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lN't'Rol)uc'r'loN

T'hc nalurc irnrl cxtcnl of integralion in colnplcx structurll syslcms is a long-
stirnding problenr in biology. Prcdarrvinialr morphokrgists (e.g., Cuvicr)
rccognizetl the protrlcnrs poscd by struclural syslcnrs conrposcd of nrirny
pirrts, with cach of the elenrents linkecl to eaclr othcr arrd involvcd in
conrple x movcnrcn(s. T'he recognilion and description o[ cornplcx inlcgrltcd
systcrns was arr inrportant stinrrtlus for tlrc tlcvclopnrcnt oI prccllrsirti;rn
thcorctical conccpls in nrorphology suclr as lhe "law of corrclation of parts"
ancl llre "hicrarchy of functions."

As is rvell krrown. Darwin (1859) highlightcd thc problenr of conrplcxily
in the Origin of Specics when he discussccl "orglns of exlrcntc pcrfcction
and conrplicatiorr" at length, choosing lhe verlchratc eyc ils a kcy cxanrplc.
I low can a slructural systenr displaying a higlr degrcc of orrlcr and contplcxily
bc createcl or changcrl? Might not a ncl\\'ork of interacling clcmcnls bc

tliflicult to nrodify rvhen the function of the s1'stcrn as a wlrolc dcpcnds so

intirnately on the coordinated functioning of thc parts?
Thc role of our group was to f<lcus on lhe problcrn of inlcgrali<ln lntl

transfornration in c<lnrplex systems using the verlebrale fecding ntcchitnisnt
ls an exlmltle. Thc vertebralc feeding s)stcrn constilulcs a ctlntplcx sysl(:nl

prrr cxccllcncc. ln some vcrtcl)ratcs, for cxirrrtplc. lhe caplurc of prcy mlty
involvc thc coortlinalcrl nrovcntcnt of as nlitny its 5(l scparatc bones s'ilhin
ir tinrc franrc of 20 millisccontls. Extcrrsirc nrotlilicllion in tnrphic dcsign

lt:rs lrccn a prorrrincnt fcilturc uf vcrlchratc divcrsilication. and the acquisition
of crrcrgy fr<lnr thc cnvironrncnl is clcarly a pr()ccss of considcrable
ilnJrorl:rncc lo rlrgrrnisnrul litncss.
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Our grorrp clclincd four spccific goals. Firsl , we felt llrat il rvirs iurporlirnt
Io cllrify lcrnrs lnrl gcncrtl conccpts that forrn tlre basis o[ discussior.rs llrout
llrc slruclure ilnd function of complex syslcms. Sccond. wc cndcavorctl lo
<tullinc tlrc nrirjor rnclhocls uscd to anlrlyzc vcrtctrrate fcctling.'l'lrirtl. rvc

ltlcnll)tcd to itlcnli[v c()nlnlon tltcrrrcs urtdcrlyirrg cltartgcs irt irttcgrutitrt oI
fcctlirrg s)'slcnls. Irourlh. wc slrove to arrivc al scvcral gcrrcral corrclusions
irboul tlrc intcgration and evolution of fceding systcrns, antl to prcscnt
rcconrrncndllions for fulure rcscarclr.

A rccurrcnl thcrnc in our tliscussions rvas lhc fact lhll only a fcrv casc

sturlics cxist ()n vcrlcbratc fceding systcms. While several of thcsc providc
considcrlblc insight into the nature of intcgration in c<lrnplcx systcnrs,

fcctlirrg in thc hroad divcrsity of vcrtebrirtes is wocfully untlcrrcprcscntcd
in lhc currcrrl lilcrlturc. ln ordcr to test thc gcnerality of thc idcas discussctl
bckrw it is csscntial that future studics systcnratically charactcrizc a tlivcrsity
oI vcrlcbrltc clatlcs and that the mecltanics of fectling bc anitlyzcd
quantital ivcly.

't'ERtfilNOLOGY

Causalion

The group recognizcd that analysis of the cdrJeJ of structural chtngc
frct;ucntly is :t complcx undertaking. Wltereas the statetncnt that A ciltlscs

B inrplies a deterministic process or mechanism (that tlocs nol ncccssitrily

ilns\\'cr the question "why?"), we wish to cntphasize thc intp<lrlancc of
distinguishing multiple nteanings of the word "cause" and to foctts allcrtlion
on the original Arislotelian distinctions. lf. as explained by Aristotle. a

carpcnter wants lo buil<J a closet. the wood he uses is lhc matcrial causc

(curt.srr nnteriulis). the power of his hands is the eflicicnt citusc (trttr.rn

efficien.s), thc plan according to which he buikls his closct is thc formitl
cause (c(rrrr(t fornuilis), and the end which thc closet is designcd lo scrvc is

the linitl causc (c(urr(t fnulis). Scve ral meanings of "cause" mny apply rvhctt

wc discuss a particular structure in the feeding mechanisnr, espccially if rvc

fgcus on the ctevclopmcntal, genctic, and phylogcn€tic aspccts of strtlcttlrill
[clrtures. In adclition, lhere arc multiple lcvcls of causation in lny historicitl

explanation. Any one hypothesis might addrcss only a singlc lcvel.

Funclion and lliological Role

Thc group fclt tlrat it rvas irnportnnt lo distingtrislr bclrvccrt lhc conccgrls tlf
"funclion" lrrtl "lrioloqicirl rolc."'l-hcsc trvo c()llccpls itrc frctlucnllv cortftrsctl.

cspcciirlly irr llclrirviorirl litcrllurc rvltcrc "function" is uscd tts it synottl'rtt tlf
scicctiuc-or irtlirplivc valtrc (scc l-:rtrtlcr l9l'l(t).
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l hc funcliolt ttf lt slrttclure is wh:rt lhc irnirrrlrl is phy'sicirllv cirprrhlc of
tltlitlg rvillt lllitl strttclttrc: llte acluirl irctions of plrcnoll.;'ric clcrncnts. Tlrc
bioklgicll rolc of a slrttcltrre rcllccls lhc usc oI pnrt of thc phcrrrltypc tlurirrrl
lil'c history irrttl lltc hypolltcsizctl :ttllrptirc "purp()sc" of tlrc struclurc irr ir

givcrr crrvir<)nlncnl (lklck antl von Withlcrt l()(rj).

Conrplexily

1'ltc grotl;r agrccd thll no singlc nrcirsurc of complcxily wirs irdcclualc frlr
biolugical systcnrs and that any hiokrgicill svstcm might. bv tlclinition. bc
corrsitlcrcrl conrplcx. Whcrcas conrplcxity nral' rcfcr (il1 lcilsl) to ({r) thc
trtttltbcr of clcntcnls in a systcnr, (ä) the nutnbcr lnd kintl of dcr.cklpnrcnlll
pr()ccsses thitl forrn struclurcs. (<') rhc nurnlrcr of conncctit)ns itnlonl
clcrlcnls. arrtl (d) thc lypc of connccrions. in qcncral. thc s;rccilic proflcrl
:rt lrirntJ will tlictatc thc:rppnrpri:rtc rncasurc of conrplcritv. Or.crirll. rr.c ltlt
thitt it rvits itnporlitnl lo usc lhc conccpl of conrplcxilv in l conrpirrirlirc
scnsc and ttt bc arvarc tlrirt slruclurally sinrplilicd systcnrs nriry. in filcl. hc
highly complex functionally.

lntcgralion

As with the conccpt of conrplcxity. rvc fclt thirt tlrc idcir of "intcgrirtion"
has no one tlclinition that will apply in all cascs. Thc cxtcnt of intcgrlrion
in any slructural systcm. such as thc fccding nrcchlnisnr. nright tlcpcrrtl on
lhc cxtcnt of intcractit)ns among llrc conslilucnl clcnrcnls. lhc nunrlrcr of
rccillrocal inllucnccs. and the exlcnt o[ gcnctic corrcttition ilnl()ll[ phcnolrpic
traits. Whcrcas the rvlrole organisnr nrlv hc onc ilppr(fpriatc lcvcl of
irrtegration. for spccilic subsyslcnrs lhc cxlclrt o[ irrlcqrirlion tnly lrc cstirrrltcrl
using quarrtitativc gcnctic nrclhotls. nrtlrphorrrclric upproirchcs. lntl funclirlrurl
nrorphological tcchnirlues (Atchlcy ct al. l9l{l: Z-clditch 1987: l-autlcr lnd
l-icnr, this volurrrc; Olson anrl lvlillcr l95lt: Zrvccrs l97t)).

[]ccausc of tltc itttporllnl rttlc thitt ue nctic tlull hirrc in tliscussions of llrc
idca tlf inlcgrllion. it is trecessarv lo cnrJrlrirsizc thirt tliflcrcrrt irrvcsligirlors
lniry usc thc tcnlr "gcttclic" in rluite dissinrilirr s'lvs. ln llrc licld oI popultrliotr
gcnclics. "gcnelic" tttitt'rc[er ttl ull hcritrrlrle virrilrtion irr tritils. irntl llrus
ittclude hoth gcnctic lnd cpigcnclic inforrnalion. lo otltcrs. gcrrctic dittit lrc
lhosc provitlcd dircctly lly gcncs. 

t

l)ccou;rling and Cou;rling

'l'hc irlcl of lltc tlccoullling of c()rrrp()ncnls irr tlrc l'ccrlirrg rucchlnisnt rc[crs
lo thc rrnlittkitrg of tlcvcklprttcntirl pirtltrviry's. tiglrtlv lirrkctl frurction\. irspccls
of slcrcolr,pcrl hclrirvior plrllcnrs. rrrcclurrrical lrsstrcilrtiorrs ol lrorrcs. liglrrrcrtls.
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ancl musclcs. or lhc rcduction of a high Scnctic corrclation. Tltc conccpt ttf
dccouPlinq of clcrnents of bioklgical tlcsirn h:ts nranv lspccts trt it. lI orrc

struclurc is uscd to pcrform two funcliotts in a cladc. fttr cxittnplc. thür the

sSift of onc of thcsc functir)ns to anothcr slruclurc is slritl lo h:tvc tlccotrplctl
tlrc lrr.o lurrcliorrs froln thcir irritill :rssocirrtiorr. Etclr ol'tltc l\\'(r slrltctttrc-
frrrrcliorr systcnls is rrorv availatrle for ittrlcpcttdcnt sgrccilrlizltliott irt tlcscctttlttrtl
tirxa. l-hc c()llccpt of a couplctl systcnt carrics with it thc itlclr ol il cttttslt'ititrt.
lI trvo systcnls itre linkctl togcthcr (via a high gcnclic corrclitliotl.
clcvckrplncntal intcractions, or a joining ntuscle or liganrcrrt). thcrr it rvill bc

tliflicult to change one part indcpcndcntly of the ttlltct's. llccittrsc lltc
rlccoupling of systems prirnitively linkcd in a cladc provitlcs it ntcchitnisnt

for rclc:rsing constraints, one would predict that cladcs posscssing tlccotr;'rlctl

cotrrp()ncnts (in comparison to sistcr clatlcs with couplcd syslcnrs) srrrtltl
cxhibit incrcascd structural/functional divcrsity in lhosc syslclns. 'l his vicrv

of dccoupling by no means rules out a subscquent historicill cottpling rlf
c()mponcnts. lncleed, in many lincages. primitively tlccouplctl c()nlPollcnts
muy sultscqucntly become highly intcg,rltcd.

Scvcral cxamples <lf decoupling wefc provided frotn fcctlirtg systctns irt
u,hich lwo (or more) mechanical linklgcs or functional syslctns arc couplctl

in onc clirde, as compared to other cladcs where thc conttcclittns itrc itl'rscnt

(scc Laudcr l98l; Liem 1987; Zweers l9tl5). In nlost itviittt orclcrs, for
example. nonmuscular scraper-like flaps with keratinous spincs arc prcsclrt

dorso-caudal to the larynx. These scräpcrs plssively trlnsp()rl ftxxl into thc

esgphagus during swallowing and foorl transporl is thus cottplcd t()

swallowing. ln pigeons and songbirds. however, these scrapcrs ltrc clccouplcd

from the larynx and possess separate controlling musclcs. I'his anat<lmical

decirupling of scrapers and the larynx is proposed to bc citusally relatcd to
increased flexibility of movenrent and a change in intcgration in avian

feeding systems (Zweers 1985).

The general concept of a decoupling of structures and functions tlrat may

allow independent specialization of one or more of thc conrponctlls is not

a new one. In the Origin of Species (1859. pp' 190*l9l). Darwin clearly

recognize<I the importance of multiple structures and functiotts in pernritting

structural diversification. He emphasized that if multiple orgillls pcrform lltc

sarne or similar functions, then one of the organ systcms is able to be

modified to acquire a new function.

IUAJOR CONCEPTS UNDERI,YING TIII' STUDY O}'
IN-TEGRATION IN FEEDING SYS'I'F,IVIS

Our group considered fivc major iclcas lltat unclcrlic thc sttrtly of intcgrltion
in fccding systcms. We fclt that it wls ncccssary to cllrify scvcral spccilic
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c()nccl)ts bcforc rvc coultl discuss methodologv and gcncrirl hrptrthcscs in a

ntcuningful rvay.

Slruclur:rlisnt antt f unctionalisnr

'l'lrc struclurirlist-futtclionalist dichotorny is onc of the oltlcst in hiologv lnd
is irnport:rtrt irt cortsitlcrittg causll cxplanalions of slructurc. Whilc lspccts
oIcach vicrv tlity bc rclcvant lo undcrslanding orgarrisnral dcsign. it is uscful
to oullirrc lhc trarlitiolrll tcncts of cach pcrspcctive.

1'hc purcly slructuralisl vicn' of organisnral dcsign. as originallv proposctl.
is tictl lo nn ()nIogcnclic tinre scale antl is explicitly noncvolutionlry (c.g..
Piagct 1970). Slructuralisnr is conccrncd rvith rhe unfolding of prccxisting
fornt during tlcvcltlprtrcnt. ftrcuscs on lhe gcnenrtion of fornr. antl atldrcsscs
thc cflicicnt itnd matcrial causes of slructurc. Such ir structuritlisl might ask.
"Whnt is thc tlriving and dirccting force of dcvclopmcnt?" or "Whar is rhc
cntbryonic s()urce from rvhich adull struclurcs tlevclop?" ln thirt scnsc nlost
of tltc oldcr rcscarch ('rn conlparättivc crrrbrrrrlogr is structrtralist. Slruclurirlisnr
is oftcn c<lrtsiclcrcd to lre an "irttcrnalist" vicw of organisnrs as thc locus lics
on thc dcsign o[ structurcs. thcir interactions during ontogcnv. and thc
ilrtcrrclntions among conrponents of a dcsign rvitlrout regar<I for past or
prcsent envirorrmental (extrinsic) influcnces on form.

The purcly functionalist view, on the other hand. is ricd to a phylogcnctic
linte scnlc antl adtlrcsscs the formll and final causcs of fornr. Struclurcs lrc
vicwcd as shapctl primarily by external cnvironnrcnlal laclors. Such a

functionalist might nsk, "What has been the historical se<luence hv rvhich
this structure has bcen modificd?." "Whtt tloes thii structurc do?." or "Hos'
has this structure bcen moldcd by selcctivc forccs?" Structure is vicwctl as

adaptive and not subject to significant intrinsic dcsign constraints.
ln our discussions. Wngner presented a useful analy'sis of thc rolc of

internal and extcrnal (environmental) inlluences on fornr as sccn rvithin thc
context of current evolutionary theory (Tatrlc I). Tlrc conrbinllion of cclls
28 in Table I represents a strict intcrnllist vicu' of form in s'hich causcs o[
change in structure are intrinsic to the organism antl therc is no lppitrcnt
environmcntal influence on the systenr. Thc crolutionarf irrcrcilsc in
salamander genome size might represent one exanrple (cf. Roth arrtl Wakc
1985). The strict functionalist/externalist pcrspcctivc is illustratcd by thc
comtrination of cclls lA in Table l: organisrns shoultl havc anrplc hcritirblc
variation in phcnoty'pic traits but no slrong gc'netic correlations among thc
traits. Undcr this vicw. lhcre are no spccilic intcrnal c()nstritints on thc
dircction of changc in functionll dcsign. l.hc currcnt litcraturc on thc
quantitativc gcnclics of struclural systcrns irrtlicatcs that ncithcr of thc lso
extrcnlc vicw's prcscntcd above is rcprcscntccl by ntany rcal cxalnplcs.
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TAlll,lt I Facftrrs ln lhe cvolution of feeding syslems. l,ellers und nrrrrthcrs ln lhe
llblc llbcl clch of lhc four cclls lo irrdicllc conrbinalions of faclors and sourccs of
charrgc discusscd in lhe lcxl (aflcr G, Wagncr).
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ittlcrcrtrrclitliott of P()ittls ()n itrr intcrspccilic rcurcssiorr.'l'lrirtl. tgu:rnlitlrlirc
gcrrclic itttnlyscs rtf lltc itssociirlion of chirrirclcrs ciul l)c usctl lo ultlerstirltl
l'rlltcnls of covarialiort of trails llolh on a clirrkrqrirru anrl irt irrr ccologicirt
sclting.

l"unclional Colrrpronriscs
-l'hcrc 

wirs gcncrtrl itgrcctllcrtl anl()ng lhc gnrup thirt fcctlinq svslclrs ciltn(rl
llc cttnsitlcrctl itt isolirlion frorn l]rc olhcr l.unctions pcrf(xnlcd bv thc hcatl
(strclt as rcspirirliort).'l'hc conccpt of a frrrrcliorrirl conlpronrisc is crilicll lo
tuntlcrslirrrtlirrg llrc lrarrsfolnrlliort of fccrlirrg syslcnls irr r,crtclrnrlcs ((irrrrs
197^l ).

Sllccilic cxitnlt)lcs of funclional conrpronriscs \\cre tliscussctt in l[c lcr.tlilru
syslcllls <lf sitlittttittttlcrs itrttl lishcs. ln lung-llrcnllring slrllrnlrltlcrs. lftc
hyobranclrittl irpp;rritttts scrvcs bolh irs ir frlrcc punrp lirr lhc lurrrs irrrtl 1s
tlrc rncchanisnl clusing tonguc nx)vcnlcrrt rluring fcctlirru (lkrth irnd \\,irkc
l9tt-5 ancl tltis voluntc: Wakc l9lt2). Thc furrclions oI brcathirru irntl li.crlirrr:
lhus inrposc c<llrlliclirrg dcsign rcquircntcrrts on thc h)olrritnclrill lpPirrllus.
ctlrtslr;rinirtg ntorpltoklgicirl diversilicati<1n.. lrr claclcs clrirrirclr:rizcd lry lhc
Ioss oI ltlngs, spccializalion of thc hyobrnrrchial upp;rrirtus for fccding
[unction occurs. c.g.. by dcvcloping l highlv projcctilc r()nguc as irr tlrc cusc
of the plcthodontid tribe Boliroglossini.

GENERAL APPROACIIES

Itt our cliscussiuns, four analytical nrcrllrtls cmcrgctl ls hcirru of suclr
intporlancc lo tltc itrutlysis oI irrtcgratiorr irr l'ccrlilrg li\'stcnls lhtrl lhcl irrc
briclly rlcscribccl herc.

Analysis of Ontogeny

'['ltc slutly of ontogcny is of obvi<lus imporlrrrrcc for our urrtlcrstirntlirrr: oI
inlcgration in fcctling syslenrs. bul u'e rvish lo cnrphlsizc scvcrirl kcr poirrts.

First, lhe sturly of olrtogenetic chan,ecs in fcctling prrtridcs insights into
ctnllry<lnic itntl larvitl pcrforntarrce . Ernhry,os ol'tcrr tcntl lo bc vicwcd ls
prospcclivc ittltrlls itnrl rvc o[lcn ncglcct lo corrsitlcr lhlrl clrrlt, lifc histor-r'
stilgcs nrttsl also fttttction rts orgitrtisnrs. fror cxirnrplc. thc l)ittlcrn of irorlic
itrclt tlcvclof)tltcttt itt lctntpotls is o[lcrr l)rc5clrlc(l irs a hisloricallv irrrtl
tlcvclrtpntcrtlitlly ctlttslritinctl sctlue rrcc of clrirrrrtcs lirllorr irru lr lorlrrous pullr
tttrv;trtl irtlull lirrttt. []trt irorlic itrch corrrponcnls tllitt irrc losl lirlc irr orrlogcrrl'
rn:ry play;tlt itrtptrrlitttl rolc itt rtourishirrg tlcrclopirru tissuc (such ls jirrv
Itrcscltcltytttc) antl irt ctnbrl'ortic circulutorv rrrccllrnics. In utldition. nurrrv

Exlcrnll flclors
(i.e.. cnvirorrrncrrlal)

lnlcrrutl flclrrrs

('ausc o[ ch:rngc
l)ircctiorr of ch;rnqe

Exirnrplcs involving conrbinations o[ thcse lwo extrenrc vicrvs arc conun()ll.
antl cclls ll] tnd 2r\ of "I'lhlc I illustrlte tlrc twu possiblc lllcrnltivcs. '[ hc
corrrbirrirliorr of I antl B inrplies thal thc lrlrrsformalion oIslruclurc is ciruscd
by sclcction. rvhilc lhc dircction of thc trnlrs[ormation is cotrslrlirtcd hy thc
plltcrn o[ corrclirlion or inlcgrllion arnong clcmcnls. 'l'his nrly bc lhc
pltlcrn nlosl clcarly supportcd by currcnt dlta. With coml)inllion 2l\. tlrc
cnvirolrnlcnt nlly curtail or limit clircctions of changc tlrat lrisc rluc to
ilrtcrnirl faclrlrs within thc organism.

C)ur tliscussions rccognized the ulilily of clcirrly tlclinirtg irltcrnalivc
rcsc:trch l)r()gr:urrs to lhc study of biologicll design. bul :tlso cnrphirsizcd
lhlt llrc vicw of thc orgitnism reprcscnlcd by cells ll] or 2A would bc

nccesslry lo undcrstancl the entire hierarchy of causation of fornr.

Phylogenelic and Populalion Analyses

Thc lasl twcltty years have seen thc rise of quitntit;ttivc rnctltotls of
phvl<rycnclic reconslruclion and quanlitativc analyscs of thc gcnctic birsis ttf
varialion in characlcrs; howcvcr, surprisingly fcw stutlics hitvc britlgctl thcsc

two lpprolchcs. Most ttf the group fclt lhal such a link was nol only
overduc. but also mitndalory if ccological and gcnctic dala arc to bc rcllttctl
in a nontrivial way lo chlracterize evolution. llowever, n()t cvcry()tlc itgrectl

with this vicw. and lhc alternativc vicw cxpressetl was lhilt rrrirking l link
bctwcen ecological and gencalogical hicrnrchies was logicirlly llar"'cd. as thc
unit of ecokrgicll anllysis is thc population. while thc unit of plrylogcnctic
analysis is thc ntonophyletic clade.

F9r thosc wlto ittlvocitted incrc:tsing inlcraclions ittntlng workcrs on

populirtional and phylogcnctic problcnrs. lhrce main ittlvarrtltgcs of a syttlhclic
ilpproitch wcrc idcntilied. [;irsl. gcncitlogicll pattcrtrs provitlc thc lristoric:rl
contcxt for colugrarirtivc hiology anrl alklrv tts lo tlclcrtrtirtc if chitrlclcrs
(wltctlrer g,cnctic, ecologicnl. or slruclurirl) arc slurrctl tltrc l() cotlltltotl
itnccslry or tlrrc t() convcrgcnt cvolttlion. Sccrtntl. llhylogcttctic ltlptrlhcscs
[clp solvc prlblcurs of rtorrintlcpcntlcnl ohscrvitliotts (spccics) itt cotttpitrittivc
sturlics (ljclscustcin l9ll5: Schlutcr. lhis voluntc) itntl provitlc a lttcitsttrc oI

I

A
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fcllurcs of lalc ()nl()gcny miry be mechitnicirlly dcternrirrcd. lrr cxantplc
bcing thc sirgittul crcsl in c:rls.

Sccond. conrplrirtive ont()gcny proviclcs a clirect obscrvnliorrll wirrclorv
inlo thc nrorlilicirlion of cornplcx slructurcs. I'he phykrgcrrv of rnrrrrrnralirrn
cur ossiclcs is:r rvcll-knorvlr cxirntplc oIa rlrirntllic trattsfolrturliort tltirt rvotrlrl
lrc diilicult to np;rrcciatc wcrc it nol possitrlc to obscrvc llrc orrlot:errclic
pr()ccss tlircclly. 'fhc sttrtly of ontogcnctic trlnsformation clcurly illustrulcs
thitt c\lcnsivc irllcrittions in form ancl funclion can occur rvitltout tlisruptirrg
lhc cohcrcnce of thc orglnism.

l-hircl. thc cxpcrinrcntal mirnipulirtion of onlogenics avoirls thc grroblcnrs
of tliffcring ltistoricll constrainls that arise in conrparativc attalyscs oI spccics.
Whilc such nranipulations may not always providc an accurttc ittdicllion of
gcnctic constraints <ln form, they do furnish a valuable tcst uf lrypothcsizctl
causal rclations.

Fourlh. thc study of ontogcny is not without its difficultics and linritations.
E.nrbryos and larvac. as wcll as irdults. have spccializations antl novcl
struclural fcatures. Ontogerrctic trajcctorics of related spccics nray tlivcrgc
and thcn converge, confounding attempts to dcline gcncral anrl spccill
characters based on the order of appcarance during tlcvclopnrcnl (Wlkc
and Roth. thi< r'olume). ln addition, ccll dynirmics during onl()gcny rnay bc
conrplex and ivc should nol necessarily expcct that lhe lirst branchial arch,
for example, will be derived from only one tissue sourcc.

Analysis of Phylogenies

Thc analysis of phylogenetic patterns is basic both to the comparative
analysis of structuräl systems and to the construction of explanalions and
descriptions of historical change (scenarios). Our view is that sccnarios have

hcuristic value for integrating aspects of the biology of a clade and that
many scenarios are testable.

Our discussions considered testable scenarios about the evolution of cichlid
fishes in Africa (Liem 1973) and about the early evolution of vertebrates
(Gans and Northcutt 1983). A testable scenario might, for example. involve
a hypothesized key innovation for a clade and a hypothesized sequence of
environmental changes that occurred during the evolution of a clade. ln
general, strong corroborative evidence for detailed scenarios is difficult to
obtain, but scenarios are falsifiable using mcthods of phylogcnetic analysis
and comparison of clades in different environments. In ordcr for scenarios
to be maximally informative, they should incorporate inforrnation fronr.a
broad set of related taxa, not merely a subset of a clade. ancl shoultl considcr
biology broadly, not restricting thentselvcs to a single charactcr or functional
system.
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F-rrrrclional Anallsis

Wc vicrv lhc cvaluatiorr of both function lnd hiological role in thc fccding
trlccltitnisnt lo bc it critical task that is fundanrcntal to our untlcrstnncling tf
vcrlcbritlc tlivcrsiliclrtion. A grcat detl of attcntion has hccn dr.r'olctl trr
slrtlclulll fcittttrcs. thcir tlcscription as charactcrs. lhcir usc in phylogcnctic
anirlyscs. ilncl tlrcir tlcvckrpnrcntal pa[crns. ln conlrast. functional aspccts
of fccrling, systcnrs arc still poorly knos'n. Comparcd to thc tlala basc on
slruclurll systcnrs. wc huvc fcw dctailcd hypothcscs of phylogcnctic pailcrns
Itl [unction antl cvctt fcrvcr contpnralive anllyscs of function in a montlphvle'lic
clrttlc. ltt p:rrt. lhis nrly trc lrccuusc lhc tletcrnrinatirln of nrusclc. itcti\itr.
plltcrns. lronc displuccnrcnls, lluid prcssurcs. or forces on thc skclcton is
diflicult. cxpcnsivc. nnd tinre-consuming. The rate of failure in laborarory
cxpc'rinrcnls sccn'rs t() rise cxponcntially rvith the addition of each tcchniquc
lo nrcasurc an atltlitional functional parameter. To achicve a nrotJcst
irpprccialion of function fur evcn one structural complex in a monophylctic
clirrlc is a nrlrjor lirsk. Thc naturc of intcgration and transformltion in
c<rmplcx systems c:rn olrly bc appreciated if c<lmparative fiutctiorlnl ilnalyscs
ircconlpany slructural dcscription and the usc of structures as characters.

Functional arralysis. for example. may provide data on the "funtlamental
nichc" of an orgarrisnr (what an organism crur do) rvhile an accompanying
ccological analysis is needed to determine the "realizcd niche" (what thc
organism actually does).

Deductive Methods: Predictions and Models

While the description of organismal function bv the irieasuring of physioloeical
paramelers such as muscle activity and fluid pressures is clearly an important
aspcct of a rescarch program in evolutionary morphology. rve feel that
hiomcchanical and biocybernetic nrodels must be formulated quantitativcly
to allow prediction. These causal mo<lels describe the feeding mechanisnrs
in tcrms of the carrsa effciens and they allorv predictions about certain form-
function relations rvhich need to be tested rvith real data. Apart frtlm nrodcls
of the feeding mechanism itself. we need models for the mcchanisms
underlying clwnge in feeding systems. Such models of change are. of course.
derived from inductive and comparative analvses. Models of the mechanistic
bases of dcsign not only need to be phrased verbally or qullitatively. thcy
also need to hc formulated in a quantitative or mathematical form (e.g.. as

a specific scaling factor or maximization function).
Once such clusal ntoclels are available. it s,ill be possible to generate

lhcorctical transfornrations o[ thc feeding system. Such transformationul
nrodcls nrark a srvitch from inductive to tlcductive rcscarch as lhcmes of
change can be lested rigorously in spccific case studies by deduction and



106 Group Report; G.V. Lauder et al.

prcrliclion (c.g., Zwccrs 1979). Such lnoclcls have thc signiliclnt virtuc oI
allorvittg lrutnipulaliorr of llrc cotnponcnls lo producc a tlivcrsily oI lhcorctical
f<lrttts (it tnorplt<tspucc) thlt citn bc conrparcrl to rcrrlizcrl biologicirl rlcsigrrs.
ln ccrllin syslcnrs. suclr as llrc aviln fcctling appitratus. cxplicit ;rrctlictions
of lltc likclv rlircction of slruclurirl lrirrrsfrlrmlli()n nlly hc possiblc lry
nrittriprrlirlirtg tlrc tuotlcl irntl citlculirtirrg prolxrbilitics for llrc gcrrcrirtiorr of
spccilic ntorpholypcs (Zwccrs 1979). A tlctluctive lgrprolclr to [cctlirrg
svslcnls is it vitluablc at.ljunct lo c()nrpilrillivc and lrislrlric:rl irrurlvscs of
lraltsfortn:tlion in cladcs. ll allows a rigorous tcstirrg of ilrtcgr:tliolr irntl
Irypothcscs dcrivcd from comparativc rcscarch.

cot\{rvtoN't'l r |ttlt Fls UND},RLY|NG'l't ili CHANG E ANt)
tN't't (;RAt'toN 0l' ['EEI)ING sYS't'ttMS

ln an cffttrt lo bring togclhcr many of thc itJcas lhat hlvc bccn arklucctl as

cxplirnirtions frlr thc nrrxlilication of vcrtcbratc fecding syslcrns. rvc provitlc
a bricf rliscussion of twclve inrportlnt factors lhal h:rvc hccn suggcstc(l its
having pllyctl l rolc in tlte divcrsilication of lhc trophic applr:rlus. lnrplicit
in this list. but nratle cxplicit in our conclusions bclow. is lhirt wc l.rclicvc ir

divcrsity of facturs is involvcrl irr the transformation of fcctling syslcrns: no
one nrcchlnisnr cxplains :rll cascs of slructural modilication.

Scaling

lnrrovllions in fccding systems may appcar as a result <lf sclling rclirliorrships
as lrotly sizc incrclscs or tlccrcascs in a clntlc. Thc strtrcturirl consc(lucnccs
of scirlilrg clfccls mly hc quilc tlranrirlic. as cxcnrplilicrl by slurlics orr

nrinilturizltiolr ilt sallnrandcrs (llankcn l9li3; Rttth atttJ Witkc t9l{5): novcl
ilrritngcmcnls of parts of the skull, brain. brain tissucs, itntl scttsc orgillls
miry occur lntl propurlionitl changes may have dramatic cffccts on fcctlittg
hiomcchanics. 

l

Polymorphism

Trophic polynxrrplrisms arc of spccial intcrcsl bccausc l sittg,lc populllion
displirys ll<lth prinritivc antl dcrivctl lspccls of skull slruclttrc irnrl frtttction.
-l-hcsc clscs illtrstrltc clclrly lhitt rnitjor itllcritlions irr skull dcsiqn can appcirr

antl bc nrlintirirrcd rvitlrin it prtpulllion (c.g., Mcycr l9lt7). Withirt vcrtcbrirlcs.
cirscs of lrophic polyntorplrisnl ilrc kltorvn itt lclcosl lishcs. sitllrrtiurrlcrs.
toil(ls. turtlcs. lrttl lirtchcs.
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I'lasticity

Phcntllypic plirsticity is cot'nnton in thc craniofaciirl skclclon and rcprcscnts
it clt:rngc in slrttclttrc and intcgralion in rcsp()ltsc lo usc nr rJiclury tJiffcrcnccs.
Whilc srrch cltitttgcs cottld bccorrrc lrcritlblc bl gcnclic lssinrilatiorr (scnsu
Wrrrltlirtglott), lhc siglrilicitncc of phcnolyJric plrrsticity lics in thc d1;currrcntcd
prorlrrctiorr of rrovcl structural virriunls by thc tlcvclopnrcnlal syslcnr in
rcsp()nsc to environmcnlal pcrlurbation.

l)ccoupling of l,arts

Dccorrpling of comp.nc.nts (whethcr gcnctic, funclional. or structur.l) in
lhc fcctling systcill providcs a vchicle for tlrc origin of novcl featurcs.. wc
havc notctl thlr thc availallility of nrorc rhan ilne srrucrural sysrcm lo
pcrfornr a rolc rclcitscs prinrilive consrritinls anrl thtt a sccpn6. dccpuplcd
pirlhrvay nrly bc nrotlificd in phl,klgcny ro assurnc ncw srrucrurirl antl
[rrrrclional rolcs. wc vicw dcc<lupling as l pcrrrrissivc conccpl: strsclurill
rlivcrsilicatiorr in a clirdc may rcquirc, in mosl cascs. irppropriatc cnvironlncn-
trl opporturritics, Exanrplcs of decoupring as n pr.rccis pcrmitting di'crsity
arc provirlcd hy fccding sysrcms of fishcs. sal.n.n<lcrs rincl mamir.ls. gcnc.
cv.lution. and neural pnthways undcrlying clcclroreccptive function in
lelcost fishes (see also Roth and Wake, this volunte).

Kcy lnnovalions or Novellies

While several of the topics tliscusscd above coultl bc vicu.ctl ls provitlin.u
"kcy" innovations (Mayr 1960; Licrn 1973). tlris cirnccpt is usullly rcscr'ctl
ltlr a specific chitnge which initiates a cirsclrling cffcct of succcssivc chlrrrcs
in a clittle. Originally. the conccpl of l kcv irrnovirtion rvas crrusirllv rclllcrl
to spcciation ("adaptive radiation"). but ll.c s'ish lo crrr;llrlsizc kcy
inrrovalions as novel fcalurcs which, oncc lcquircrl. alkr*, slruclural or
functional diversification in a lincage. Key innovirtiorrs could bc in ucnctic
correlalion slruclures. nrorphological. ph1'siolouicirl. or hchlvitrrll [cllurcs.
and hypothcses about their historical cffcct cirn bc tcstcd using phylogcrrcric
ntelhods (Lauclcr l98l: Laurlcr antl l-ienr. lhis volurnc). wc vicrv kcy
innovations as having no necessary relirlion lo speciltion. hul inslcirtl ls
bcing nrost informative as a hislorical hvpothesis s'lren an innovalion is
prrlposecl lo be related to structural and functionirl diversilicltion in ir

ntonophylctic claclc.

Accunrulalion of Snrall Changes

Wlrilc rclltivcly rlpitl altcralions in dcsign mir\'()ccur ir[lcr a kcy innovltion
appcars. rcorguniz:rtion in fccding syslcms may also involvc a scrics of snrlll
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chlngcs. none of which conslitutes a major structural novclty. 'l'hc

accurrtulatctl cffccl of thc sequcntial cltarrges. howcvcr. oftcn gcncrllcs
novcl feeding pilttcrns and new biological roles for existing slruclurcs. Onc
cxanrplc of this phcnomcnon is the scqucncc of changcs in thc lorvcr jarv

arrtl rnitldlc car of early manrnrrls. Rctluction of pustdcnlirrv lroncs.
rcorganization of jaw adtluctor rnusculalure, antl retluclion of prinritivcly
lirrge ptcrygoid musclcs may all havc permitted a new plttcrn of intcgraliort
in the early mammalian jaw apparatus (Crompton, this voluntc).

Genetic Correlations

The pattcrn of genetic correlation may strongly influencc how intcgrittion
in fcctling systcms changes. A strong gcnetic correlation bctwccn tritils ntity
makc it impossible to change one charactcr without anttther. thus prcvcnting
signilicant diversilication of traits. This is an area in necd of consitlcrable
furthcr invcsligation. There is evitlcncc from Darwin's linchcs tltitt vcry
strong selection can protluce morphological differentiation. cvcn anlottg
traits that have high genetic correlations, without a reduction in the
correlation among traits (Boag 1983; Grant 1986; Schluter 1984).

Excessive Construction

One factor that may allow a change in integration is that most indivitluals
within populations have feeding systems able to deal with cnvironmentitl
demands greater than those currently prcsent. Such exccssive construction
(G.ans 1979) could allow individuals lo take advantirgc of environmenlal
opportunities and may be especially important in the invasion of new
habitats.

Adequacy of Design

Given the extensive diversification in vertebrate feeding systems. there is a
tendency to focus on the close matching of structure and function in many

clades. Often overlooked is the possibility that novel paltcrns of skull
integration need only be adequate for functional demands (Gans l9tl8a).
Especially after patterns of integration in the hcad have changed. for
example, by the introduction of new features, the function of a structural
configuration need only be sufficient; increased efficiency will likely arise

in descendant clades.

The Capacity to Use New Opportunilies

The origin of struclural novelties will have little historical effect unlcss a
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opporturrity. Marrv irr the group fclt that unlcss individuals in a populati<ln
lx)sscss il rilngc of bchaviorll plasticity broatl cnough to pcrntit lhc inr.lsiqn
of ncw hahilals if thcy opcn up, then structural. genctic. or functionll
novcltics ;rrising in that population arc unlikclv to he muintained or to
sPrcutl. oftcn rvc sce various ways in rvhich environmenlal <lpportunitics
irrc nlcl hy scvcral cvolutionary solutions, providing "cxperimcntal radialions"
(Gans l9tl9).

The Opening of Nerv Ecological Opportunities

Thcrc is no tloubt that an important factor undcrlying chirngcs in intcgration
of fccding svslcntrs is lhe opening of nerv habitats to species through
accitlcntal tliscrlvcry. tcclonic evcnts. or rangc ertcnsions durint pcriotls of
climatic lluctuation. Such novcl habitats providc a new constcllation of
sclcctivc forccs on biological design an<I may permit the disruption of
prinritive genclic constraints and the altcrntion of structural conlirurltion.
Classical exlnrplcs of radiatitu in thc facc of novcl environnrcnurl
opportunities include cichlid fishes and Darwin's finchcs.

Levels of Organlzalion

The cvolution of complex feeding systems may occur at one or more levc.ls
of organization. Varialion among taxa within a clatle in behavior. fur
example. may be due to changes in the topology of the musculoskclctal
syslem. to changes in the physiological properties of jarv musclcs. ro changcs
in the motor pattern to jaw musculature, or lo changes in ccntral ncrvous
system struclure. How does integration change among these lcvels in
ontogeny and phylogeny?

There are too few case studies to allorv one to generalize.ahout lhc
frequency of change at any one of these levels. but many in the group felt
that current data point toward a greater plasticity in peripheral morphokrgy
as compared to central nervous system design. Illany features of thc nrotor
system in the brain, for example, are highly conserved across vertcbralcs
despite major changes in peripheral musculoskcletal morphology (Roth and
Wake; Sz€kely and Matesz; and Crompton. all this volume). The rlesign of
sensory systems in the vertebrate brain appears to be less conservative.
Despite the apparent conservatism in central motor organization. we still
have little information on the comparative anatomy (and thus the extent of
conservatism) of motor circuits and motor patterns output to jaw musculäture.

IITAJOR CONCLUSTONS

Thcre are six major conclusions that emerged from our discussions on the
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l. Not all conrplcx subsystems withilr an organism arc intcgrirtcrl lntl
evolvc in the siltnc way. For cxantplc. rl,c bclicvc lhlt thc ptrltcrrr of
inlcgrnlion and cvolution in lhe fccding nrechanism is diffcrcnt fronr lhul
of the loconrotor ilpplriltus in vertcbrittcs.

Wc proposc four basic rcilsons for thc differcnce in intcgration bctrvccrr
fccding and locotnolor syslcnls. First, rvc suggcst lhlt thc klconrotor
apparatus and supporting cardiovascular tissues rcccive. on lvclitgc. l lriuhcr
fraction of the tolal organismal energy intake than fecding stnrclurcs. Evcn
rapitl fcedirrg bchavi<lrs rcquire relativcly little cncrgy. lnd thc rnusclcs.
b<lncs. itnd scnsc organs associatctl with thc fcetling mcchlrrisrrr rcccivc only
a small fraction of cardiac output. This suggcsts that thc dcsigrr of fcctlinrl
systcms may bc lcss restricted by specilic cnvironmenlitl constraints on thcir
dcsign and function. For example, the high dcnsity antl viscosity of watcr
in comparison to air produces well-dcJinctl hydrodynarnic conslririrrts on lhc
dcsign of locomotor systems in fishcs: thcrc :rre only a fcw possiblc dcsiglrs
for efficient locornotion in walcr. Fecding systems. howcvcr, irrc not untlcr
such severe hydrodynamic constraints. Within a givcn clatle of tishcs.
locomotor morphology may be quitc sinrilar nmong spccics. whilc fccdirrg
structures vary considerahly.

Second, the interacting components of the feeding nrccharrism clcvckrp ilt
a region demanding accommodation of the spccial influcnics of othcr cranial
components and of several tissue sources. The vertebrale craniofacial syslcm.
is of compound origin developmentally and this conlrasts with the rclalivcly
uniform developmental basis of the locomotor applrltus. Tlrc incrcascd
constructional flexibility allowed by multiple (and conflicting) dcvclopnrental
pathways may explain why so many fundanrentally diffcrcnt fectling dcsigns
have evolved within vertebrates (Cans l98ttb). The fcctling systcm also
dcvelops at thc anterior end of thc notochord near thc nrajrrr scnsc organs
and neural lissucs controlling organisnral function.

Third, the skull of vcrtcbrates is nratle up of nrany rncclrarrical units antl
it was agrccd that thc primitive gnathostome fccding complcx inclutlccl a

kinetic upper jaw couplc<I to other craniobranchial comporrcnts: cvolulion
of the jaw in all clades derived from this. Thus. many nrcchanical linkagcs
involving numerous bones. musclcs. and ligaments :rre prcscnt and allow
considerable constructional flexibility. Flexibility of tlcsign appcirrs to bc an
intrinsic feature of many vertebrale feeding systems.

Fourth, ecological interactions betwcen species (predltion. compctition
for food. etc.) provide an impetus for divcrsification in thc fccding ilpp:rratus.
The environment "faced" by the fccding apparatus consisls of an array of
prey species, sizcs. antl life stages that may grcatly changc on a dlily.
scasonal. and ycarly hasis. Thus. fcccling may bc intrinsically rnorc variahle
in tcrms of the environmentally (antl tcrnporally) availahlc frxrd typcs.

Onc inrplication of this proposcd diffcrcncc bctwccn intcgratiorr in fccding
rrnrl loconrol()r systcrns is thlt lhe rcscirrch mcthods for studying lhc trvo
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slslclns will diffcr. lvlcasurcmcnl of mirxinral pcrfrlrmance irnrl cflicicncy
tvill bc both casicr itntl ntorc ntcirningful in thc loc<lnl()lor irpl)irnrtus. rr6ilc
tltc cxitntination of itltcrnative <Jcsigns that solvc l sinrillr funciionirl prohlcnr
nrirv bc a nlore fruitful approach to fccding. This is not t() sirr th;rt it is
itlrvltys ilttpossiblc or uninforntirtive to nlcitsurc fccding pcrtirrrilrrcc: tSis
hirs bccn tlonc. antl with intcrcsting rcsults. Rathcr. oui p,rint is t1:rt irr
gctrctul lltc perftlrntitnce of locomot<lr s!'stcms is nrorc clsili lsscssctl usirrc
nr:rxinral pcrfrrrnrance mcasurcs. antl rhar this is l .,rnr",;u"n." .rr Jiri**...i
irr ilrlcgr:rlion bclwccn fcctling and loconrotor svslcnls.

2. A ntirjtlr lhcmc in vcrtcbrittc cvolution is thc divcrsilicltion irr fccdilru
syslcms. Morc thitlt any othcr contplcx strucluritl svslenl. lhc nruscukrskclctiil
ilntl ncttrtlsclrs()ry.c()nlp()ncnls of lhc fcctling nrcchlnisnr shou, s;rcclirclt:rr
tlivcrsilication antl differcntiirtion in vertcbratc clltlcs. Wc fccl lhirt this is
tlttc-lo thc nrultiplicity of dcvclopmcntll nrcchanisnrs inr,olvctl in {crrcrltirrg
thc fccding systcnl (thus providing manv possihilitics for irltcrirrr: dci,cl,grrncrr--
tll antl functional intcgration) antl to thc opportunitics offcrctl liy rhc
nrultidimcnsional cnvironmcntrl space with its divcrsitv of prcv irntl hirhitut
typcs.

. 3. wl rvcrc imprcsscd rvirh rhc rolc of onrogcny, in fircilitlrinr thc
innovation alrtl continuing inlcgralion of slrur-'lural svslcms. Onltlgcnclic
analyscs clcarly rcveal lhc crtent to s'hich llr{c struclur:rl chiurgcs cirn lrc
itchievcd by rclativcly nrinor itllcrations in tlcvcloprrrcrrtitl p1lIs1,rs. ln
adtlititu. anllyses of fccrJing syslenrs lhrough ()nt()gcn), tJcnronstrirlc thc
cxtcnt ttt which ntallv slrucluritl conrponcnts itn(l thcir intcrconncclions cln
bc altcred whilc function and pcrformance of thc cnlirc systcnr is nrlinl:rinctl.

4' Wc concluclc that mitny of the dicholonrous pcrspcctivcs olli.rctl irs
itltcrnativc rvitys of sludyin.t conrplex svstcnls cirn hc fllsilictl bv cnrpiricul
rcscarch progranls (c.g.. the inrprlrtlncc of gcrrclic vcrsus c1'rircnciic llttors).
whilc other clicholornics (e.g.. structuratist/funclirualisl) :rrc bcsr uscd lo
achicvc a synthctic arrtl morc hcuristic cxplirnlrorv frirnlc*'.rk.

5. Wc agrcc thitt tlnc intportanl gcncrll hvprrthcsis to crpllin tlrc tlivcrsitv
of cotttplex structuritl s)'stcnrs is thc tlccouplirru of prirrritivclv constrliuctl
clcmcnts o[ integrated dcsign (possihly involving thc unlinkinu of tlcvchrprncn-
till pathrvays. changcs in gcnctic correlatiorrs. antl chirngc in nrcchirnicirl
linkages)' Wc enrphitsizc that such dccoupling of cornponcnls in a slructurll
syslcrn must he associated rvith the capacitl, of spccics to takc at.lvantagc of
these opportunitics and firllorvecl bv appropriltc cnvironmcnral opportunirics.

6. Wc lintl that no one gcneritl hl pothcsis explains thc nlturc of intcgr:rriirn
ittttl its lrnnsfornrirtion in thc fccding mccharrisnr. Thc llck of :r singlc gcncral
cxplitn:tlitlll is tluc to (a) thc contplcx clcvclo;rrncntal blsis of hcltl structurcs.
(D) thc rclativcly lorv portion of thc .rtanisnrul cncr[r' hudccl uscd hy
fceding slrtlclurcs antl thc conscqucnt lack of tiuht pcrfornlancc conslr:rints
tln itltcrnitlivc skull dcsigns. (c) thc rrlc of novcl cnvironnrcntal opporlunitics
for ccologictl dive'rsiticirtion. and (t/) rhc cunrplcr. tlircrsc. :rntl churrginu
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criticirlly lirrritctl in our unrlcrslancling of nrauv conslrlints on ttlult skull
sl rucl rr rc.

4. Whlt is lhc rclali<tnship among chitngcs in centrll ncrvons svslcm
tlcsigrr. ntolor oulpul. pcriphcrill morplrokrgl . arrrl thc gcnclic basis of thcse
clutritclcrs? lvlirtty vcrlcbralc clutlcs coultl bc uscrl lo cxirnrinc this gcncrll
tprrcsliorr. firr cxlrnplc, onc coukl study how lhc corrlrol of thc fccding
ntcchitnisnt is rnotlilicd in thc ontogcnclic trlnsition fronr sucklins lo
nurslicitlion irt ntantnrlls or front tlre larval to thc adult stitgc in amphibiirns.
()r. onc cotrltl invcsligutc thc lrrain. ntolor pltlcrn of lhc jlrv musculllurc.
irrrtl rurrsculoskclctll tlcsign in u nxrnophl'lctic clatlc of birtls to study thc
c()ngrucncc lnl()ng tlrcsc characlcrs.

5. Wlrat is thc hasis of inlra- anrl intcrspccific vlriation in motor output
front thc ccnlrill nerv()us syslcnr lo lhc fcctling nruscultturc? We currcnlly
untlcrstand vcry lrttlc ltxlut thc causal faclors thal produce variation in
m()lor pallcrns. Particularly, infornrirtivc analyscs could bc contluctcd on
vcrlchrirtes lhat can fecd in both rvatcr lnd lancl: this u'ould clarify thc
constrainls of thc cnvironnrcnt on fccding function.'the process of
rnctamorphosis in amphibians also provides exciting opportunities for tcsting
lhe cffccl of morphological changes on nrolor paltcrns and for clarifying
onlogcnctic changcs in motor patlern intcgralion.

6. We nccd lo introduce nrore tluanlifiahle modcls of fccrling mcchirnisms
as wcll as tluantilirlivcly fornrulalcd nrcchanisrns of changc so thitt thc
application of clcductive proccclures will allow us to dcvclop a diversity of
tests ()f hypothcscs of structural divcrsification within nronophyletic clirtlcs.

7. How tlo cnvirorrrncntrl flctors intcract rvith epigcnctic systcnls in
gcncrating phcnolypic plasticity? We still undclstand littlc about lhc
nrcchanisms causing the origin of novelties within dcvelopmcnlal systcnrs in
tlrc feeding nrcchlnisrn.

8. Ilow do slructure and function in the fecding mcclranism relatc to
orgrnismal performance and litness? Whilc thc pcrlormlncc of fcctling
s)tstems can he diflicult to quanlify ns nolcd abovc. scvcrll slurlics on lislrcs.
salamanders, bircls, and mammals have succcsslul11' accomplislrecl this tlsk.
Wc need to extend this approach to other taxa antl to cxamine explicitly
the limits to fecding performance for comparison to loconrolor syslcnts. ln
order to test lhe hypothesis that feeding irnd locomolor s)'stems diffcr in

their construclional flexibility and in their interactions with thc environmcnl.
we need quantitative analyses of the performilnce of both systems within a

monophyletic clirde.
9. What is the rclationship bctwcen thc acquisition of kcy innovalions

pronroting divcrsilicittion in fccding slruclures antl spcci:tlion ratc? While
grcat citrc lras heen takcn to scparalc out spcciation front slruclural itnirl.vscs

of innovalir)ns. wc have littlc in[ormitlion on lhc rclationship hclwccn
clrangcs in trophic dcsign and spcciation ralc. ls lhcrc a causal rclatittnship

naturc of plhcr orgirnisrns availablc as prcy (thtrs facilitalilrg llrc cvolttliott

oI altcrrrltivc cilplurc ntcchanisnts).

IIUI'URIi RT'SEARCII QUI'S'I'IONS ANI) I)IRECTIONS

Our tliscussi()ns oll frrf urc rcscarclr progrilltts gcneratetl ninc sPccilic tlttcslitlns

(listctl [clgw). Wc also wish to emphasiz-c thc intportattcc oI lltrcc gcrtcrrtl

issucs thaf fornt lhc trasis for the suggcstctl rcscarch tlucsliotts. Firsl . rvc

agrectl thut forrn-function prcdictions carr bc nradc antl lhill thcsc prctlictitttls

aic tcstlblc. Sccontl, wc irgrced lhlt gcncitkrgical hypothcscs [(trnr thc hltsis

for contplrltivc analyses ()f organisnral tlcsign antl thirt hypttthcsis lcslirtg

must involve monophylctic cladcs. Third. it is clear lltitt our knowlctlgc of

rhc divcrsity of fceiing systcms in vcrtcbratcs is complctcly inatlcqualc itttd

nrust bc grcally cxpanded in the conlcxt of future rcscilrch progrillllsl

phylogcnciic hypotheses represcnl alr obvious basis for such cotrlpltrisons'
' i. il,r"* structural or functional tlccoupling always intply dccotrpling of

cpigcnctic pallrways or corrclations? We currcntly havc ntl itlcil whcthcr thc

unäuptingoI biomechanical linkage syslcms, for cxantplc. is accontpatlictl

by a rcdiction in the genctic corrclation bclween lhcsc bionlccltitrlicitl

efcnrcnls. This qucslion cottld be addrcsscd by examilring a cladc within

wlrich a nrcchanical .dccoupling in the fectling mechanislll occurs. Usirlg a

plrylogcnetic hypothesis to tlefine the hicrarchical lcvel of thc biontccltnnical

inn.rui,ti,rn, wä-could then conduct quanlitative genctic anirlyscs of the

feeding mechanism by measuring characters in groups of parcnts and

offspring from each of the terminal taxa. T-he patterns of gcnctic correlalion

coui,t th"n be rnappetl onto lhe cladogram lo tesl for congrucnce among

genötic and biomechanical decouplings.

2. What is the devclopmcntal genetic basis of trophic polyrnorphisms? ls

the variation heritablei Several vertebrate species show consitlerable

polymorphisminthetrophicapparatusandprovideanexcitingopportunity
io .tu.ty' intcgration in ieeding systems unencumberctl by thc tlifliculties

inhereni in interspecific comparisons. Breeding programs, quantitative

generic analyses, and feeding performance testing of polymorphic spccics

initt oiC in unclerstanding the origin of diversity in complcx structural syslclns'

3. l-low d<l structural, functional, and genetic interacti'ns in complex

systems change during ontogeny? Several vertebrate clades offer cxccllcnt

test cases. In teleost istres un.l amphibians, functional. morphological, and

scaling analyses of critical life history stages will clarify ontogcnctic changcs

in inicgrarion of rhe feeding system. ln atldition. thc tinring of thc

developilent of functional conrplcxes in tlre skull could bc stutlicd itt lincitgcs

wirh tlifferirrg life history slratcgies (c.g., ovipilrous or vivipilrous)' Unlcss

much nr'rc analysis of induclive syslcms antl of ftlnctional nntl birlnlcch:tnicitl

retluirclrrcnts oi craniogcncsis in all clatlcs is accontplislrctl, wc will 5c
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bctwccn allcrntions in trophic tlesign and subsequcnt spcciation rvithilt ir

claclc?
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