirely on the phylogenetic distribution of the
neural components ol a behavior in relationship ta the phylogenctic
distributinn al the behavior itself. Inseme systems or types of behavior,
there nuy be a tight coupling between neural and hebaviaral evolution,
while in vther eases there may be little relationship between behavisral
and newral evelulicnary novelties.

There are [our speeific reasons, grounded in recent findings in com-
parative neurobiology and neurocthology, why [ belicve that the neural
criterion is not adequate as an indicater of belmavioral hemology. Firsi,
neural connections and siructures can exhibit convergent evolution
Jjust like any merphological feawre. There is ne evidence lo suggest an
overall phylogenctic conservatism of ncural connections or conters that
could support use of the nervous system as an arhiter of belavioral
homology. For example, Northoutt (1981) nules that pallin-spinal and
cervical-spinal pathways apparently evalved independenily in galea-
marph sharks, uradele amphibians, birds, and mammals. He summa-
rizes une aspect of recent progress in nouroanatamy: “Terhiaps we are
discovering that active vertchrue predators have independently and
repeatedly evolved complex and very similar nervous sysiems ta solve a
siniifar armay of enviranmental problems.” I features of nervous sys-
tems are just as likely to be convergent as beliaviors or skeletal fealures
are, then what basis is there to assign priority to ncural information in
delermining homaologies?

The sccond abjectinn to the neural coiterion stems fram constrainis
on the design of neural circuits, To take one example, the types of pos-
sible circuits that produce patterned Lelaviar are very fow (four or five
basic types). Each of the hasic neural electrical circuits bas a panicular
functional signifrcance, and animads that prodsoe poterned nase-
nments of a certain ype tend ta have those types of controlling circuits
{see Bullock, 1961; Delcomyn, 1980, A similir srgument has heen
made by Ulinski {1984} fue constraints in the design of vertebrate sen-
sory systems. In shert, the range of pussible engineering desipns of pat-
tern generators is imited, and convergence of ncural control in unre-
lated animals that preduce grossly similar patterned behaviors should
be cxpected. Fvidence of a similar neural circuit may bave nothing ro
il with homolngaus behaviors because of the constraints on circuil
design.

Thirdly, one neural circuit can mediate several dilferent belaviors
depending on the pauern of nerve impulses in the circuit, Are we o
consider that all of the dilferent behaviors eontrolled by a single circuit
are hamolognus ta one anathier because they have a common neural
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basis? Croll and Davis {1081) provide an example of a situation i which
il \'Ill'if-‘l}' of motor .f"i'l‘gl‘l'H'HS are used 10 comtrol the same mlor J:I'!n!'{'m
in Plewrobranchie, and similar findings were ohtaine:d by Ayers and
Pravis (1997) and Ayers and Clarae {1978} in their studics of lobster
fHomars) walking. Similar neural circwoits and stmilar pedpheral mor-
pholegics (irrangements of muscles and bobes) are no guacantes that
the behiaviors produced by these sysicms will be siinilar. The converse
ol this third olijection ta the neural criterion also holds: very similar
behaviors can be elicited by dilferent patterns of neural stimulation. A
canclusion of Hoyle's {1970) research on the n{:urupll}'.\inlugg,' ol insect
locomotion, in which the [i;ntcm af moter outpat 1o locomeior mus-
cles during normal locommemivn was very variable, was that “widely dil-
ferent patterns underlie even gquite similar movements,”

The fourth and final objection ta the neural criterion is that linmal-
agous nearal circuits can mediate dillerent hehaviors because ol
changes in the peripheral morphology. 1 muscles change their omgins
amd insertions in one group of species and the neuromuscular oulpul
1y those muscles remains the same as in other specices in the dlade, then
the paticrned movements produced by the bones will be dilferent in
the clade with the new musele arrngetment, even: theugh the neural
substrate miay be homologous, A example of this can be found in the
body movements of decaprxls used in locomaotion, Faul (19813, 198113
roposc<l hnnmlt:—gics between 1the metoncarons, muscles, and metor
output to the muscles in the tails of two unrelated decapod familics,
Yet the movements prsluced by these homologous systems are very
cdifTerent in the twa lamilies,

These four arguments based on cmn]mmlim eurobiciogy have
been addoeed 1o demonstrate that there is litile support Tor the nearal
criterion in tiwe literature of neurabinlogy. Furnlhermore, the simple
example of Figure 1-2 illustrates that a Ilh}flngnnctir. approach (dis-
cusscd in more detait in the nest seetion below) indicates ta belsviors
may be homologous even though the neural substrates are not. There
is no reason to presume a one-in-nne mapping between the nervous
system and behavior; each is capable of divergent evolutionary
ILELeTTIS,

The second a priari cricerion for determining behavioral homologgies
inentinned above is the mrrphological criterinn, This is similar ta the
ncural criteriom in that Txh n:]}' o1t an underlying structural subsirare
ter a Letravior as the arbiter of homolegy, This criterion is perhaps the
mast widely ciled, and the Tallowing quatations give a saple of ethe-
lagical opinion on this issue:

e extent 1o which beliavior can be homologizedd iv directly correlated
wilh 1he degree i which it can be conceived or abstracieel In morplee-
logical Lerms. (Atz, 1970, p. 68).
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1t i inanifestly impossible for nonhomologous stroelures to luse Tuaonal-
ogous lunciivns, (A, 1970, p 6,

Belavioral homelogy has been defined here in the context of spedlne
struciural entities that are hommalogeus, . o Belavioe s iared with
« « « e homologous structures would therefore Be lomologous oo aoat-
e hoow elefferent the Tunction of the twae Belawviors wore (Flodos, U700,
pp. 160-161).

The concepit ol bebavinral homology is 1orally dependent on ihie concet
of structural hemolegy. ... IF evidence comes o gl ddicating that
structures previowsly thavght o be homologous are not Tesibeggons,
then any behaviors associated with these streeiures must also be redesigs
nated non-lmmaelogous (Hodos, 1976, p. 165),

Futictions, consilersd s atstaciinns and withonat consideration lor the
struclurcs that perform these functions, should ot be spoken of as
hamedugous, (s anl Simpaon, 1146, po 323).

Divergence and lack of homolegical behavior between wsects and ver-
tebirates are again illustrated, for the external skeleton-internal muscle
apparatus of an inscct obviously had a different origin fiom ihe intemal
sheleti-exierial ousele appatatos al a veriehrate (Simpsan, 1004, p.
50U,

The morphalogical eriterion may be suhjected to a similar analytical
procedure te that used Tor 1he neural critedon (Figures 1-1 and 1-2).
Mapping behavieral and morphological {structuml) novellies onto a
cladogram will allow us to determine il there is a tight hisionical linkage
between the two. If, as in Figure 1-1, homolngnus behaviors can have
nonhemolegous morpholegical substrates, then the morpholagical cri-
terion will be of little value in determining Dehavieral homology.
Hecause there is so linde data bearing an the problem of comgrucnce
between moerpholegical and behavioral navehiies, excessive reliance vn
tneephology as an arbiter ol behavioral homolopy e lead 1o erra-
neous convlusions,

An impenant consideration in an analysis of 1the marphologival eni-
terien is the problem of the homology ol funcrions {use of structures),
Uniler whar eircumstances can funciions be considereed oo he homolo-
gous? Haas and Simpson {quoted above) felt that unless there was o
delinable marphological substrate, lunctions could not ke homolo-
gous, H we chaose o identify canvergences by relying on a criterion of
sinilar functions fas “the wing of 4 bat and the wing of an insect are
convergent because they have similar Munctions bu dilferent strue-
tures”} then it will be dillicule to recognize homologous functions. 1
sugyest thar Functions can be hemologous, cas e used a8 systenntic
characters, and can be recagnized as such on the basis of their phylo-
genetic distribution (examples will be given in the case stuely).

One example of the conlusion that can result fram the application

20

MENTEAM: Y, ANALGGE, AND THIE EVOLLTION OFF RENATIOR

al the merpholegical eritenion te the onwlogy of funciions is found
in e fnllowing stilement: "The insertion of [ood inca the mauth hy
mant and a monkey would e both homnologons (hecause the haneds of
monkeys atid humans are derived Mrom hands of their common ances-
tors) skl anatogous {(because the hehaviors serve the same purpose)”
(Hodos, 1976, 1 160 Oace might questiosn the atility of a criterion tht
leadds 1o the sdetermimaion of a bebavier as bolll homelogous and
l_‘tlt]\’{.‘rgc'ﬂl.

The thinl a priori criterion {or the recngnition of hehavioral hom-
ologics s the likelihood thar the behaviors under comsideraion could
be suhject to selection and thus could be convergent. This criterion
relics on the arguiment \hat Behaviors that are subject 1o strong selee-
tive forces are more likely 10 be convergent.

Nlustrative remarks in suppaort af the selection criterion follow:

A knowledge of the selortive Tarings exerting pressure on the animal will,
therefine, belp to judpge how Gir in & certain case the possibiility of can-
vergency has (o be tiken into consileration (Bacrends, 1954, . 4000,
Behavior i subject 1o particularly strong selection, . oo Strong selectivg
pressures, especially those aseciated with rigorous eavironments, temd
L resiell in convergences (Alz, 1970, p, 4],

Parullelisms and analogics are particularly cormton in all types of beliav-
iter that are siniccly functional, sech as food gevting or Boomnion (Mayr,
19568, p, 351).

Tiwe selection coilenion may be criticized by noting the difficulty of
demanstrating that any leatre is under selection pressure. Iticleed this
critcrion assuiies divectional selection, and thal the selectinn pressures
on behaviors in the present abital were thase that shaped the hehay-
tors in the past. Graeraft (1381} has criticized maorphologists for their
axiomatic acceptance o concepts of selection and their Rilure o
unileriake research prograns tlul fesf the role ol selection in producing
morphalogical patterns. The same eriticism ¢an be applied to the selee-
tion criterion of homology recagnition: the use of selection is axin-
matic, nol deductive. There is to my knowledyge to way ta determine
sclection pressures (magnituede and direction) and their effect on
Behavior by simply examining the behavier of a few individuals. Knowl-
ctlge of intmpopulation variability in relatian 10 fitness is necessary
(Lande and Arnold, 1983), and a detailed, specific rescarcl program
fur studying selectinn has been aullined by Arnold and Wade (1984a,
198:4h). 1 ronclude that the axivimalic application of the seleclion €ri-
terion is unlikely o contribute ta decisions about the likelihood of
lomology and cenvergence of behavior, and that broad sialements
aboul the signilicance af selection for the study of helmvior only sk
out ignerance ahout the nalure of variation in belavior, Us genetic
basis, and its relation te Gtiness.
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HISTORICAL ETHOLOGY

Since the early 1 970s, morphologists and systensatists have made HLjor
advances in aur understanding of rescarch methodvlogies and con-
cepts in comparative and historical biology. Unfortunately, ethologists
have generally not been aware of this progress, and as a result mast
recent discussions of homology and convergence have not urilized
recent terminology or henefited from modem cancepiual clarifien-
iens, The approach taken here will be similar to that of recent discus-
sions of homology by comparative hinlogists (sce Eldredge and Cra-
craft, 1980; Wiley, 1981; Cracraft, 1981; Nelson, 1970: Matterson,
108G, 1982, My aim is 10 illusirate the concepiual hasis of one
approach to histerical cthnlogy: the comparative phylngenctic
approach. This theoretical discussion will serve as the basis for tie spe-
cific example discussed in the case study below,

A simplified seheme far phylogenetic analysis may be vuilined as fol-
lows. First, some preliminary decision must be made ahout which raxa
are to be included in the siudy and the limits of those txa. Next, sim-
ilaritics among the taxa are recognized. These similarities are provi-
sional hypotheses of homology (Cracrafi, 1981). Third, the similadtics
are clusiered into nested scts defining a hicrarchy of taxa. In fencral
the clustering procedure uses a set of working rules that minimizes the
nuinber of steps used to produce the hierarchy. For analyses with many
taxa and many similarities (characters), computer programs are availa-
ble that produce one or moure branching diagrams based on a varicty
of different assumptions, Such a hicrarchy can be expressed s a
branching diagram (c.y., Figures 1-1 and 1-2), ivariahly, some ol Hie
proposed similarities [rom the second step are found Lo indieaie a rela-
tionship belween two 1axa that is in conflict with the relitionships indi-
cated by other similarities, Those conflicting characters ure ronver-
grnees, as they are in conflict with the hierarchieal paticrn corruborated
by the majority of other characiers, As Paterson (1080, P 236} notes,
“nn ether words, these diaracters Bl the prineinal test of o dopy,
cangruence wilh other characters.” I

The character conflicts in the branching diagram could have been
produced by 2 vaniety of processes such as iearning, convergent evo-
lution, mimicry, and chance. Additional research would be needed to
evaluate explanations for each charmcter conflict. Such sdditional
investigation of sperific characters is often undertuken if no clear
branching diagram emerges from the clustering of characiers inte
nested sets. Thus, if an attempt to generate a correhorated Lranclting
d!iigﬂllll results in as many (nr more} characters conflicting with the
fi'"g"‘,'“ as supporting iL, then individual characier conflicts nay he
ivestigated in an attempt ta better resolve the patlern of character
distribustion,

The most widely discussed source af additional information on char
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acters is ontogeny. The pattern of development may provide data that
resalve canllicts in the branching diagram hy demonstrating i two
characrers initially thought to be similar (and thus praviding evidence
nf relationship hetween twa specics) are in fact different,

Key resulls of this method of phylogenctic analysis arc that kemols-
goas simitarities are those that define monophyletic inalural) groaps (Pater-
son, 1482), and that we recopgnize siimilarities as homelogics unty as a
eomseqieence of examining the distribution of other characters, Thus,
homolagics are recognized a posteriori, and are a consequence afl
accepting a particular phylogeny as being an accurate depiction of the
partern of anceskry and descent. To use the example Irom Figure 1-2,
it is unparsimanious o assume that the cscape behavier is hemelogons
hetween specics G and G, s this would itmply tha taxa [ o F had los
this foaare. I we accepl the evidence frotn other characters that the
Lranching diagram shown in Figure 1-2 is the corroborated hypothesis
of pliylogenetic relatonship, then escape behavior has evolved wice,
Thus, as discussed by Pattersan (1982}, homalogices characierize nam-
ral groups and such groups are individuals in the sense of Hull {1974)
and Ghisclin (1974); individuals are coherenl spaticlemporal entitics
that participate in nalural processes {Wiley, 14931}, Analogics, on the
sither hand, charicieniee classes {Ghiscling 1Y84) ol taxa, groopings that
eler ol participate i natursl processes and are spatiotemporadly unre-
stricted, araphyletic and palyphyletic groups are classes. Ethologists
unfamiliar with these concepts in phylogenctic analysis are reflerred o
the general texts by “’i!c],' {1981) imd Eldredge ancd Cracrabl {1980,
and the excellent discussions of homalogy in Materson (1980, 1483),

Ta take one final example from the field of compararive neurocth-
olngy, ronsider the distnilnztion of species of fishes that can use elec-
trereceplion to ebain infomation from the environment, Elecirere-
ceplion appuears o be a sensory mndality that is primitive for
vertebrates (Bullock or al., 1983). However, within the telenst fishes
fwhich primitively lack an electric sense), clectrereception has
recvolved several tines. Even though the rormyrid fishes and thie gon-
notid fishes both possess similar types of ampullary receptors, have
affercnrs that enter the brain through the anlerior lateral line nerve,
and have similar specialicitions of the medial nueleus, the evidence tir
convergent evelulion of this sensory modality is convincing beciuse of
the large number of other similaritics that corraborate a phylogenetic
hypothesis differcnt From sone based on the concept that the clectro-
rocoptive systenss are hotmologous,

While this may seem a trivial and obvious porint, the implicarions of
the congruence criterion far homolngy recapmition have nol been
appreciated by ethologists, nor, for the most part, bave the implicaions
lwen incorpornted inte comparalive elhnlogical research programs,
Same investigmiors have delended the view that methads and proce-
dures ol phylogencuic imalysis are not applicabile o the study of behav-
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iar: “methods—such as phylogenetic trees, dladograns, wid homaole-
gics—used for the study of phenomena at one level (say merphology)
are generally not applicable to higher-level phenemena (say hehavior),”
and “one sheuld be aware of the pitfhlls in trying te build phylogenetic
trees of Behavier or o establish hehavioral homolegics across large
phyletic gaps by nsing marphological methods™ (Aranson, 1981, p. 37).
Mz {1970} has expressed sumlar reservations based on the dilficuly of
recognizing behavioral homeologies hy a prian criteria.

IF the primtary test of homology is cungruence with other characters,
then there is no reason to assume prior to a phylogenetic analysis that
one particular class of characters {such as hehaviors} will net be vselul
indicators of phylegeny and will be expected to show a greac deal of
convergence. Furthermore, there is no reason to rule aut the analysis
of functinns (uscs of structures) as possible characters Tor understand-
ing transformations of biological designs and behaviors. To iny knowl-
cige, no siudy has considered patterns of distribution of [unclion,
behavior, and morphology within a historical context, and no artempt
has been made o explicitly define the transformational relationship
among these three types of binlogical features. We will never know il
behaviors or functicns are ton variable or have low utility Tor studying
evolutionary rmansformations unless research programs  explicitly
address 1he question of historical congruence amonyg behaviors, fune-
tinns, and murphological patterns in an attempl 1o identify general fea-
tures of biological tansfonnations.

A CASE STUDY IN THE EVOLUTION
OF BEHAVIOR

Goals and Research Approach

The purposc of presenting this case study is to provide a detailed exam-
ple of a phylogeneric and historical approachw dwe analysis ob bebav-
ioral, morphological, and funciional patterns. The approach tuken will
be a posterion in that homologous characters will e identified on the
basis of their congruence with a phylogenetic hypothesis. This case
study addresses a general prohlem in ethology: the relationship among
the transformation of form, funciinn, and Leliavior,

The subject of the case study is the feeding bebaviar of sunfishes
(family Centrarchidae), an endemic North American fimily ol 32 spe-
cies. Within this Family 1wo species exhibit a derived Teeding behavior
and cat soails; the snails are crushed in the pharyngeal area of the
mouth before being swallowed. Most other sunfish species luve a rela-
tively diverse diet (Keast, 1978a, 1978h; Savitz, 1981} “The 1we species
that do eat snails, the pumpkinsced sunfish (Lepormis gildosws) and the
redlear (L. microlaphus), have specialized feeding behavior in that the
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sniil shells are erushed in the pharynx agd then the shell is sepamated
from the body and cjected from the mouth belore the bady itsell is
swillowed ([ auder, 19830, 1483b). The snail is not swallowed whole,

An analysis of the evolution of this snail-crushing behavior is partic-
ularly suitable for addressing the general guestions mised above
because (1) the hehavier is specialized and is not widespread within the
[amily, (2} there arc llmqllmlugicnl specializations in the leeding mech-
anism of species that regularly exlibit the erushing behavior, (3) the
phiysiological basis al the crushing behavior can be studied experimen-
tally by recording electrical activity rom the muscles that are involved
in crushing the snails {thus the maotor patterns uscd in the behavier can
be tdentified), and (1) the crushing behaviere bas previously been iden-
tified as being composed of repetitive crushing phiases (Lawder, 19830,
As Selverstan (1976, p. 82} asserts, Il we are 1o undersiand how ner-
vous systemns generate bebavioral activites, cyelically oepeating motor
patterns are a good place o slart. By their very nature, they allow
repeated study ol the basic mechanisms invalved.” Chher suthars have
emphasized the importance of studying the underlying phystological
and motor bases of behaviors {e.g., the papers in Feotress, 1976, by
Bullock, Kennedy, and 1ayle; Barlow, 1977 Greene and Burghardt,
1978; Delcamyn, 1980), bur few siudies are available in whirh such
comparative physiological patters are available for Gixa in which con-
comitimt beliavioral, morphalogical, and phylogenetic analyses have
beens conducted. '

In this case studdy, a particular phylogenctic hypothcsis is taken as a
starting point from which o consider the patterns of Belhaviaral, tnor-
phological, and pliysiclogical features. This phylogeneric hypotlesis,
derived [rom wark currently in progress, indicates the eormoboraled
relatinnships of seme of the contrarchidl spevies, and docs kot rely on
chamcters discussed here [or evidence supporting the phylogeny. Thus,
thie charaeters that are discussed in this paper were not used ra make
the phylageny initially. Given this patrern of genealogical reluionship
s a starting point, the chamcters of inlerest in this amalysis arc com-
pargil te the phylegeny., Smil-crushing bebavior, morphological spe-
cidlizations in the feeding mechanising and molor patierns are all
mapyped onte the phylogeny to determine il patterns of evilulion in
these characters are congruent. This procedure allows us th assess the
neural and morphalogical criteria for homelogy. The neural criterion
wauld be corrahorated, for example, if the phylegenetic distribuiion
of the motor patterns praslucing the smail-cnushing behawvior was con-
gruent with the phylogenciic distoibution of the belavior iselll

Materials and Methods
Individuals of all genera in the Family Comrarchidae were studied mor-

phologically, and most species within the largest genns, Lepomis, huve
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also ieen examined, Dissectivns af the head were used to ascertain the
lasic design of the fegding mechanism. Muscle orientations were exam-
ined in most species to determine the range of variation in the clade,
and musele size was studied by measuring the physiological cross-sec-
tion oof the muscles in the pharynx. Physialogical eross-sections (Gans
and Bock, 1965} provide a relative measure of the Torce a muoscle is
capable of gencrating, and this measure takes inte account differences
between muscles in fiber armangement and length. Deails of the mea-
surements and lechniques may be found in Lauder (1983h). The size
of teeth on the pharyngeal benes was quantificd by digitizing the areas
ol tceth on the pharyngeal jaws of nine species.

Information on the trophic binlogy of sunfish species was ubtained
rom the literatore and from laboratery observations. Only 1wa sperics,
Lepomis gibbosus and L. microfophus, would regularly eat snails in the
laboratory, and 1hese two species also are the chicl natural mollusci-
vores within the Centrarchidoe (Savitz, 1081; Gosline, 1985), Tndivid-
uals of one other species of centearchid, Lepemis cyaneflus (green sun-
fishes), would eat snails in the laboratory, Other species such as the bass
(Micrapterus) ur the hluegill sunfisly (fepomis macrockirus) Tefuscd to cat
snails.

111 order o determine the metor patierns involved in feeding behav-
ior, eleetrical recordings were niade from the pharyugeal moscles in
unrestrained, aclive fishes. Eleciromyngrams were recorded using fine-
wire bipolar elecirdes implanted percutancously inta pharyngeal mus-
cles it anesthetized fish. When the fishes recavered Trom anesthesin,
the electrade beads (see Lauder, 1983h, for details) were attached 10
Grass P511] amplificrs and sigmals were recorded on FM tape for sub-
sequent analysis. Nine species in the Centrarchidae have been studied
experimentally 10 date: Amblapitles rupestris, Pamoxiv annwlaris, P wigro-
maculatus, Micropterus salmaitdes, Lepomis cyanetfus, L. gulosis, £ maero-
chirus, L. gibbosus, and L. microfophus. In addition, eleciromyographic
recordings were niade [rom hybrids between L. microlaplu and L.
cyanelius, Three types of Food were wseels pieces af el (fmdvi-
eus, 1 to 8 cin long), snails (FHedisome, @ mm o L o in dimueter), imd
small minnows (Pimephates, 3 ta 6 cm total length).

Resulis

Figure 1-3 shows a schematic view of the feeding apparatus al 3 cen-
trarchid fish. The oral jaw apparatus is located at the [ront of the buccal
cavity (BC, O)A) and is used during initial prey avquisition by the suc-
tivn feeding mechanism characteristic of 1cleost fishes {1 auder, 19824,
Once the prey has been captured and is located in the buecal eavity,
water flow through the mouath 15 used to move the prey posieriorly o
the pharyngeal jaw apparatus (I'JA). The pharyngeal jaw bones are used
10 move prey inte the esaphagus {£5) and to manipulate prey priof to
swallowing. Figure 1-3 shows the position of 2 snail between the upper
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FIG. 1-3  Schematic view of tie head of « centrarchid sunkish to shuw 1he
[::r;tl]un of the major morphologiol units associated with feeding belasior,
Fishies possess two major sets of jaws: an oral jaw appamtus (OfA) and a pha-
ryngeal pw appamaios (PJAY A snail i shown belween il ph.‘l}}':r:;:ml Jaws in
the position used by 1he fish for crushing, Abbreviations: ALY Bith Bran hial
adducior musele; B, bueeal cavity; ES, oniline of the esoplugus; LE, levator
|m~.1¢.-rinr muscle; LV, external and intermal branchial Ievator muscles: QO]A,
nr.!! Jaw apparatus; PCe, phanyngeceithralis exiernus muscle; PCi, pharyngo-
cleithiralis inlernus muscle; ['GG, jrecrara] girdbe: PH., pharyngohyoideus wincle;
P1A, pharyngeal jaw apparaus; BD, retractor dorsalis muscle, '

and lower pharyngeal jaw bones witen the shell is heing crushed (as
determined by x-ray cinematography, Lauder, 1983L). The npper and
lower pharyngeal jaws are connected by a short musele, the fifth bran-
c_l_:inl arductor (A}, Many other muscles (some al which are shown in
Figure 1-3} attach the pharyngeal jaws 1o the skull and surrounding
biony clements such as the pectoral givdle (FG). This basic musculo-
ﬂiﬂlﬂnl design s common to all centrarehid fishes and dues not vary
within the species studicd. Snail-cating sunfishes thus possess the samie
Lasic design as other traphic types in the family, and oo new muscies,
hanes, or muscle onigins or insertions arc present.

by
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FIG. 14 Lateral view of the pharyngeal apparatus in (A} Lepomes gulosns :.md
(B} Acantharrhus pomatic o illustraie the anatomieal organization of t]fi.s regio,
Comparative Hlnstrations of other centrarchil Ashies are preseniml in Laoder
(1983DbY. Scale = 5 mn Abbreviations: 5H, sternehyoideus moscle; others (ol

low thase in Figure 1.5,
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The muscutature of the pharyngeal vegion is shown in mare detail
for two species in Figure {-4, The upper pharyngeal jaw an cich side
15 slbaetseed e the skull by a series ol branchial levalor muscles (FR Y HTTT:
to the vertebral column posteriarly by the retmetar dorsalis muscle
(RD). Ventrally, 1he lower pharyngeal jaw on cach side s attcheed to
the pectoral girdle by the phangocleithralis interms and externus
muscles, and i the hyoid anteriorly by the pharyngohyoideus (PG,
e, I'H).

Examinatian af the physiological cross-sections of the pharyngeal
muscles in four species (Table 1-1) shows that the twa siail-cating spe-
cies share two characters: hypertrophy of the pharyngohyovideus (PH)
and levalor posterior {LP) muscles. Nane of the other muscles in the
pharynx of these wo species is significamly enlarged relative to phia-
ryngeal muscles it viher sperics.

The pharyngeal jaw Lunes of several representative specics of con-
trarchids are illustrated in Figure 1-5. The lower pharyngeal jaw is com-
posed ol a pair ol benes that attach anteriotly via ligaments 1o the bran-
chial apparatus. The upper planmgeal jaws consist of several bones
{(pharyngobranchials and epibranchials} that are closely articulated witls
cacl: other and bear entarged 1oaihiplates, Lepomis sicraluphies and L
githntiy have robust lower phacyngeal jaws in comparison to the other
species, and hiwe larger and more rounded teetl: (Figure 1-5; Table 1-
2). In both of these species, the upper pharyngeal faw tecth are hyper-
traphicd with respect to the tower jaw teeth (Falile 1-9),

Twa bisic types of motar patterns in the pharyngeal muscles were
discermed in the species siudied electromyographically. Fivse, during
the swallowing nf fishes and worms, all specics except ane (the redear,
L. mirtoluphis) cisplay a rhiythmic pattern of muscle activity that may
continue far up to a minute as the prey is moved from the phiaryngeal
areqa inte the esaphagus. Examples of this rhythmic swallowing patern
are shown in Figure |-G; more quantilative representations vf this
sequence of muscle aciivity are given clsewhere {Lauder, 1983b). Noie
that there is a comsiderabile difference between the activity patierns of
dillerent pharyngeal inusdles (e.g., the PCe and PCiin Fipure 1-6B),

TABLE 1-1 Nranchial moscle physiological cross-sectiona (mm® in centrarchid
sunfishes, 1ata are given for cight muscles in Tour speries, See 1oxl for disoussion,
Muscle abbreviations: ADMS, Afth branchial addocior: LEI, levator exterings O
LEF/, Ievatores cutemni thvee and fours L, levator pusicrion; #0e and PG, phar-
ynpaclelihralisinternns and externus; PH, phangngatyoideus; R1, retactor dorsalis.
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FIG. 1-5 Daorsal views of the lower pharyngeal jaws fon the lefi ineach panel,
will the lelt jaw shiarled 1z emphiasire shape dilferences), and a ventral view of
the upper pharyngeal elements of the right side of the head fon the tight in
rach panel), Represencative 1eeth are shown in side view. Note the differences
hetween the struciure of 1he pharyngeal jaws In fepomss microlophing aml L
gitbostes in comparison to the other species, A, Lepomis micrafaphus: B, Pomaxts
vigromanifatus; G, L. punctatus; D, L pitbeus: B, L auritus; F, L. oaneling G,
L. megalotis; H, Amblopiites rupedric,
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TARLE 1-2 Pharyngral tooth areas in
sunfishes {mm®) on (he upper phann-
feal jaws (L]} and lower phazynpeal

Jama (LI
ur] o

AmMublites rupestris 0008 .06
Lepurmii anirthus a1z nmG
i mrgalolis 0,028 XT3
i microlophus 0,066 0046
Lo pumctatus nols nis
Lo opaneling naz 0,013
Lo pibdosu a7l 0,02
1. macrochivus a.0t1 hol4
I. gulorts 0,00% 114

and that the muscle activity shown represents only asmall portion of a
much lunger duratinn sequence of this rhythmic activity.

The second basic type al motor patiern was observed when snail
shells were crushed between the pharyngeal faws, Doring soail crush-
ing. nearly all pharyngeal muscles were electrically active simultanc-
ausly, and no rhythmic alteroating pattern was wbserved (Figure 1-75
uni C). 1n some experimenis a hydrophone was placed in the aquarivin
tiz cletermine when in the course of muscle activity the snail shell
cracked (see Figure -7, The Frst sigm of shell fadlure invarialdy
occurred at the end of the burst of musele activity as illuserated in the
hottom trace of Figure 1-78, and successive bursts of muscle activity
produced less sound until the shell was completely crushed, Aficr kring
crushed, the shell is separated from the snail by a different matos pat-
temn dram that used in crushing, and the shell fragments are ejected
[ the meuth eavity, The snail is then swallowed.

Statistical analyses reveal that the motor pattern used in snail crush-
ing is less variable than that used in sseallowing fish or worins (Lauder,
1983k} Muscle aciivity bursts are shorier and pharyngeal museles are
more similar ta each ather in the crushing motor pattern tan in the
swallowing puttern used for fish and worms. One striking result of 1his
comparative atalysis of the metor paiterns used in processing ool in
the pharynx is that ene species (Lepomis mierolaphis] uses the erushing
pattern for aff types of prey, even fish and worms (Lauder, 19844), The
other species that ear snails (L gibbaue and L. ceneffus) use the erosh-
ing motor patiern when feeding on smails, but use the rivthimic swal-
lewing pattern when feeding on fish and worms feompare A and € in
Figure 1-7). These species, in contrast 1o L. micselophus, modulate the
motar pattern o the pharyngeal muscles depending on the type of prey
tiwey are provessing. On the athier hand, the redear sunfsh oses 1he
surnie basic motar pattern for all prey.
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FIG. 1.6 Wepresentaive cleciromyegrpalie reoondings T [ iy el
tnseles in (A) Lepormis gufous and (B) a hybrid bevween L. sererndufibaes ainl Lo
craneflus. These data were nlitainel during swallowing of an earthwon 1% 1o
7 o in Jengrh), Al muscles o each panel were revodded sinultancously,

Discussion

Figure 1-8 summarizes the disiribution of characters derived rom the
tnalor patterns in the phanyngeal muscles (black bars}, marphoelogical
specializations in the pharymx Gtippled bars), behavierl specializmions
(bars with vertical hatching), and ecological specializations {cross-
hatched bars), The hranching diagram depicting ihe celinzonships
among the sunlish species is denived fromn other climeters and is no
fully resahvable with cusrent information {note the four trichoimies),
On the hasis of this branching dingram, Lepomix gibdosa and L. omiero-

Lepomis gt-bosus: pharyngonl tranaport

e M e L BT L

P ——*’Mﬂ. PSRN __'41. S — *W* T e e g i

| 200 &
'Dﬂr"

P et sl —

Lopoamia iy clopdum: molksic crushing C L glbeosut; moluse o ukhing

LEM ﬁﬁ‘,*'” S LE 304 ! o S
LE 32— e iL---

- W -
Ml T a

“ o o “"“ﬁi .-
O F_‘ i pi- A — ﬂ!}

OO 0 '“'5

L33 ce il ity

PR S

FIG. 1.7 Electramyopgraphic recordings of pharyogeal muscles in L, gibdan
aml F smierofupfoes during feeding o worm (A) and on snails (B and CF Noie
the difference between the moter patterns in £ gitmns in A and € Sl
crushing patierns exhibil exiemsive overlap between plaryngeal museles, in
conirast to the rhiythmic alternating patiern used for fish and worms, L. micso-
frr;Jh:;i. however, uses the cousling pittern for aff prey types oan Lauder,
(L RATH
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FIG. 1.8 Brenching siagram  depicling the  plylogenciic relationships
beiween selected centrarchin species (from Laader, in preparation). Charae-
Lers on the diagram are those resulling from the study ol feeding behavior,
maorphology, and pliysinlogy, sl were nol used to generate the initial branch-
img eliagraim. Bars are coded to indlicate differeni 1ypes of characters. Beolugical
Jeatures foross-hatched Bars): 1, soails form 2 prominent conmmpenent of the dict,
Hehervignad features (vertically harelweed bars): 2, erushing behavior during (eed-
ing on smaiks. Morphiological features (stippled barsk 1, lypertrophy of the pla-
rpngohyoideus muscle; 4, hyperiophy of the levalor posterior muscle; 3,
expanded el aveas on the upper and lower pharyageal fuws, Fuactiona fre-
durzes (black bansd: 1, coushiong metor ot witives e oo cenn Dvatmaty ol plaas
nmgealmuscles; 3, thie retractor chivrsabis s Tevztor e v oo les aleriae
in activity during pharyngeal transport: 3. boss of rhyilonic alternating motnr
patterm; 4, pharyngocleithralis intermus his one buest of activiy overlapping
activity in the retracior tarsalis moscle; 5, planymgocleithmalis externus muscle
has oaly one butst ol activity, between adjacent bursts of thie retractor doralis;
6, pharyngocleithralis externus muscle las two or three bursts, with (‘Htﬂfﬁi\'f
overlap in activity with the retractor domalis muscle; 7, pliaryngohyoidens
tnuscle fias a double burst paners with eacl burst everlapping activity in the
retractor dorsalisg 8, triple burst pattern in the phiayngohyeideus muscle; 1,
plintyngohyoideus muscle displiys une burst of activity per swallowing oycle,
alternating activity with the retractor dorsalis,
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fophiee are hypothesized o be sisicr groups {each allwer’s dosest rela-
tives), and Lhe other three Lepamis sprecies on the diagrinn are proposed
Lo he autgroups to this pair. Again, onote that e numbered bars in
]:igurc 1-8 are not uscel 1o support the branching diagram; they rep-
resent the distribution of characters derived from the case study om oo
previously carrchorated pliylogeny.

From this Iigurc, we can constider that functional (black bar) char-
acters 2,4, and £ arc ]lrinﬁti\'c tor tlic cliadde, as they ocour i all ApCLies
cxcopt L. microtophus (Ambloplites lacks character 6). Thus, the phylo-
genetic distribution of these aspects of the mator pattern indicates that
they represent a primitive component of the feeding behavior in this
clade and that these characters are homotogous in all taxa in which they
arc Touml, Other aspects of the molor pattern are specialioed in svme
species. For example, Ambloplites has two uninue features (numbers 0
andl &, black bars) thal are not found in any other species. Funciienal
characier 7, occurring in Pomexis, Microplerus, and L. microlophins, is, by
itself, indicinive of staced ancestry among these three axa, However,
this interprewation conflicts with the corroborated Liranching diagram
andl thus featnre 7 must he convergent in at least one of the three 1axa
that prsseas il The majer specialization of motor patterns oceurs in L
micrafaphes (characier 35, black bar), This species bas Fost the rhythmic
alteriating wotor gattern and uses the ctushing pattern Tor all prey.
The distribution ol functienal characters thae relate totthe rhythmic
swillowing partern indicates thar possession ol this patrern is primitive
forr the clade and homologous within i,

Witlzin this clicle, anly twer speeies have a prominent miolluscarn: com-
(rment tor their diel, and rhe distribution of this ecolagical feature
the cladogram (character 1, cross-hatched bar) is congruens with the
sister-species reltionship of the pumpkinsecd and redear sunfish, Alse
congrucnt with this branching pattern is the distribution of the three
morpholagical specializations (characiers 1, 2, 3, stippled barsh, The
nnst parsimonious interpretation of 1bs congruent pattern s thar a
serics of morplstogical, ceological, and belavioral novelries were
acequired after the specintion event thit give tise 10 Lo macrockinms il
Brelore or at the specintion event splitting the redear and pumpkiosecd
sunfish,

The final feature ollinterest is the erushing meror pariern in the pha-
ryngeal museles {charcter 2, m'crticn]l_].r hatched bars). This malor pat-
tern occurs in three species: Leporis microlophus, L. gifbooes, and L
eyanefins, This metor pacern is homoelogous in the two smail-crushing
sprecies Decause it bs eongruent with the Lranching diagrian, bue it
appears to e convergent in the green sunfisl, L. eyanelins. Further
intformation: an the pliylogenetic position af ather Lefiomis specics and
a resshution ol the unresolved aveas af the phylogeny arc necessary ro
demonsirate that e green sunbish convergently [gssesses this char-
arter. However, it is clear [rom the distribution of this character in Fip-
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urc 1-8 that the homatogy of this motor pattern within the clade is in
doubt and that resolistion of the issue depends on further phylogenciic
analysis.

CONCLUSIONS

One major conclusion from this case study is that the distribution of
functional, morphealogical, il behavieral Teatures of 3 character com-
plex are not necessarily congruent with each other. The implication is
that each type of character is subject to convergence, anid even complex
motor patierns may be independently derived, From 1lis example, it
would appear that the neural eriterion has little utility as an arbiter of
Lehavieral homology. Within the sunfishes, morphelogical design in
the pharyngeal region has remained conservitive with no major alier-
ations in pattern, and yet moter patterns contielling te pharyngeal
muscles have changed gready. Homologous muscles and other mor-
phatogical clements have not retained their primitive pattemn of acti-
vation and movement. The redear sunfish has compleiely lost the poim-
ilive motar pattern of rhythmic altemating acuivity, and aldwugh ihis
species retains the primitive musculoskeletal design ol other species in
the Cemmarchidac, a tew motor pattern occars that is unique o 1his
specics. No other teleast fish studied to date possesses such a novel
tnator pattern that is used far all prey. In this case, the peripheral mor-
plnlogy associated ‘with the bebavior appears te have remained rela-
tively conservative, while the neural control has been medified
considerably.

A secand important point te emcrge from Whis ease study is that in
the absence of functional infermation, a dilferent interpreration might
bive been piaced on the patterns. Yet, data on moelor patlems arc pre-
cisely what is lacking in so many comparative ethological investigations,
Tn this rase study, the major specializatons aod comvergences within
the clade were functional, and 1 ink it highly uolikely dun it wounld
have been possible to predict a prioni the distribution of motor pro-
prams willin the clade based on morphology and bebavior of due spe-
cies, The data emphasize the extent 10 which translformations al mator
pattemns are invelved in the evolution of hehavioral specialization, and
that “similar” bebaviors may be medioted by very different motor
programs,

In this chapier [ hiave attempied wo provide an analysis of 2 common
(but st the exclusive) approach of ethologists ta e anatysis al homnd-
ngy. [ have emphasized a priori avenues af ethological investigation
because of the importance that these are usually accorded in general
discussions and in research programs. [ believe thal arguments for
homology in the sbsence of a direct link 10 a phylogenetic hypothesis
are weak, and thal the sirengest teat of homology is comgruence with
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other characters. The phylogenctic approach s the added merit of
providing i method of esting the assumptions abeant relitive constatcy
ol neuwral and morphological systems assumed by a priori anpunments,
Animporiant {uture task ol compatiative cthologists must be 1o acguire
more cxamples of phylogenetic patterns of behavior in which the dis-
tribution of both morphological and neural features related o the
beluviers s included, Oualy hy the examination ol many surl case std-
tes will general piticrns in the evolution of Lhehavior cmerge.
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