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Abstract

The link between ontogeny and evolution recently s hecome the focus of
increasing attention by biologists from various fields. My .+.-s explores the
conceptual basis of this conneciion and provides an empirical case study. First,
I review the methods of multivariate allometry and the relationship between
heterochrony and allometry. Allometry deals only with morphological traits,
whereas the dimension of time is essential for studies of heterochrony—1I
demonstrate that size cannot be taken as a substitute. I compare the differcnt
analytical frameworks of heterochrony, and emphasize that the differences
between them can lead to contradictory interpretations about the same data. 1
apply these methods in a study of the water strider genus Limnoporus (Insecta:
Heteroptera: Gerridae). Comparisons among the six species of this genus
reveals ample flexibility for independent evolution of growth in size and of the
durations of ontogenetic stages. A longitudinal study of growth, using a newly
developed multivariate method, shows that this evolutionary flexibility
corresponds to intraspecific variation in Limnoporus canaliculatus. The results
of these analyses underscore the difference between incremental and
cumulative analyses of growth. Life history is the interface betwecn an
organism’s ontogeny and its environment; with a large field study in the water
strider Gerris buenoi, 1 show that size and developmental time are negatively
correlated, not positively, and that female size is unrelated to reproductive
performance. These results contradict the prevailing paradigm in life history
evolution, but are consistent with the flexibility found in intra- and

interspecific variation in Limnoporus.



Acknowledgments

I thank John Spence for all his friendship and support. His incessant
enthusiasm for our favorite critters and for trying to understand their lives, and
his trust and encouragement provided the conditions for me to elvolve—in
saltational mode—throughout this part of my ontogeny. Numerous trips to the
field and many hours of discussions, in the pond or at the watering hole, made
this thesis project feel like pure fun, not work.

The empirical part of this study would not have been possible without the
help of many others. I thank Rosalind Barrington Leigh, Nora Berg, Sandy
Donald, Shawn Francis, Allen Meyer, and Stacey Rasmussen for invaluable
assistance in the field and in the laboratory. Mac Mclntyre invented a cheap
and effective “pond fart deflection device,” which eliminated one of the main
perils from the lives of little water striders in my field enclosures. Rosalind

Barrington Leigh generously allowed me to use the data for Table 7-2 from a
project that is mainly hers.

I owe much of my statistical knowledge to the collaboration with Bernard
Flury; he and Beat Neuenschwander developed the model of CPCs for
dependent random vectors that is central to chapters 5 and 6, and gave advice
on its application. I am very grateful to them.

As members of my supervisory committee, Bruce Heming and Robert
Hardin generously provided helpful advice for my project. I thank them and
Nils Mgller Andersen, Goran Arnqvist, George Ball, Michel Baylac, Bettina
Behrens, Fred Bookstein, Brian Chatterton, Marco Corti, Bernard Flury, Laurie
Godfrey, Andy Keddie, Carlo Largiader, Mittu Loertscher, Simon Leather,
Les Marcus, Mike McKinney, Jari Niemel4, Rich Palmer, Locke Rowe, Brian
Shea, Curt Strobeck, Kari Vepsildinen, Miriam Zelditch, Manfred
Zimmermann, various participants of the 1993 NATO A%l on “Advances in
Morphometrics” and of the Systematics and Evolution discussion group at the
University of Alberta, and several anonymous reviewers for various journais
for stimulating discussions about my research and for constructive comments
on earlier versions of chapters in this thesis.

Financial support for my research was provided by a University of Alberta
Ph.D. Scholarship, an Izaak Walton Killam Scholarship, an Andrew Stewart
Memorial Graduate Prize to the author, and by grants from the Natural
Sciences and Engineering Research Council of Canada to John Spence. Travel
support came from NATO and a Mary Louise Imrie Graduate Award (Faculty
of Graduate Studies and Research, and the Vice-President [Research] of the
University of Alberta).



Table of Contents

1. Introduction

................................................................................................. 1
BacKEround .....cuuuiirireiiieeecr et 1
The Study OrganiSmIS ......coooiimiieireree e e reenseeee e 2
37 110] 113 L3O U SO U SO TP PP PP VPP 4
) 2355 (=) 054 11011 SO SO RPUUOROPPPPPTPN h}
2. Multivariate Allometry..... neesesosssssasssssssssassnnsesananee 9
INTOAUCHON .. ceeeieeeciiiceetieneeiertntises  sensnssseseenrrssnsassasecsessinmsssssssssnees 9
LevelS Of ANOMETY c.ceeeeivreieiiimiicmmmineererrtiiseremsssassrossssessssesssncsscsssenaes 10
Frincipal Components and AllOmMEIry .......cccciivveiireennciivinnnnenncinnne 14
Analyses Of Multiple GIOUPS .......c.coeemeercieeiuiiesenennneinnite et cennseenes 19
Example: Geographic Variation.........ooueeieeeniiiiiniicciinincenniann. 24
Alternative Approaches in AIOMETY ....coccviriiirieiienncniiiciine 29
REFCICIICES «uvuereeeeeereerereereereereriecruesresasssessnsssssssssisnsasmsnenasssnssssossrecosssnanes 33
F-N0 0123 1 1o b SO U U EIUPPPOIOPPPIP PP P PRPR YRR 40
4. Heterochrony and Allometry: the Analysis of Evolutionary
Change in Ontogeny ceesusssscssssssssssssassesasassassnsasans 41
| £317 (0 7e 11103 315 + WO UUUEURI RO PPPPPTOYPI PP 41
Concepts Of HEteroChrony ........eeeeeceeiiresenncnciiiiniiinceneeineeneiecene 43
Paedomorphosis and Peramorphosis.........cccoeeeivviiiiiniinnieennn. 43
The CIock MOdel .....coveiiiiiiiiiiiiiireeececcese s sssnneneee 46
The Formalism Based on Growth Functions ...t 49
Conflicts Between Different Frameworks .........cocooeeieiieiniien 56
An Example: Human Heterochrony ..., 57
Formalisms Based on Developmental Processes .........oooeeee. 61
Case Studies on the Developmental Basis of
HeteroChrony ... veiiiimnirceneeecinnenens 64
Measures Of TIME ..ccvv i ceier e tree e eeerririres e seecesceaeeesarannnsaas 67
Intrinsic and eXtrinsic HMe.......ccocveummriemmiiimmriennieenines 68
Size as Time: “Allometric Heterochrony™ ........cccecoeiviieecee 70
ALIOIMELIY .oveeiiveeeeecesinercrernnsisssaesssssenssnsessssseseertsssinsesossaresssassessantesess 73
Size, Shape, and Allometry: Two Schools of Thought........... 74
The Huxley—Jolicoeur SChool .......cccccoevveiiiiiiiiiniiiinnnn. 74
The Gould—-Mosimann School ........coiiiiiiiiiiiinnniann. 76
Evolution of Ontogenctic trajeCloriCs ... . ummuieerieeciinnnnnencaens ... 18
Static, Ontogenetic, and Evolutionary Allometry ..., 80
CONCIUSIONS ..c.vnvivinnnrnnarerrreeeeceaeessesscocssrnntnsasssesssaesaassnsssrnttnssammassesaanens 82
| S (S (=) ¢ 16 - OO UT PP PP TIPSR 83
4. Heterochrony and Allometry in the Water Strider Genus
Limnoporus cecssserssassesseserensersrasane — L1
INITOAUCHION ceeeeeeeieiieirreeeeieeseeeescenenrstnnaesratnntesesseaessssssataraeraanssnnansssans 95
Heterochrony and AHOMELTY .....eeeeeiieeniennnenncieniiaieininninniiennenseens 96
Materials and Methods.... ..o vveeiiiiiririiimenreenencir et 98
Study OrganiSmS ........cviemereieeiiiiiceriiniirtetnainstaesenee e ssaaieees 98
Data ........- U OPOPTPSRIIPPRRPRP NPT 98
Statistical SnalySiS .ooereecreeecrrerrnirierireerssisesitessnte i seanas 100
RESULIS ceeuneiiieeiiieeenreeererernnneesroasssessssensarrsssanmmnssssssssssoststossnntasninassses 103
Directions of Ontogenetic TrajeCtories .......cccoieinnnneannes 103
Ontogenetic Scaling and Lateral Transposition .........c......... 104

S1ZE INCTEIMENLS ..nceneeeeieeeresennceseresaseessasnsronsasssssasassarsssnasansssass 106



| £ (1753 00161 115011 N URUR OO RO POPRPPPRP 107

DISCUSSION «oeeevereeivireerieeerieeseersenteecnteorarssnsnsosssssammasmsssssannssssnsaneosasassscs 110
AlOMEITY iiiiiiiiiiiiriiieceei et s e e 111
| 3 (2173 10101 1146) 11 R S0U0UUR U UU U PPPRPOTOTIRPPPPPRI 113
CONCIUSIONS «eevvennrnrrenrimeneneeesrinsiesasssssssnstienrersssssassrassnsesesmassassssssasenss 115
REICIEIICES e veeeeeeereereeeereeersssesoasnsoserersomeorastiosnsosssmessssseresssosessasasssosse 116
5. Ontogeny and Individual Variation: Analysis of Patterned
Covariance Matrices with Common Principal Components .................. 119
INITOQUCHON c..veeeevreeierenreeeerecnntereaessnasessecsrsssenssresesesssssnasssasssannsanseeses 119
Statistical MOAEIS ......comvereieereecieiicereecoieereeeerecrarereeenenesnrreaeeesrassannes 120
One-Group Principal Components and Common
Principal Components for Independent Groups.................... 121
Longitudinal Data and Patterned Covariance Matrices ........ 122
Common Principal Components for Dependent Random
VECHIOTS evvureeireennneceeeernssemsnsssoosrossecsrsssenssssssssnssssnassnssasasssonsocses 124
Example: Growth in Water Striders......coccceveeeveiiniiniininninanenienn. 126
DALA «.oeeeeeeeceeerececiceereeraceeescssscscrnsssesrs s se e s s s s s e s s s as st eean s enes 126
Statistical Analysis and Results ........cmemmiiieciiiiiniininininn. 127
DISCUSSION .cveeeeeenreeeeericcrensensensnssnseessssssosssasssansersnsmsesessassarcusasssesosennas 133
RETFEIEICES ....eueereeieeereeaaeeeasssesrsssssssssssssnsteesnssmssnsensssssastaonssosssmssssssnsnes 135
APPENAIX «oveeeeeeianciriiiiesiireiieeesieeeseee st resee s esnacaesseaes st s e sa s saee 137
Principal Component Analysis........ccceeeerinuieiiinnncnniiiennnn, 137
Common Principal Components for Independent
GIOUPS ...ccoveeerreernnrrenenerienenns teereeereeraresnrrnesnasnnssseersiisasssnrrrrares 138
Common Principal Components for Dependent Random
VECHOLS euureeerraeerrennnresseraseecsssamsssassnmssenisosnssnsssssnssassiansssssassssss 138
Number of Parameters ...ccoeeveveeeeiiinierniseriememieninneeiencneneacens 138
Estimation Of CPCS....ccoceiierrireieirecnicrtiiiiressrsensssessceassonccocs 139
6. Individual Variation of Ontogenies: A Longitudinal Study of
Growth and Timing .......cccceceeeene. ceneeeuensestsstetssesisssasasneorenssssesesiasersssaras 140
INUTOAUCHION ..ceeeeirieenircereeecsrreeeseeceaeessecssssessesresssssssssasessssnsassassseocascsanne 140
Materials and Methods.......cccccvmmuirininiiiniieniceree s ceceeennne 142
Laboratory Culture and Measuréments. ......cccoeeeeececneneiicnnnns 142
Statistical ANALYSES ccccoceeemeirriiiiirnineienriineccnrteeaneeeeesteecnae s 143
RESUILS . eeteeeieieerereeteereerreeersteacrte e eesess s sssssssssssesssnsssessassssosesasssncsosssasas 145
Static Variation: Common Principal Components................ 145
Relations between Static and Ontogenetic Allometry .......... 148
Individual Variation in Growth........ccooceiiemniiniicniinianneneee. 148
INSLAr DUTALIONS ....vveeeeeceeecreesereerieiennressrerseaesnsasesesssnssononsene 154
DISCUSSION . .cereeireeeeriereresencsossnsieeiaceesrsesesssssssrsarnnssnssessssssssorsssssscrensons 156
Patterns of Covariation among Morphometric Variables ..... 157
Phenotypic Variation and Constraints in Growth Curves..... 159
Regulation Of GTOWtN......cuuuiiieentiecereeeenicn e 161
Variability in Timing of MOItS.......ieerrreiiiiiciiiiinnnanes 162
Possible Physiological Mechanisms .....cc.ccoveeeeceiiiiiiicinnennne. 163
CONCIUSIONS ....oueeiereireeriererteeenec sesvsrosscssssssiesseessasnsssssssssssssssssanasenases 164
Literature Cited .......ooveioiccirreirecietienesenintenteertnirsernssseeessunsanaeesecncanes 165
7. On the Role of Body Size for Life History Evolution.........ccccceueeccencenee 170
311 (016 1Tl 410+ O OO OPPPPUURURROPIPPI 170
Material and Methods ...co.uueiiriririiiiiiriiieetiecccreciecrcencetcaeanaees 171

Study OrganiSms ......ccccceeeeeerrremunerrineeiicrsisssssesenerctsssmneesmoesens 171



Study Site and Rearing Experiments .......ccooievoiviininiinnnnnn 171
Breeding Design and Measures of Female Reproduction..... 173

Estimates of Heritabilities and Genetic Correlations............. 174

R SUILS ottt et te e tte e eeereatsaeebssaetnnsnsnsennnasneansnsnsennsnns 174
Development Time and Final Size ... 174

Female Size and Reproduction ..........cccvvveeeniviiiniiiiencennnnen 179

DISCUSSION «eeeieeetcieeeecrnrereeeeereeirreeserrtsesessnsssenssseremsesessessesasssansseesnns 183
REFETEINCES . cuueeeenreeieenreerrriaeerenniaaseanensesarsansaassnnsannrsnsennasassnassennseasenns 189

8. Synthesis and Outlook ceeene .. 194
) S0 (=) =) 1 Lo o SN 196



List of Tables

Chapter 2, Appendix. Morphometric data for the example in the

Table 3-1. Comparison of the terminology for heterochrony
proposed by Raff and Wray (1989) with the modified formalism

of Alberch et al. (1979). cecueiveriiiiiiiiiiriinccricenesinieeerereessirssssseessesssssnaesecnecnase 62
Table 4-1. Ontogenetic allometry of both sexes of the six

Limnoporus SPECIES. .....uueoeeerinireeeenrornienennnnreeenaeeessanteneantssescse s snanssnnsnns 102
Table 4-2. Estimates of the first common principal component

(CPC1) and bootstrapped standard errors. ......ocoooeovveieiiomiiiiieicenennneieneennen, 104
Table 4-3. Mean instar durations of the six Limnoporus species.................... 109
Table 5-1. Patterns of individual variation in water striders, analyzed

by separate PCAS in €ach inStar. .......oooieoiiiiiiiieieccicinniceninn 128
Table 5-2. Joint pattern of variation in all six instars of the water

SUHACT QALA. .eveevereeeeeeeeenreicciioneenrietriiieiisrseeisnsseesnsnsssassasnssasssvascsssssesesassancnss 129
Table 5-3. Percentages of total within-instar variance taken up by

each CPC of the water strider data. ......cooeeereeirrenemriniiieinieieensecencinieneneane 131
Table 6-1. Common principal component coefficients and their

bootstrap standard EITOTS. .......cceverriieericieesersnrreescreeneseenactesesesssaaneeeees 146
Table 6-2. Percentages of total variance for which the CPCs account

within each instar, and their bootstrap standard €ITOrS. ........ccccceeeevevceennn. 147
Table 7-1. Correlations between development time and adult size. .............. 176
Table 7-2. Effect of food limitation and competition on correlations

between development time and adult S1Ze. .......ooeieevrivriiinieenieeniennene 177
Tabie 7-3. Correlations between female size and reproduction. .........ccccceeeeee 180

Table 7-4. Influence of food levels on correlations between female
size and reprodUCUON. ...cciiiiiiiiiiiiiiinicnieenee s esnesesssecsssnenenenaes 183



List of Figures

Fig. 2-1. The three levels of allOMEIrY. ..ocooiimeiiiieiiiiee e 11
Fig. 2-2. Types of data for evolutionary allomeuwry. .......ccovivemeiieiininininnnne. 12
Fig. 2-3. Influence of the correlation between characters. ..........cceveeiieennnenae. 13
Fig. 2-4. Principal component analysis. .......c.ccoemeieeieniiicniinenneeenineeieeenne 15
Fig. 2-5. Three levels of similarity between covariuance structures. .............. 20
Fig. 2-6. Burnaby’s procedure in two dimensions. ........cc.ccccveiiemenieniennnnen 22
Fig. 2-7. Geographic variation in the water strider Gerris costae. .................. 28
Fig. 2-8. Path models in allometry. ... 30
Fig. 3-1. The relationship between allometric plots and growth

CUTVES. ereveeeeeernraeeeeeraneessesseesermssssessesossassassssesssssssssssessssnsasnsnnrensasnssassnssonnss 42
Fig. 3-2. The clock model of Gould (1977). ... 47
Fig. 3-3. The formalism of Alberch et al. (1979).......ccoviieeeviiicincnnienceicnnne 51
Fig. 3-4. Effects of pairwise combinations of heterochronic pro-

CESSES. wevrrrerrenrrerreessessessesssessaestossssstonsossessesossersessssesstssseessssasssesssnersssesanssanss 3
Fig. 3-5. Comparison of growth dynamics in two Species. ........ccceeceiencennen . 54
Fig. 3-6. Heterochronic changes and their effects on allometric plots

of a trait measurement versus overall S1Ze. .........oiiiiiiiine 72
Fig. 3-7. Evolutionary changes to allometric growth trajectories. ........oeeeeee. 79
Fig. 4-1. Hypothesized phylogeny of the genus Limnoporus

according to Andersen and Spence (1992). .vieiviniiinniic 99
Fig. 4-2. Ordination of multivariate allometric paticrns by principal

COMPONEILS. ceoreerirreessrerssieesrineessresenessssesssasosssneesnassses ereetereaeaeeeseneeeaaas 103
Fig. 4-3. Morphometric variation due to lateral transposition of

ONUOZENEUC AJECTOTIES. ..oovrurrinieiiiirninrrrniiteesiraerenatenensee st e eessienensannsaes 105
Fig. 4-4. Morphometric variation due to non-allometric growth. ............... 106
Fig. 4-5. Size iNCTEMENLS. .coeiiiiiiieiitiirnre st se s st e s 107
Fig. 4-6. Size increments graphed against instar durations. ............ccccoveeeee. 108
Figure 4-7. Relationships between the multivariate size measure,

age, ANA INSIATS. ...cooriiviiiriieriinitierteeairetreesnte s ettt sttt e bt as 110
Fig. 4-8. Principal components and lateral transposition of growth

ITAJECLOTIES. .eeevrreumerrerrcenseiesinertnesbesnesstesssaasmeesseessttssnsssssneserassesnss s anesnanas 112
Fig. 5-1. Principal component analys:s of a single group. ... 121
Fig. 5-2. The structure of longitudinal data. .......cccccceeiivnnieniniiincnniiinnne, 123
Fig. 5-3. The model of common principal components for dependent

FANGOIN VECIOTS. ..cceierruueenneeeneeeceesseressassssssssresssssressmssssrmssscesansseteisnmsssiesareen 124
Fig. 5-4. Rearrangement of the patterned covariance matrix after

CPC transfOrmation. .........cceeeeveeereiiiiiuienmeieresiiresremieesssseccsetesereesisesisnns 125

Fig. 5-5. Covariance matrix for stage-specific measurements in
females of the water strider Limnoporus canaliculdtus. ...........cc.uooeenee. 127



Fig. 5-6. Covariance matrix after transformation to CPCs within

CACH INISIAT. .eevieivirrererrrarnererecssunsesesisossentaseiessssssiosseiressisnsssnassssnsnsssesssenssssens 130
Fig. 5-7. Covariance matrix arranged by CPCS. ......ccovmrniniiiinniiiicnnaenn. 132
Fig. 6-1. Comparison of static and ontogenetic allometry. ........ccccceeevvenereeneee 148
Fig. 6-2. Variation and constraint in instar-specific Size. .......ccccenviienianneene 149
Fig. 6-3. Relations between growth increments of individual water

striders in different iNSLATS. ......ccooivvrivirriirrrnennrrinnereerie st rneireerceasssoss 150
Fig. 6-4. Patterns of variation in size inCrements. ......c..ccccoeeeeenniienieennne. ...151
Fig. 6-5. Relations between relative size in an instar and the size

increment in the following MOIL. ..o 153
Fig. 6-6. Relations between the durations of different instars. ..........ccccccev.ee 155
Fig. 6-7. Patterns of variation in instar durations. .........cccccecieieiininionsiennns 156
Fig. 6-8. Patterns of variation in cumulative development time. ..........cc.c..... 157
Fig. 6-9. Relations between instar durations and size increments in

the folIoWING MOIL. ..cciiiriiiiiiniiiiinneeiiiseeeinieanes st eecesctenesesstssreseasssasssnnanes 158
Fig. 7-1. Relation between development time and final size. ........cccooevvennee. 175
Fig. 7-2. Relation between female size and measures of reproductive

OULPUL.  creieeererncecesteesieesisesnessneessresssessssossaessasasessses sosemtestossssnsssnntsensnsesssans 178
Fig. 7-3. Relation between female size and reproductive life span. .............. 181
Fig. 7-4. Relation between female size and measures of egg size and

(o 11T:) 110 U OTEU OO PPRIPRPOFTPPPTP TP SIS SR F PP RPN 182
Fig. 7-5. Size-triggered molting as an explanauon for the negative

correlation between development time and final size. ....ccccoeiveeeriicenenan. 185

Fig. 7-6. Relationships among life history traits in conventional
models and an alternative scenario for Gerris buenoi. .........ccceeeeeeceeenene. 188



1. Introduction

1. Introduction

BACKGROUND

The logical connection of individual development to the diversity of species
has attracted the interest of researchers since antiguity, even before the idea of
evolution gained widespread acceptance (sec reviews by Gould 1977; Hall
1992). Yet Charles Darwin's theory of evolution was essential to suggest how
this link might have originated, and to initiatc widespread research activity.

Early on, scientists intcrested in evolution discovered the “threefold paral-
lelism” of the diversity of extant species, the progression of individual devel-
opment, and of geological time as revealed by the fossil record. Darwin's the-
ory immediately suggested a link between diversity and geological time, al-
though the precise nature and scale of ““deep time™ became known only grad-
ually (Gould 1987). The most comprehensive theory that madec use of this con-
nection was Ernst Haeckel’s theory of recapitulation (see Gould 1977). The
study of ontogeny, Haeckel’s term for individual development, was purely de-
scriptive at first, and it was mainly a tool for reconstructing phylogenetic his-
tory, based on the assumption of recapitulation. The connection between de-
velopment and evolution remained unclear because of the lack of information
regarding both development and its genetic basis.

The study of ontogenetic mechanisms originated as a rescarch program
completely separate from any evolutionary considerations. This scparation of
the new field of experimental and process-oriented developmental biology
(Roux's Entwicklungsmechanik, i.e., “developmental mechanics™) was empha-
sized in deliberate opposition to the theory of recapitulation, then the gencerally
accepted paradigm, which was becoming untenable in the light of results from
embryology and phylogenetic information derived from comparative morphol-
ogy (of adult forms). For almost a century, the ficlds of evolutionary and de-
velopmental biology remained separate, and only few researchers crossed the
disciplinary borderlines.

Evolutionary biologists have dealt with growth mainly through the study of
allometry (Huxley 1932; Zuckerman et al. 1950; Cock 1966; Gould 1966).
This work generally described patterns, but was not much concerned with the
processes from which they originated. During this time, the development of
multivariate statistics resuited in new methods for the measurement of the size
and shape of organisms (Jolicoeur and Mosimann 1960; Jolicoeur 1963; Burn-
aby 1966; Hopkins 1966; Mosimann 1970; Sprent 1972). Nevertheless, these
developments had little impact on the field, because the new methods were
applied only by a relatively small number of biologists.

In the past two decades, however, the connection between development and
evolution has been the focus of rapidly increasing interest from both develop-
mental and evolutionary biologists. The most influential contribution was
Stephen Jay Gould's book Onrogeny and Phylogeny (1977), which reviewed
the history of this field and brought the idea of heterochrony to the attention of
a broad readership. Gould developed his framework of heterochrony mainly
from the work of de Beer (1958). The concept has since been refined and
modified in a number of contributions (Alberch et al. 1979; Shea 1983); these
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recent developments are reviewed in a series of books (McKinney 1988;
McKinney and McNamara 1991; McNamara 1995).

Developmental biologists have also shown a renewed interest in evolution
(e.g., Hall 1992; Raff 1992; Hanken 1993; Akam et al. 1994). Molecular
methods, which increasingly are being employed to study species other than
the classical “model organisms,” have produced a large amount of comparative
data, and the information from DNA sequences provides a link to molecular
systematics. Molecular analyses of development are dealing more and more
with evolution, as the history of particular groups of genes is recognized as es-
sential for understanding developmental mechanisms (various contributions in
Akam et al. 1994).

Developmental biologists have begun again to use the concept of hetero-
chrony, and they have adapted its analytic frameworks to this new context
(Raff and Wray 1989). Interestingly, developmental biologists tend to apply
the term heterochrony strictly as a shift in tive relative timing of developmental
events in the same organism (e.g., Parks et al. 1988, Wray and McClay 1989).
This amounts to a resurrection of Haeckel’s original meaning of the term,
which Gould (1992:165) thought to be “extinct.” The renewed use by these
authors of another Haeckelian term, heterotopy, is an interesting parallel (Wray
and McClay 1989).

Advances in quantitative genetics (e.g., Lande 1979) stimulated new studies
on the genetic variation of ontogenetic traits of laboratory rats and mice, and
the informaticn on developmental processes made it possible to develop mod-
els of development (e.g., Atchley and Rutledge 1980; Cheverud et al. 1983a,b;
Atchley 1984, 1987; Leamy and Cheverud 1984; Riska et al. 1984; Slatkin
19%7; Atchley and Hall 1991). These endeavors were greatly helped by the rise
of a discipline of morphometrics from earlier multivariate studies of organis-
mic form, which has become an increasingly active field of research, as evi-
denced by a growing number of monographs and symposium proceedings
(e.g.. Pimentel 1979; Reyment et al. 1984; Bookstein et al. 1985; Rohlf and
Bookstein 1999; Bookstein 1991; Reyment 1991; Marcus et al. 1993, 1996).

Altogether, the past two decades have witnessed a gradual approaching of
these different disciplines, and a genuine synthesis of developmental and evo-
lutionary biology is emerging (Atkinson 1992; Hall 1992), while at the same
time, a similar process of conceptual integration is underway among the vari-
ous disciplines of morphology (Liem 1991).

This doctoral thesis aims to contribute to this integration of ontogeny and
cvolution. I mostly focus on the macroscopic aspects of growth and form, and I
discuss and use multivariate morphometric methods in an ontogenetic context.

THE STUDY ORGANISMS

Hemimetabolous insects are ideal for the study of ontogeny. They have a
richly structured exoskeleton, many parts of which are firmly sclerotized (legs,
antennae, etc.). Therefore, it provides excellent opportunities for morphometric
measurements. Hemimetabolous insects such as true bugs (Heteroptera) lack
the dramatic kind of metamorphosis of holometabolous insects; it is therefore

possible to identify morphological landmarks on all structures unambiguously
throughout growth.

[\
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Because these insects grow by molting, their ontogeny is divided into sev-
eral discrete steps, which can be casily distinguished. Molts arc almost instan-
taneous compared to the intermolt periods, and therefore allow precise mea-
surement of developmental timing. For instance, in water striders the duration
of molts is in the order of 10 minutes, but the instar duration is at least two
days and often much longer (pers. obs.).

In groups of species that have a constant number of instars, these constitute
homologous developmental stages that can be compared across species. There-
fore, the patterns of static, ontogenetic, and evolutionary variation in morpho-
metric traits all can be identificd and quantified unambiguously (Klingenberg
and Zimmermann 1992a). Instar durations and the morphological characteris-
tics, analyzed in relation to a reconstructed phylogeny of the group, provide an
excellent opportunity to study heterochrony.

Many hemimetabolous insects, like the water striders used in this project,
can be reared individually in the laboratory. Molting makes these insects par-
ticularly valuable subjects for study of growth, because exuviae collected at
each molt preserve a complete record of growth of each individual. It is there-
fore easy to assemblc longitudinal data sets without handling the growing lar-
vae at all, thus minimizing possible artifacts. Collected exuviae can be mea-
sured later, providing the opportunity to make multiple measurements of struc-
tures and to manipulate legs or antennae to align them precisely under the mi-
croscope; moreover, it is possible to use high-intensity lighting that would lcad
to lethal desiccation of larvae. For water striders, individual rearings are cven
possible in field enclosures, under conditions that quite closely match those of
the natural populations (see chapter 7).

Water striders of the family Gerridae are one of the most diverse groups in
the hemipteran infraorder Gerromorpha, the semiaquatic bugs (Andersen 1982;
Spence and Andersen 1994). They inhabit the surface of a varicty of water
bodies, ranging from mountain streams to the open sca (see Andersen
1982:272 ff.). In the temperate zonc of the Northern Hemisphere, the gencra
Gerris Fabricius, Limnoporus Stil, and Aqguarius Schellenberg are widespread
and abundant in many types of aquatic habitats. The phylogeny of these three
genera, which form a monophyletic group, is well established through a scries
of studies by Andersen (1990, 1993) and Andersen and Spence (1992). More-
over, fossils of a Limnoporus species from the Middle Eocene of Smithers,
British Columbia, establish the minimum age of about 50 million years for the
divergence among these genera and ¢ the two principal lincages within
Limnoporus (Andersen et al. 1993).

Al gerrids have five larval instars. These can be casily distinguished, cven
in the field, because there is a substantial size increase from each instar to the
next (e.g., Klingenberg and Zimmermann 1992b), and the instars also differ in
coloration and structure (Zimmermann 1987).

The growth and other aspects of the life history of water striders have been
the subject of many studies (reviewed by Spence and Andersen 1994). Gerrids
are predators and scavengers of insects on the water surface. They overwinter
as adults, and produce one or more generations of offspring in the summer
months (e.g., Spence 1989). The structure of gerrid communities in different
habitats is the result of both active habitat selection by gerrids (Spence 1981)
and interactions among species (Spence 1983).

‘wd
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Larval mortality is high in the wild (Zimmermann et al. 1982; Spence
1986a; Klingenberg and Spence 1996a). Field experiments have shown that
predation is the dominant mortality causc in Gerris buenoi, which is the
species studiced for the ficld component of this thesis (Spence 1986a; Klingen-
berg and Spence 1996a). Important predators include fishing spiders
(Dolomedes; Zimmermann and Spence 1989) and the larvae of damselflies,
dragonflies, and diving beetles (Dytiscidae). Moreover, egg parasitoids can
substantially reduce reproductive success of gerrids (Spence 1986b; Nummelin
ct al. 1988; Henriquez and Spence 1993).

SYNOPSIS

This thesis has two main parts. First, I explore the concepts and methods of
multivariate allometry and of heterochrony (chapters 2 and 3). Then, I apply
and cxtend these methods to investigate the evolution of ontogenies in water
striders (chapters 4-7).

Muliivariate allometry is a branch of morphometrics that is concerned with
the covariation of several metric traits associated with variation in overall size
of organisms. This approach applies Jolicoeur’s (1963) multivariate general-
ization of Huxley’s (1932) equation of simple allometry. This generalization,
using principal component analysis, links the study of growth and biological
variation to the flexible set of exploratory tools offered by multivariate statis-
tics. In chapter 2, I review this methodology and a number of recent extensions
(to be published as Klingenberg 1996). I present an analysis of a small data set
from water striders to provide an example of these methods. Finally, I discuss
the similarities and differences of this approach to other methods in morpho-
mu2Lrics.

Allometry and heterochrony have often been studied and discussed together.
This reflects their close relationship, but as a consequence, the clear differ-
ences between the two concepts have become blurred, which has led to much
confusion in the literature. Therefore, in chapter 3, 1 review the literature of
heterochrony and allometry, emphasizing the differences between these two
concepts and hetween the various methods used in analyses.

As the first section of the empirical part of the thesis chapter 1 present an
application of these methods to study heterochrony and allometry in the water
strider genus Limnoporus Stil (chapter 4, published as Klingenberg and
Spence 1993). This is an interspecific comparison on the background of the
phylogeny of the genus (Andersen and Spence 1992), and therefore focuses on
the macroevolutionary changes of the ontogenies, on a time scale spanning at
least 50 million generations (Andersen et al. 1993).

The microevolutionary processes that underlie these interspecific patterns
are the focus of the remaining three chapters. Chapters 5 and 6 use the data
from a longitudinal study of phenotypic variation in growth within a single
population of Limnoporus canaliculatus (Say) from Morris County, New Jer-
sey. 1 rcared these bugs individually in the laboratory, under controlled condi-
tions. and later measured lengths of leg segments from the exuviae. The anal-
ysis of such multivariate longitudinal data is difficult, and is tractable only
through some simplifying assumptions. The assumption that underlies my
analysis is motivated by observations that different developmental stages often
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have similar patterns of individual variation. This assumption is incorporated
formally in the model of common principal components (CPCs) tor dependent
random vectors by Flury and Neuenscawander (Neuenschwander 1991 Flury
and Neuenschwander 1995). This method is introduced and applicd to the data
from L. canaliculatus in chapter S (aceepted for publication as Klingenberg et
al. 1996). The tfollowing chapter uses the components of morphometric varia-
tion found in this analysis and examines the patterns of covariation among in-
stars, and the connection between morphometric variation and instar durations.
This study identifies constraints on the variability of instar-specific size data,
as almost all the phenotypic variation is concentrated in a single dimension. In
contrast, a similar analysis of growth increments between instars did not reveal
any such constraints. Instar durations are highly variable, but there is a clear
correlation between the durations of different instars, demonstrating an even
stronger degree of constraint than in the morphometric data.

Studies of life history explore the ecological context of the evolution of on-
togenies. Chapter 7 (to be published as Klingenberg and Spence 1996b) reports
on a large ficld study testing the assumptions that underliec models of life his-
tory evolution (Roff 1992; Stcarns 1992). This study, using unusually large
sample sizes in multiply replicated experiments, clearly contradicts two key
assumptions of the current paradigm in life history theory. First, development
time and adult size are negatively, not positively, correlated and therefore indi-
cate variation in overall vigor, rather than the trade-oft assumed by theoretical
models. Second, of several measures of female reproductive performance,
none is correlated with body size, suggesting that the variation in size found
within this population has no consequences for reproductive fitness. Within the
bounds of intrapopulation variation, sizc may thus evolve as a ncutral trait.

The four chapters of the empirical part of this thesis examine ontogencetic
variation at the interspecific and intrapopulation level, and also explore its cco-
logical context. Altogether, they cover many of the theoretical questions dis-
cussed in the theoretical chapters 2 and 3. In chapter 8, 1 provide a brief dis-
cussion of the contribution made in this thesis and an outlook on future work
necessary for a full understanding of the evolution of ontogeny in water strid-
ers.
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2. Multivariate Allometry™

INTRODUCTION

Variation in size of organisms usually is associated with variation in shape,
and most metric characters are highly correlated among one another. These as-
sociations are the subject of allometry (Huxley, 1932; Cock, 1966; Gould,
1966, 1975). Although allometry is often used to examine the consequences of
size for ecological or physiological variables (Giinther, 1975, LaBarbera,
1989; Reiss, 1989), this review deals only with measurements of traits used to
characterize the morphological form of organisms.

Unlike other approaches in morphometrics, which are built on geometric
theory, allometry has a largely empirical basis. Huxley (1932) rcalized that
scatter plots of two trait measurements in growing organisms often closely
follow a curved line, and that this relationship usually becomes linear if both
measurements are transformed o logarithms. From this, he derived his formula
of simple allometry ¥ = bx® or, in log-transformed notation, logy = logh +
odogx, where x and y are trait measurements, and b and o are constants. The

constant o, the slope in log-log plots of x and y, is often called the allometric
coefficient (terminology is not uniform; some authors call b coefficient). The
special case when o =1 is called isometry, and indicates direct proportionality
between x and y. If « > 1, there is positive allometry, whereas for negative al-
lometry, o<1 (Huxley and Teissier, 1936). In humans, for example, the long

bones of the limbs show positive allometric growth relative to overall stature,
and the height of the head negative allometry.

In most morphometric data sets, measurements are positively correlated,
i.e., x and v increase or decrease simultancously. Even if there is negative al-
lometry, « still is positive; negative allometry only implies that the relative
variation in vy is smaller than in x, e.g., if y grows by 10% for every 20%
growth increment in x. If o is negative, however, there is an absolute reduction
in v associated with an increase in x. This case is called enantiometry (Huxley
and Teissier. 1936). Reduction of the absolute size of organs during growth is
a real phenomenon, although it is not found commonly in morphometric stud-
ies. The most striking example is the shrinking of larval structures during
metamophosis, e.g. the gills and tail of anuran tadpoles, but in a subtler way, it
even occurs in cranial growth of primates (Corner and Richtsmeier, 1991).

Huxley's approach is not restricted to pairs of measurements. In many mul-
tivariate data sets, log-log plots of all pairwise combinations of morphometric
variables show approximately linear relationships. Therefore, Huxley’s bivari-
ate allometry can be generalized to multiple dimensions. Moreover, it is not
confined to growth data, as straight-line relationships are also found in log-log
plots of intra- and interspecific variation within one particular ontogenetic

* A version of this chapter has been accepted for publication. C. P. Klingenberg 1996. Pp. 23—
49 in L. F. Marcus, M. Corti, A. Loy, G. Naylor, D. E. Slice (editors), Advances in Morpho-
metrics. Plenum Press, New York.
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stage (most often adults). From this perspective of allometry, some major
questions are: How much variation is there? Are the data points clustered
around a straight line, and if so, how closely? What is the direction of that line
in multidimensional space? Do different groups of organisms share the same
allometric relationship?

The purpose of this chapter is to review concepts and techniques used in
studies of multivariate allometry. First, I introduce the main levels of variation
within and between species, which have been the subject of allometric studies.
Then, 1 present the multivariate generalization of allometry using principal
component analysis and some more recent developments, such as the bootstrap

and techniques dealing with multiple groups. Finally, I briefly contrast some
alternative approaches to allometry.

LEVELS OF ALLOMETRY

Huxley (1932) devised allometry mainly as a tool to study the relative
growth of parts in various organisms. Growth, however, is not the only origin
of variation in overall size and associated variation in shape, because evolu-
tionary changes and individual variation also can generate allometric relations.
These levels or types of allometry have been included in elaborate classifica-
tion schemes (see Cock, 1966; Gould, 1966, 1975). Because of its simplicity, !
prefer the terminology proposed by Cock (1966) who distinguished static, on-
togenetic, and evolutionary allometry (Fig. 2-1). This classification has also
been usced in most empirical comparisons between levels of allometry
(Cheverud, 1982; Leamy and Bradley, 1982; Boag, 1984; Gibson et al., 1984;
Leamy and Atchley, 19844; Shea, 1985; Klingenberg and Zimmermann,
19924).

Static allometry, which is also referred to as size allometry. results from
variation among individuals of the same population and age group
(intraspecific scaling, Gould, 1975). Static allometry is particularly easy to
study in organisms with discrete growth stages, such as insects (Cuzin-Roudy,
1975; Kiingenberg and Zimmermann, 1992a), or in adults of organisms with
determinate growth, such as birds (Boag, 1984; Gibson et al., 1984). These
studies, among others, found that the largest proportion of multivariate varia-
tion is contained in one dimension, and that the model of simple static allome-
try therefore is appropriate. This phenomenon has been termed morphometric
or phenotypic integration (e.g., Leamy and Atchley, 1984b; Zelditch, 1987,
1988: Zelditch and Carmichael, 1989). Although there is an extensive literature
describing static allometry and morphometric integration, relatively little is
known about their developmental basis (but see Cowley and Atchley, 1990;
Atchley and Hall, 1991; Shea, 1992; Paulsen and Nijhout, 1993). In theoretical
models, Riska (1986) explored how developmental processes can affect static
correlations among the traits they produce (see also Cowley and Atchley,
1992). Patterns of static allometry have sometimes been used to deduce under-
lying developmental processes (e.g., Zelditch, 1987; Wheeler, 1991). Such in-
ferences, however, should be substantiated by direct observations.

10
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Ontogeny
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Phylogeny

- .-

static evolutionary

Fig. 2-1. The three levels of allometry. Thi diagram shows three species, each with four differ-
ent ontogenctic stages, which are considered to be homologous among species. Rectangles
enclose the species and stage groups included in an analysis of allometry at cach of the three
levels. Ontogenetic allometry can be separately analyzed for all three specics, evolutionary al-
lometry for each of the four stages, and static allometry for cach of the 12 species and stage
aroups.

Ontogenetic allometry or growth allometry deals with covariation among
characters during growth. Simple allometry occurs if the ratio between the
specific growth rates (percentage increment per time unit) of two different
characters is constant (Huxley, 1932; Reeve and Huxley, 1945; Shea, 1985;
Blackstone, 1987). Theoretical studies showed that various models of growth
as a function of time can result in simple allometry (e.g., Laird, 1965; Laird ct
al., 1968; Katz, 1980). The rul¢ of simple allometry holds often, but not al-
ways, as Huxley (1932) demonstrated with an impressive list of bivariate ex-
amples. Correspondingly, multivariate studics often find that one dimension
contains the largest proportion of the total variation, sometimes more than 99%,
(e.g., Jungers et al., 1988; Solignac et al,, 1990); Strauss, 1990b; Klingenberg
and Zimmermann, 19924). Some studies, however, show clear deviations from
simple allometry in certain structures (Cuzin-Roudy and Laval, 1975; Boag,
1984: Cane, 1993), or subtle curvatures of growth trajectories in the space of
log-transformed characters (Bookstein, 1991: Figs. 4.2.2 10 4.2.4; Klingenberg
and Zimmermann 1992a; Klingenberg and Spence, 1993). Studies of plant
growth showed particularly strong deviations from simple allometry (e.g.
Kampny et al., 1993; McLellan, 1993). Three types of data are used to study
ontogenetic allometry: longitudinal data with measurements of the same indi-
viduals at several developmental stages, cross-scctional data with different

11
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(a) (b)

Fig. 2-2. Types of data for evolutionary allometry. (a) In neontological studies, the data always
are measurements taken on recent species from several lineages in a clade, which are related as
sister groups rather than ancestors and descendants. (b) In paleontological studies, evolutionary
allometry often refers to character covariation among members of a single evolutionary lin-
cage. Because it is difficult to distinguish with certainty whether two fossil species are related
as ancestor and descendant or as sister groups, many of these studies may in fact use designs
that are mixtures of (a) and (b).

specimens in several known stages, and mixed cross-sectional data without in-
formation on ontogenetic stage (Cock, 1966).

Evolutionary allometry reflects covariation among changes in different traits
along the branches of a phylogeny. It is concerned with character covariation
among conlemporaneous species sharing a common ancestor (Fig. 2-2a), or
among fossil members of an evolutionary lineage (Fig. 2-2b). I do not distin-
guish separate levels for analyses using these two types of data (for different
terminology, see Gould, 1966). Evolutionary processes leading to the associa-
tions between trait changes presumably do not differ depending on whether
these changes occur within one lineage successively or in different lineages
giving rise to sister groups. It is important to use specimens in comparable on-
togenctic stages to avoid confounding evolutionary and ontogenetic variation.
This is straightforward in organisms with determinate growth, such as birds or
insects (e.g., Livezey, 1989; Strauss, 1990a; Klingenberg and Zimmermann,
19924), but it is more difficult in organisms with indeterminate growth, where
some studies assume that specimens are “typical” for the respective species
(e.g.. Strauss, 1985). In these studies, among others, the model of simple al-
lometry fits the data fairly well, indicating that evolutionary variation is
“constrained” in its dimensionality (Maynard Smith et al., 1985; Gould, 1989;
Arnold, 1992). Some of this covariation among traits may be determined by
developmental processes, as Riska (1989) showed with a simulation study.

Evolutionary allometry, like all interspecific comparisons, presents some
statistical problems because the species are not independent of one another, but
are parts of a hierarchically structured phylogeny (e.g., Felsenstein, 1985,
Pagel and Harvey, 1988). This interdependence is most evident for species
presumed to be members of a single, unbranched lineage (Fig. 2-2b), but it also
applies to comparisons among terminal taxa in a clade. A possible solution is
the method of phylogenetically independent contrasts (Felsenstein, 1985; Mar-
tins and Garland, 1991; Garland et al., 1992), which analyzes character
changes along the branches in the phylogeny instead of the measurements
(character states) of terminal taxa. Changes are either directly measured, if ac-

1
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Trait 2
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Fig. 2-3. Influence of the correlation between characters on the robustness of evolutionary al-
lometry. For simplicity. 1 assume that the species are members of a single evolutionary lin-
"eage (as in Fig. 2-2b). (a) If the traits are highly correlated, most morphometric variation is in
a single direction. Estimates of evolutionary allometry, the “average™ dircection of evolution-
ary changes, will yicld almost the same result regardless of the phylogenetic relations among
species (i.c.. how the points are connected). (b) If the correlation between traits is low, how-
ever, the “average™ direction of changes depends strongly on the phylogenetic scenario, i.c.,
on how the points are connected. The solid and dashed lines represent two alternative hy-
potheses of ancestor-descendant relationships, which have drastically different directions of
evolutionary changes.

tual ancestor-descendant series of fossils are available, or inferred by indirect
methods such as parsimony or maximum likelihood. This approach requires
knowledge of the phylogeny of the group under consideration, and a multi-
variate theory for reconstructing state vectors of quantitative characters for in-
ternal nodes, which still needs to be developed (for univariate approaches, sce
Maddison and Maddison, 1992). For morphometric data, however, the problem
of phylogenetic dependence may not be as severe as for other data types, be-
cause often most of the variation is in 2 single dimension. These high correla-
tions make estimates of the direction of evolutionary changes relatively robust
against errors in phylogenetic reconstruction (Fig. 2-3).

Further levels of allometry exist in organisms with modular organization,
such as colonial animals and most vascular plants. In addition to the ontogeny
of individual zooids, colonial animals have an additional level of colony-wide
development, which is called astogeny (e.g., Pandolfi, 1988). Buss and Black-
stone (1991) showed that colony growth in a marine hydroid follows well-de-
termined trajectories, and that colonies react to experimental perturbations in
an integrated manner (see also Anstey, 1987). Similarly, the structure of plant
parts changes with the age of the entire plant (hcteroblasty; e.g., McLellan,
1993). Jones (1992, 1993) studied correspondences between the development
of individual leaves and the succession of leaves during whole-plant ontogeny.
New methodological approaches, such as “process morphology” (Sattler, 1992;
Jeune and Sattler, 1992), reflect the morphological flexibility of modular orga-
nization in plants, but are only semi-quantitative and cannot be directly related

13
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to allometry (a similar approach in zoology is the “skeleton space,” Thomas
and Reif, 1993).

The causes of allometric variation at different levels are mutually interre-
lated. Static variation, which is caused by variation in ontogenetic processes
that produce the structures of interest, is the “raw material” upon which natural
selection can act. Response to selection, in turn, generates evolutionary
changes affecting the developmental processes. One way to study these inter-
actions is to compare empirically the patterns of variation between different
levels of allometry. Various such comparisons have been made (Cheverud,
1982; Leamy and Bradley, 1982; Boag, 1984; Gibson et al., 1984; Leamy and
Atchley, 1984a; Shea, 1985; Klingenberg and Zimmermann, 19924). Most of
these studies found that patterns of allometry at different levels were similar
but not equal. It is not possible, however, to make further generalizations of the
results because the studies differ widely in the kinds of data and methods used.
As an alternative to this observational approach, the mechanisms that are the
basis of allometric variation can be investigated by experimental techniques,
e.g., using genetically engineered organisms (Shea et al., 1990) or directly ma-
nipulating the size of eggs or embryos (Sinervo, 1993).

PRINCIPAL COMPONENTS AND ALLOMETRY

Under the model of simple allometry, bivariate plots of pairs of log-trans-
formed morphometric variables are straight lines. If there are three variables,
and all pairwise combinations satisfy this condition, then the data points follow
a line in the three-dimensional space defined by the variables. This argument
can be extended to more than three variables; data points still are arranged
along a straight line under simple allometry (e.g., Teissier, 1955), but this line
now is in the multidin.ensional space defined by all the variables. Therefore,
dimensionality of merphiometric variation is a prime concern of allometry
(c.g., Hopkins, 1966; Spient, 1972). As in bivariate allometry, points may be
scattered around the line, rather than exactly lying on it, and one has to find a
line that “optimally™ fits the scatter of data points (Pearson, 1901). Jolicoeur
(1963) proposed the first principal component, estimated from the covariance
matrix of log-transformed measurements, as a multivariate generalization of
simple allometry.

Many texts of multivariate statistics introduce principal component analysis
(PCA) as a technique for summarizing most of the variation in a multivariate
data set in fewer dimensions (e.g., Pimentel, 1979; Jolliffe, 1986; Flury, 1988;
Flury and Riedwyl, 1988; Johnson and Wichern, 1988; Jackson, 1990; Jobson,
1992). The first principal component (PC1) is the linear combination that ac-
counts for the maximum variance. Geometrically, it corresponds to the direc-
tion of the longest axis through the scatter of data points. Subsequent principal
componcents take up maximal variance, subject to being orthogonal to all pre-
ceding component axes. .

14
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Figure 2-4 shows a contour ellipse of the bivariate distribution of two vari-
ables X, and X, with its centroid (mean vector) at the point labeled 0. For
simplicity, data are centered by subtracting the means of X, and X,. which
shifts the coordinate system to the new axes x, and x,. cach with a sample
mean of zero. Therefore, the x, and x, values themselves are the deviations
from their mean; their sample variances can be calculated as the sum of
squared x, and x, values divided by (n - 1). In figure 2-4, onc data point is la-
beled P, and its projection onto the x; axis is Q. The sum of squared x, values
is the sum of the squared distances between (0 and Q for all data points. By the
same argument, the sum of squared x, values corresponds to the sum of
squared distances between P and Q. According to the Pythagorcan theorem,
the squared distance between O and P is the sum of the squared distances be-
tween 0 and Q and between P and Q. It follows that the sum of the squared dis-
tances of all data points from the sample centroid, divided by (n — 1), is the
sum of the variances of x; and x,, or total variance. Now, consider the same
data set after rotating the coordinate system to the directions of the principal

X

1
[}
'
1
1
!
1

X

1
Fig. 2-4. Principal component analysis. The diagram shows the contour cllipse of a bivariate
distribution with its centroid at the point labeled 0. The centered coordinates x, and x, are de-
rived from the original variables X, and X, by subtracting their mean values. The principal

components ¥, and y, are the directions of maximal and minimal variance, respectively. See
text for details.
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component axes. ¥, and y,. Since the PC1 axis, y,, is defined as the direction
that has maximal variance, the sum of the squared distances between 0 and R,
the projection of P onto the PC1 axis, is maximal. Because the rotation of the
coordinate system does not change the distances between the data points and
the centroid, maximizing the sum of squared distances between 0 and R also
results in minimizing the sum of squared distances between P and R. The sum
of squared distances between P and R, divided by (n — 1), is the part of the to-
tal variance not accounted for by the PC1, i.e., the residual variance. This ar-
gument also holds for more than two dimensions: because the PC1 is the direc-
tion that has maximal variance, all other principal components taken together
have minimal variance. Hence, the PC1 axis can be seen as a leasr-squares fit
of a straight line 1o the scatter of data points in the space of log-transformed,
bivariate or multivariate data. This justifies Jolicoeur’s (1963) multivariate
generalization of allometry (see also Hopkins, 1966).

PCA decomposes a covariance matrix S into eigenvectors and eigenvalues,
so that S = BLB’. The matrix B of eigenvectors is used to transform the origi-
nal data X into a set of new variables Y = XB, the principal components
(PCs). The matrix L is the covariance matrix of the PCs, and as the PCs are
uncorrelated among cach other, all off-diagonal elements of L are zero. The
diagonal elements of L, the eigenvalues, are the variances for which the asso-
ciated cigenvectors account. They are difficult to interpret by themselves, be-
cause they depend on the measurement units and the base of the logarithm
used to ransform the data. However, the proportion of the total variance for
which the PC1 accounts is important to assess how well the model of simple
allometry fits the data.

PCA can be interpreted geometrically as a rotation of the coordinate system.
The PC axes are aligned with the directions of the axes of the multidimen-
sional “scatter ellipsoid™ (in two dimensions, this is an ellipse, Fig. 2-4). The
PC coefficients of the original variables can be interpreted as ‘‘direction
cosines,” i.e., the cosine of the angle between the PC axis and the coordinate
axis of the respective variable (o for PC1 and x, in Fig. 2-4). PC axes are mu-
ually orthogonal, and the vectors of PC coefticients are usually normalized to
have unit length, i.e., so that the squares of the coefficients sum up to unity
(b’b = 1, where b is an eigenvector). As a result, the coefficient values depend
on the number of variables. Nevertheless, translating PC coefficients to bi-
variate allometric coefficients (Huxley's o) is quite easy (Jolicoeur, 1963;
Shea, 1985). The ratio of PC1 coefficients for two variables corresponds to
their bivariate allometric coefficient. For example, in a study of two species of
voles, Airoldi and Flury (1988) found that the PC1 coefficients of skull length,
width, and height were approximately 2/3, 2/3, and 1/3, respectively. Thus, in
allometric plots using skull length as the independent variable, skull width
would be isometric with a slope of about 1, whereas skull height, with a slope
of about 0.5, would show strong negative allometry. With p variables, isometry
in all pairwise combinations of variables results in a PC1 in which all coeffi-

cients are equal, and have the value 1/fp. Isometry can be assessed with An-
derson's (1963) test. which is based on normal theory (Pimentel, 1979: 70,

Flury. 1988: 34), or by comparison with jackknifed or bootstrapped confidence
intervals (see below; e.g., Diaconis and Efron, 1983; Gibson et al., 1984; Klin-
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genberg and Zimmermann, 19924). Multiplying PC1 coelficients by \/};
yields values that can be interpreted as bivariate allometric cocetlicients for
each of the variables against a measure of “overall size™ (a weighted geometric
mean of all variables). These allometric coefficicnts or the principal compo-
nent coefficients can be graphed as Huxley’s (1932) growth gradients (e.g.,
Boitard et al., 1982; Solignac ct al., 1990), or they can be displayed on dia-
grams of the measurements, such as the truss network (Strauss and Bookstein,
1982; Bookstein et al., 1985). Another type of graphical display for PC coeffi-
cients is the biplot (e.g., Marcus, 1992).

Empirical comparisons of bivariate and multivariate approaches found that
both estimated corresponding patterns of allometry (Davies and Brown, 1972
Shea, 1985). Jungers and German (1981) criticized the multivariate approach
because allometric coefficients derived from principal components of skeletal
measurements did not match those from bivariate regressions on a “*known™
variable for size that was not included in the analysis, either body weight or
length. Hills (1982) showed that these discrepancies disappear il one considers
allometry between the traits and the size measure that is taken as a reference,
e.g., between “skeletal size™ and body weight.

It is possible to perform PCA using a correlation matrix instead of a covari-
ance matrix (see also Pimentel, 1979; Bookstein et al., 1985; Johnson and
Wichern, 1988). This corresponds to an analysis of standardized variables. Ge-
ometrically, it means that all the variables are adjusted to have standard devia-
tions of 1 by streiching or shrinking their coordinate axes before the analysis.
This maneuver can be used to remove scaling effects if variables are measured
in different units. Standardizing may also be useful if one is only interested in
ordination of specimens, as in some applications in systematics, where giving
equal weight to all variables may be more important than scaling. For allome-
try, however, scaling is essential. After removing scale by standardization onc
still can determine whether the data points lie along a straight line, but it is im-
possible to estimate allometric coefficients, because standardization changes
the direction of the allometric axis. A simple hypothetical example, con-
structed from purely allometric variation without any residual scatter, can
show this. Let the multivariate allometric coefficients (eigenvector) be 2/3, 2/3,
and 1/3; these coefficients correspond to strong deviations from isometry.
Then, the covariance matrix is a multiple of

4 4 2 I 11
4 4 21}and the correlation matrixis{1 1 1]
2 21 1 1 1

The PC1 of this correlation matrix has coefficients that all take the valuc
l/«/'.—?_, and thus falsely indicate “isometry”, with no residual variation at all
(see also Johnson and Wichern, 1988: 350). Likewise, in allometric interpreta-
tions of PCAs using correlation matrices of real data (e.g., Teissier, 1955;
Somers, 1986), all “‘non-isometric” variation that may be inferred from PCI
coefficients merely results from the residual scatter about an allometric rela-
tionship, but does not reflect allometry. Therefore, it is crucial 1o use the co-
variance matrix for allometry. Routines for PCA in many statistical software
packages use the correlation matrix as the default option. Users of these pro-
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grams should make sure to specify the option for PCA using the covariance
matrix.

A related point is the transformation of data to logarithms. There are numer-
ous practical and theoretical reasons why it is often useful to transform data to
logarithms (Pimentel, 1979; Reyment et al., 1984; Bookstein et al., 1985;
Bookstein, 1991; Reyment, 1991). For ontogenetic allometry, Huxley (1932)
justified the use power functions, and therefore also of logarithms, by his rule
of constant ratios among specific growth rates of different organs (see also
Reeve and Huxley, 1945; Giinther, 1975; Katz, 1980; Bookstein et al., 1985;
Shea, 1985: Blackstone, 1987). Such a theoretical justification, however, is
more difficult to find for static and evolutionary allometry. The multiplicative
nature of growth processes also may be important for these levels, because all
variation in morphological structures is due to variation in the developmental
processes that generate them. Mosimann (1970) and Mosimann and James
(1979) pointed out statistical advantages of the log-normal distribution (but see
Smith, 1993, for biases in predicted values from allometric regression). In
practice, log-transformation often renders relations among variables more lin-
ear and also can make variances more homogeneous. Finally, log-transformed
data are independent of measurement units (e.g., millimeters or the units of an
eyepiece micrometer), but retain the information about scale (e.g., lengths vs.
surfaces). It does not matter which base for the logarithms is chosen, as long as
the same base is used consistently throughout a given analysis.

Results of PCAs are estimates of allometric patterns in the populations from
which the study samples are drawn. To assess how reliable these estimates are,
standard errors or confidence intervals should be calculated. Formulas for these
statistics (¢.g., Flury and Riedwyl, 1988) are based on the assumption of multi-
variate normal distribution and on large sample sizes. In most allometric stud-
ies, however, the distribution of data cannot be assumed to be multivariate
normal. In ontogenetic allometry, for example, the distribution of measure-
ments depends on the age composition in the sample, as well as on the growth
dynamics of the structures investigated. In these cases, the bootstrap and jack-
knife procedures are helpful (an excellent introduction is Efron and Tibshirani,
1993; other useful references are Diaconis and Efron, 1983; Efron and Gong,
1983; Efron and Tibshirani, 1986; Manly, 1991). The bootstrap is a computer-
intensive procedure that substitutes repeated sampling from the sample distri-
bution for a theoretical model of that distribution. The only assumption that
must be made is that the specimens have been sampled randomly. Applications
of the bootstrap to PCA include Diaconis and Efron (1983), Stauffer et al.
(1985), Daudin et al. (1988), and Efron and Tibshirani (1993). In multivariate
allometry, Gibson et al. (1984) and McGillivray (1985) used the jackknife,
whereas Klingenberg and Froese (1991) and Klingenberg and Zimmermann
(19924, b) used the bootstrap. Marcus (1990) compared the jackknife and the
bootstrap with each other and with results from large-sample theory.

The fundamental idea of the bootstrap, and the procedures to apply it, fol-
low immediately from the definitions of standard errors and confidence inter-

vals for a statistic € (e.g., mean value or PC coefficients) estimated from a

sample of n specimens. Both standard errors and confidence intervals provide
answers to the same question: If the same study were repeated numerous times,

estimating 6 from a sample with n specimens each time, how variable would
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2. Multivariate Allometry

the estimates be? The standard error of a statistic is the standard deviation of
these estimates, and a confidence interval is the interval containing a certain
percentage of ihe estimates (¢.g.. the 95% confidence interval is delimited by
the 2.5% and 97.5% quantiles). This is exactly what the bootstrap does, assum-
ing that the sample distribution is representative of the totality of organisms
about which statements are made (c.g.. all members of a local population, all
females of a species). Repeatedly, a “bootstrap sample™ of n specimens is
drawn randomly, with replacement, from the original sample, and 6 is esti-
mated for each bootstrap sample. The standard deviation of these estimates is
the hootstrapped standard error, and confidence intervals can be derived from
the distribution of bootstrap estimates (for details, sec Efron and Tibshirani,
1993). About 100 bootstrap samples usually are sufficient to establish standard
errors, but at least about 1000 are necessary for confidence intervals (Efron and
Tibshirani, 1993). The bootstrap can even be used for hypothesis tests, by gen-
erating bootstrap replicates of a test statistic that under a particular null hy-
pothesis, and then comparing the resulting distribution to the test statistic cal-
culated for the observed data (Efron and Tibshirani, 1993; for a related topic,
permutation tests, see also Manly, 1991). An advantage of the bootstrap is that
it can be adapted to the particular design of a study. For instance, if there are
discrete growth stages that can be identified unambiguously (scc Fig. 2-1),
there may be no sampling error in the stage composition of the data set (¢.g., a
design with equal numbers from each stage). The bootstrap procedure for onto-
genetic allometry can be adapted by drawing “bootstrap subsamples™ from
these stages separately. These are then pooled into one bootstrap sample and
principal components are calculated (Klingenberg and Zimmermann, 1992aq).

ANALYSES OF MULTIPLE GROUPS

Many morphometric studies deal with several groups of specimens, e.g.,
sexes, different species or ecomorphs. In all these cases, variation within and
between groups bas to be separated. Otherwise, levels of allometry may be
confounded, or within-group variability may invalidate discrimination between
eroups. Separation of size-related variation within groups from bctwecen-group
differences has been a traditional topic in morphometrics (Burnaby, 1966;
Gower, 1976; Reyment and Banfield, 1976; Pimentel, 1979; Humphrics ct al.,
1981; Thorpe, 1983; Reyment et al., 1984; Bookstein et al., 1985; Rohlf and
Bookstein, 1987; Marcus, 1990; Reyment, 1991).

Multivariate comparisons of allometric patterns often focus on the directions
of the major axes of scatter ellipsoids in several groups. A straightforward
measure for differences between two groups is the angle between their first
principal components. For normalized principal componcnts (i.e., squared co-

efficients sum up to unity), the angle a between componerts b and ¢ in two
groups is the arccosine of the inner product of the two veclors, o =

arccos(Y bc;) = arccos(b’c) (b’c is sometimes called vector correlation; note
that this is not the correlation between corresponding clements of the two vec-
tors; see also Pimentel, 1979; Bryant, 1984). Angles can even be calculated
from published tables of PC coefficicnts. Applications of angular comparisons
include Boitard et al. (1982), and Gibson et al. (1984). Cheverud (1982) and
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Klingenberg and Zimmermann (1992a) used Monte Carlo simulations of an-
gles between random vectors 1o assess statistical significance. For the example
in this paper, 1 used the bootstrap to test the more appropriate nuli hypothesis
of equal PC vectors (07 angles).

Another method for comparison among multiple groups of organisms is
based on a multivariate ordination of the directions of allometric axes
(Solignac et al., 1990; Klingenberg and Froese, 1991; Klingenberg and Spence,
1993). The first principal component of each group is considered as a “data
point” in the space spanned by the coefficients of the original variables. The
vectors of PC1 coefficients are entered as observazions in an ordination by a
second PCA. The results of this analysis can then be displayed as plots of the
“meta-PC" scores. Bootstrap estimates of allometric coefficients can be used to
draw confidence ellipses (e.g., Owen and Chmielewski, 1985; Johnson and
Wichern, 1988) as a visual indication of statistical accuracy (Klingenberg and
Froese, 1991; Klingenberg and Spence, 1993).

Comparisons of allometry within several groups often, but not always, show
that the coefficients of the PCls differ only minimally. In these cases, it may
be feasible 1o use one of the models of common covariance structure (Fig. 2-5;
Airoldi and Flury, 1988; Flury, 1988). These models are based on the assump-
tion that the groups share a common allometric pattern, i.e., that the major axes
of their scatter ellipsoids are parallel. Therefore, the differences between the
observed PCs of the samples are regarded as effects of sampling error. PCA,
however. is a procedure for analyzing variation in a single sample, and there-
fore the method needs to be generalized for the context of multiple groups.
Usually, the PC1 of the pooled within-group covariance matrix has been used
to characterize this common allometric pattern, e.g., in multigroup PCA
(Pimentel. 1979; Thorpe, 1883), Burnaby's procedure (Burnaby, 1966; Rohlf
and Bookstein, 1987), and in the shearing procedure (Humphries et al., 1981;
Bookstein et al., 1985: Rohlf and Bookstein, 1987). Airoldi and Flury (1988)

arbitrary CPC equal

Fig. 2-5. Three levels of similarity between covariance structures. Groups can have arbitrarily
different covariance matrices; scatter ellipses then differ both in the directions and lengths of
their principal axcs. Under the common principal component model (CPC), groups share the
same directions of principal axes, but may differ in the amount of variation associated with
each axis. Groups with equal covariance matrices have the same directions and lengths of prin-
cipal axes. More details, including additional levels of similarity. are given by Airoldi and
Flury (1988) and Flury (198%).
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criticized the use of the pooled within-group covariance matrix. because it im-
plicitly assumes that the covariance matrices of all groups are identical (Fig. 2-
5, right panel). They proposed an alternative procedure. common principal
component analysis (CPCA), which only assumes that the PCs are common to
all groups (see also Flury, 1988; Flury and Riedwyl. 1988). Whereas the direc-
tions of the principal axes are assumed to be the same, the amount of variation
associated with each PC can vary between groups (Fig. 2-5. center). CPCA is
available in the NTSYS software package, FORTRAN routines are contained
in the IMSL/STAT library (rowtines KPRIN and DKPRIN), a MATLAB pro-
gram was written by L. F. Marcus, and a SAS/IML version is available from
the author. In applications of CPCA to multivariate allometry, the first com-
mon principal component (CPC1) is interpreted as an allometric pattern shared
by all groups (Airoldi and Flury, 1988; Klingenberg and Zimmermann, 19924,
b; Klingenberg and Spence, 1993).

Discrimination between groups is often difficult because of allometric varia-
tion within groups. Especially in organisms with indeterminate growth, the
amount of within-group variation may far exceed betweern-group differences.
For instance, fish can increase in size by several orders of magnitude during
their life cycle. Other causes, such as nutrition, also contribute 10 variability
within groups (Bernays, 1986; Patton and Brylski, 1987; Meyer, 1990; Smith
and Palmer. 1994). Depending on the particular organisms of interest, within-
group variation is mostly ontogenetic or mostly static allometry, or a mixture
of both. Because most of this variation is often confined to a single dimension,
along the allometric axis, it can be removed from an analysis by eliminating

the variation in that direction. This approach uses allometry as a criterion of

subtraction (Gould, 1975), as it has been done traditionally in bivariate studies.
The central assumption of all methods for “size correction,” is that the groups
share the same allometric vector. H the groups have different allometric pat-
terns, “'size correction™ is not possible, because all corrections that are suitable
for one group will not work in other groups. Several methods have been devel-
oped following this principle (Burnaby, 1966: Gower, 1976; Humphries ct al.,
1981; Thorpe, 1983; Bookstein et al., 1985; Rohlf and Bookstein, 1987). None
of these methods, however, can be a substitute for careful examinaticon of the
specimens: hidden heterogeneity within the groups, e.g., undetected sex di-
morphism or cryptic species, may invalidate the entire analysis.

The procedure proposed by Burnaby (1966) eliminates the effects of growth
from multivariate data by projecting data points onto a subspace that is orthog-
onal to the growth vector (sec also Gower, 1976; Rohlf and Bookstein, 1987;
Reyment, 1991). This growth-invariant subspace has one dimension fewer
than the original space. With three variables, for example, the growth-invariant
space is a plane, and for two variables, it is a linc (Fig. 2-6). The growth-ad-
justed data are coordinates of the projected points, expressed in the coordinate

system of the original variables. The growth-invariant data for an n X p data
matrix X and a p x 1 growth vector b can be obtained as X(l —b(b’b)" b').
where I is an identity matrix of rank p. With a normalized vector, such as a
principal component, the formula simplifies to X(I - bb’). Usually, the PC1 of

the pooled within-groups covariance matrix has been used as the growth vector
in Burnaby's procedure (c.g., Reyment and Banficld, 1976; Riska, 1981; Rohif
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N
c?o

Total
PC1

Growth-invariant
Axis

Fig. 2-6. Bumaby's procedure in two dimensions. The model of common principal compo-
nents is appropriate, because the principal axes of the scatter ellipses in the two groups are par-
allel. Therefore, the groups share a common axis of allometric growth, the CPC1. All the varia-
tion is projected onto an axis perpendicular to the CPC1 by setting the CPC1 scores to zero.
Subsequent analyses focus on between-group differences in this “growth-invariant” axis. The
PC1 of the combined samples (“Total PC17) confounds variation within and between groups.

and Bookstein, 1987). Because CPCA is based on less stringent assumptions
(see above), the CPC1 seems preferable as an estimate of a common allometric
pattern. This version of Burnaby’s technique is equivalent to a procedure in-
volving three consecutive steps: (1) a rigid rotation to the common principal
components, (2) setting the CPC1 scores of each data point to zero, and (3)
rigid rotation back to the original coordinate system.

For analyses of growth-adjusted data, it may be more convenient to omit
step (3). First, common principal components are computed as an estimate of
within-group variation, and the CPC scores, except for the CPC1, are used as
variables in subsequent analyses. The results of these analyses, e.g., discrimi-
nant analysis or MANOV A, are identical to the results based on data adjusted
by Burnaby's original procedure, but within-group covariance matrices are of
full rank. This technique is almost identical to the one proposed by Thorpe
(1983; with the PC1 of the pooled within-groups covariance matrix as an esti-
mate of the allometric axis), which has been used in numerous studies (e.g.,

Wiig, 1985; Thorpe and Bacz, 1987; Corti et al., 1988; Lessa and Patton,
1989).
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Interpreting the values resulung from Burnaby's procedure is somewhat
difficult. With some caution. they can be seen as messurements adjusted to
unit size”. This is possible for most morphometric uata sets. because the
CPC1 has high positive correlations with all variables. and therefore can be
interpreted as an overall size variable. Setting the CPC1 score for log-trans-
formed measurements to zero corresponds to setting the untransiormed value
of overall size to one. The adjusted variables therefore allow to compare organ-
isms of different sizes by rescaling aii measurements allometrically to unit

size. For example, in figure 2-6 the group to the left has higher X, and lower
X, values at corresponding sizes than the group to the right. The difference be-
tween this approach and comparisons of ratios or geometric shape is that Burn-

aby’s procedure takes into account the shape changes causcd by allometric
growth.

Another way to understand Burnaby's procedure is by analogy to the most
familiar method of size correction in bivariate allometry, regression residuals.
Regression residuals are an appropriate way of correcting for size if one is in-
terested in the relationship of a dependent variable y (e.g., an ecological or
physiological parameter) o a size variable x known a priori and measured in-
dependently (¢.g. body weight). Then, the residuals are the deviations of actual
measurements from the value expected for an “average™ specimen of that par-
ticular size. These deviations are computed in the direction of the y axis, by
subtracting the y value estimated by regression from the observed value.
Hence, the interpretation of allometry as a “criterion of subtraction™ (Gould,
1975) can be taken literally. In multivariate allometry, however, there is no a
priori size variable that can be .ncasured independently from the other vari-
ables. All measurements are affected simultancously by overall size, which
only can be estimated from them. As I explained above, the PC1 is a good
choice for such an estimate. The “residuals™ are subsequent PCs, which are
perpendicular to the PC1 [step (2) above]. In bivariate regression, comparison
of intercepts uf several groups makes sense only when the slopes in all groups
are equal. Analogously, Burnaby's procedure only works if all the groups
share a common allometric pattern, as it is estimated by the CPCI. (For groups
that differ in their growth vectors, Burnaby [1966] suggested removing all
growth vectors from the data; after this, however, there may not be much
meaningful variation left to study [e.g., Humphries ct al., 1981].)

Because it includes only rigid rotations, Bumaby's procedure conserves the
spatial relationships among data points in all directions except that of the
growth vector. Therefore, data adjusted by this technique can be used to quan-
tify variation perpendicular to the growth trajectories. For instance, lateral
transpositions of growth trajectories (also called vertical transpositions) can be
distinguished from group differences produced by shifts along the growth axis
(ontogenetic scaling, Gould, 1975; Shea 1985, 1992). These two types of
group differences, as well as within-group variation, are confounded in PCA of
combined samples (Fig. 2-6; for discussion, see Voss et al., 1990; Voss and
Marcus, 1992; Klingenberg and Spence, 1993). Burnaby-adjusted data also can
be used to examine within-group deviations from simple ontogenetic allome-
try, such as curvatures of the growth trajectorics. Klingenberg and Spence
(1993) used a MANOVA of Burnaby-adjusted data to separate lateral trans-
position from non-allometric growth in a data set containing samples of six
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discrete ontogenetic stages from each of six waterstrider species (i.e., a data
structure corresponding to Fig. 2-1). The PC1 scores of the between-species
matrix can be used to display lateral transposition, and likewise the between-
stage matrix for non-allometric growth.

Procedures for “size correction” in several groups all assume that the groups
share the same allometric pattern. But what if that is not true? In this case, the
formal procedures fail, and one has to find a visval and at best “semi-statisti-
cal” way to assess group differences. A very useful technique of this kind is
the “tomographic representation” introduced by Boitard et al. (1982). First,
they calculated the PCs for the covariance matrix of the pooled data. Then,
they plotted the second versus third PC scores separately for data points
grouped by their PC1 scores. Finally, they combined these layers into a plot
showing the scatter ellipsoids “suspended™ by their within-group PC1 axes in a
“box"" representing the space of the first three PCs of the pooled data.

EXAMPLE: GEOGRAPHIC VARIATION

Some of the techniques described above are applied in a simple example, a
morphometric data set on geographic variation in the waterstrider Gerris
costae, taken from a larger study (Klingenberg, 1992). Only adult specimens
were measured, and because these bugs do not grow after they reach the adult
stage, I made no attempt to correct for size in the original study. Here, I reana-
lyze a part of the data using allometric techniques.

Three samples, each representing a different subspecies, are included here:
the nominate subspecies G. c. costae is represented by a sample from the Swiss
Alps (N = 32), G. c. fieberi is represented by a sample from northern Greece (N
= 33), and G. c. poissoni by a sample from the eastern Pyrenees in France (N =
2%). In this example, I only consider adult males. Allometric variation within
the three samples is therefore purely static allometry.

Four measurements were chosen for the example: (1) total thorax length, (2)
the length of the first antennal segment, and (3) the middle femur length and
(4) hind femur length. The raw data are presented in the Appendix. Data were
transformed to natural logarithms. For the convenience of presentation, vari-
ances and covariances are multiplied by 104 (this also applies to eigenvalues).
The covariance matrices are

£ 47 839 875 1109

b9 1434 9.04 11.61

.95 004 12.05 13.63 for the sample from the Alps,
[11.09 11.61 13.63 17.83
[5.55 2.07 2.53 4.06

2

5 21 3 82 ; gg gg; for the sample from Greece, and
1 4.06 4.67 9.02 12.98
(493 597 390 S.16

ggg lg 7685 2g§ g gg for the sample from the Pyrenees.
| 5.16 835 7.56 10.70
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As in many morphometric data sets, all covariances are positive and most of
them are relatively high. There are, however, some differences between groups
and among variables. The samplc from the Alps is more variable than the other
two samples. While the two femur lengths are highly correlated in all groups,
correlations involving thorax length and the first antennal scgment tend to be

lower and more variable (e.g., the correlation between these two measurements
is only 0.28 in the Greek sample).

Principal components were computed for each sample, and parametric stan-
dard errors for the estimates of PC coefficients and eigenvalues were calcu-
lated using the formulas given by Flury (1988). Moreover, standard errors
were also determined with a bootstrap procedure. For each group, 1000 boot-
strap samples were randomly drawn (with replacement), and principal compo-
nents were computed for each. (This number of replications is more than actu-
ally needed for standard errors; Efron and Tibshirani, 1993.) The standard de-

viations of these 1000 estimates of the PC coefticients or eigenvalues are their
bootstrap standard errors.

The amount of variance (£ parametric and bootstrapped standard errors), for
which PC1 accounts, is 46.1 (£ 11.7, 12.5) or 81% of total variance in the
sample from the Alps. for 24.1 (% 6.0, 4.5) or 67% in the Greek sample, and
for 31.4 (8.5, 7.2) or 76% in the sample from the Pyrenees. Standard errors
determined by the two approaches are similar in magnitude, although the boot-
strap standard error for the Greek sample differs from the parametric estimate
by aboui 25%. The percentages of total variance taken up by the PC1 are quite
typical for static allometry (e.g. Cuzin-Roudy, 1975; Klingenberg and Zim-
mermann, 19924). The estimated coefficients of the PC1 and their parametric
and bootstrapped standard errors are

[0.4417 [0.057] [0.0607

0.471 0.061 0.055 .

0.4771" 10.036 | and 0.032 for the sample from the Alps,
[ 0.597 | |0.034] [ 0.030 ]

[().269 7 '0.()85'} ().0937]

0.409 0.119 ] . 0.113 b ..
0.527 |  0.045 | and | ,"445 for the Greck sample, and

| 0.695 ] [0.054 | | 0.060 |

[0.3157 [0.0507] [0.037]

8 ,_6“9)(5) , 88{3 , and 38;7, for the sample from the Pyrences.
| 0.507 L0.0?O_ | 0.07¥ ]

The estimates of PC coefficients are fairly stable, as indicated by the rela-
tively small standard errors. Bootstrap standard errors agree well with para-
metric estimates. The coefficient values clearly do not conform to the pattern
for overall isometry, where all coefficients would be equal to 1/ip.ic. the
vector [0.5, 0.5, 0.5, 0.5]. This is confirmed by Anderson’s test (Anderson,
1963; Pimentel, 1979: 70; Flury, 1988: 34), which was significant for all three
eroups (Alps: 32 = 11.52, P <0.01; Greece: 2 = 20.37, P < 0.001; Pyrences X2
=23.82, P <0.0001; df = 3 in each casc).
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Coefficients vary considerably between samples. In the sample from the
Alps, the middle femur (third measurement) is almost isometric relative to tho-
rax length (first measurement), as the ratio of their coefficients is 0.477/ 0.441
= 1.08. In the Greek sample, however, the corresponding ratio is 0.527 / 0.269
= 1.96, which indicates strong positive allometry of the middle femur relative
to the thorax. While the lengths of the first antennal segment and of the middle
femur (second and third measurements) are almost isometric in the sample
from the Alps, the middle femur shows positive allometry relative to the first
antennal segment in the Greek sample, and negative allometry in the Pyrenees.
As an overall measure of these differences, I computed the angles between
PC1 axes of different groups; they are 12.22° between Alps and Greece, 16.29°
between Alps and Pyrenees, and 21.19” between Greece and the Pyrenees.

If we expect a common allometric pattern, these angles seem quite large.
But are the differences from zero statistically significant? Because there is no
parametric test for the angles between PCs, I used the bootstrap approach to
test the null hypothesis that the common principal component model holds.
The bootstrap test procedure is straightforward: use the data to generate a
modified data set that conforms to the null hypothesis, then repeatedly draw
bootstrap samples and compute the test statistic, and finally compare the em-
pirical distribution of the test statistic to the value calculated for the original
data (Efron and Tibshirani, 1993). To produce a data set conforming to the
CPC model, 1 rotated the data in each sample so that the within-group PC axes
arc aligned exactly with the CPC axes. This is easy to do because the matrix of
PC coefficients B can be used to rotate the data points from the original coor-
dinate system to the PC coordinates Y = XB, whereas the transpose of B per-

forms the reverse rotation YB’ = X. A data set conforming to the CPC model
can be obtained by using each group’s own PC coefficients for the first rota-
tion, but the coefficient matrix from a CPCA for the reverse rotation. Thus, the
modified data in the i-th group are X = X,B,B{,c, where B, is the matrix of
within-group PC coefficients, and By is the matrix of CPC coefficients
(using the PC scores for each group, Y; =X B,, is equivalent). For this test,
5000 bootstrap replications were performed. For each replication, bootstrap
samples were drawn from the modified data of all three groups, and the angles
between the PC1 axes of the three groups were computed. The 95% quantiles
of the angles are 18.56° between the samples from Alps and from Greece,
16.32" between the Alps and the Pyrenees, and 20.59° between the Pyrenean
and the Greek samples. Therefore, the two angles that involve the sample from
the Pyrenees seem to indicate a significant difference from the Greek sample,
and borderline significance for the difference from the Alps. Because there are
three comparisons, however, the chance of rejecting a true null hypothesis at

the a = 0.05 level by chance is 1 — (1 — a)3 =1 - 0.86 = 0.14. The Bonferroni
technique can be used to adjust the significance level for m individual compar-
isons to a new significance threshold at (1—a/m) = 98.33%. None of the

comparisons was significant at this adjusted level (98.33% quantiles are 22.23,
20.63, and 25.48). Therefore, the data seem to be consistent with a model of an
allometric pattern that all three groups have in common.

This preliminary conclusion justifies using common principal components
to estimate an allometric pattern for all three groups simultaneously. Again,
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standard errors were estimated both by using formulas based on large sample
theory (Flury, 1988) and by bootstrapping with 1000 bootstrap iterations. The
estimates of the CPC1 coeflicients with their parametric and bootstrapped
standard errors are

0.361 0.034 0.039

0.510| {0.047 0.053 .
0.482 ' l0.024 | and 0.024 |° respectively.
0.614] | 0.028 0.031

Although in a CPC model there is only one set of eigenvectors, which is
shared by the groups, each group has its own eigenvalues. The variance taken
up by the CPC1 (& parametric and bootstrap standard errors) in each sample is
45.8 (+ 11.4, 12.2) for the Alps, 23.6 (+ 5.8, 4.7) for Greece, and 30.0 (+ 8.0,
7.4) for the Pyrenees. This corresponds to 80.4%, 65.7%, and 72.8% of the to-
tal variance in the respective samples. These values are only a little lower than
corresponding values from the separate one-group PCAs of each sample; one
common allometric pattera can account for almost as much of the variation as
the PC1 of each group separately. Further support for a common model comes
from the log-likelihood ratio test of the CPC model (Flury, 1988; Airoldi and
Flu -, 1988), which does not show a significant difference from the unre-

stricted model, in which every group has its own PCs (2 = 1055, df = 12, P =

0.57). For the same %2 statistic, the bootstrap test with 5000 iterations yielded a
95% quantile of 20.90, which agrees nicely with the corresponding value of
21.03 in statistical tables (the same bootstrap replicates as for the angles be-
tween one-group PCs, above). The angles between the CPC1 axis and the one-
group PC1 axes indicate that the CPC estimate is a “*‘compromise™ between the
one-group PCs (5.2° for Alps; 9.4" for Greece; 13.5” for Pyrences). In the
bootstrap test, none of these angles exceeded the 98.33% quantiles (Bonferroni

adjustment for o = 0.05; quantiles arc 9.85°, 18.257, and 17.757, respectively).
Therefore, it is reasonable to assume that the three groups share the same allo-
metric pattern, and that the differences between the PC1 estimates of individ-
ual groups are due to sampling error.

To examine whether the differences between groups are simply extensions
of within-group variation, 1 used Burnaby's approach. *Size-invariant™ varia-
tion between groups was analyzed by a MANOVA of CPC scores, omitting the
CPC1. The first eigenvector of the resulting between-groups matrix indicates
the axis that contains the most variation among groups, subject to being per-
pendicular to the within-group allometric axis. Because there are three groups,
the matrix of between-groups sums of squares (mean squares would yield
equivalent results) has only two non-zero eigenvalues. The first eigenvector of
this matrix accounted for 82% of the total between-group variation, and it

therefore summarizes most of the differences between samples after adjusting
for “size.”

Figure 2-7 is a plot of this axis of group differences versus the CPC1 scores.
The Greek specimens differ from the Alpine ones mainly by their higher CPCI
scores, which indicate greater overall size. Therefore, the bugs of the Grecek
sample can be seen as “‘scaled-up” versions of their counterparts from the Alps,
corresponding to intraspecific scaling along the axis of static allometry (Gould,
1975; although these data deal with subspecies, and not with different specics,
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Fig. 2-7. Geographic variation in the waterstrider Gerris costae. The first common principal
component of the three samples (abscissa) can be interpreted as a measure of overall size. It
indicates that Greek specimens are considerably larger than those from the Alps or the Pyre-
necs. The vertical axis is the PC1 of the between-group matrix from a MANOVA of “size-
free” data (the scores of CPC2—-CPC4), and summarizes differences between groups indepen-
dent of within-group allometry. It shows that the samples from the Alps and Pyrenees are sepa-
rated fairly well, although they are of similar overall size.

1 do not think it would be helpful to coin a new term). The differences between
the samples from the Alps and Pyrenees are largely unrelated to within-group
variation. These conclusions are also supported in a more quantitative way by
the Mahalanobis distances between the three groups. The Mahalanobis D2
value, computed from the second to fourth CPC scores, is clearly smaller be-
tween the samples from the Alps and from Greece (D2 = 2.38) than between
either of these and the sample from the Pyrenees (Alps vs. Pyrenees D2 = 6.55;
Greece vs. Pyrences D2 = 4.92). These values, however, also show that scaling

does not account for all the difference between the specimens from the Alps
and from Greece.

The bootstrap technique has several advantages for assessing statistical ac-
curacy and even for hypothesis testing in morphometric analyses. First, it does
not require that the data conform to any particular probability distribution as
other techniques do. Nevertheless, assumptions about distributions can be in-
corporated in the simulations (parametric bootstrap; Efron and Tibshirani,
1993). For the present example, the parametric bootstrap for a multivariate
normal CPC model gave results similar to the nonparametric results presented
above. Second, the bootstrap can be used for any test statistic, even if its sta-
tistical properties are unknown. In the example, 1 extensively used the angles
between PC axes, because angles are particularly intuitive as a measure of
overall similarity for allometric vectors. Moreover, the bootstrap can be
adapted easily to a variety of experimental designs or hypothesis tests. For the
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bootstrap test of the CPC model, rotation of the original data was sufficient to
generate a data set conforming to the null model. With tools such as the singu-

lar value decomposition (e.g., Marcus, 1993), a variety of other null models
could be simulated with real data.

These advantages have a cost, however, as the bootstrap technigue is based
on massive amounts of numerical calculation. As computers become faster and
cheaper, this may not be a serious problem except for extremely large or com-
plex data sets. For this example, all bootstrap analyses were done by a personal
computer with a 486/50MHz processor, using SAS/IML software (version
6.08). Although the number of bootstrap replications was substantial, the com-
putation time was moderate. For standard errors in one-group PCA, with 3000
analyses (1000 bootstrap replications for three groups), the entire bootstrap
procedure took less than 1.5 minutes. The 1000 bootstrap replicates for CPCA
took about 45 minutes, much longer than for ordinary PCA, because the com-
putational procedure for CPCA is more complex. The most effort was required
for the bootstrap test: the 5000 iterations, each with three one-group PCAs and
CPCA, took a little more than three hours. The high number of bootstrap repli-
cations for the test was necessary because one is interested in the tails of the
test statistic’s empifical distribution (Efron and Tibshirani, 1993). The compu-
tational effort used for this example shows that the bootstrap is a reasonable
opticn, even with a personal computer and for relatively complex problems.

ALTERNATIVE APPROACHES IN ALLOMETRY

In the preceding sections, I presented allometry in a pragmatic way, extend-
ing the familiar logic of two-dimensional scatter plots to a multivariate context.
This approach focuses on the patterns of variation by determining amount, di-
mensionality, and direction of morphometric variation in the space of log-
transformed variables.

Some readers may have noticed that I only used the words “size™ and
“shape” in a rather informal way, although they are the cential concepts for
other approaches in morphometrics (Bookstein ct al., 1985; Booksiein, 1989,
1991, 1993; Rohlf, 1990; Rohlf and Marcus, 1993). In studies using the ap-
proach described above, “size™ and “shape”” may appear in interpretations of
the results, but they are not parts of the analyses themselves. The analyscs are
exploratory or they test simple hypotheses about the structure of variation,
such as whether or not the scatter ellipsoids of several groups have major axes
that are parallel. Principal components, used in many allometric studies, can
“account for” or “take up” variation, but do not “‘cause” or “explain’ it. Inter-
pretation and explanation are extrinsic to the analyses, and they consist of ar-
guments about biological processes producing the observed patterns of varia-
tion, e.g., growth dynamics or evolutionary constraints.

A very different framework underlies the factor analytic approach, which
starts with an explicit model of the origin of variation in measurement vari-
ables (see Bookstein et al., 1985; Bookstein, 1989, 1991). Factors are formally
included in the analysis as causes of covariation among several morphometric
variables; explanation is therefore an intrinsic part of the analysis. A path
model is constructed according to biological knowledge, and specifies a bv'-
pothesis of relationships between factors and observed variables (Wrig *,
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(a) X, <€—6, (b) /X1 <9,
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Fig. 2-8. Path models in allometry. (a) Path diagram for simple allometry in a single group. All
covariation among variables is caused by a general size factor S. Residual variation () is un-
correlated among variables. (b) Allometric variation in two groups. Both groups share the
same general size factor, and therefore also the sxne within-group covariance structure. Group
differences are determined by the group factor G in two different ways: directly as group shape
differences (arrows from G to the variables), or as group size diffcrence via the general size
factor (arrow from G o S).

1968: Bookstein et al., 1985; Loehlin, 1987; Zelditch, 1987; Marcus, 1990;
Bookstein, 1991). In a path model of allometry, general size is a factor, or la-
tent variable, simultaneously affecting all morphometric measurements and
causing the covariance among them (Fig. 2-8a). As a latent variable, size can-
not be measured directly, but it can be estimated. This is usually done using the
within-group PC1 (Bookstein et al., 1985; Rohlf and Booksteir, 1987).

Hopkins (1966) proposed a similar factor model of allometry. The observed
covariance matrix S of log-transformed characters is composed of two parts, S
= T + D. The matrix T, which reflects systematic covariance, is of rank one.
Therefore, it has only one principal component, which corresponds to the al-
lometric axis, or to the general size factor in figure 2-8a. The PC coefficients
of T (which cannot be observed) are proportional to the factor loadings of gen-
eral size. The matrix D stands for the residual variation, which is assumed to
be uncorrelated among variables; therefore, D is a diagonal matrix. The struc-
ture of D is crucial for the choice of methods to estimate the parameters of the
model. The PC1 of S is only appropriate to estimate the size factor if the diag-
onal elements of D are equal (Hopkins, 1966); otherwise, the size factor should
be estimated from the off-diagonal elements (see Bookstein, 1991). If all vari-

ables are highly correlated to each other, as in many morphometric data sets,
the PC1 is a reasonable estimator.

If there is more than one group of specimens, one or more additional factors
for group differences (G in Fig. 2-8b) explain differences between two or more
groups (Bookstein et al., 1985; Rohlf and Bookstein, 1987; Bookstein, 1991).
Group factors can affect the measurements through general size or in a size-in-
variant manner. Group size differences (arrow from G to § in Fig. 2-8b) cause
shifts along the growth axis, and correspond to ontogenetic scaling, whereas
size-invariant differences (arrows from G to the variables in Fig. 2-8b) corre-
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spond to lateral shifts of trajectories (Shea, 1985, 1992; Klingenberg and
Spence, 1993). This is the path maodel for the shearing procedure, which was
originally introduced by Humphries et al. (1981), and later reformulated by
Bookstein et al. (1985), Rohlf and Bookstein (1987), and Bookstein (1991).
The main purpose of this procedure is to obtain factor loadings interpretable as
path coefficients (Rohlf and Bookstein, 1987), rather than ordination. The ge-
ometric basis for the shear is more complex than for Burnaby’s procedure be-
cause it is not just a rigid rotation (see Humphries et al., 1981; Bookstein et al.,
1985; Rohlf and Bookstein, 1987). As a consequence, it does not conserve the
spatial relationships among data points and is difficult to use, ¢.g., to quantify
lateral transposition of growth trajectories. Applications of the shear include

Bookstein et al. (1985), Strauss (1985), Voss ct al. (1990), and Voss and Mar-
cus (1992).

Several studies have used factor analysis to investigate more complex mod-
els of correlation or covariance structure among morphometric variables
(Bookstein et al., 1985; Zelditch, 1987, 1988; Zelditch and Carmichael, 1989;
Marcus, 1990). In addition to general size, these models include factors ex-
plaining joint variation in groups of variables that are developmentally or
functionally related. An alternative procedure (Cowley and Atchley, 1990;
Paulsen and Nijhout, 1993) uses hypotheses about relations among characters
to predict the pattern of a correlation matrix, and then comparcs these to ob-
served correlation matrices using randomization tests (Cheverud et al.,, 1989;
Manly, 1991). These models, however, are beyond the scope of allometry.

Yet another, more general method of characterizing size was introduced by
Mosimann (1970), when he defined standard size variables. Any positive,
real-valued function G(x) of a vector of measurements X is a standard size
variable, if multiplication of cach measurement by a constant a results in an a-
fold value of the size function, i.e., G(ax) = aG(x). This condition ensures that
the variable scales as a linear dimension. A standard size variable transformed
to logarithms is called a log-size variable. A class of log-size variables impor-
ant for multivariate allometry is defined as linear combinations of log-trans-
formed measurements, i.c., logG(x) = X b,(logx,), with Th, =1 (Mosimann
and James, 1979; Darroch and Mosimann, 1985). Rescaling the PC cocfTi-
cients for ontogenetic allometry so that they sum up to unity yiclds a log-sizc
variable that indicates each specimen’s position along the growth trajectory
(Klingenberg and Zimmermann, 1992b; Klingenberg and Spence, 1993). Simi-
lar measures of size, but without rescaling, were used by Creighton and Strauss
(1986), Strauss (1990b) and Voss and Marcus (1992), among others.

If size alone is of interest, the choice of a size measure often docs not matter
very much. In many morphometric data sets, the variables and the size mea-
sures derived from them are highly correlated among one another. Hence, dif-
ferent size measures may produce different scaling factors, due to allometry,
but they will yield basically the same ordering from small to large specimens,
and similar size differences between them. In studies of allometry based on
either PCA or factor analysis, “‘shape” often daes not appear explicitly at all, or
if it does, it is used in a sense very different from everyday language (c.g.,
Bookstein, 1989). In those cases, “shape” is usually (though rarely explicitly)
defined as “cverything that is not size.” It is through this notion of “shape” that
the choice of a size measure matters for morphometric studies: because “size”
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often takes up a large fraction of the total variation in a data set, relatively
small changes in the size measure produce proportionally large changes in
what remains after “size™ is removed.

In multivariate allometry based on PCA, the second and subsequent PCs of-
ten arc interpreted as “shape scores.” Nevertheless, they do not reflect a geo-
metric concept of shape. If two specimens, differing in size, have the same
“shape scores,” they can be interpreted as geometrically similar only if the cor-
responding size vector is isometric; otherwise, there are allometric changes in
shape (sec also Bookstein, 1989). To separate size and geometric shape,
Somers (1986, 1989) proposed a size-constrained version of PCA in which
variation in the direction of an isometric vector is removed first. Unfortunately,
Somers used the correlation instead of the covariance matrix, thereby removing
not only isometric size from the data, but also all allometric variation (see
above).” As an alternative procedure to achieve Somers’s original objective,
Burnaby’s procedure can be used to eliminate a vector representing isometric
variation, which is mathematically equivalent to performing a PCA on the co-
variance matrix of doubly centered data (Somers, 1989) or to the *‘principal
components of shape™ proposed by Darroch and Mosimann (1985; see also
Jungers et al., 1988). Notice, however, that removing isometric size adjusts
only for variability in overall size itself, but not for any size- or age-related
shape variation. For example, although Barbie dolls are smaller than many
other dolls clearly representing infants, it is easily recognizable that they are
modeled after human adults.

Mosimann (1970) presented a definition of a shape space, based on geomet-
ric similarity. Each vector of measurements x, divided by a standard size vari-
able G(x), constitutes a measure of shape. Darroch and Mosimann (1985) de-
veloped principal components and canonical variates for the space of these
shape measures, and applied them to two examples. Further applications are
found in Mosimann and James (1979) and Jungers et al. (1988). In this frame-
work, allometry exists if variations in size and shape are associated; isometry
means that variation in size and shape are statistically independent. Mosi-
mann'’s theory of size and shape links some aspects of multivariate allometry
to the landmark-based methods of geometric morphometrics (Bookstein, 1989,
1991, 1993). The underlying concept of allometry, however, differs fundamen-
tally from the other frameworks presented here, as it abandons the straight-line
relationship among log-transformed variables, which is the basis of allometry
as devised by Huxley (1932). In this point, Mosimann’s concept is closer to the
much broader notion of allometry adopted by Gould (1966), who characterized
it as “the study of size and its consequences.”

Whereas Mosimann’s (1970) approach, although based on considerations of
geometric similarity, still uses vectors of length measurements, geometric
morphometrics goes one step further and analyzes shape as geometric configu-
rations of morphological landmarks (e.g., Rohlf, 1990; Bookstein, 1991, 1993;
Rohlf and Marcus, 1993; other chapters in this volume). The strong emphasis
on shape in geometric morphometrics is reflected in two recent definitions of
morphometrics, characterizing it as “'the quantitative description, analysis, and
interpretation of shape and shape variation in biology” (Rohlf 1990) and as
“the geometrically reified description of effects on geometric shape™
(Bookstein, 1993) without even mentioning size. Clearly, geometric morpho-
metrics presents a dramatically different framework for allometry. Variation in
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size is removed from the data (by the two-point registration for Bookstein's
shape coordinates, or by standardizing for centroid size; Bookstein, 1991
Rohlf, 1993) and shape changes alone are inctuded in the analysis. Allometry
can be assessed by combining the results from shape analysis with additional
information, either directly by nonlincar regression of “shape scores™ (relative
warps, shape coordinates, or procrustes residuals) on a measure of size
(Bookstein, 1991; Walker, 1993), or by subdividing specimens into size
classes (MacLeod and Kitchell, 1990) or age groups (Reilly, 1990; Bookstein,
1991; Zelditch et al., 1992) and comparing their mean shapes. Allometric
variation over an extended size range. as it occurs in many growth studies, of-
ten leads to highly nonlinear trajectories (Bookstein, 19915 Zelditch et al.,
1992; Walker, 1993).

The choice of methods for a particular study depends on what questions a
study is supposed to answer. The results obtained from analyses using the ge-
ometric methods can be interpreted directly in terms of shape. Here, “'shape™ is
used in its intuitive sense, meaning a geometric configuration. The disadvan-
tage of these methods, however, is the complexity of allometric relations. For
example, a procedure analogous to Burnaby’s technique to adjust for shape dif-
ferences due to allometric growth, would have to use nonlincar regression of
shape measures on overall size. On the other hand, the results of analyses using
distance data are more difficult to describe in everyday language; graphical
displays like figure 2-7 are abstractions rather than pictures of real organisms.
If the notion of “shape” is used at all, it denotes the relative sizes of parts of the
organism. The advantage of methods using log-transformed distances is that
they often fit linear models due to their relationship to growth dynamics, which
was used by Huxley (1932) to justify his formula for simple allometry.

From an extreme point of view, the configuration of morphological land-
marks of an organism could be considered as merely an epiphenomenon of the
growth processes affecting the tissues between the landmarks. Ideally, there-
fore, morphometric methods should be based on models of biological pro-
cesses rather than geometrical or statistical considerations (c.g., Sattler, 1992).
While this view is correct in principle, our knowledge of the mechanisms in-
volved in developmental processes is incomplete even for simple and well-
studied experimental systems (e.g., Atchley and Hall, 1991). For less well-
known organisms and for more complex problems, such as evolutionary com-
parisons, landmark configurations or length measurements must be used as the
basis for our understanding of organismic form.
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APPENDIX

Morphometric data (raw values, in millimetres) for the example in the text.
Four measurements were made on male Gerris costae from three different lo-
cations in Europe (Klingenberg, 1992). The measurements are the lengths of
the thorax (Tho), the first antennal segment (Ant), and the femora of the mid-
dle and hind legs (MF and HF), corresponding to nos. 35, 43, 49, and 53 of
Klingenberg (1992).

Alps Greece | Pyrenees
Tho Ant MF HF Tho Ant MF HF Tho Ant MF HF
5.11 1.51 607 613 |574 172 665 705 }5.15 145 605 6.36
5.10 153 615 625 |540 159 639 676 [505 146 586 6.11
5.08 1.60 628 641 533 167 647 6.79 1497 152 6.12 6.35
5.16 155 6.18 6.3 5.51 1.72 665 7.05 503 143 601 6.21
4.78 154 579 586 |54 166 646 676 |534 153 6.13 640
4.64 1.41 585 546 |549 169 627 648 j4.99 141 5.81 5.89
5.27 160 620 629 |[564 175 675 695 ]|531 159 639 6.67
4.71 143 574 567 |S545 1.71 670 7.12 1529 154 623 6.62
e 155 628 635 [s536 171 684 7.12 }533 159 635 6.60
491 148 570 571 {S44 172 631 6.71 |S5.18 146 625 6.54
5.03 148 607 582 |[551 169 631 655 1522 152 608 649
S.11 148 629 638 |571 1.69 644 6.88 }523 147 602 646
S.O1 156 610 623 [542 165 644 6.59 |516 151 606 6.20
5.25 156 606 613 |535 167 636 661 |507 142 589 6.27
515 187 603 06.21 545 1.57 618 662 }5.13 154 591 6.25
5.18 1.57 620 6.3 5.28 1.56 620 649 |514 155 606 6.35
4.96 1.53 592 593 | 543 166 628 658 ]526 147 618 649
5.02 148 S87 6.17 | 544 163 628 652 J]496 140 581 6.15
482 1.51 6.02 608 S48 1.7 644 661 {5.10 142 597 607
5.22 162 613 621 {551 1.71

1.67

1.62

1.61

1.66

1.61

1.70

1.74

1.71

1.66

1.75

1.65

1.74

1.71

. 6.17 652 1517 154 6.11 635
5.16 1.63 598 607 [532 6.52 702 }|506 148 602 635
5.34 1.58 6.19 641 | 558 651 680 }508 153 622 6.38
518 155 604 614 | 546 645 666 {508 139 592 6.15
4.94 1.59 636 646 |S44

5.08 148 583 592 1563
4.87 148 579 593 |56l
5.10 155 628 644 | 542
5.16 169 642 6.50 | 5.67

659 692 |525 143 6.08 6.39
646 680 506 146 6.18 6.57
675 7.16 521 161 6.05 634
630 665 |505 140 6.19 633
6.75 727 496 140 575 582

5.13 153 615 620 (S.1S 6.24 6.24
4.82 1.50 585 579 }536 6.52 636
497 158 590 606 |5.57 6.29 648
5.02 1.56 6.17 625 |5.62 6.57 7.06

5.53 645 686
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Heterochrony and Allometry:
The Analysis of Evolutionary
Change in Ontogeny

INTRODUCTION

Ontogeny and evolution are intimately and reciprocally interrelated. Evolu-
tionary changes in morphological characters require changes in the develop-
mental processes that produce the structures of interest. The study of the rela-
tionship between development and evolution has a century-old history, which
has been reviewed by Gould (1977) and Hall (1992), among others. In recent
years, there has been a variety of new attemplts to integrate morphology, devel-
opmental and evolutionary biology, and phylogeny into a unified theory of the
evolution of biological form (e.g., Liem 1991; Atkinson 1992; Raff 1992;
Gilbert et al. 1996). This synthesis has resulted in the gradual emergence of the
new discipline of evolutionary developmental biology (Hall 1992).

Most analyses of the relationship between ontogeny and phylogeny rely on
comparisons of ontogenetic trajectories among related specics. This approach
is based on a metaphor that depicts development of an organism as a move-
ment through a multidimensional space defined by its size, shape, and age.
Ontogenetic trajectories are the paths along which growing organisms move
through this space; they visualize developmental sequences.

Familiar representations of sv-h trajectories are growth curves, where mea-
surements of a trait are graphed against the age of the organisms, or bivariate
allometric plots of measurements of two metric traits against cach other (c.g.,
Huxley 1932) or of a measure of shape against size (Gould 1966). These two
kinds of plots are simply projections of the trajectorics from the multidimen-
sional space onto different pla~.s defined by age and a trait, or by a pair of
traits, respectively. Therefore, growth curves and allometric plots display dif-
ferent aspects of the same ontogenetic sequence (Fig. 3-1).

Likewise, heterochrony and allometry deal with different aspects of the
evolution of ontogenetic trajectories. Heterochrony, as it is defined by most
current authors (e.g., McKinney and McNamara 1991), is concerned with evo-
lutionary changes in rates and timing of developmental processes, and there-
fore explicitly incorporates time as well as morphological traits. These changes
can lead to alterations of the growth trajectory in the subspace of the morpho-
logical traits, which is the realm of allometry. Allometry only refers to time
implicitly, with respect to the rate at which growing organisms move through
the character space (Fig. 3-1; see below for other concepts of allometry).

Heterochrony and allometry have been used extensively to study the evolu-
tion of ontogenies in a varicty of organisms; comprehensive reviews on the
subject have been published by Gould (1977) and McKinney and McNamara
(1991). Scveral analytical frameworks have been proposed for heterochrony,
which use mostly the same terminology, and therefore appear similar despite
substantial differences in their conceptual basis and analytical procedures.
Previous reviews have mostly emphasized these similaritics; for instance,
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Trait 1

Fig. 3-1. The relationship between allometric plots and growth curves. The central metaphor of
heterochrony and allometry describes the ontogeny of an organism as path through a multi-
dimensional space defined by age and morphological form, exemplified here by measurements
of two traits. A growth curve (top left and bottom) is a projection of this space onto the plane
defined by age and a mensural trait, and explicitly characterizes the growth dynamics of that
trait (here I used von Bertalanffy functions). Heterochrony pertains to evolutionary changes in
these growth curves. In contrast, an allometric plot (top right) is a projection onto the plane
defined by the two trait measurements. Although it results from their growth curves, the
allometric plot only takes time into account indirectly, by the rate at which the organism
“advances™ along the ontogenctic trajectory, visualized here by the distances between dots
plotted at equal time intervals. Transforming the morphometric variables (e.g., to logarithms)
can often render allometric plots linear. '

McKinney and McNamara (1991: 13) state that “all schemes are very similar,
with concepts and terms that deviate little from the original presentation of
Gould (1977)." In contrast, here I will emphasize the conceptual differences
among some of the most influential contributions to this field (Gould 1977;
Alberch et al. 1979; Shea 1983a, 1988, 1989; McKinney 1986, 1988; McNa-
mara 1986; Raff and Wray 1989).

These generally underrated differences between analytical frameworks have
generated confusion in terminology and methods, as they may lead to contra-
dictory interpretations of the same evolutionary events. Miscommunication
stemming from use of incompatible concepts underlies a number of current
controversies, most notably the one about human heterochrony (e.g. Gould
1977; Montagu 1989: Shea 1989; McKinney and McNamara 1991; Vrba
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1994). Recognizing the differences between analytical frameworks therefore is
an essential first step to resolving questions about particular examples.

Resolution of conflict will be most effective if it is based on knowledge of
developmental processes underlying the evolutionary changes in question. In
recent years, developmental biologists have shown an increasing interest in
evolution, and have applied and extended the concept of heterochrony. Hetero-
chrony, which traditionally has been more concerned with postembryonic
growth than embryonic development, is now applicd throughout ontogeny
from the earliest stages of embryogenesis to maturity. Morcover, advances in
developmental biology arc having a substantial impact on the concept of hete-
rochrony, and have lead to significant changes from the classical formalisms of
Gould (1977) or Alberch et al. (1979).

Moreover, the differences among methodological approaches also play a
role in the debate about the relation beiween heterochrony and allometry
(McKinney 1986, 1988; Blackstone and Yund 1989; McKinney and McNa-
mara 1991 Klingenberg and Spence 1993; Godfrey and Sutherland 1995a). In
this paper, 1 explore how heterochrony relates to allometry, and review at-
tempts to use allometric data to infer heterochrony. Although 1 emphasize the
differences between various approaches, I do not imply that they are mutually
exclusive alternatives. To the contrary, exploration of the relationship between
development and evolution will be most effective if several methods are em-
ployed in complementary ways.

CONCEPTS OF HETEROCHRONY

The modern concept of heterochrony, which emerged afier the demise of re-
capitulation as the prevailing dogma in the study of evolution (for a historical
review, see Gould 1977), has its origin in the work of Gavin de Beer. He based
the analysis of heterochrony on comparing the time when a character appears
in the ontogeny of ancestors and descendants (de Beer 1958). Gould (1977)
presented a detailed critique of de Beer’s classification of heterochrony, and
simplified his terminology. Gould also proposed a new framework for analyz-
ing heterochrony, his “clock model”, which later was revised and extended by
Alberch et al. (1979) and several other authors (reviewed by McKinney and
McNamara 1991). Although the clock model and the formalism of Alberch et
al. (1979) are similar in their general purpose and their terminology, their ap-
plication can lead to conflicting interpretations of the same evolutionary
changes. Therefore, and because both formalisms are currently in use, I outline
each and discuss human heterochrony as an example in which application of
different formalisms can yield opposite results. In recent years, developmental
biologists have started to use the concept of heterochrony, and have extended
the concept to the earliest ontogenetic stages as well as 1o the molecular level
(e.g., Raff and Wray 1989). Because the models applicd in this context differ
from the models of Gould and Alberch et al., I summasize this approach in a
separate section.

Paedomorphosis and Peramorphosis

The explanatory power of heterochrony is based on the strong directionality
inherent in ontogeny. In general, organisms acquire a more complex morpho-



3. Review of Heterochrony and Allometry

logical organization as they grow larger during their ontogenies from single-
celled eggs or zygotes to adult forms. During this process, virtually all proper-
ties of an organism undergo dramatic changes in a highly coordinated manner,
thereby establishing a clear directionality of variation. By modifying the rates
and timing of developmental processes, heterochrony translates this ontoge-
netic polarity into morphological variation between taxa or evolutionary line-
ages. In turn, inferences about these evolutionary changes can be drawn by
comparing organisms at equivalent ontogeneltic stages (e.g., the adult at sexual
maturity) in relation to the ontogenetic directionality and a phylogenetic hypo-
thesis.

The morphological outcomes of changes in rates and timing of development
are paedomorphosis or peramorphosis; they are identified by comparisons of
ancestors and descendants in relation to the ancestral ontogeny. A descendant
is paedomorphic if its later ontogenetic stages retain characteristics from ear-
lier stages of an ancestor. The direction of evolutionary change observed in
mature stages is therefore opposite to the direction of ontogenetic change, a
phenomenon called reverse recapitulation (Alberch et al. 1979). Alternatively,
the descendant is peramorphic if its development goes beyond that of the an-
cestor at the standard stage, and thereby produces an exaggerated adult mor-
phology. In this case, ontogenetic and evolutionary change have the same di-
rection, and the descendant recapitulates the ancestrai ontogeny, at least with
regard to the particular characteristics under study.

Alberch et al. (1979) distinguished the morphological consequences of an
ontogenetic change from its phylogenetic effect. Therefore, they introduced the
term “peramorphosis™ to replace the term “recapitulation™ used by Gould
(1977; a synonym of *“gerontomorphosis”, de Beer 1958). This distinction
makes it possibie not only to compare ancestors and descendants in terms of
paedomorphosis and peramorphosis, but also contemporaneous taxa and other
groups, such as individuals following different life-history tactics or the two
sexes within species (see Reilly 1994; Whiteman 1994: Rcilly et al. 1996). In
most applications, however, the comparison is between a descendant and an
ancestor inferred from fossil material or by phylogenetic analysis (e.g., Bryant
and Russell 1992; Maddison and Maddison 1992).

The classical models of heterochrony are based on the concept of dissocia-
bility of maturation, growth, and development. Maturation is the progression
through the various stages of ontogeny, which can be dcefined by morphologi-
cal features or life-history changes (e.g., the pupal stage of hoiometabolous in-
sects, reproductive maturity). Gould (1977:235-236) argued that growth, the
increase in size, should be distinguished from development, the ontogenetic
change in shape. He defined the term development to denote all shape changes,
including those that are allometric consequences of growth, and stated that it
should be separated from growth, which exclusively consists of the isometric
component of “size increase with geometric similarity™ (p. 235). Related con-
cepts of size and shape underlie a number of approachcs in morphometrics
(tla.g.éMosimann 1970; Bookstein 1991; Richtsmeier and Lele 1993; Jungers et
al. 1995).

This notion of shape, based on geometric similarity, implies a distinction be-
tween increase in size and the allometric shape changes accompanying it. The
primary justification Gould (1977) gave for this separation was the construc-
tion of his clock model (see below), in which size and shape are separate enti-
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ties. As biological evidence, he cited Novik (1966), who proposed that insect
larvae grow isometrically in the presence of juvenile hormone (pp 115, 157,
167, 180), and that allometric growth of adult structures (e.g., imaginal discs or
wing pads) only occurs in the absence of juvenilc hormone (see Nijhout
1994a). This argument is flawed because of the complete lack of quantitative
data supporting isometric growth (Novédk did not cite a single quantitative
study in this context). Allometric growth is pervasive during the larval stage of
insects (e.g. Matsuda 1961; Blackith et al. 1963; Brown and Davies 1972;
Davies and Brown 1972; Klingenberg and Zimmermann 1992; Klingenberg
and Spence 1993; Klingenberg 1996b), and I am not aware of any example of
truly isometric growth. Furthermore, recent studies in developmental biology
also have emphasized the intimate link between growth and pattern formation:

Relationships between growth control and pattern formation
[are] a general feature of epimorphic systems. A mechanistic
linkage between the growth of a structure and the processing of
its patterning system ... would help prevent these two aspects of
morphogenesis from becoming uncoupled, i.c. prevent growth
from occurring faster than patterning or vice-versa. (Duboule
1994:136.)

Therefore, although the separation of growth as isometric size increase from
all shape changes agrees with our intuitive concept of size and shape based on
geometric similarity, it does not reflect a corresponding separation of underly-
ing biological processes.

In accordance with the idea of dissociation of size and shape, Gould (1977)
and Alberch et al. (1979) applied the concepts of pacdomorphosis and pera-
morphosis exclusively to measures of shape, but not to size (see also Godfrey
and Sutherland 1995a, 1995b). Therefore, Gould (1977:256) and Alberch et al.
(1979: Table 1) specified that proportional dwarfism and proportional giantism
do not produce paedomorphosis or peramorphosis. Nevertheless, because al-
lometric growth is virtually ubiquitous, shape and size are tightly linked, and
shape change accompanies every change in size. Proportional dwarfism or gi-
antism therefore are rare; 1 do not know any quantitative study showing either
of them unambiguously. Hence, ir most cases the size of an organism can
provide valid information about ontogenctic polarity.

Organismal form is an intrinsically multivariate concept, whether it is char-
acterized through a geometric concept of shape (¢.g., Mosimann 1970; Book-
stein 1991) or by the relative sizes of parts (e.g., Klingenberg 1996a). Mor-
phometric variables extracted from different parts of an organism can thus
show different ontogenetic trends, and their evolutionary history may be either
independent or linked to that of other such parts. Therefore, the results of hete-
rochronic changes can differ depending on the traits under consideration—size
or shape, or different shape measures—and statements such as “the descendant
species is paedomorphic™ arc meaningless unless it is clear o which traits they
refer. Paedomorphosis and peramorphosis are relative tcrms, and therefore de-
pend on the organisms being compared (e.g., an ancestor and a descendant)
and on the measure of shape or size used as a criterion.

The classical models of heterochrony are based on the implicit assumption
that there is an unambiguous ontogenetic polarity. This means that the mea-
sures of size and shape should increase or decrease monotonically in both an-
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cestral and descendant ontogenies. For size, this is fulfilled for the vast major-
ity of organisms, because they grow but usually do not shrink. For many shape
measures, however, there may be a reversal in the direction of ontogenetic
change. Then, it is not always possible to interpret evolutionary changes as
pacdomorphosis or peramorphosis, because the basis for the comparison
changes depends on the part of the ancestral ontogeny that serves as the stan-
dard for comparison (see Dommergues 1986; Dommergues and Meister 1989).
This situation may be quite common, especially when biphasic growth is in-
volved. Imagine an example in which a trait y first grows with positive allome-
try and later with negative allometry relative to another variable x. Then the
shape measure defined by their ratio, y/x, will first increase and then decrease
with age. Depending on whether one chooses the first or the second growth
phase as the standard for comparison, the same outcome can be interpreted as
cither pacdomorphosis or peramorphosis. This is at least a partial explanation
for unusual and apparently paradoxica’ heterochronies in conjunction with
biphasic growth (Gould 1977, footnote on p 365; Shca 1989:82; Vrba 1994).
Also, it is clear that paedomorphosis and peramorphosis are inapplicable for
shape if the ancestor shows isometric growth, that is, increase in size without
concomitant shape change. The importance of analyzing complete growth tra-
jectories cannot be overemphasized in this context (Dommergues 1986). In
most cases, a different choice of the shape variable will avoid this difficulty.

This discussion of paedomorphosis and peramorphosis shows that these
terms strongly depend on the context in which they are used: different choices
of the morphological feature and of the ontogenetic stages included may pro-
duce contradictory results. The methods and underlying theories of measuring
shape and size of organisms are critical determinants of the results of each
analysis. It is therefore important to state this context explicitly in any empiri-
cal study.

The Clock Model

The ontogeny of morphological form can be described as a sequence of co-
ordinated changes associated with age that affect size and shape of organisms.
Evolutionary modifications in ontogeny can aftect the size, shape, and the age
at which the organism attains any particular developmental stage. Ancestral
relationships among size, shape, ascl age can either be conserved or modified;
the latter possibility, dissociatior. #: the focus of Gould’s (1977) approach to
heterochrony.

Gould (1977) proposed his clock nicdel as a graphical device to display and
compare the ontogenies of ancestors and descendants. The clock has three
scales: one each for a measure of size, a measure of shape, and age (Fig. 3-2A).
The scales are calibrated for the ancestor, and the hands of the clock display
the ontogeny of the descendant, thereby revealing possible differences in de-
velopment. This model also serves as the basis for a classification system of
heterochronic changes (Fig. 3-2B).
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Fig. 3-2. The clock model of Gould (1977). (A) Explanation oi the clock. The solid arrow and
the outer scale indicate size, the dashed arrow and the inner scale pertain to shape. The shaded
area in the horizontal bar is the marker of age. The vertical dotted line shows the calibration for
ancestral size. shape, and age at the standard stage. (B) The classification of heterochronic
changes according to Gould (1977), with the additional types (ratc hypomorphosis and rate
hypermorphosis) proposed by Shea (1983a).
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As a starting point for using the clock model, th= investigator must defins
measures of size and shape. Size measures can be single measurements, like
body length or weight, or composite measures such as first principal compo-
nent scores. Angles or ratios of lengths can serve to quantify shape, and multi-
variate techniques offer a variety of composite shape measures (the section on
allometry, below, contains more details on the analysis of size and shape). A
particular developmental stage is chosen as a standard for comparison; tradi-
sionally, sexual maturity has been taken as a standard, but any other stage can
be used, provided it is defined by a criterion other than the size or shape vari-
ables used in the analysis. The scales are set so that the size, shape, and age of
the ancestor at the standard stage are in the midline of the clock (dotted line in
Fig. 3-2A). Then, the scales of age and size at earlier slages are calibrated by
interpolation between the initial age and size and the standard stage, and by ex-
trapolating beyond that stage. The scale of shape, however, is calibrated so that
the shape values are at the same place on the scale as the size values at the cor-
responding age. As a result, the hands of size and shapc will move together
when the clock is run for the ancestor (note that this way to calibrate the shape
scale implies that growth must not be isometric in the ancestor).

The descendant ontogeny can now be displayed on the clock. Because the
age scale is calibrated with a measure of physical time, the descendant’s
marker for age moves together with that of the ancestor. In contrast, the posi-
tions of the hands for size and shape in the descendant may differ from those in
the ancestor at any stage, reflecting evolutionary changes of ontogeny. More-
over, the descendant’s hands of size and shape may not move together, indicat-
ing dissociation and consequently a difference between ancestral and descen-
dant allometries.

At any particular stage of ontogeny, the descendant’s size may be larger or
smaller than that of the ancestor at the corresponding stage. The position of the
descendant’s hand of shape indicates if it is paedomorphic or peramorphic—
this is a graphical presentation of a shape comparison at the standard stage and
with regard to the particular shape measure chosen. Furthermore, the descen-
dant may reach the standard stage at a younger or older age than the ancestor;
although the age scale is calibrated by physical time, the intrinsic time scale
may change from ancestor to descendant, and the descendant’s age marker
may therefore be to the left or right of the clock’s midline at the standard stage.

The classification of heterochrony in the framework of the clock model is
based on the positions of the clock’s hands and the age indicator when the de-
scendant reaches the standard stage (Fig. 3-2B). Gould (1977) named six basic
types of changes, partly adapting them from the scheme proposed by dc Beer
(1958), and Shea (1983a) added two further types. Neoreny and acceleration
are changes in shape only, which do not affect age or sizc at the standard stage.
They result in an altered allometry. Early or delayed termination of the descen-
dant ontogenies, while both size and shape retain the ancestral growth rates, re-
sult in progenesis and hypermorphosis, respectively (“time hypomorphosis™
and “time hypermorphosis™ in the terminology of Shea 1983a). Shea (1983a)
proposed the terms rate hypomorphosis and rate hypermorphosis for changes
in the growth rates of size and shape, rather than in the age at the standard
stage. Shea coined these terms for cases of ontogenetic scaling, where the de-
scendant retains the ancestral relationship between size und shape; the only dif-
ference in allometric plots between ancestors and descendants is therefore that
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growth trajectories are either truncated or extended. Finally, proportioned
dwarfism and proportioned giantism tesult from changes in size, but affect

neither shape nor age at the standard stage: yet they produce changes in al-
lometries.

As Figure 3-2B shows, the classification does not include all the possible
outcomes—not all of them are named (although one of those shown, in the
center of figure, represents the case of no evolutionary change). Moreover, this
figure does not even contain all the combinations of age with size and shape
changes (there are 26 possible combinations involving some change, 18 of
which involve shape change). It is therefore clear that the classification cannot
appropriately describe all possible outcomes of the evolution of ontogenies.
Additional patterns have to be expected. For instance. Gould (1977: Fig. 40)
presented a separate clock model for human heterochrony. which does not cor-
respond to any of the “pure” types (nevertheless, he called it “*human neoteny™
in the figure caption). Furthermore, Shea (1983b) pointed out that there may
not be a “global™ heterochronic change affecting organisms in a uniform way.
He argued that the results of a comparison strongly depend on the structures
being investigated. In his example, comparisons between common and pigmy
chimpanzees, application of the clock model yields different results in separate
analyses for the skull, trunk and fore lim¥bs, and hind limbs.

Gould's clock model serves as a tool to compare ontogenies and it is the
basis for a classification of evolutionary changes in ontogenies; it is used in
two rather different ways for these purposes. As a device to display and com-
pare the ontogenies, the model emphasizes the processes that produce evolu-
tionary change, that is, evolutionary changes in the dynamics of growth as vi-
sualized by the moving hands of the clock. The clock model has rarely been
used in this context—computer animation may be more suitable for this pur-
pose than the printed page (a series of clocks at successive stages might serve
the same purpose). It is important to note, however, that the classification built
on the clock model is based on the results, or patrern gencrated by those pro-
cesses, because the size, shape and age of ancestor and descendant are com-
pared exclusively at a single standard stage. In this context, only the static
configuration of the clock’s hands is considered; the same configuration might
result despite differences in the developmental dynamics during the ontoge-
netic stages preceding the one at which the comparison is made.

The Formalism Bused on Growth Functiony

Because heterochrony deals with changes in rates and timing of growth pro-
cesses, the most straightforward way 1o study it is to compare the actual curves
depicting measures of size or shape as a function of developmental time. This
approach was chosen by Alberch et al. (1979), who bascd their formalism for
the analysis of heterochrony on a simple descriptive model of a growth pro-
cess. In their model, the growth curve is determincd by three parameters: the

time of onset (Q), the growth rate (k), and the time of 1ermination of growth (3,
offset time; although they defined this last parameter as “cither a specific age,
or a limiting size or shape™ [p. 301}, it is preferable to usc only the time of
termination, because the model does not produce the predicted changes if a
fixed limit for the growth variable itself is used). An evolutionary alteration in
any of these parameters constitutes a heterochronic change. The fourth parame-
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ter in the model, initial trait value (30), is the result of development before ob-
servations are made; changes i.: this parameter are not directly relevant to the
analysis of heterochrony if the study is limited to a well-defined ontogenetic
period. In a more mechanistic developmental context, however, evolutionary
changes in initial size and shape may be important, as they may influence sub-
sequent growth processes (e.g., Oster et al. 1988; Aichiey and Hall 1991). In
the phenomenological model discussed here, such changes would be inter-
preted as heterochronic changes affecting early ontogeny, without explicit ref-
erence to their mechanistic cause.

Alberch et al. (1979) adapted the classification scheme of Gould (1977) to
the new framework, including the separation of siz¢ and shape. Unlike the
classification based on the clock model, however, the categories of hetero-
kronic changes are defined by the way they affect the dynamics of growth.
¥he question if a descendant is paedomorphic or peramorphic relative to a
siven ancestor is therefore separate from the question of which differences in
their ontogenies caused this outcome. Rather than considering the morphologi-
cal results of growth in ancestors and descendants compared at a standard on-
togenetic stage, the formalism of Alberch et al. deals with evolutionary modi-
fications of growth itself. The three parameters of the model used to describe
growth curves provide the basis to compare the growth dynamics of ancestors
and descendants. Alberch et al. (1979) recognized that changes in single para-
meters can produce the heterochronic changes named by Gould (1977) for the
clock model, and therefore they applied the same terms (pp 304-306). Yet, be-
cause the clock model compares the results of ontogenctic change, this corre-
spondence is not perfect, especially with respect to changes in the onset para-
meter, which is not included in the clock model

An increase in the rate of development for shape corresponds to accelera-
tion, a decrease is neoteny. Proportional dwarfism and giantism are character-
ized by a lower or higher growth rate for size, respectively. The original ver-
sion of the formalism assumes the times of onset and termination of develop-
ment to be the same for size and shape. Earlier or dclayed termination in the
descendant correspond o progenesis and hypermorphosis, respectively. It is
important to note that the definitions provided by Alberch et al. did not relate
cessation of somatic growth and sexual maturation in any specific way
(although the examples in their paper do); termination of growth can be at any
stage and can be independent of sexual maturity (Alberch et al. 1979:302).
This is a marked difference to the concept of de Beer (1958). To accommodate
changes in the third parameter, onset time, Alberch ct al. (1979) coined the

terms predisplacement and postdisplacement for early and delayed onset of
development.

As in the clock model, Alberch et al. (1979) used special terms for dealing
with rate changes for size (proportioned dwarfism and giantism) and shape
(neoteny and acceleration). This separation of size and shape has been aban-
doned by many recent authors, who have applied the terms originally devised
for shape to size data as well (e.g., Creighton and Strauss 1986; McKinney
1986, 1988; McKinney and McNamara 1991; Klingenberg and Spence 1993
Ravosa et al. 1993; Vrba 1994; McKinney and Gittiecman 1995). Both size and
shape can be used as measures for the “degree of decvelopment” of ancestors
and descendants, because both are intimately linked by ontogenetic ailometry
in most organisms (other authors disagree with this rcasoning, insisting that
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Fig. 3-3. The formalism of Alberch et al. (1979). A measure of shape or of size (only in the
maodified version of the formalism; see text) is graphed on the vertical axis to indicate the de-
gree of development. The solid line represents the growth trajectory of the ancestor, and the
square its morphology at the termination of growth; corresponding symbols for descendants
are dashed lines and dots. (From Klingenberg and Spence 1993, with permission of the Society
for the Study of Evolution.)

development refers only to shape defined as ratios of mcasurements; see God-
frey and Sutherland 1995a, 1995b, 1996). Shape results from the relative sizes
of an organism’s parts; the changes in developmental processes that determine
the sizes of organs and of the whole organism therefore are also the changes
that affect shape. Therefore, it is logical to apply the same formalism for hete-
rochrony, with separate initial values, rates, as well as onsct and termination
times for each trait (Fig. 3-3). This is consistent with the three-parameter
model for growth curves, which Alberch et al. (1979:301) explicitly proposed
for either size or shape. As a consequence of this shift in definition, the terms
that originally were used for heterochrony of shape now are applied to both
size and shape measures, and the terms “proportional dwarfism™ and
“proportional giantism™ are superfluous in the modificd formalism. On the
other hand, it is even more important that investigators specify clearly which
traits they consider in this expanded framework for analysing heterochrony.
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Because it is based entirely on the simplified model of a developmental pro-
cess, the formalism of Alberch et al. (1979) does not make any reference to
sexual maturation, which was the frame of reference in de Beer's (1958) dis-
cussion of heterochrony; ancestors and descendants can be compared at any
corresponding stage in their ontogeny (choice of this stage determines the pa-
rameter B). Despite the fact that there is no necessary connection, studies that
have applied the heterochronic concepts have focused almost exclusively on
late ontogeny, where the cessation of development coincides with reproductive
maturity, or may even be causally related to it. Several recent critiques of the
classical frameworks have targeted this connection to reproductive maturation
(e.g., Raff and Wray 1989; Reilly et al. 1996). It is therefore imperative that
the frame of reference be made clear in each study; the use of a purely descrip-
tive terminology avoiding the traditional terms is a possible alternative (see
Raff and Wray 1989).

Heterochronic processes can be combined, as more than one of the parame-
ters of the growth function can change simultaneously (sce also Fig. 2 of Reilly
et al. 1996). Only the combinations of heterochronic processes that affect the
same parameler in opposite directions are impossible. In pairwise combina-
tions, heterochronic processes either tend to reinforce or compensate the mor-
phological effects of one another (Fig. 3-4). Dommergues et al. (1986) consid-
ered pairwise combinations of heterochronic processes. and also presented an
elaborate terminology for the resulting heterochronies. In contrast to the results
in Fig. 3-4. Dommergues et al. (1986) considered ncoteny to be incompatible
with predisplacement, as well as acceleration with postdisplacement. Presum-
ably, they regarded these combinations as incompatible because perfect com-
pensation of morphological effects may occur, in which case no evolutionary
modification will result in either age or morphology at the termination of
growth. As Fig. 3-4 shows, however, both these combinations have an effect
on the growth trajectories, although the resulting adult morphology may be the
same (“isomorphosis” of Reilly et al. 1996). This again illustrates the impor-
tance of considering the dynamics of growth processes in detail. Combinations
of heterochronic changes, rather than “pure”™ processes. are 10 be expected in
nature (e.g., Alberch et al. 1979:307); such combinations have been found in
several comparative studies of growth dynamics (e.g.. Creighton and Strauss
1986: Wayne 1986b; Ishikawa and Namikawa 1987: Klingenberg and Spence
1993; Leigh and Shea 1996).
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Fig. 3-4. Effects of pairwise combinations of heterochronic processes. l-or simplicity, the mor-
phological effects of each heterochronic process have been set 1o a constant value, as in Fig. 3-
3. Therefore, the effects either double or cancel out completely, depending on the combination.

The growth model underlying the formalism for analyzing heterochronic
changes is a drastic simplification of growth dynamics. Therefore, a crucial
step for the application of this framework is the translation from the complex,
nonlinear growth functions of real organisms to the simple changes considered
in the model (see also the discussion of this “parameterization problem™ by
Atchley 1987). The rate parameter is often derived from the average rate of
growth: the total growth incremaent divided by the time between the onset and
termination of growth. As an alternative, however, the growth rate at a particu-
lar stage or the maximal growth rate can be used. The age of onset and cessa-
tion of growth are often difficult to determine, because size or shape measures
gradually reach an asymptote. As a proxy, investigawsrs may choose the age at
which the variable reaches a certain percentage of the asymptotic value or
when the growth rate exceeds a particular threshold vaiuc or a given fraction of
the maximal rate (Fig. 3-5). These choices can affect the results of the analysis,
and proper care is necessary for interpreting the results.
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Fig. 3-5. Comparison of growth dynamics in two species. The top pancl shows the growth
curves, and the bottom panel the growth increments at regular intervals (c.2., annual growth).
Each panel illustrates a different way to determine the times of onset (o) and cessation (B) of
growth: in the top panel, a and B are defined as the times at which size reaches a given per-
centage of the final value, and in the bottom panel as the times at which the growth proceeds at
a certain threshold rate. The results may differ depending on the method and threshold values
chosen. but in this case, they are consistent: the descendant starts growing later, grows at a
higher rate (both average and maximum), and ceases to grow carlicr than the ancestor.
Thercfore. the heterochronic change is a combination of postdisplacement, acceleration, and
progenesis.

An example of how this formalism can be applicd to real organisms is the
study by Creighton and Strauss (1986), comparing growth among several
species of rodents. These authors used von Bertalan{y curves (a function with
exponential decay of growth rate) to quantify the growth of cach species. They

defined B, the offset time parameter, as the time at which the growth curve at-
tained 90% of the asymptotic size. The average growth ratc between birth and

the offset time B, could be used to identify neoteny and acceleration. Creighton
and Strauss took birth weight as an indicator for prenatal development, al-
though this criterion cannot directly recognize pre- or postdisplacement. Com-
paring parameters of growth functions fitted to the data requires that the shape
of the curves is constant across the study group, that is, that the underlying
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model (e.g. von Bertalanffy, Gompertz) accurately represents the growth
curves of all species. Gther studies forused on direct comparisons of growth
curves, without applying a particu’ar growth model (e.g., Ishikawa and
Namikawa 1987; Strathmann et al. 1992; Klingenberg and Spence 1993). In
addition, nonparametric regression techniques can be very uscful for comput-
ing both cumulative growth and velocity curves (¢.g.. Guihard-Costa 1991;
Leigh and Shea 1996). The chief advantage of nonparametric techniques is
their flexibility, because they do not assume a particular shape of the growth

curves (for a comparison of parametric and nonparametric methods, see Leigh
and Shea 1996).

Different structures have their separate ontogenics, which can be described
by their own growth trajectories. Despite the overall integration of ontogenies,
growth in various organs can be controlled intrinsically (c.g. Bryant and Simp-
son 1984); this provides different structures with a degree of independent vari-
ation, and therefore they may also evolve in different ways. In the analysis
each organ has its own set of parameters for onscl, rate, and termination of
growth (Atchley 1987; Atchley and Hall 1991). Whereas the original formal-
ism of Alberch et al. (1979) assumed that the times of onsct and termination of
development were the same for size and shape (“global heterochrony™,
McKinney and McNamara 1991), the modified formalism allows separate het-
erochronies for each character (“mosaic heterochrony.” David 1989, 1990;
“dissociated heterochrony,” McKinney and McNamara 1991).

A clear example of separate growth trajectories is growth in birds: whereas
leg measurements reach an asymptotic value relatively carly, 1he wings con-
tinue to grow longer (Boag 1984; Carrier and Leon 1990), and the bill may
only reach its final size several weeks after fledging (Boag 1984). As a result,
allometries may change from one growth phase Lo another (e.g., Cane 1993),
and different organ systems may evolve opposite heterochronies, such as in the
Galdpagos cormorant and other flightless birds. which have a pacdomorphic
pectoral girdle and a peramorphic pelvic girdle relative to their hypothetical
ancestors (Livezey 1992, 1995).

Combinations of heterochronic processes may be of crucial importance for
ecological interpretations of heterochrony. Rate and timing of development are
important determinants of life history, which is the interfuce between an organ-
ism’s ontogeny and its environment. Gould (1977) argucd that heterochrony,
through its connection to life history parameters, may he correlated with the
dynamics of populations and their environments. Specilically, he hypothesized
(pp 290-294) that neoteny should be associated with K selection and progence-
sis with 7 selection, respectively (see also McKinncy and Gittleman 1995). In
partial support of the hypothesis, McKinney (1984, 19%6) found an association
between the size of fossil echinoids and the stability of their habitats. Other
studies also reported associations between environmental conditions and evo-
lution by heterochrony (Allmon 1994; Wei 1994). Duc to the absence of age
data, however, it is not possible to interpret these results in terms of hetero-
chrony with any degree of confidence; size may be mislcading proxy for age
(see below; Klingenberg and Spence 1993; Goafrey and Sutherland 1995a).
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Conflicts Between Different Frameworks

Although the classifications of heterochronic processes based on both
Gould's (1977) clock model and the formalism of Alherch et al. (1979) mostly
use the same terms, there is no strict one-to-one correspondence between them,
and their application may sometimes lead to contradiclory conclusions. Both
frameworks adapted some of de Beer’s (1958) catcgorics, and therefore were
designed to capture the essence of his notions, as well as 1o be faithful to the
original examples for which the terms were coined (for discussion, see Gould
1977). There is a substantial difference, however. in the way the two for-
malisms identify categories of heterochronic changes: the clock model n:akes a
static comparison of size, shape, and age at a particular stage chosen as a stan-
dard, whereas the formalism of Alberch et al. (1979) compares specific param-
eters of growth functions. The differences have become even more important
since most authors have abandoned the distinction hetween size and shape as
the measure for the degree of development (Fig. 3-2: McKinney 1988; McKin-
ney and McNamara 1991; Klingenberg and Spence 1993; Vrba 1994).

To illustrate these differences, 1 compare the two terminologies by simply
describing the categories of the clock model (Fig. 3-2) with the terms used in
the modified version of the formalism by Alberch et al. (Fig. 3-3). The clock
model’s progenesis is also termed progenesis in the latier formalism, but this
must be specified for both size and shape separately. Rate hypomorphosis,
however, is described as neoteny of both size and shape (or as neoteny for
shape, combined with dwarfism). For neoteny and acceleration of the clock
model, sither the corresponding processes or, alternatively, postdisplacement
and predisplacement act on shape; there is no change in size in either case.
Conversely, proportioned dwarfism and giantism arc described as neoteny and
acceleration in size, with no change in shape. The clock model’s
hypermorphosis is characterized as hypermorphosis in hoth size and shape,
whereas rate hypermorphosis is acceleration of both size and shape.

Attempts to infer the types of heterochrony from plots of growth functions
illustrate the ambiguities that can be produced by switching between the two
systems without proper caution. For instance, Richismeicr and Lele (1993: Fig
13a) plotied a growth variable G(r), for example a lincar distance measure-
ment, as a function of time; they also plotted the specilic growth rate, the
derivative of the log-transformed measurement with respect to time. The re-
sulting plots, although intended to depict rate hypermorphosis, are indistin-
guishable from plots for acceleration in the framework of growth functions in-
troduced by Alberch et al. (1979). As all the hetcrochronic types in the clock
model, rate hypermorphosis can only be identificd by considering size, shape,
and time simultaneously (Fig. 3-2). In order to gencrate raic hypermorphosis of
the clock model, the relative increase of specific growth rates in all traits must
be the same, so that the descendant ontogeny follows the allometric trajectory
of the ancestor. This example demonstrates that concepts and terminology of
the two trameworks are not directly compatible: because the clock model si-
multaneously refers to both size and shape, the heterochrony types of the clock
model cannot be read from a single growth function.
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An Example: Human Heterochrony

The debate on heterochrony in human evolution is a particularly clear ex-
ample of how conflicting interpretations may arise because of the differences
in the concepts on which analyses are based, even il all these analyses are car-
ried out correctly. In the last few decades, the hypothesis that humans are
neotenous relative to their ancestors has dominated this debate (de Beer 1958
Gould 1977; Montagu 1989). Recently, however, this view has been chal-
lenged, most notably by Shea (1989), who presented a detailed critique of the
neoteny hypothesis and concluded that no single heterochronic process domi-
nated human evolution (see also Dean and Wood 1984: Wood 1996). McKin-
ney and McNamara (1991) also criticized the ncoteny hypothesis, but they ar-
gued that hypermorphosis was the dominant process igstead. Whercas Shea
(1989) agreed with earlier authors that some morphological features of humans
are paedomorphic, although not by neoteny, McKinncy and McNamara (1991)
interpreted most of these features as peramorphic. In contrast, Vrba (1994)
explained the evolution of the increased brain size and numerous pacdomor-
phic features through prolongation of biphasic growth. Godlrey and Sutherland
(1995a, 1995b, 1996) criticized several of the studices arguing against the
neoteny hypothesis on methodological grounds. Because these studies used the
entire array of conceptual frameworks to analyze the same problem, a closer
examination of the arguments made by different authors can serve as a case
study of the application of heterochronic formalisms und of their modifica-
uons.

Like earlier authors, de Beer (1958:68—76) bascd his argument in favor of
neoteny as the dominant process in human evolution on an enumeration of
traits consistent with this pattern. First, he reviewed cvidence supporting pac-
domorphosis of various human features (pp 68-73) and then listed delays of
multiple developmental events in humans relative to the great apes and other
primates (pp 73-76). This reflects de Beer's notion of ncoteny as pacdomor-
phosis through retardation of development (1958:36. 63 (I.). Montagu (1989)
took the enumerative approach farther; most of this book is devoted to listing
purportedly paedomorphic characteristics of humans (Montagu treated neoteny
and paedomorphosis as synonyms). Montagu applicd the concept of pacdo-
morphosis not only to physical traits, but among others also included love,
friendship, sensitivity, work, optimism, honesty, song. and dance, all of which
he considered neotenous “[blecause they appear so carfy in life of the child,
and many of them are already present during fetal lite™ (p 107). Tt is unclear, at
the very least, what criteria Montagu applied to designate these propertics as
paedomorphic (see also Shea 1989:94; McKinncy and McNamara 1991:309
f.).

Gould’s (1977) argument for human neoteny is of a different form, as he
emphasized the weakness of the enumerative approach (pp 363 f f.; but see also
Shea 1989:88 ff.). He first noted that general temporal retardation of develop-
ment characterized human evolution, an observation uncontested even by crit-
ics of the neoteny hypothesis, and then asserted that “retardation established a
matrix within which all trends in the evolution of human morphology must be
assessed” (p 365). “Retardation” is at the heart of the discussion about the
evolution of human ontogeny, but this term is responsible for much of the con-
fusion. The word “retardation” can denote a slowing ol a continuous process or
the delay of discrete events; it can thus refer to cither rates or timing. Neither
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de Beer (1958) nor Gould (1977) specified in which sense they used the word;
in this review, I strictly use it to mean a delay in the timing of an event. Many
of the events affected by retardation relate to maturation of the reproductive
system (e.g., puberty and the adolescent growth spurt). Retardation, in this
sense, does not automatically imply paedomorphosis (c.g., Gould 1977: foot-
note on p. 376), which is essential for a heterochronic change to be recognized
as neoteny under the clock model; instead, pacdomorphosis must be estab-
lished as a separate fact. Stated in the terms of the framework of growth func-
tions, retardation only produces paedomorphosis if the slowing of development
is strong enough to outweigh the effects of prolonged development time in the
combination of neoteny with hypermorphosis (see Fig. 3-4).

A “matrix of retardation™ was the principal factor in Gould’s (1977) account
of paedomorphosis pervading human evolution, because | ¢Jeneral retardation
of this sort entails extensive paedomorphosis as an almost ineluctable conse-
guence” (footnote on p. 376). This “matrix” implics general paedomorphosis
that has a common developmental basis, while individual traits may deviate for
specific reasons. For instance, Gould used the “matrix of rctardation” in his ar-
guments to counter claims by critics of the neoteny hypothesis that some hu-
man features were peramorphic, such as the chin and prominence of the nose.
Most of these arguments focused on the definition of the “shape” of these fea-
tures relative to neighboring structures: Gould suggesied that these traits only
appear to differ from other parts of the skull because of the more pronounced
paecdomorphosis of surrounding tissues by extreme retardation (pp 380-382).
He acknowledged, however, that there are exceptions 1o human neoteny, for
example the legs that evolved by hypermorphosis—as another facet of general
retardation.

Shea (1989) evaluated the hypothesis of human neoteny by comparing the
predictions of the clock model to the data that had previously been used to
support the hypothesis. According to the clock model (Fig. 3-2), the neoteny
hypothesis predicts that shape in human adults, the standard stage chosen,
should correspond to the shape of ancestral juvenile stages; changes in age or
size are in addition to those predicted by “pure” ncoteny (compare Gould’s
[1977] separate clocks for neoteny [his Fig. 39B|] and “human neoteny™ [his
Fig. 40]). Shea (1989) pointed out that many of the pacdomorphic features
previously cited in support of the neoteny hypothesis result from rate hypo-
morphosis rather than neoteny of the clock model. and are associated with al-
lometric scaling. Note, however, that in the modificd formalism of growth
functions, rate hypomorphosis would be described as neoteny of both size and
shape, thus altering the implications of the neoteny hypothesis.

Because the neoteny hypothesis under the clock model predicts change in
shape without a corresponding change in size, Shca (1989) pointed out that
allometric relationships should differ between ancestors and modern humans
under this hypothesis. He discussed intraspecific variation in humans cited
previously as examples for neoteny, namely sexual dimorphism and the growth
of pygmies, and pointed out that this variation mainly concerned the extent of
growth along a shared allometric trajectory (pp 76-80). In addition, ontoge-
netic scaling is generally widespread in primate cvolution (see, e.g., Shea
1983a, 1992a, 1992b; Ravosa et al. 1993). Godfrey and Sutherland
(1995b:422) criticized Shea’s analyses because a conscerved allometric trajec-
tory for one shape variable does not rule out dissociation for other shape vari-
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ables. Dissociation in any single shape variable automatically implies dissoci-
ation for *“shape” in the multidimensional space of all shape variables, but
other shape variables may retain their ancestral association with size. The fact
that some shape variables therefore may “miss™ dissociation is a shortcoming
of all heterochronic analyses, because both the clock model and the formalism
of growth functions must treat the *“shape” or “‘development™ variable and its
rate of change as scalar values. The choice of this variable is a crucial step in
the analysis of heterochrony. Separate analyses of various shape variables,
each emphasizing different aspects of shape, may well lead do opposite results;
these are only apparently contradictory, but point out the complexity of the ob-
served changes. Multivariate analyses are a possible alternative, but in turn,
their findings cannot always be interpreted correctly in the simple one-dimen-
sional perspective of paedomorphosis versus peramorphosis.

Shea (1989:80-85) also challenged Gould's (1977) explanation of human
paedomorphosis by the “matrix of retardation” because of the lack of empirical
evidence supporting an association of extended development with paedomor-
phosis, either among human populations or among specics of primates or other
animals. There clearly must be an association between rate of development and
the time at which it reaches a given threshold value (Godfrey and Sutherland
1996:36 f.), but beyond this, the implications of developmental delay are open.
In a more general context, it is important to recognize that retardation has two
opposite facets, depending on whether the emphasis is on the stage before or
after a particular developmental event. On the one hand, organisms with re-
tarded ontogenies may have a more paedomorphic appearance because the cf-
fects of delayed developmental events have not yet appeared at the ages when
comparisons are made. On the other hand, however, developmental processes
that take place before this event have more time to accumulate a stronger effect
by hypermorphosis, which is peramorphic with respect to the polarity for this
ontogenetic stage.

Although seemingly self-evident, this perspective may be helpful to recon-
cile the contrasting positions on the development and evolution of the human
brain size. Ontogenetic allometries of brain size versus body size change dras-
tically during development, and as a consequence, the polarity of pacdomor-
phosis versus peramorphosis reverses itself. During fetal development of hu-
mans and other mammals, brain size increases fast and with positive allometry
(although slight) relative to total body size, but there is a switch to a slower
rate and negative allometry at birth or some time thereafter; this switch occurs
especially late in humans (e.g., Gould 1977:371-373; Shea 1989:82; McKin-
ney and McNamara 1991:301-303). This prolongation of brain growth at the
high fetal rate is responsible for a marked increase in relative brain size, and it
makes modern humans clearly peramorphic by hypermorphosis relative to
their ancestors, if the ontogenetic polarity of fetal development is used as the
base of the comparison (e.g., McKinney and McNamara 1991). In contrast, the
same change renders humans paedomorphic if the ontogenetic polarity of the
later postnatal period is applied (Gould 1977; Shea 1989). Awareness of the
reversal of ontogenetic polarity can help to resolve an apparent paradox, as il-
lustrated by the following quotation: “Our relatively large brains therefore re-
sult from time hypermorphosis [i.e., they are peramorphic in the fetal polarity],
and they yield a high brain/body ratio that is paedomorphic, given the general
postnatal negative allometry of brain/body growth” (Shea 1988:252 f.).

59



3. Review of Heterochrony and Allometry

A similar logic is behind the terms “hyper-paedomorphosis” and *“hypo-per-
amorphosis™ coined by Vrba (1994), which also pertain to biphasic (or multi-
phasic) growth. In the model of “hyper-paedomorphosis” a period of fast de-
velopment is followed by a period with a slower rate. An extension of both
periods by an equal proportion leads to an increase in the developmental
change achieved in both periods, and is thus peramorphosis by hypermorpho-
sis. Because the first period has a higher rate, however, the increase of devel-
opmental change during this period is larger than in the second period, and a
higher proportion of the total ontogenetic change stems from the first period in
the descendant than in the ancestor. In an apparent redefinition of the term
paedomorphosis, Vrba (1994) concludes that “the proportion of shape units
derived from the earlier juvenile phase (or paedomorphic shape) increases in
the descendarn:” (p 359). This concept of paecdomorphosis and peramorphosis,
according to the time when shape change occurs, is fundamentally different
from the concept used by other authors (although remarks of Gould [1975:286;
1977: footnote on p 365] and Shea [1989:82] may be interpreted to foreshadow
Vrba’s redefinition) and it is even inconsistent with the definition in the glos-
sary of Vrba’s chapter (p 371). In all of Vrba’s models, both developmental
periods have the same polarity (a monotonic increase of the shape score), and
therefore any extension of growth periods leads to peramorphosis, whereas
truncation produces paedomorphosis.

McKinney and McNamara (1991) analyzed human heterochrony with the
modified version of the formalism by Alberch et al. (1979); much of their ar-
gument therefore concerns size, and not exclusively shape (but see the critique
by Godfrey and Sutherland 1995b, 1996). They confirmed the pervasive retar-
dation of human ontogeny, but they argued that rates of developmental pro-
cesses in humans are not lowered, and human evolution is therefore dominated
by peramorphosis through the process of hypermorphosis, not paedomorphosis
by neoteny. This reasoning required a reversal of the ontogenetic polarity pre-
viously hypothesized for many morphological traits. In this context, McKinney
and McNamara (1991:292) raised a fundamental criticism against the use of
shape measures, echoing the more extensive analysis of Shea (1989:85-88).
For instance, they argued that the similarity between the rounded skull of adult
humans and the fetal or juvenile skull of other hominoid primates is a conse-
quence of the prolonged retention of high fetal growth rates of the brain in hu-
mans, and therefore a hypermorphic character. Tension and pressure by the ex-
panding brain are important factors in the growth of the braincase (Herring
1993:176 f.), and retention of a rounded skull inay have been selected for as an
efficient way for accommodating an enlarged brain while maintaining other
functions of the head (Ross and Henneberg 1995). Therefore, McKinney and
McNamara (1991) considered the slowing-down of the development of overall
shape to be only an apparent by-product of this process, which does not reflect
a slowing of underlying growth processes. In sum, Shea (1989) as well as
McKinney and McNamara (1991) peinted out that biological processes should
be the principal considerations in analyses of heterochrony, and that similarity
exclusively based on a geometric definition of shape may be superficial.

Sexmal dimorphism traditionally has been used as an argument for human
neoteny. For example, Montagu (1989:27) stated that “[t]he female skull ... is
more pedomorphic in all human populations than the male skull; this holds true
for many other somatic traits and, I have not the least doubt, for functional and
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behavioral traits as well.” In contrast, Shea (1989:84) and McKinney and Mc-
Namara (1991) noted that sexual dimorphism does not conform to the predic-
tions for neoteny. McKinney and McNamara argued that females are proge-
netic relative to males because growth rates are about the same in both sexces,
but the adolescent growth spurt and termination of growth occur about two
years earlier in girls than in boys (Marshall and Tanner 1986; Tanner 1989). In
the African apes, however, sex differences in growth curves lead to size di-
morphism in a variety of ways and may be subject to natural selection them-
selves (Leigh and Shea 1996), suggesting that there is considerable evolution-
ary flexibility in the way sexual dimorphism develogs. Such flexibility raises
the question of just how informative sexual dimorphism is for understanding
how humans evolved as a species.

The discussion about human heterochrony has been dominatcd by dis-
agreement about interpretations of the same facts. Retardation, in the sense of &
prolongation of the entire ontogeny, has been accepted by most workers in the
field (e.g., Gould 1977; Montagu 1989; Shea 1989; McKinncy and McNamara
1991), and has been confirmed recently with new methods applicable to fossil
hominids (see Smith and Tompkins 1995). The disagreements about human
heterochrony largely stem from differences in the definition of traits to be ana-
lyzed, not from factual differences or errors in the analyses. Disparate concepts
of “size” and “shape” (see the section on allometry, below) and differing for-
malisms for analyzing heterochrony have led to conflicting interpretations.
Generalizations about evolutionary process on the basis of published results
are currently impossible because of these discrepancies——-one¢ author’s
“neoteny” is another author’s “hypermorphosis.” These disagreements about
underlying frameworks are deeply entrenched, and there is little or no prospect
of a uniform terminology anytime in the near future. The only remedy for this
situation is both for authors to be explicit about the criteria on which diagnoses
of heterochronic processes are based, and for readers to pay close attention to
these issues when comparing the results of different studics.

Formalisms Based on Developmental Processes

The methods for analyzing heterochrony presented in the preceding sections
are entirely phenomenological. They examine the evolution of growth at the
scale of the whole organism, characterizing them by growth functions derived
from external measurements. Such growth curves reflect the aggregate dynam-
ics of a multitude of unknown developmental mechanisms that work at the or-
ganismal, tissue, cellular, and molecular scales, and their interactions. More-
over, most studies of heterochrony deal with late stages of ontogeny.

Modern developmental biology, conversely, is concerned mostly with early
stages and smaller, more localized scales. Pattern formation and cell differen-
tiation are the main focus, rather than growth. Developmental biologists
mainly focus on individual processes, which are often known in great detail,
but usually for only a few experimental organisms. In recent years, interest in
evolutionary problems has increased among developmental biologists, and a
growing number of studies have discussed heterochrony in relation to its
mechanistic basis (e.g., Hall 1984, 1992; Ambros and Horvitz 1984; Alberch
1985; Lord and Hill 1987; Ambros 1988; Parks et al. 1988; Regier and Vlahos

1988: Raff and Wray 1989; Wray and Raff 1990; Raff 1992; Duboule 1994;
Richardson 1995; Gilbert et al. 1996).
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Cell proliferation and morphogenetic movements can be described by rates
and timing, and to some extent even processes such as gene regulation and
other molecular interactions. Therefore, evolutionary changes in these parame-
ters can be interpreted as heterochrony in a manner analogous to_the frame-
works discussed above. Raff and Wray (1989) proposed an alternative classifi-
cation of heterochrony, which is similar to the formalism of Alberch et al.
(1979), but Raff and Wray specifically considered the regulatory mechanisms
that underlie evolutionary changes in rate, onset or termination of a develop-
mental process. Whereas the basic formalism (see Fig. 3-3) describes develop-
mental phenomena exclusively as a function of time, Raff and Wray (1989)
also include processes whose product determines the timing of termination via
a feedback mechanism. For instance, in a such a product-regulated process, an
evolutionary increase in the rate will cause the process to terminate early ina
descendant; in the phenomenological framework, this would be described as a
combination of acceleration and progenesis (Fig. 3-4). Because the regulatory
mechanisms that lead to such combined heierochronies differ from those based
on timing only, Raff and Wray (1989) considered the combinations of hetero-
chronic processes that lead to compensation as separate processes. The de-
scriptive terminology for heterochrony proposed by Raff and Wray does not
include any of the terms used in the classical frameworks of heterochrony (for
a synonymy, see Table 3-1).

This approach can be adapted to particular examples. The “morphogenetic
triangle™ proposed by Keene (1982, 1991) is a formalism specitically devised
for describing tooth growth. Crown height of a tooth is detcrmined by prolif-
eration of the inner enamel epithelium and its subsequent differentiation that
initiates mineralization (see also Smith 1995). Proliferation starts earlier and
proceeds at a slower rate than differentiation. Growth of the tooth crown is

Table 3-1. Cormparicon of the terminology for heterochrony proposed by Ratf
and Wrav (1989} with the modified formalism of Alberch et al. (1979; see
Figs. 3-3, 3-4).

Raft and Wray (1989: Table 2) Alberch et al. (1979)

Early initiation {a) Predisplacement

Early initiation (b) Predisplacement with progenesis

Late initiation (a) Postdisplacement

Late initiation (b) Postdisplacement with
hypermorphosis

Early termination Progenesis

Late termin:iion Hypermorphosis

Faster rate (a) Acceleration

Faster rate {b) Acceleration with progenesis

Slower rate (a) Neoteny

Slower rate (b) Neoteny with hypermorphosis
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terminated when differentiation catches up with proliferation. Hence, a graph
can be set up with two lines representing the progression of proliferation and
differentiation as a function of age: these lines and the time axis enclose a tri-
angle whose tip indicates the time of completion and final height of the tooth
crown. An increase in height can be achieved by a higher rate or ear i . set
of proliferation, or by a lower rate or later onset of differentiation. ‘ithough
the “morphogenetic triangle™ is based on a very simplified model of . Ch-
anisms underlying tooth development, Keene (1991) showed that it can o use-
fully applied to explore variation in tooth size, shape, and features such as the
number of cusps.

Detailed knowledge of developmental mechanisms can lead to a deeper un-
derstanding of the potential for evolution by heterochrony. Ontogenies are not
merely sequences of events occurring in a fixed temporal order, which can be
speeded up or slowed down. To the contrary, there are various kinds of rela-
tions among developmental events, and change in any one event may or may
not have a cascade of effects on later stages. Two successive events in a devel-
opmental sequence may be directly related to one another as cause and effect,
they may both be the effects of a third, earlier event, or alternatively, they may
not be related, but only occur in sequence by coincidence (Alberch 1985; Raft
and Wray 1989). Clearly, the potential for dissociation and heterochrony dif-
fers between these alternatives, and therefore developmental causation is of
great importance for understanding heterochrony. Nevertheless, there is dis-
agreement on whether heterochronic studies assume that ontogenetic stages are
causal sequences of developmental events. In fact, this disagreement is based
on fundamentally different views of heterochrony. Alberch (1985) insisted that
a causal relationship among events is essential for heterochronic analysis. He
referred to the frameworks of Gould (1977) and Alberch et al. (1979), which
require size and shape to be monotonic functions of age; these formalisms can-
not accommodate changes in the sequence of ontogenctic stages. Therefore, to
use the formalism, one must assume the order of stages is invariant; assuming
a causal relatior of developmental events ensurces that the sequence is constant
and that stages can be homologized unequivocally. In contrast, Rafl and Wray
(1989) specifically refer to heterochrony a4 any change in the relative timing of
developmental events, including reversals of the ancestral sequence, and many
other developmental biologists follow this definition (¢.g., Ambros and Horvitz,
1984:; Hall 1990, 1992). The absence of causal rctations reduces constraints on
such changes in the sequence of developmental events, and therefore facilitates
evolution by this kind of heterochreny (Raff and Wray 1989).

Developmental biologists tend to define heterochrony as evolutionary shifts
in the relative timing between developmental events in an organism, that is, a
change in the order of these events (e.g., Raff 1987; Raff and Wray 1989:410,
413; see alse Ambros and Horvitz 1984; Hall 1984, 1990, 1992; Wray and
McClay 1989; Wray and Raff 1990; Collazo 1994; Duboule 1994; Richardson
1995). This concept of heterochrony is somewhat different from that employed
in the frameworks outlined in the previous sections, where heterochrony is de-
fined as any evolutionary change in rates or timing of developmental pro-
cesses, even if the order of events is unchanged (c.g., McKinney and McNa-
mara 1991). In many studies, this distinction is not stated explicitly, and it ap-
pears as a mere shift in emphasis. Still, this shift constitutes a return to the
original definition of the term by Haeckel, who defined heterochrony as
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changes in the order of appearance of organs (Gould 1977). This definition is
more restrictive than the one going back to de Beer, who included the speeding
up or slowing down of a conserved ontogenetic sequence (de Beer 1958;
Gould 1977, 1992; McKinney and McNamara 1991). This recent trend within
modern developmental biology to resurrect Haeckel's original meaning of het-
erochrony, which Gould (1992:165) thought to be extinct, is an additional twist
in the long and changing history of this term (Gould 1977, 1992); it is espe-
cially ironic because prominent developmental biologists believe that one of
the achievements of Gould’s (1977) book was *“exorcising the ghost of
Haeckel” (Giibert et al. 1996:363). This reversal in the definition of hetero-
chrony has a parallel in the renewed use of the term heterotopy, coined by
Haeckel for evolutionary change in the location from which an organ origi-
nates during development (Wray and McClay 1989; Hall 1992:210-212).

Case Studies on the Developmental Basis of Heterochrony

Heterochrony is an evolutionary process that leads to morphological diffes -
ences between ancestors and descendants by changing developmental path-
ways (Hall 1992: 199 f.). Understanding the mechanistic basis of these
changes and their consequences is a central component of a synthesis between
developmental and evolutionary biology (Atkinson 1992; Hall 1992; Raff
1992: Gilbert et al. 1996). A number of model systems have been explored in
this context, and developmental biologists increasingly adopt a comparative
approach and expand the spectrum of study organisms (but see Hanken 1993).
This broader compz:ative basis and the recent advances in developmental ge-
netics make it possidble te pinpoint the actual mechanisms underlying the more
traditional models.

A well-studied example of heterochrony in early ontogeny is the evolution
of nonfeeding larvae and direct development in sea urchins. Several lineages
have evolved development via lecithotrophic larvae with reduced or lost feed-
ing structures as an alternative to their ancestral ontogeny, which includes a
planktonic feeding stage, the pluteus larva (e.g. Strathmann 1978, 1985; Raff
1987: Wray and Raff 1991a; Wray 1992). This change in life history is asso-
ciated with fundamental differences in larval structure and developmental pro-
cesses, of which many can be interpreted as heterochrony (Wray and Bely
1994; Wray 1995); however, there may not be any corresponding differences
in the adult stage. Eggs of species with direct development are much larger and
contain more yolk than the eggs of species with feeding larvae (Raff 1987;
Wray and Raff 1990, 1991a). Cleavage, blastula formation, and gastrulation
differ between the two developmental modes (Raff 1987; Wray and McClay
1989; Wray and Raff 1990, 1991a, 1991b; Wray and Bely 1994). Features
characteristic of the pluteus larva in typical sea urchins, such as the larval gut,
the calcareous skeleton and arms, are reduced or completely absent in embryos
with direct development (Raff 1987). At least some of these changes are re-
lated to developmental timing, as larvae of nonfeeding species delay the ex-
pression of genes associated with skeletogenesis (Wray and Bely 1994; Wray
1995). The echinus radiment, however, which consists of structures of the ju-
venile sea urchin that persist after metamorphosis, develops in a much shorter
time than it does in the typical pluteus larva (Wray 1995). Despite these con-
sistent features, there are also substantial differences among the many lineages
that acquired direct development independently: developmental pathways dif-
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fer between lineages, and even the sequence of the appearance of organs may
be reversed (Raff 1987).

Egg sizw plays a key role in the determination of carly ontogeny (Ratf 1987,
Wray and Raff 1991a; Wray 1995). Sca urchins are a suitable experimental
system for rnanipulating the size of developing embryos because blastomeres
separated in the two- or four-cell stage of cleavage develop into complete lar-
vae. Experimental manipulations of egg size can have similar heterochronic ef-
fects on larval development as interspecific differences in egg size (Sinervo
and McEdward 1988). Increased density of food presented to pluteus larvac
leads to reduced growth of larval structures and early metamorphosis, devel-
opmental effects which are similar to those of large yolky eggs in sea urchins
with direct development (Strathmann et al. 1992). Egg size is not the only
factor in the transition to direct development (Wray and Raff 1991a), since
there is no pluteus larva after experimental reduction of cgg size in direct de-
velopers (Okazaki and Dan 1954; Henry and Raff 1990). Nevertheless, an
evolutionary increase in egg size could have been a mechanism involved in the
origin of nonfeeding larvae, providing a simple developmental basis for multi-
ple heterochronic changes as an evolutionary response to selection on larval
life history traits (Sinervo and McEdward 1988; Strathmann et al. 1992). In
turn, an increase in egg size can be interpreted as peramorphosis during oogen-
esis (Wray 1995). Similar associations of changes in cgg size, early develop-
ment, and life history have also been reported in other animal groups (Elinson
1987, 1989; Freeman and Lundelius 1992; Sinervo 1993).

These studies, among others, suggest that relatively simple changes in initial
conditions may result in multiple heterochronic changes under a conserved set
of developmental rules. This structuralist or internalist framework for under-
standing the basis of morphological evolution (Maynard Smith et al. 1985;
Wake and Larson 1987; Alberch 1989, 1991) requires knowledge of develop-
mental mechanisms and of the way thesec mechanisms are integrated.

Shubin and Alberch (1986) and Oster et al. (1988) used the structuralist ap-
proach to explain the origin and diversity of vertebrate limb designs (see also
Coates 1994; Hinchliffe 1994; Morgan and Tabin 1994; Shubin 1995). The
empirical basis of these models comes mostly from interspecific comparisons
of development (e.g., Shubin and Alberch 1986; Blanco and Alberch 1992),
from the analysis of intrapopulation variation (Shubin et al. 1995), or from the
study of teratological “monsters,” which provide information about the intrin-
sic rules of variation precisely because they are maladaptive and often even
lethal (Alberch 1989). Intraspecific variants, presumably duc to environmental
or relatively small genetic differences, can be atavisms or they can correspond
to apomorphies of other clades (Shubin et al. 1995), and indicate that the de-
velopmental processes channel morphological variation in certain dircctions,
and may thus account for parallel evolution and reversals (Wake 1991).

Insect wings are another well-understood example. In a large comparative
study, Nijhout (1990a, 1991) interpreted the diversity of color patterns on the
wings of butterflies as different expressions of the same groundplan (see also
Nijhout 1994b). Experimental transplantation or cautery of parts of developing
wing discs indicated that patiern elements result from the interaction of ain-
ductive focus with the surrounding epithelium (Nijhout 1980, 1985, 1991,
French and Brakeficld 1992, 1995; Brakeficld and French 1995). Morcover,
Nijhout (1990a, 1991) developed a reaction-diffusion model, in which an acti-
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vator and inhibitor substance intcract to establish the pattern in a discrete por-
tion of the developing wing disc. He showed that this model is able to produce
nearly the entire diversity of observed wing pattern elements by changing val-
ues for thresholds, diffusion constants, and decay rate constants for activator
and inhibitor, and the time when the pattern of morphogen concentration is
translated into color patterns; most of these changes can be interpreted hetero-
chrony. Subsequently, Carroll et al. (1994) found that the expression of several
genes known for their role in pattern formation in Drosophila forms spatial
patierns in developing butterfly wings that correspond to prospective elements
of the color pattern (see also Carroll 1994); this constitutes a possible mecha-
nistic basis for the theoretical model. In a similar way, Garcia-Bellido and de
Celis (1992) proposed a model of the development of veins in the wings of
Drosophila, based on detailed genetic analysis (see also Sturtevant and Bier
1995). The relevance of these studies for evolution is underscored ty Powell
and DeSalle (1995) who pointed out that several features of wing venati.»n that
vary across the family Drosophilidae are morphologically equivalen: i» mu-
tants known from Drosophila melanogaster (phyletic phenocopies).

The preceding examples suggest that at least some evolutionary changes
may have a fairly simple developmental basis. Experimental studies showed
that factors such as temperature and exposure to certain chemical compounds
can produce the phenotypic effects of heterochrony (Yamashita et al. 1991;
Blackstone and Buss 1992). Moreover, some studies discovered that mutations
at single gene loci may produce heterochronic changes. A clear example are
the heterochronic genes in the nematode Caenorhabditis elegans, which con-
trol the timing of events in postembryonic development (Ambros and Horvitz
1984; Ambros 1989; Ambros and Moss 1994). Mutations in each of these
genes cause specific cells to adopt roles that their lineage normally plays ear-
lier or later (Ambros and Horvitz 1984). Some of these mutations correspond
to differences observed among ncmatode species (Ambros 1988). Yet, in each
species these genes interact in a coordinated way to specify the timing of the
switch from larval to adult molts (Ambros 1989; Ambros and Moss 1994).
Homeotic genes may have played a similar role in the evolution of insects
(Lerclerc and Regier, 1990) and vertebrates (Duboule 1994).

Simple changes in the endocrine growth control can produce heterochronic
effects at the whole-organism level (Shea 1992a). Merimee et al. (1987)
showed that short stature in African pygmies mainly results from the reduction
of the adolescent growth spurt and related this to the very low levels of insulin-
like growth factor 1 (IGF 1) during puberty in pygmies relative to other ethnic
groups (sec also Shea, 1989; Shea et al. 1990; McKinney and McNamara,
1991). The endocrine control of metamorphosis in insects is fairly well under-
stood (Nijhout 1994a), and can provide the basis for complex polymorphisms
(e.g., Wheeler 1990, 1991).

Plants provide an interesting system for the study of ontogeny because of
their modular architecture, in which elements such as leaves or flowers are re-
peated in a series along a shoot axis (Guerrant 1988). In gencral the positica on
the shoot corresponds to the time of initiation of a structure, and the differ-
ences among leaves or flowers iterated along an axis (heteroblasty) can thus be
interpreted as a temporal record of whole-plant ontogeny. In this context, hete-
rochrony has been invoked as a possible origin of cleistogamous flowers (Lord
and Hill 1987; Gallardo et al. 1993) and to explain differences in leaves be-
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tween wild species and cultivars (Jones 1992, 1993: but see McLellan 1993).
Wiltshire et al. (1994) reported on several mutants of the garden pea that have
clear heterochronic effects, suggesting that at least some heterochronic changes
may originate from fairly simple genetic and developmental changes.

Some of the preceding examples demonstrated that heterochronic changes
can have a simple genetic basis. Even in the examples where effects of indi-
vidual genes are known, however, it may be more appropriate to view genes as
suppliers of materials used in a complex network of developmental interac-
tions, rather than as the direct cause or controlling agents of development
(Nijhout, 1990b; Alberch, 1991). Change of any single part in this network
may produce a cascade of effects, but development relies on the interplay of all
the parts. These intricate interactions among developmental processes that pro-
duce heterochrony make it difticult 1o identify and understand the mechanisms
underlying heterochrony.

As an alternative, one can resort to statistical analysis of genetic and devel-
opmental phenomena using the methods of quantitative genctics. A number of
quantitative genetic models for the evolution of ontogenies have been proposed
(Atchley, 1987; Slatkin, 1987; Atchley and Hall, 1991; Cowley and Atchley,
1992; Atchley et al. 1994). These models are often very complex themselves,
and empirical studies have therefore focused either on the covariation among
traits in adults, which does not relate directly to heterochrony, or they have
analyzed genetic variation and constraints in the growth functions of onc or
more traits (e.g., Cheverud et al. 1983; Atchley 1984; Leamy and Cheverud
1984; Riska et al. 1984; Lynch 1988; Kirkpatrick and Lofsvold 1989, 1992).

Analyses of phenotypic or genetic covariation among size measurements of
size at various ontogenetic stages can indicate the potential for evolutionary
change in ontogenies. Such studies have demonstrated that there is a high de-
gree of covariation among stages, with uttle flexibility for independent varia-
tion in different stages (Cheverud et al. 1983; Riska ct al. 1984; Kirkpatrick
and Lofsvold 1992; Bjorklund 1993; Klingenberg 1996b). The patterns of co-
variation in age-specific size show clear commonalitics among these studies of
mammals, birds, and ins¢tts; in contrast, corresponding analyses of growth in-
crements show no such coordinated variation in insects and rodents
(Klingenberg 1996b). This suggests that ihe strong patterns found in the analy-
ses of age-specific size data result from the part-whole relationships inherent in
these cumulative data, but do not reflect specific propertics of growth pro-
cesses in these organisms.

MEASURES GF TIMI:

Timing and rates of development are the central concepts of heterochrony.
While the importance of time is clear intuitively, and is generally acknowl-
edged in the literature, it is far less evident how the age of an organism should
be measured. There is no agreement on whether such a metric should reflect
developmental or physiolugical processes wiv.an the organism ( intrinsic time)
or, conversely, whether it should be independent of them (extrinsic time).
Moreover, a variety of different measures of intrinsic time have been proposed
in the literature. The formalisms for analyzing heterochrony all require a mea-
sure of time, but differ in the ways they incorporate it.
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Comparisons of ontogenies with the clock model require identifying two
homologous ontogenetic stages in both ancestral and descendant species (for
diagnosing the type of heterochronic change, one stage plus information about
ontogenetic polarity are sufficient). The first stage gives initial size, shape, and
age to calibrate the scales of the clock (the “zero” point), and the second is the
standard stage at which ancestor and descendant are compared. Size, shape,
and age are measured at these two stages and possibly at intervening stages,
and heterochrony is assessed by displaying the descendant ontogeny on the
scales calibrated for the ancestor. Provided the homologous stage for the com-
parison can be identified reliably for both ancestor and descendant, the conclu-
sions drawn from the clock model are relatively robust against differences in
the choice of a metric for age, because the different types of heterochrony are
identified by qualitative com~arisons of age, size, and shape (younger--older,
smaller-larger, paedomorphic—peramorphic; see Fig. 3-1).

The formalism based on growth functions, however, explicitly refers to de-
velopmental rates and to the time of onset or termination of growth processes,
and therefore requires quantification of these parameters using a metric of
time. In addition, one stage must be identified as homologous among the
species being compared, at initiation of development (at age zero). This is usu-
ally not too difficult, taking into account the context of a particular study. For
instance, the time of fertilization can be defined as this reference stage for
studies dealing with embryonic development, hatching or birth for postembry-
oni. growtk. The choice of a metric for time, however, is more problematic
heoause difc -~nt measures of time often are related in a highly nonlinear way.
Aiberch g1 . 11979:301) specified explicitly that age and time advance at the
Lagie Taie: this means that extrinsic time is to be used as the framework of
sowlvsis. “ionetheless, the use of extrinsic time for comparative purposes has

s v14zi0ized because developmental rates depend on environmental factors
=2} as temperature and on the size of the organism itself (e.g., J. O. Reiss
1989). Some authors even proposed that size may be a more appropriate mea-
sure of ontogenetic “age” (e.g., Strauss 1987, 1990).

1

Intrinsic and extrinsic time

The most fundamental division among the several ways in which the pass-
ing of time can be measured is that between intrinsic and extrinsic ime. Intrin-
sic time is also variously called physiological time or developmental time, de-
pending on the particular context. It measur s time by processes within the or-
ganism, for example by the occurrence o: discrete developmental events.
Therefore, progression of intrinsic time is sensit! “- to the size and other prop-
erties of the organism itself and to environmentat 1actors such as temperature
and nutrition—time passes at different rates for different organisms. In con-
trast, the advance of extrinsic time. also called clock time or astronomic time,
is independent of an organism’s con‘uii2n OF environment, but rates of biologi-
cal processes measured on this time scale may fluctuate within organisms ac-
cording to conditions.

In princinle, at least, the choice of intrinsic or extrinsic measures of time 1s a
matter of convenience (Hall and Miyake 1995), because time can be converted
from one measure into another, provided sufficient information is available. In
practice, however, this is hardly ever the case, because the relationships be-
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tween different measures of time are often nonlincar and dependent on multi-
ple physiological and ecological factors.

The scales of intrinsic and extrinsic time can be remarkably incongruent.
Despite controlled laboratory conditions. the durations of the five larval instars
varied by a factor of about two among individuals of a water strider specices
(Klingenberg 1996b). Hall and Miyake (1995:11-14) showed that the relation-
ship between morphologically defined stages of mouse embryos changes
markedly during development, with ample variation in carly stages and later
catch-up phenomena.

The simplest expressions of intrinsic time arc stages defined by discrete
events, such as hatching or birth, molts, or maturity; more claborate schemes
are used in tables of normal development (Hall and Miyake 1995; Starck 1993)
and more recently in studies of the order of gene expression (Duboule 1994).
These only record the sequence of events, but cannot quantify the intervals be-
tween them. Modular organisms, such as vascular plants, offer the opportunity
to use a very different measure of intrinsic “time™ without even measuring time
per se (Ritterbusch 1990). The counts of modules, for example the nodes with
leaves along a shoot of a plant, lay down a record of growth processes that can
be read from the structure of the mature organism (e.g., jones 1992; Wiltshire
et al. 1994). Richardson (1995) used somite counts in a similai way to compare
stages of embryonic development in vertebrates.

If measurements of the intervals between successive events are of interest, a
unit for intrinsic time must be chosen, which often involves standardization for
environmental conditions and size. The simplest metric expresses these inter-
vals as a percentage of a certain period, such as embryonic development from
oviposition to hatching. Physiological time is most commonly used to control
for the influence of environmental factors in intraspecific studies, especially to
correct for temperature variation in ectothermic animals (c¢.g., Taylor 1981;
Pruess 1983: Sinervo and Doyle 1990). Body size is another factor that
strongly influences the duration of most phases of the life cycle (¢.g., Calder
1984). After correction for these influences, interspecific comparisons cxamine
if development of a particular organism is faster or slower than would be ex-
pected under the given conditions from a comparison with the “average™ of
many related species. Some measures of intrinsic time have been developed
specifically for comparisons of the development of different species. They
measure time in units of cell cycle durations (Dettlaff 1986; Dettaff ct al.

1987) or as ¢ accumulation of metabolic activity per unit of hody mass (J. O.
Reiss 1989).

Adjustments for physiological time should be made carcfully, because they
may eliminate variation that is of interest in studics of heterochrony. Imagince
an organism that grows larger than its ancestor by growing for a longer period
as measured in units of extrinsic time. On this time scale, this heterochronic
change would be clearly diagnosed as hypermorphosis. If developmental
stages linked to maturity are used to determine units of intripsic time, the de-
scendant has the same intrinsic age at cessation of grow:4 by Selinition. On
this time scale, consequently, it must have a higher growth rate to reach its
larger size, and the heterochronic change would be diagnosed as acceleration.
Klingenberg and Spence (1993: Fig 9) showed that extrinsic time and discrete
developmental events (molts) lead to different conclusions about heterochrony
in water striders. Similar problems apply to correction- - wemperature effects
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and the choice of the experimental temperature in laboratory studies if species
differ in their temperature optima. Blackstone (1987b) argued for the use of
extrinsic time because it provides an unambiguous standard in comparative
studies (see also Blackstone and Yund 1989; McKinney and McNamara 1991;
for the opposite viewpoint, sec Strauss 1987).

Incremental growth marks in hard tissues provide a connection between in-
trinsic and extrinsic time. Changes in growth rates can leave marks in shells,
bone or teeth, and these fluctuations are often cyclical and synchronized with
seasonal changes or other periodical variation in the environment. Such marks,
laid down at regular intervals of extrinsic time, can be related to the develop-
. ment of the organism and its intrinsic time scale. Hard parts are increasingly
being used for aging of fossil and recent animals (Jones 1988; Castanet et al.
1993). For instance, studies of growth markings in teeth have been instrumen-
tal in reconstructing the life histories of fossil hominids (Beynon and Dean
198%: Smith and Tompkins 1995).

Size as time: “Allometric Heterochrony”

In many studies of heterochrony, especially in fossil organisms, age data are
not available. Because size increases monotonically with age during growth of
most organisms, it seems straightforward in this situation to substitute size as a
measurc of intrinsic time. Strauss (1987:73) even proposed that overall body
size is an estimate of biological age more directly tied to growth than chrono-
logical time. Following similar logic, McKinney (1986) formalized a frame-
work of “allometric heterochrony’ using bivariate allometric plots to infer het-
erochronic processes (see also Gould 1982:336; McKinney 1988; McKinney
and McNamara 1991). The basic assumption is that size increases according to
a growth schedule identical in ancestral and descendant forms being compared;
moreover, in this scheme a trait measurement (e.g., the size of a particular or-
gan) is used as the measure for “development” in the modified version of the
framework of Alberch et al. (1979; see Fig. 3-3). Under these conditions, the
formalism of aliometric heterochrony predicts that acceleration will lead to a
higher slope, and neoteny to a reduced slope. Progenesis will produce an allo-
metric trajectory of the descendant that follows the ancestral one, but is trun-
cated, whereas hypermorphosis will yield an extension of the ancestral trajec-
tory: both of these allometric result are cases of ontogenetic scaling (Gould
1975). Predisplacement means that the trait starts growing earlier in the de-
scendant than in the ancestor, while size still follows the ancestral schedule;
for any given size value, the trait is therefore larger in the descendant than in
the ancestor, and the allometric plot of the descendant has thus a higher y-in-
tercept than that of the ancestor. Conversely, postdisplacement leads to a lower
descendant y-intercept under these conditions. Numerous authors have used
this approach to interpret allometric plots in terms of heterochrony (e.g., Al-
berch and Alberch 1981; Gould 1982:336; McKinney 1986; McNamara 1988;
Lessa and Patton 1989; Winterbottom 1990; Boughton et al. 1991; Allmon
1994; Vrba 1994; Vrba et al. 1994; Wei 1994).

McKinney (1986, 1988) and McKinney and McNamara (1991) discussed a
number of possible problems with equating size and age and stated a number
of caveats for users of allometric heterochrony. Still, they maintained that the
diagnoses are correct if the growth dynamics of size are the same in ancestor
and descendant (McKinney 1988:21f.; McKinney and McNamara 1991:37). A
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number of other authors have presented more far-reaching criticism of allo-
metric heterochrony. These critiques include empirical investigations demon-
strating failure of the method in particular cases as well as theorctical argu-
ments addressing problems with the underlying logic.

Some empirical studies have demonstrated evolutionary changes in the
growth dynamics of overall size, which can generate incongruence between the
findings of age- and size-based methods for identifying heterochrony (e.g.,
Emerson 1986; Blackstone and Yund 1989; Klingenberg and Spence 1993;
Leigh and Shea 1996). The monotonic increase of size with age of each indi-
vidual does not imply that a corresponding relation also exists among individ-
uals or even across different taxa. For example, analyses in water striders
showed that development time and adult size are negatively correlated within
populations and uncorrelated among species (Klingenberg and Spence 1993,
1996; Klingenberg 1996b). This lack of correlation is due to independent vari-
ation in the growth rates of size and shape features—and this failure of the
bacterium-to-whale regressions at a lower phylogenetic scale in turn consti-
tutes the essence of evolution by heterochrony (.« discussion by Blackstone
and Yund 1989; McKinney 1988; McKinney znd McNamara 1991:35-40;
Klingenberg and Spence 1993).

The allometric patterns expected are not unique to particular heterocbronic
processes. For instance, not only progenesis and hypermorphosis, but also
changes in growth raies or onset time can produce ontogenctic scaling, pro-
vided they affect all measured organs simultaneously. Such concurrent changes
have been amply documented in studies of primates (Shea 1983a, 1988, 1989)
and dog breeds (Wayne 17 _6a, 1986b). Evolutionary changcs by ontogenctic
scaling may be widespread, because changes in hormonal growth control pro-
vide a simple physiological basis for these coordinated altcrations in growth
rates (Shea 1992a).

The empirical evidence of heterochronic changes in both size and shape is
the starting point for theoretical arguments showing that many different
changes can lead to the same pattern. For example, Blackstone and Yund
(1989:8) listed five different ways that can lead to an increase in the slope of
an allometric plot. Moreover, Klingenberg and Speace (1993) demonstrated
with a simple graphical model (Fig. 3-6) that there is no consistent set of con-
ditions that leads to the patterns of allometric heterochrony. This model simu-
lates simple heterochronic changes (i.e., in only one of the parameters in the
model of Alberch et al. 1979; see Fig. 3-3) for a trait, overall body size, or
both. Neoteny and acceleration are only correctly identified if they affect the
trait, but not overall size. In contrast, the allometric plots for predisplacement
and postdisplacement only conform to the expected patterns if the first growth
period, at the time of onset, is ignored. Finally, progenesis and hypermorphosis
only result if both the trait and size change simultancously, but any hetero-
chronic change in both variables produces one of these two patterns. In sum,
the expected allometric patterns occur only under specific conditions that de-
pend on the heterochronic changes themselves, and knowledge of hetero-
chronic processes is therefore necessary to diagnose them correctly.
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Fig. 3-6. Heterochronic changes and their effects on allometric plots of a trait r:easurement
versus overall size. The allometric patterns expected under McKinney's (1986) “allometric
heterochrony™ are only found if neoteny or acceleration only affect the trait alone, if progen-
esis or hypermorphosis affect both size and the trait simultaneously, or if predisplacement and
postdisplacement affect the trait alone and the borizontal or vertical parts of the growth
trajectories have not been observed (i.e., a lack of data during the part of the ontogeny when
the change is actually occurring). For simplicity, I assume thai ancestral onset and offset times
are the same for size and the trait, and that all heterochronic changes have effects of the same
relative magnitude on both variables (see Fig. 3-3; ncte that growth functions need not be
linear, but throughout the growth period, the specific growth rates of the two vafiabics are
always proportional, or one of them is zero during some part of ontogeny if there are changes
of the onset or offset parameters). These assumptions can be relaxed to some extent without
affecting the results substantially. (From Klingenberg and Spence 1993, with permission of the
Society for the Study of Evolution.)
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In a recent series of papers, Godfrey and Sutherland (1995a, 1995b, 1996)
presented further criticism of allometric heterochrony. They emphasized the
contradictions between interpretations of heterochrony derived from allometric
plots of a trait y versus a size variable x and those derived from Gould’s clock
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model if v/x is taken as the shape variable (Godfrey and Sutherland 1995b,
1996). In this case, the patterns expected under McKinney's allometric hetero-
chrony hold only if ¥ grows with positive allometry relative to x, but with
negative allometry, the direction of changes in allometric plots reverses itself
(see also Shea 1989:73). The usc of logistic growth functions and specific def-
initions of size and shape in their numerical simulations limits the generality of
some of Godfrey and Sutherland’s results, because changes in single parame-
ters of the logistic equation can produce complex changes in the growth curves
(cf. Fig. 3-5). In a similar model of sigmoid growth in two traits, using the
Gompertz function, simple relative shifts of the growth curves along the time
axis produced a change in the slope of the allometric plots, a pattern that would
be misdiagnosed as neoteny or acceleration by the framework of allometric
heterochrony (Laird et al. 1968; Barton and Laird 1969).

McKinney and McNamara (1991:41) recognized that the allometric diag-
noses will not correspond to the true heterochronic process under some cir-
cumstances. and they recommended to use allometric heterochrony as a con-
cept distinct from age-based heterochrony, by adding the qualifier “*allometric™
each time one of the heterochronic terms is used. The theoretical arguments
presented above show that the diagnoses of allometric heterochrony can be in-
compatible with the true heterochronic processes even if the caveats of
McKinney (1988) and McKinney and McNamara (1991) are taken into ac-
count (see Fig. 3-6), and the empirical studies suggest that this commonly is
so. Therefore, it seems highly questionable to call an increase in slope
“allometric acceleration” whe: all this implies is an increase in slope! Allo-
metric analyses themselves provide a rich opportunity to investigate ontoge-
nies and their evolutionary modification, and their terminology should be kept
separate from the distinct but complementary concept of heterochrony.

ALLOMETRY

The concept of allometry, like heterochrony, has several different meanings
and muliiple methodological approaches are available for analyses. All have in
common that allometry deals with covariation of traits associated with varia-
tion * "% size of organisms. The traits can be the size of parts, shape, or
physin .ecological, and behavioral characteristics, but the range of traits
consitdu.wu aiffers among the various concepts of allometry. In this review, |
concentrate on morphological features.

Allometry fundamentally differs from heterochrony in that it does nor ex-
plicitly include the dimension of time in the analysis (Huxley 1932; Reeve tnd
Huxley 1945; Laird 1965; Cock 1966; Gould 1966; Shea 1985; Blackstone
1987a, 1987b; Klingenberg 1996a). The domain of allometry is purely mor-
phological, and concerns measures of size and shape. The temporal dynamics
of growth enter the analysis of ontogenetic allometry indirectly, because the
growth curves determine the value of each morphological measurement at ev-
ery age (Fig. 3-1). German and Meyers (19894, 1989b) did not make this dis-
tinction between growth functions and aliometry when they discussed the
choice between size an¢ age as indcpendent variables for allometry; iheir
“growth allometry” of weight versus age (1989b: Tabic 1) is a growth curve
following a power function, but it is clearly not allometry in the sense of this
review and other authors.
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Time can be included as a dependent variable in allometric comparisons at
the interspecific level (e.g., Calcer 1984; M. J. Reiss 1985). In these kinds of
studies, however, size is always the independent variable, and is used to ac-
count for variation in tempora! parameters characteristic for each species (e.g.,
total lifespan, age at maturity).

Size, Shape, ¢s:d Aflometry: Two Schools of Thought

The concept of allometry has developed over time (Blackstone 1987a,
1987b), and there are currently two major conceptual frameworks of allometry,
which have different implications {or the connection between heterochrony and
allometry. These two approack: s differ mainly in the way they define and ana-
lyze organismal size and shape, and therefore reflect the spectrum of methods
in morphometrics (e.g., Rohlf ai.d Beokstein 1990). They are not as well de-
fined as the various formalisms for analyzing heterochrony, and there are some
methodological approaches that bridg= the gap between them, which is proba-
bly the reason why they have not veen recognized and compared {but see
Bookstein 1989; Klingenberg 1996a). Empirical assessments of allometric
methods usually have adopted one of these frameworks as the standard for
comparison; it is thus hardly surprising that such comparisons usually criticize
one approach because for its failure to produce results deemed “correct” under
the alternative framework (e.g., Albrech: et al. 1993; Jungers et al. 1995).

The first approach to the study of allometry, which 1 call the Huxley-Joli-
coeur school, is in the tradition of Huxley's work, which was based initiaily on
a model of growth dynamics. In this framework, allometry is the pattern of co-
variation among parts, and organismal shzpe is defined informally as the rela-
tive sizes of parts. The second line of thc:ght, which I call the Gould-~Mosi-
mann school, rigorously defines shape by geometric similarity; allometry is
any association between size and shape, but does not refer to a biological pro-
cess explicitly. (I have named the two approaches after authors who made
seminal contributions to the conceptual foundations or analytical methods cur-
rently in use. I do not imply, however, that these researchers exclusively used
one or the other of these approaches.)

The Huxleoy-Jolicoeur School

The most widely used expression for al.cmety is the equation of simple al-
lometry proposed by Huxley (1924, 1932): v = bx* or equivalently logy = logb
+ klogy. Buxley originally introduced this equation to study relative growth,
and it is » ) rouiinely used in this context. If k > 1. y is called positively ailo-
meiric with respect to x, and the ratio y/x will increase through the growth pe-
riod. Tcnversely, there is negative allometry if k < 1, and the value of y relative
to x will decrease with growth. The coefficient k, which provides information
about ontogenetic change in the relative magnitude of y versus x, can thereiore
be uscd to establish ontogenetic polarity for analyses of heterochrony. If k=1,
the traits are isometric and only the absolute sizes of x and y change during

growth, because the ratio between x and y is constant (i.e., y = bx), and there
consequently is no ontogenetic polarity.
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When Huxley (1924, 1932) introduced his equation of simple allometry, he
specifically referred to a process of multiplicative growth. The allometric co-
efficient k is determined by the ratio of the specific growth rates of two traits:

(Huxley 1932:6; Reeve and Huxley 1945; Laird 1965; Lande 1985: Shea
1985). As long as the specific growth rates of both traits have a constant ratio,
the resulting allometri. plot will be lincar on a log-log scale.

A range of conditioas can lead 10 constant ratios between the specific
growth rates of a pair of traits, and therefore simple allometry can be the con-
sequence of a number of binlogical - >enomena (see also German and Meyers
1989a). Katz (1980) used a simpliticd model of cell proliferai:on to derive the
allometry equation. Laird and ccw :rbors used a phenomenological model of
growth based on the Gompertz fu:s. {00, which assumes an cxponential decay
of initially high specific growih raies (Laird 1965; Laird ct al. 1968; Barton
and Laird 1969). This model g..:.ruics simple allometry as long as the coeffi-
cient of decay of the growth ruivs is the same for both variables. Blackstone
(1986, 1987c) directly analyzcd specific growth rates and their ratios in hermit
crabs.

Extending the concept of simple allometry to multiple measurements is
fairly straightforward. For many data sets, examination of growth in sevcral
traits shows that all pairwise allometric plots are linear or nearly so; assunming
linearity of all pairwise allometric plots among multiple mceasuremems pro-
vides a direct multivariate extension of simple allometry (Klingenberg 1996a).
Each of these plots can be considered as a projection from the space spanned
by all the measured variables onto the plane defined by two variables. For
three variables x, y, and z, it is easy to see that the growth trajectory in the
three-dimensional space must be a straight line if all three projections onto a
plane (x vs. y, x vs. 2, and y vs. z) produce linear allometric plots. A similar ar-
gument holds for more than three dimensions (Sprent 1972). Under this con-
cept of multivariate simple allometry, growth trajectories ar¢ straight lines in
the space of log-transformed measurements.

The statistical task for analyzing allometry is therefore to find a line of best
fit to the scatier of data points in this multidimensional space. Jolicoeur (1963)
proposed to use the first principal component of the covariance matrix of log-
transformed measurements as a multivariate generalization of allometry. Klin-
genberg (1996a) reviewed biological and statistical aspects of this approach
and summarized recent extensions for comparisons among groups.

There can be curvatures of growth trajectories, indicating that the ratios of
specific growth rates vary through ontogeny (c.g., Huxley 1932; Bookstein
1991: Figs. 4.2.2-4.2.4; Klingenberg and Zimmermann 1992; Klingenberg and
Sperce 1993). Nonlinearities can occur in cases where the growth rates of cer-
tain structures change drastically relative to the rest of the body (Cuzin-Roudy
and Laval 1975; Boag 1984; Cane 1993). In animals, these bends in growth
trajeciories are often associated with events such as the transition from larva to
adult (e.g., Strauss and Fuiman 1985). In contrast, nonlincar allometries scem
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1o be fairly widespread in plant development (Kampny et al. 1993, 1994;
McLellan 1993).

The concept of “'size™ is an important componcent of this approach to allome-
try. Unless a measure of size is specified a priori in a bivariate analysis. it must
be derived from the variables in the study. Because the position along the
growth trajectory is an intuitive measure of overall size, such “size scores™
have been used traditionally in multivariate studics (e.g., Jolicocur and Mosi-
mann 1960. Bookstein et al. 1985: Bookstein 1989; Klingenberg 1996a). A
“size” variable occurs in almost every ontogenetic data sei, and often accounts
for most of the variation (99% 1is not exceptioral; scc Klingenberg 1996a).
Moreover, these size scores are highly correlated with other possible size mea-
sures, such as individual measurements (e.g.. body weight, “standard length™
for fish) or the arithmetic or geometric mean of all variables.

In contrast, the notion of shape is only of peripheral importance in the Hux-
ley—Jolicoeur approach to the study of allometry: the analysis is concerned
with the covariation among sizes of parts, but nat directly with their propor-
tions. which constitute shape in its vernacular sense. There is a link to shape,
however, because if growih is allometric (with any bivariate & # 1), at least
some proportions among variables will change during growth.

In general, shape is fairly difficult to deal with in this framework. Many
workers have considered any variation as “shape™ that is not “size™, and thus
defined *‘shape™ as all variation in directions orthogonal to the “size™ axis (e.g.,
Jolicoeur and Mosimann 196(); see discussions by Bookstein 1989; Klingen-
berg 1996a). This concept of “shape.” however, is far removed from the idea
of shape related to proportions and geometric similarity. If there is allometric
variation, proportions among variables will change along the allometric axis,
which therefore contains not only variation of size but also of shape. There-
fore, this method separates size and size-related vanation in proportions along
the allometric axis (i.e., not “size alone™), from other, size-independent
*“shape’ variation (scc Flessa and Bray 1977). In many situations this is desir-
able, for instance, if a researcher attemnts to correct for growth variation when
comparing two groups (sce Burnaby 1966; Klingenberg 1996a); however, the
terms “size™ and “shape’™ should be used only with caution in discussions of
results from such analyses.

For studies of heterochrony, this approach to allometry is most compatible
with the modified version of the formalism of Alberch ct al. (1979), in which
size and shape are not necessarily separated. In these studies, the position
along the growth axis also provides an ideal way to establish ontogenetic po-
larity in size and the principal ontogenetic shape changes (e.g., Creighton and
Strauss 1986; Kiingenberg and Spence 1993).

The Gould-Mosimann School

In his review of the subject, Gould (1966) expanded the definition of al-
lometry to mean “the study of size and its consequences™ (p 587). Moreover,
he explicitly separated allometry from any specific mathematical relationship
among variables, and thereby denied any special status of the simple allometry
equation besides the fact that it often fits empirical data well. For morphology,
therefore, allometry mereiy implies that there is some shape change associated
with increase in size; conversely, the absence of size-related shape variation is
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isometry (in perfect agreement with the Huxley—Jolicoueur approach). Mosi-
mann (1970) proposed a formal statistical definition of this concept of allome-
try: allometry is an association between shape and sizc, whereas isometry is
their stochastic independence.

In addition to this revision of the concept of allometry, Mosimann (1970)
also provided a mathematical framework for the analysis of size and shape
based on geometric similarity. The size and shape of an object are character-
ized by a vector of measurements. Two objects have the same shape if multi-
plication of the measurement vector of one object with a positive constant can
transform it into the vector of the other object. Whereas shape is inherently
multivariate, size is a scalar; Mosimann defined a size variable as any function
of the measurement vector that scales linearly (i.e., multiplying every mea-
surement with a coiistant yields a value of the size variable that is multiplied
by the same factor). Photographic reduction or enlargement of an image are
analogs to this concept of shape equality; the magnification indicates the
change of a size measure.

In bivariate allometric plots on log-log scales, the iocus of geometrically
similar organisms is a straight linc with a slope of i. Similarly, in a multivari-
ate context, it is a straight line at equal angles 1o all coordinate axes in the
space of log-transformed traits (i.e., with a coefficient vector that is a scalar
multiple of [1, 1, 1, ..., 17'). It is therefore straightforward to use the position
along thesc lines to measure size. In the context of Mosimann’s (1970) theory,
this means that one chooses the geometric mean of all variables as the size
variable. All variation in directions perpendicular to this isometriz axis in-
volves differences in geometric shape.

Numerous authors have used this approach to analyze variation in geometric
shape. The method has been proposed several times independently under a va-
riety of names; the different implementations differ in the way calculations are
done, but are equivalent except possibly for minor details such as overall cen-
tering. The first implementation of the method projects the data points onto a
subspace orthogonal to the isometric vector (Burnaby 1966; Rohlf and Book-
stein 1987; Somers 1989:171) whereas the alternative approach doubly centers
the matrix of log-transformed data to have means of zero for both rows and
columns (Mosimann and James 1979; Darroch and Mosimann 1985; Kazmier-
czak 1985; Berge and Kazmierczak 1986; Somers 1989:171; Berge 1991;
Yoccoz 1993). A similar method uses residuals from regression of each mea-
surement on the isometric size variable to eliminate size variation (Healy and
Tanner 1981; Wilson and Loesch 1989).

Euclidean distance matrix analysis (EDMA) has been proposed recently as a
new method to compare objects in two or three dimensions (Lele and
Richtsmeier 1991; Richtsmeier and Lele 1993; Richtsmeier et al. 1993). The
technique analyzes the matrix of all pairwise distances between a set of mor-
phological landmarks. EDMA compares pairs of forms or sample averages by
calculating ratios of corresponding distances; by comparison of juveniles to
adults it can thus test if growth is isometric. Moreover, EDMA can compare
the patterns of juvenile-adult growth ratios among pairs of species. Neverthe-
less, the flexibility of the technique is somewhat limited, and analyses involve
large numbers of variables even with moderate numbers of landmarks (e.g., 10
landmarks result in 45 pairwise distances). Therefore, it is uncertain how this
technique can be applied to heterochrony. Although Richtsmeier and Lele
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(1993) discussed this topic, the only worked example (their Fig 12) used only
three landmarks (of the 10 or more in EDMA examples), so that all pairwise
distances between them cculd b2 plotted in the space of log-transformed mea-
surements; thus the example followed the methodology outlined in the preced-
ing section.

Another group of methods. often referred to as “geometric morphometrics,”
defines shape by the configuration of a set ©f morphological landmarks, rather
than by the proportions among distances between landmarks (Rohlf 1990;
Rohlf and Bookstein 1990; Rohlf and Slice 1990; Bookstein 1991, 1993). This
approach provides a flexible array of methods for superposition and compari-
son of shapes, and for the multivariate analysis of shape change. The drawback
of these methods for analyzing ontogenies is the complexity of growth trajec-
tories in the resulting shape spaces and their high dimensionality. Allomeiric
trajectories are often markedly nonlinear (e.g., Bookstein 1991: Figs. 7.6.4-
7.6.7; Zelditch et al. 1992, 1993; Walker 1993; Zelditch and Fink 1995), and
they are therefore difficult to analyze, for example. with regard to extension of
growth by ontogenetic scaling.

Because the techniques described in this section use an explicitly geometri-
cal definition of shape, the resulting shape variables can be used as measures
of shape for analyses of heterochrony. As shape is inherently multidimen-
sional, however, different shape variables may show different ontogenetic
trends and the results of comparisons will vary correspondingly. Summary
vectlors to establish ontogenciic polarity may be computed with multivariate
analyses of shape data, or by regression of size or age data on the shape vari-
ables (using multivariate and nonlinear regression techniques).

Evolution of Ontogenetic trajectories

Ontogeny can be described by the allometric trajectory of an organism and
the rate at which it proceeds along the trajectory. Heterochrony is evolutionary
change in these trajectories and rates. Both allometric analyses and timing are
therefore crucial for the understanding of heterochrony.

Allometric trajectories can be extended or truncated, they can change their
direction, or they can be shifted sideways (Fig. 3-7). Comparisons of trajecto-
ries can provide information about the dissociation of the growth dynamics
among measurements. Changes in direction of allometric trajectories indicate
such dissociation during the ontogenetic phase being studied, lateral transposi-
tion indicates dissociation in an earlier period, whereas conserved trajectories
indicate the maintenance of ancestral associations among traits. This informa-
tion is relative, and joint changes ia the rates or duration of growth that affect
all traits will not be discovered with allometric analyses alone.

Extension and truncation of ancestral ontogenies have been discussed under
the heading of ontogenetic scaling (e.g., Gould 1975; Shea 1988, 1992b;
Ravosa et al. 1993). Ontogenetic scaling, when it is found without other
changes to growth trajectories, can establish pacdomorphosis or peramorphosis
directly and unambiguously, but age is essential 10 identify the heterochronic
process responsible. Some authors have assoriated ontogenetic scaling with
progenesis and hypermorphosis, that is, charges in the age at termination of
growth (McKinney 1986; McNamara 1988), but a number of studies have
shown that other kinds of ccordinated changes in growth dynamics of multiple
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Fig. 3-7. Evolutionary changes to allometric trajectories. Ontogenetic scaling is the extension
or truncation of the ancestral trajectory. Changes in direction (slope in this bivariate graph) and
lateral ransposition (i.e., a parallel shift of the entire trajectory) involve dissociation of the
urowthi schedules of the traits. The ancestral allometric trajectory is drawn as a solid line, and
dashed lines represcent several descendant allometries.

measurements can produce the same allometric pattern (Shea 1983a, 1988,
1989, 1992b; Wayne 1986a, 1986b; Shea et al. 1990; Ravosa et al. 1993).

Changes in directions of growth trajectories indicate that the between-trait
ratios of specific growth rates differ from ancestor to descendant (for at least
on¢ pair of variables), that is, growth dynamics have become dissociated
among traits. Changes in the directions of allometric trajectories can lead to
paedomorphosis and peramorphosis, but this ontogenetic polarity of change
depends on ancestral allometry, as pointed out by Shea (1989:73) and Godfrey
and Sutherland (1995b, 1996) for bivariate allometry (see the critique of allo-
metric heterochrony, above). I propose a simple thought experiment to explain
this fact for bivariate and multivariate allometry, which also iilustrates the
connections between the Huxley-Jolicoeur approach and geometric concepts
of shape. Imagine a descendant maximally paedomorphic according to geomet-
ric shape: instead of following the ancestral trajectory towards more adult-like
proportions, this descendant would retain the starting shape and grow isometri-
cally without change of geometric shape. Any change in direction of the allo-
metric trajectory that brings it closer to the isometric vector (1, 1, ..., 1)’ would
therefore produce paedomorphosis, and peramorphosis would result from in-
creases in the angle between the trajectory and the isometry vector. This rea-

soning explains the simulation results of Godfrey and Sutherland (1995b,
1996).

The angles between ancestral and descendant trajectories and between each
of them and the isometry vector therefore provide a rough measure for ontoge-
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netic polarity (see, e.g., Klingenberg 1996a). Note. however, that the interpre-
tation of ontogenetic polarity in a multivariate confext is difficult if the de-
scendant trajectory is not within (or at least near to) the plane defined by the
anccstral trajectory and the isometric vector through the starting form. More-
over, these angles are difficult to interpret if ancestral and descendant trajecto-
ries differ more from each other than from the isometry vector, because onto-
genetic polarity in the ancestor and descendant may be opposite (e.g.. a switch
from positive to negative bivariate allometry): as in the special case of bivari-
ate allometry, this polarity is undefined if the ancestral trajectory is isometric.

Lateral transpositions indicate that the starting forms differ between ances-
tor and descendant. This means simply that alterations in development occur in
early developmental stages not included in an analysis. Nevertheless, as ances-
tral and descendant growth trajectories are parallel in the space of log-trans-
formed measurements, the dynamics of growth in all traits must preserve the
ancestral associations. Larval growth of water striders provides a striking ex-
ample of this conservation of allometric trajectories: although there are exten-
sive lateral transpositions, even the subtle deviations from simple allometry are
the same from species to species (Klingenberg and Spence 1993). In a multi-
variate context, the technique of Burnaby (1966) allows one to separate varia-
tion into components parallel and orthogonal to the growth trajectory, and is
therefore ideal to study lateral transposition and ontogenctic scaling even if
they occur together; a detailed discussion and applications are provided by
Klingenberg and Spence (1993) and Klingenberg (1996a).

Empirical studies considering multiple traits and carricd out with sample
sizes large enough to provide adequate statistical power often have found a
combination of all these processes (c.g., Shea 1983, 1985, 1989; Wayne 19864,
1986b; Klingenberg and Spence 1993; Klingenberg and Ekau 1996).

Static, Ontogenetic, and Evolutionary Allomertry

Allometric analyses can address variation at several levels, which the differ-
ent biological origins of variation and covariation among traits. Thesce levels of
allometry can be classified in several ways (Cock 1966; Gould 1966, 1975). 1
follow Cock (1966) in distinguishing static, ontogenetic, and evolutionary al-
lometry (see also Cheverud 1982; Klingenberg and Zimmermann 1992; Klin-
genberg 1996a).

The preceding sections focused on ontogenetic allometry, for which growth
is the source of morphological variation. For most ontogenctic data sets, the
model of simple allometry fits well, and the model of a linear growth trajectory

in the space of log-transformed characters can therefore be used to compare the
different levels of allometry.

Static allometry reflects trait covariation among individuals at a particular
ontogenetic stage and within a single population (Cock 1966; Klingenberg and
Zimmermann 1992; Klingenberg 1996a). It is *“static™ in that it represents a
snapshot of individual variability that eliminates the influence of both ontoge-
netic and evolutionary dynamics. Gould (1966, 1975) used the ierm
“intraspecific” for this level of allometry (note that Gould used the term
“static” for interspecific comparisons, which I treat as evolutionary allometry).
The ontogenetic stage at which static variation is analyzed is most often the
adult, but studies in other stages are equally informative; comparisons hetween
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stages of static variation can provide insight into the ontogenetic changes of
individual variability (e.g., Cuzin-Roud* 1975; Zelditch 1988; Zelditch and
Carmichael 1989; Klingenberg and Zimmermann 1992; Klingenberg et al.
1996).

A number of empirica: studies have ccimpared static and ontogenetic allo-
metry. Generally, correspondence between these allometric patterns is at least
fairly close (Cheverud 1982; Leamy and Bradley 1982; Klingenberg and Zim-
mermann 1992; Klingenberg 1996b), but one study found considerable differ-
ences related to traits with early or late growth maxima (bill versus wings in
Darwin’s finches; Boag 1984). These studies suggest that much of the varia-
tion among individuals stems from a variable extent of growth along relatively
constant allometric trajectories (see discussions by Cock 1966; Cheverud
1982; Klingenberg and Zimmermann 1992; Klingenberg 1996b). Patterns of
static allometry can provide evidence regarding the underlying developmental
processes, especially if this is supported by physiological and genetic experi-
mentation (e.g., Wheeler 1990, 1991; Emlen 1994). Riska (1986) presented
theoretical models of developmental processes that generate various patterns of
static covariation among traits (see also Slatkin 1987).

Evolutionary allometry originates from covariation in the phylogenetic
changes of morphometric traits. I do not follow the distinction between data
from fossils considered to be a series of ancestors and descendants in a specific
evolutionary lineage (evolutionary allometry sensu Gould 1966, 1975) or from
contemporaneous species of a clade (Gould’s interspecific allometry). The
evolutionary processes responsible for morphometric covariation along the
branches of a phylogeny are the same, regardless of whether the taxa under
study are linked by ancestor—descendant or sister group relationships (the data
may have to be adjusted for nonindependence; see, e.g., Felsenstein 1985;
Garland et al. 1992). Moreover, 1 consider evolutionary variation at different
taxonomic levels (intraspecific, interspecific) as different expressions of the
same phenomenon.

Empirical comparisons have shown that patterns of static and evolutionary
allometry can be similar (Gibson et al. 1984; Leamy and Aichley 1984; Klin-
genberg and Zimmermann 1992). Ontogenetic and evolutionary allometry also
can share similar patterns (Wayne 1986a, 1986b; Klingenberg and Zimmer-
mann 1992), which also applies by definition to all cases of ontogenetic scal-
ing (formal comparisons usually are not made, however, because most of these
studies deal with a single pair of species). In a comparison of all three levels of
allometry in water striders, Klingenberg and Zimmermann (1992) found that
patterns of static and ontogenetic allometry were more similar to each other
than either was to evolutionary allometry, snggesting differential selection
among traits as a possible factor generating the interspecific pattern.

The commonalities between levels of allometry reflect the fact that ontoge-
netic, static and evolutionary variation are interconnected inextricably because
variation in ontogenetic processes supplies static variation upon which natural
selection can act. Moreover, the phenotypic consequences of genetic changes
by selection or drift depend on the degree to which the developmental pro-
cesses are canalized (Saunders 1990). Synthesis of current knowledge about
development and genetics into heuristic models (e.g., Riska 1986, 1989;
Slatkin 1987; Atchley and Hall 1991; Cowley and Atchley 1992) can help un-
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derstanding the concerted action of all components of evolutiona:r processes:
moreover, such models can pinpoint critical arcas for future rescarch.

CONCL.USIONS

The goal of this review 1s to summarize the concepts of heterochrony and
allometry, and to illustrate how they can be applied to investigate evolutionary
processes. Throughout, I have emphasized the distinctions among methodolog-
ical frameworks for both heterochrony and allometry. My intent is not to set up
artificial barriers, but to make readers aware of the differences that exist in the
literature. These differences, coupled with the use of the same terminology in
often incompatible contexts has led to apparent conflicts. These, T think, can be
resolved best by examining the logical basis of different rescarch approaches
and the meanings of terms in each of them. Recognizing these differences is
indispensable for using the complementary strengths of the methods effec-
tively.

The two classical frameworks for analyzing heierochrony differ in the way
they compare ontogenies. The clock model of Gould (1977) is a device for
displaying entire ontogenies, but the classification of evolutionary changes is
based on the differences in size, shape, and age at a standard stage. As this
classification is based on entire “constellations™ of changes in these three vayi-
ables, each ancestor—descendant comparison can be unambiguously assigned
to one type of heterochronic change, although not all of the possible types are
named (Fig. 3-2B). In contrast, the formalism of Alberch ct al. (1979) is based
on a simplified model that characterizes a developmental process by its onset
time, rate, and time of cessation. Each of the terms for heterochronic changes
is defined an evolutionary alteration in one of the three model parameters. As
these parameters can change simultaneously, combinations of the hetero-
chronic “unit processes™ are expected to be the rule rather than the exception.

The framework of Alberch et al. (1979) underwent further change when the
terms for heterochronic changes were applied not only to alterations of shape,
but also of size variables. Although this practice has extended the usage of the
terminology, the modified formalism is consistent with the model of Alberch et
al., which was designed explicitly for both size and shape. It reflects a concept
of shape as the relative sizes of parts of an organism (which also includes in-
formation about their absolute sizes), in contrast to a purely geometric view
that focuses exclusively on shape as proportion.

Recognition of the differences helps resolving the controversy about human
heterochrony. Most contentious issues can be understood by examining the
conceptual basis of different studies. The consensus position emerging from
these considerations emphasizes the complex interplay of various processcs
that is partly independent in different organ systems, rather than the predomi-
nance of a single tendency. This consensus originates from a better understand-
ing of the developmental mechanisms involved in evolutionary changes of
ontogenies.

Developmental biologists have become increasingly interested in hetero-
chrony as an evolutionary process. Application of the classical frameworks,
however, has proven to be difficult because they were designed for the phe-
nomenological description of growth, but do not reflect the interest in control



3. Review of Heterochrony and Allometry

mechanisms that dominates developmental biology. To incorporate these con-
siderations, and to separate the terms from their historical association with
sexual maturation, Raff and Wray (1989) proposed a new set of terms for hete-
rochrony (Table 3-1). Although their classification is based on a model similar
to that of Alberch et al (1979), it uses entirely descriptive terms, and it incorpo-
rates some assumptions about developmental control via feedback mecha-
nisms.

Time is an essential component of heterochronic analyses. Different mea-
sures of extrinsic or intrinsic time will produce different results, and the choice
of a metric therefore must be justified for each study. Extrinsic time is used
most ofter, not only because the data are more readily available than for other
metrics, but also because extrinsic time provides an unambiguous basis for
comparisons and a link to life-history theory, which constitutes the ecological
background for the evolution of ontogenies. Several lines of evidence, both
theoretical and empirical, demonstrate that size cannot be a substitute for age
data; the dimension of time is indispensable for inferring heterochronic pro-
cesses. Although they cannot be used to identify types of heterochrony, allo-
metric studies in their own right provide important information about the evo-
lution of ontogenics.

Allometry is concerned with the covariation among morphological traits, or
with variation in shape associated with differences in size. These two charac-
terizations of allometry reflect differences in concepts of organismal size and
shape. Huxley's (1932) approach of allometry, later generalized for multivari-
ate application (Jolicoeur 1963), deals with the relative sizes of parts of organ-
isms, and invokes shape only as an interpretation of the results of the analysis.
In contrast, the alternative concept of allometry developed by Gould (1966)
and later formalized statistically by Mosimann (1970) specifically refers to
shape as a geometric concept. Both approaches use the same basic notion of
isometry (although it is formulated in very different ways); isometry therefore
provides link between the two schools of thought. Moreover, ii is a key con-
cept to relate allometric analyses to the ontogenetic polarity of heterochronic
studies. Allometric variation is the product of numerous processes, and studies
at different levels of variation can provide insight into the interactions among
them. :

Allometry and heterochrony are integral parts of the emerging synthesis of
evolutionary and developmental biology (e.g., Atkinson 1992; Hall 1992; Raff
1992). A complete understanding of the evolution of ontogenies will require
joint studies of variation in morphological traits and timing of developmental
events within populations and among related species, combined with informa-
tion on genatics, developmental mechanisms, life histories, and phylogeny.
Although such a research program may seem daunting, the literature reviewed
in this article provides examples of empirical studies approaching this goal.
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4. Heterochrony and Allometry
in the Water Strider Genus
Limnoporus-*

INTRODUCTION

Developmental processes are the proximate origin of all variation in structural
characters. Their integration into evolutionary theory under the heading of hete-
rochrony has contributed significantly to our understanding of morphological
evolution. The study of heterochrony, now defined as evolutionary change in
rates and timing of developmental processes, has a long history of debate and
confusion. Gould (1977) reviewed this debate and presented his *““clock model”
for heterochronic changes as a new conceptual scheme for comparisons of an-
cestral and descendant ontogenies with respect to size, shape, and age. A
slightly different formalism for analyzing and classifying heterochronic phenom-
ena was proposed by Alberch et al. (1979), based on the assumption that a de-
velopmental process can be characterized by three parameters: the onset time, the
time of completion, and the rate of the process. Recent work has stressed that
phylogenetic information is essential to determine the direction of heterochronic
changes (Fink, 1982, 1988). The general approach advocated by Alberch et al.
(1979), coupled with the use of phylogenetic information, has been adopted in
most recent works on heterochrony (McNamara, 1986; McKinney, 1988; Raff
and Wray, 1989; McKinney and McNamara, 1991).

Despite the general acceptance of the theoretical framework, its impiementa-
tions differ widely, and this has led to new confusion in terminology and under-
lying congepts, and to contradictory interpretations of the same evolutionary
events (e.g., the controversy about the relative role of neoteny or hypermorpho-
sis in human evolution [McKinney and McNamara, 1991}). Partly, these prob-
lems originate from differences between the conceptual frameworks used by
Gould (1977) and Alberch et al. (1979). Other difficulties arise when investiga-
tors fail to realize that different organs may follow different heterochronic trends
within a given evolutionary lineage, and that several heterochronic changes may
affect each trait simultaneously. A clear conceptual separation of patterns and
processes involved in heterochronic phenomena can help resolve these difficul-
ties.

A problem encountered by many empirical studies of heterochrony is the ab-
sence of age data. In many such cases, measures of size have been substituted
for age (e.g., Alberch and Alberch, 1981; McNamara, 1988; Winterbotto:n,
1990; Boughton et al., 1991), leading to the additional concept of “size-based
heterochrony” or “allometric heterochrony” for comparisons of ancestral and de-
scendant allometries (McKinney, 1486, 1988; McKinney and McNamara,
1991). In this paper, we examine the conceptual reiaticaship between hetero-
chrony and allometry, and illustrate the resulting views with a case study of ihe
water strider genus Limnoporus.

* A version of this chapter has been published. Klingenberg and Spence 1993. Evolution. 47:
1834-1853.

95



4. Hetero. hrony and Allometry in Limnoporus

HETEROCHRONY AND ALLOMETRY

Alberch et al. (1979) proposed a framework for analyzing heterochrony by
comparing the ontogenies of ancestral and descendant species. The formalism is
based on a phenomenological model of a developmental process. which is char-
acterized by three parameters: growth rate, time of onset of growth, and time of
its termination. Depending on the parameters that are increased or decreased by
evolutionary change, adults of a descendant species may resemble juvenile
forms of its ancestor (paedomorphosis) or, conversely, the descendant’s devel-
opment may go beyond the ancestral adult condition (peramorphosis; Fig. 3-3).
Alberch et al. (1979 p. 304) treated growth rates of size and shape separately.
They classified increases and decreases of the growth rate for shape as accelera-
tion and neoteny, respectively, and increases and decreases of the growth rate
for size as proportioned giantism and proportioned dwarfism, respectively.
More recent work (McKinney, 1988; McKinney and McNamara, 1991) mostly
abandoned this separation, applying the formalism (Fig. 2-3) to any measure of
size or shape, or to measurements of a single organ. This practice is consistent
with the model for developmental processes, which Alberch et al. (1979 p. 301)
explicitly proposed for either size or shape. Raff and Wray (1989) proposed a
similar formalism, but used different terms.

From this process-based view of heterochrony, it is clear that the differcnt
kinds of heterochronic changes are not mutually exclusive (except those chang-
ing the same parameter in opposite directions). The formalism of Alberch et al.
(1979) thus cannot be a rigid classification system. Therefore, in a particular
case, the question is not whether there is, e.g., either neoteny or hypermorpho-
sis, but what the relative importance of these processes is for the observed evo-
lutionary change. This approach is especially suitable for lineages where several
heterochronic processes may act simultaneously (Dommergues et al., 19806) or
sequentially (“sequential heterochrony™), or where different organs may display
different heterochronic trends (“dissociated heterochrony™) rather than onc
common heterochronic process affecting all aspects of form {*global hete-
rochrony”; McKinney and McNamara, 1991).

Unlike heterochrony, allometry does not refer explicitly to a measure of age,
but deals only with the space spanned by the morphological characters. Allome-
try is concerned with the associations among a number of morphometric traits,
or between a trait and a measure of overall size (e.g., Cock, 1966; Gould, 1966;
Shea, 1985; Klingenberg and Zimmermann, 1992b). In ontogenetic allometry,
which characterizes the trait covariation in samples of organisms that vary in
age, there is an implicit relationship to age, as size usually increases with age.
This relationship, however, is highly non-linear in many cases. Patterns of on-
togenetic allometry reflect the relative growth of the traits, and therefore they
may be altered by heterochronic changes that inodify growth dynamics.

McKinney (1986) proposed to extend the terminology of heterochronic
changes to allometry, replacing age by a measure of size as a reference dimen-
sion (see also McKinney, 1988; Lessa and Patton, 1989; McKinney and Mc-
Namara, 1991). In a bivariate allometric plot of a trait against size, an extension
of the ancestral allometric trajectory to larger sizes in a descendant species is
called “allometric hypermorphosis,” whereas termination of growth at smaller
sizes is “‘allometric progenesis”. Increase or decrease in slope is *“allometric ac-
celeration™ or “allometric neoteny”, respectively, and a larger or smalier y-inter-
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cept is termed “allometric pre-displacement” or “allometric post-displacement”,
respectively.

To examine the relationship between age-based heterochrony and allometry,
we examine how heterochronic changes in a trait, size, or both affect bivariate
allometric plots (Fig. 3-6). For simplicity, we assume that log-transformed mea-
surements of both the trait of interest and overall size follow Figure 3-3 in terms
of the ancestral growth dynamics and heterochronic changes. More realistic as-
sumptions would produce more complex allometric plots, but would not change
our main conclusions.

In the resulting allometric plots (Fig. 3-6), we find that the underlying hetero-
chronic processes correspond to McKinney’s patterns of allometric heterochrony
only if certain conditions are met, which differ between the various kinds of het-
erochrony. For neoieny and acceleration, the expected patterns only result if the
trait alone is affected, and for progenesis and hynermorphosis if both the trait
and size are affected by the heterochronic change. Pre-displacement and post-
displacement generate biphasic allometries, with only one of the two measure-
ments growing during the first phase of the descendant ontogeny. The patterns
are consistent with McKinney’s scheme of allometric heterochrony only if this
phase is disregarded, e.g., by assuming it is outside the time interval for which
data are available (e.g., during embryonic development), and if pre- or post-
displacement affects only the trait but not size. Progenesis and hypermorphosis
for either the trait or size alone generate biphasic allometries with a change in
slepe late in descendant ontogeny, when data are likely to be available. More-
over, none of the bivariate allometric patterns of McKinney’s scheme is unique
to a particular heterochronic process, and all changes affecting both the trait and
size simultaneously (global heterochrony) are classified as “allometric progene-
sis™ or *‘allometric hypermorphosis”. McKinney (1988; see also McKinney and
McNamara, 1991) warned that allometric heterochrony assumes that the growth
dynamics of overall size are the same in ancestor and descendant (i.e., that the
heterochronic change affects the trait alone). As Figure 3-6 shows, however,
this is only true for neoteny” and acceleration. As there is no consistent set of
conditions that produces the expected allometric patterns for all types of hetero-
chronic changes, we reject the concept of allometric heterochrony. Changes in
allometric patterns are the result of changes in ontogeny by hetercchronic pro-
cesses, but the latter cannot be inferred simply from knowledge of the former
(see also Blackstone and Yund, 1989). Allometric terminology should reflect
this conceptual distiiiction between patterns and processes, and not use terms as-
sociated with heterochrony.

Changes in allometric patterns, both bivariate and multivariate, can be de-
scribed as changes in the direction of ontogenetic trajectories, lateral transposi-
tions of entire trajectories, and shifts in the positions of particular life-history
stages along trajectories. Directions of allometric growth trajectories reflect the
relative magnitudes of specific growth rates of the traits studied (Shea, 1985;
Blackstone, 1987a). Changes in allometric slopes cannot automatically be at-
tributed to neoteny or acceleration, however, because temporal displacement of
growth curves may have the same effect, at least for some growth functions
such as the Gompertz curve (Laird et al., 1968). Longitudinal shifts of devel-
opmental stages along an ancestral allometry can be produced by any global het-
erochrony, whereas lateral transpositions of trajectories (differences in allometric
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intercepts) may result from any heterochronic process acting at younger ages
than those of the organisms included in the study.

In a multivariate context, allometry can help to identify patterns of covanation
among traits, and to find alterations of ontogenetic trajectories caused by hetero-
chronic processes. In this paper, we integrate allometry and heterochrony in a
case study of the water strider genus Limnoporus. We use mullivariate tech-
niques to characterize allometric trajectorics, and to define a measure of overall
size for the analysis of heterochrony. In addition to the morphometric data, we

base our interpretations of heterochrony on age data and a reconstructed phylo-
geny of the genus.

MATERIALS AND METHODS

Study Organisms

Water striders of the genus Limnoporus Stdl (Heteroptera: Gerridae) inhabit
standing waters throughout the northern part of the Holarctic region. Andcrsen
and Spence (1992) recognized six species in their taxonomic revision of the
genus and conducted a cladistic analysis based on 45 structural characters, using
species of Gerris and Aquarius as outgroups. The phylogenetic analysis
revealed two monophyletic subgroups within the genus (Fig. 4-1): the L.
canaliculatus group, consisting of the two small species L. canaliculatus and L.
esakii (total body length less than 11.5 mm), and the L. rufoscutellatus group
with the remaining four species, which are all clearly larger. Allozyme analysis
(Sperling and Spence, 1990) also substantiates the close relationships among L.
notabilis, L. dissortis, and L. rufoscuteliatus, and their isolation from L.
canaliculatus. The divergence of the L. canaliculatus and L. rufoscutellatus
groups probably occured before about 50 MYA, as evidenced by fossils from
the middle Eocene (Andersen et al., 1993). The L. canaliculatus group has a
disjunct distribution: L. canaliculatus occurs in eastern North America, and L.
easkii in East Asia (Andersen and Spence, 1992). This suggests that the two
species diverged before the late Miocene drop in global temperature (Briggs,
1987; Zubakov and Borzenkova, 1990).

Like most semiaquatic bugs, all Limnoporus species have five larval instars,
which can be considered as homologous ontogenetic stages (Andersen, 1982).
The cuticle of the legs and antennae is rigidly sclerotized in all larval instars, and
unabie to expand between molts. Growth of these structures therefore proceeds

in a stepwise manner, and makes thém especially suitable for the quantitative
study of ontogeny.

Data

Morphometric measurements were made on all five larval instars (denoted L1
to L5, respectively) and adults of all six Limnoporus specics reared in mass
cultures in the laboratory. Cultures were maintained under long-day photoperi-
ods at 23-25°C, and fed frozen flesh flies (Sarcophaga bullata Parker) six times
per week. The origins of the laboratory cultures are as follows: L. notabilis
from Vancouver, British Columbia, Canada; L. dissortis from Edmonton,
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L. notabilis

L. dissortis

L. rufoscutellatus
L. canaliculatus

L. genitalis
L. 2sakii

Figure 4-1. Hypothesized phylogeny of the genus Limnoporus according to Andersen and
Spence (1992). The number of synapomorphies unrelated to the traits used in the present study
(lengths of antennal and leg segments) is indicated for each node (total number of synapomor-
phies in parentheses).

Alberta, Canada; L. rufoscurellatus from Hanko near Tvirminne, Finland; L.
genitalis from Hokkaido, Japan; L. esakii from Honshu, Japan; L.
canaliculatus from Kingston, Ontario, Canada.

For each species, 10 specimens were measured for each of the first three in-
stars, where the sexes could not be identified, and 10 specimens per instar and
sex for the L4, L5 and adult (for L. esakii, 7 L2 and 11 L3 were measured).
Therefore, the morphometric data are of true cross-sectional type (Cock, 1966).
Specimens were preserved in alcohol before measuring. Measurements were
made with a dissecting microscope equipped with an eyepiece micrometer. Eight
measurements are included in this study: the lengths of all four antennal seg-
ments (ANTSEG1 to ANTSEG4) and the lengths of femora and tibiae of the
middle and hind legs (MIDFEM, MIDTIB, HINDFEM, and HINDTIB, respec-
tively).

As a measure of chronological time, instar durations were determined for lar-
vae that were reared individually. All six species were reared in the same room
under long-day photoperiod (19L : 5D) at 20°C. Each bug was fed a flesh fly

99



4. Heterochrony and Allometry in Limnoporus

daily, and checked for molts at intervals of approximately 12 hours. Due to high
mortality, specimens taken from the mass culture as L4 were also used to esti-
mate the mean duration of the LS for L. dissortis. Eggs or larvae were taken
from the same laboratory cultures as for morphometric measurements, except for
L. canalicularus, for which instar durations were determined using a sample
from a population from Morris County, New Jersey, USA.

Statistical Analysis

Mudtivariate Allometry.—Jolicoeur ( 1963) proposed the first principal com-
ponent of the covariance matrix of log-transformed measurements as a multi-
variate generalization of the allometry equation. Applied to measurements made
on individuals of a single species differing in age, the first principal component
approximates the ontogenetic trajectory in the space defined by the morphometric
variables (Shea, 1985; Klingenberg and Zimmermann, 1992b). The coefficients
of the fi:rst principal component reflect the direction of the ontogenetic trajectory,
and are roughly proportional to the slopes obtained in bivariate allometric re-
gressions of the traits on a measure of overall size (Davies and Brown, 1972;
Shea, 1985). Therefore, they can be interpreted as patterns of multivariate al-
lometry. We computed principal components for both sexes of each species sep-
arately, using the covariance matrix of log-transformed data pooled over ontoge-
netic stages. Because the sexes could not be distinguished in the first three in-
stars, the samples of L1-L3 were included in the analyses for both sexes.

The bootstrap technigue (Efron and Tibshirani, 1986) was uscd to assess sta-
tistical accuracy of principal component estimates. Bootstrap samples were taken
separately for each stage before pooling these samples and computing principal
components. For each species and sex, 2,000 bootstrap iterations were per-
formed.

As a graphical comparison of the directions of ontogenetic trajectorics, we
used an ordination of the allometric patterns of all the species and both sexes
(Klingenberg and Froese, 1991). The coefficients of the first principal compo-
nents within the 12 groups were used as “observations™ in another principal
component analysis. The scores of the groups on first and second of the result-
ing component axes were plotted to display the variation among species and
sexes in the directions of their ontogenctic trajectories.

Common principal components (Flury, 1988; Airoldi and Flury, 1988; Klin-
genberg and Zimmermann, 1992b) were used as a joint estimate of the direction
of growth trajectories for all 12 groups. For estimating common principal com-
ponents, we used a version of the FG-algorithm (Flury, 1988) wrilten in
SAS/IML language (a listing is available from C.P.K. on request). Statistical ac-
curacy was assessed with a bootstrap approach corresponding to the one used
for one-group principal! component analyses.

Lateral Transpositions of Growth Trajectories.—To compare the relative
roles of ontogenetic scaling and lateral transpositions of trajectories, and to
assess the effects of non-allometric growth, we separated morphometric
variation along growth trajectories from variatior ip transverse directions using
Burnaby’s technique of adjusting for growth (Burnaby, 1966; Rohlf and
Bookstein, 1987). This technique removes variation in the direction of a growth
vector b representing the ontogenetic trajectories, and is equivalent to setting
within-group size to a constant value (e.g., zero) and considering only the
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variation in directions perpendicular to b. For a data matrix X (n X p) consisiing
of n observations and p variables, adjusted data are calculated by
postmultiplying X by the matrix Q = I, — b(b’b)-1b", where I, is an identity
matrix of rank p (for a normalized vector, such as a principal component, the
expression simplifies to Q = I, — bb”). Instead of the first principal component
of the pooled within-group covariance matrix, as recommended by Rohlf and
Bookstein (1987), we used the first common principal component as an estimate
for the direction of growth trajectories (see Airoldi and Flury [1988] for
discussion).

Besides lateral shifts of the entire trajectories, non-allometric growth may also
contribute to morphometric variation orthogonal to the ontogenetic trajectories,
e.g., the slight curvatures of ontogenetic trajectories observed in gerrids
(Klingenberg and Zimmermann, 1992b, and references therein). As an attempt
to separate these two sources of variation, we used the data adjusted with Burn-
aby’s technique in a two-way MANOVA with species and instar as “treatment”
factors. The first eigenvectors (principal components) of the matrices of sums
and cross-products due to the two main effects accounted for most of the varia-
tion in both matrices. Therefore, they were used to display graphically the varia-
tion due to lateral shifts of trajectories (between-species effects) and non-allo-
metric growth (between-instar effects). Because data adjusted for growth by
Burnaby's technique have singular covariance matrices and cannot be used for
statistical tests if the growth vector b is derived from the same data (Burnaby,
1966), we used the MANOV A and resulting principal components only as an
ordination.

Size increments.—Whereas multivariate allometry pertains to the direction of
ontogenetic trajectories in the space defined by morphometric variables, the rela-
tive positions of life history stages along the trajectory are another important as-
pect of growth, because they can be interpreted as a multivariate measure of size.
We defined a measure of overall size by rescaling the first common principal
component so that its coefficients sum up to unity. This size measure scales as a
linear dimension, and therefore fulfills Mosimann’s (1970) definition of stan-
dard size variables (for discussion, see Klingenberg and Zimmermann [1992a]).

Size increments were calculated as the geometric-mean growth ratio for each
molt, i.e., the ratio of the geometric means of the multivariate size measure in
two successive instars. This ratio, which can be obtained from cross-sectional
data, is equivalent to the geometric mean of the ratios of the size measure calcu-
lated for individual bugs in the two instars, as they would be calculated from
longitudinal data (Klingenberg and Zimmermann, 1992a). Confidence intervals
of geometric-mean growth ratios were established using a bootstrap procedure
with 2,000 iterations for each molt (for details, see Klingenberg and Zimmer-
mann [1992a]).

Total development time (only for specimens with complete data from hatching
to the imaginal molt) was compared among species and sexes with the Tukey-
Kramer procedure for multiple comparisons of means (Sokal and Rohlf, 1981).
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RESULTS

Directions of Ontogenetic Trajectories

The estimates of first principal component coefficients (Table 4-1) are fairly
stable, as can be seen from their small standard errors, and most of them clearly
differ from 0.354, the value for isometry. There are some marked differences
among species, especially for ANTSEG4 and HINDTIB. Overall, however, dif-
ferences are small, as indicated by the narrow angles between trajectories of dif-
ferent groups (maximum angle: 4.72° between L. canaliculatus males and L.
genitalis females, corresponding to a component correlation of 0.997). The pro-
portion of total variance taken up by the first principal component varies from
98.0% (L. esakii females) to 99.4% (L. notabilis males and both sexes of L.
rufoscutellatus). Therefore, most ontogenetic variation is contained in a single
dimension, and is described fairly accurately by the patterns of ontogenetic
allometry as given by the first principal components.

The ordination of allometric patterns (Fig. 4-2) is remarkably consistent with
the hypothesized phylogeny of the genus (Fig. 4-1). The two sister species L.
canaliculatus and L. esakii are well separated from one another and from the

PC 2

T T ~T T T

PC 1
® L. notabilis ¢ L. dissortis A L. nufoscutellatus
v L. genitalis * L. esakii + L. cansliculatus

Figure 4-2. Ordination of muliivariate allometric patterns by principal components. Principal
component scores of the estimates of allometric patierns for each species and sex are graphed
with 95% confidence ellipses derived from the respective bootstrap analyses. Dashed lines:
females. Solid lines: males.
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Table 4-2. Estimates of the first common principal component (CPC1) and
bootstrapped standard errors.

Variable CPC1 S.E.

ANTSEGI1 0.398 0.0010
ANTSEG2 0.391 0.0010
ANTSEG3 0.324 0.0013
ANTSEG4 0.193 0.0012
MIDFEM 0.370 0.0008
MIDTIB 0.303 0.0008
HINDFEM 0.401 0.0007
HINDTIB 0.396 0.0013

dense cluster formed by the species of the L. rufoscutellatus group. Within that
cluster, L. notabilis, and 10 a lesser extent also L. dissortis, are somewhat set
off from L. rufoscutellatus and L. genitalis.

Estimated coefficients of the first common principal component (Table 4-2)
are similar to the first principal components of separate groups. Angles between
one-group principal components aind the common principal component vary
from 0.67° (L. rufoscutellatus males) to 3.88° (L. canaliculatus males).
Between 97.8% (L. esakii feraales) and 99.4% (L. rufoscutellatus males) of
the total variation witiin each group are taken up by the first common principal
component; this is almost as much as in the analyses of individual groups. The
first common principal component can therefore be considered as a good joint
estimate of the direction of growth trajectories.

Ontogenetic Scaling and Lateral Transposition

Data from which we had removed variation in the common direction of
growth trajectories using Burnaby’s procedure still contained a mixture of varia-
tion due to lateral shifts of growth trajectories and to non-allometric growth. The
separation of these effects with a two-way MANOV A produced between-specics
and bciween-instar matrices whose first principal components were almost or-
thogonal (angle 92.8° and component correlation —0.048). Nevertheless, the
procedure did not completely separate the two sources of variation because of

species X instar interaction suggested by Figures 4-3 and 4-4.
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Effects of lateral transposition are displayed in a plot of the between-species
component against the common growth axis (Fig. 4-3). The trajectories of L.
canaliculatus and L. esakii are separated from those of the other four species
by an upward lateral transposition, but also by a shift to the left, which indicates
ontogenetic scaling toward smaller sizes at all growth stages. Lateral transposi-
tions also occur among the four species of the L. rufoscutellatus group, but the
picture is complicatcd by non-allometric growth and by sexual dimorphism
(especially conspicuous in LS of L. genitalis).

Lateral Transposition
0.0 02 04

~-0.2

S
-3 -2 -1 0 1 2 3 4 5
CPCt
® L. notabilis ¢ L. dissortis A L. rufoscutellatus
v L. genitalis * L. esakii 4 L. canaliculatus

Figure 4-3. Morphometric variation due to lateral transposition of ontogenetic trajectories. The
axis labeled “Lateral Transpo< ~on” is the first principal component of the between-species ma-
trix of sums of squares and cross-products in a two-way MANOVA (species X instars) of data
from which variation along the growth trajectories has been removed by Bumaby’s procedure.
The first common principal component (CPC1) is a joint estimate of the direction of growth
trajectories, with L1 on the left and adults to the right side. Plotted points are mean scores for
each species, instar, and sex. Dashed lines: females. Solid lines: males. Note the difference in
scale between the two axes.
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Figure 4-4. Morphometric variation due to non-allometric growth. The axis labeled
“Nonallometric Growth™ is the first principal component of the between-instars matrix of sums
of squares and cross-products in a two-way MANOVA (species x instars) of growth-adjusted
data. The first common principal component (CPC1) is a joint estimate of the direction of
growth trajectories. Plotted points are mean scores for each species, instar, and sex. Dashed
lines: females. Solid lines: males. Note the difference in scale between the two axes.

A component of non-allometric growth exists in all six species, as can be seen
from the consistently upward-convex curvature of trajectories in Figure 4-4. In
addition, trajectories of all four species of the L. rufoscutellatus group turn up-
ward between the L © and the adult stage (Fig. 4-4), and, at the same time, de-
crease sharply in their scores for lateral transposition (Fig. 4-3).

Size Increments

Geometric-mean growth ratios vary within and between species (Fig. 4-5).
Especially L. esakii, L. dissortis, and to a lesser degree also L. canaliculatus,
show marked differences in growth increments between molts. In the other
species, growth ratios vary within a limited range only. In most species where
sexual dimorphism occurs, it is most conspicuous in the last molt (L. notabilis,
L. dissortis, L. canaliculatus). In L. esakii, however, growth increments at the
molt to L4 differ more between sexes than at the molt to LS. There is no appar-
ent correspondence beiween these differences in patierns of size increments and
the phylogenetic relationships of the six species (Fig. 4-1).
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Figure 4-5. Size increments. Plotted values are geometric-mean growth ratios for the muiti-
variate size measure and their bootstrapped central 95% confidence intervals (bars). Open bars:
females. Solid bars: males.

Heterochrony

To test the association between size and age, we plotted geometric-mean
growth ratios based on the multivariate size measure against instar duration (Fig.
4-6). There is no apparent overall relationship between the two variables (r =
-0.17, N = 60, P > 0.19, two-tailed). Within all species except L. dissortis,
correlations are negative, as later instars tend to have relatively small growth in-
crements (Fig. 4-5) and to last longer than earlier instars (Table 4-3).

Because homologous developmental events (the molts in our example) as well
as external time can be used as a reference for the study of heterochrony, we
considered both these measures. Graphs of the log-transformed multivariate size
measure against instar number (Fig. 4-7a) are ncarly linear (except for L. esakii
and L. dissortis) and have similar slopes. This reflects the limited vanation of
growth ratios (Fig. 4-5).
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Figure 4-6. Size increments graphed against instar durations. Postmolt/premolt ratios are geo-
metric-mean growth ratios based on the multivariate measure of size. Sexes are graphed sepa-
rately for each species.

The graphs of size against age (Fig. 4-7b) are all slightly curved, indicating
changes in growth rate, and there are marked differences among species. Within
the L. rufoscutellatus group, the growth curves are similar, except for L. geni-
talis, which has a longer developmental time and lower growth rates than the
other three species (Tukey-Kramer test: males differ significantly [P < 0.05]
from all other Limnoporus species, females from all other species except L.
esakii females). Using the principle of parsimony, we hypothesize that the
common ancestor of L. geniralis and L. rufoscutellatus had a growth curve
similar to L. rufoscutellatus, L. dissortis, and L. notabilis (cf. Fig. 4-1).
Therefore, L. genitalis is both hypermorphic and neotenous relative to its
hypothetical ancestor. L. canaliculatus has an extremely short development time
(Tukey-Kramer test: both sexes differ significantly from all other species except
L. dissortis females) and has also higher growth rates (especially during L2 and
L3; Fig. 4-7b). Progenesis and acceleration were the major heterochronic
processes in the evolution of L. canaliculatus. It is not clear at which place in
the phylogeny acceleration occurred, because L. esakii also shows high growth
rates during the L3, and growth rates of the common ancestor of the entire genus
cannot be inferred. L. esakii has extremely low zrowth rates in the last two
instars, indicating neoteny.
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Table 4-3. Mean instar durations of the six Limnoporus species. Tabled values
arc means, standard errors and sample sizes (in parentheses) are given in the
second line of each entry.

W

Instar
Species Sex L1 L2 L3 L4 L5
L. norabilis f 7.1 6.3 7.2 8.8 13.1
0.34 (11) 0.30 (11) 0.52(11) 0.57 (11) 0.33 (9)
m 7.4 6.7 7.5 8.9 15.1
0.18 (14) 0.14 (14) 0.23 (14) 0.44 (14) 0.69 (10)
L. dissortis f 6.5 6.1 6.6 6.5 11.6
0.00 (6) 0.51(6) 0.47 (6) 0.22(6) 0.33(5)
m 6.4 6.1 7.1 7.3 13.0
0.12 (16) 0.27 (16) 0.38 (16) 0.35 (16) 0.65 (12)
L. rufo- f 7.9 6.8 7.9 9.0 13.1
scutellatus 0.31(12) 0.21 (12) 0.29 (11) 0.29 (11) 0.48 (11)
m 6.8 6.5 8.5 9.8 15.7
0.17 (13) 0.24 (13) 0.43 (13) 0.64 (13) 1.06 (8)
L. genitalis f 9.6 8.8 10.1 10.3 16.7
0.61 (10) 0.63 (10) 0.35(¢(9) 0.35(9) 0.62 (10)
m 11.0 9.7 10,7 12.3 18.8
1.23 (10) 0.65 (10) 0.45 (10) 0.70 (10) 0.73 (9)
L. esakii f 8.9 9.0 11.4 9.5 12.0
0.49 (10) 0.99 (10) 1.51 (10) 0.35 (10) 0.55 (10)
m 7.3 7.1 7.9 9.8 11.5
028(8) 0.79(8) 1.01 () 1.04(8) 0.46(8)
L. canali- f 6.5 4.4 4.8 5.9 9.2
culatus 0.04 0.06 0.06 0.07 0.11
(150) (150) (150) (150) (119)
m 6.5 4.5 4.9 6.0 9.8
0.04 0.06 0.07 0.07 0.15 (97)
(153) (153) (153) (151)

The plot of instar number against age (Fig. 4-7c) again shows the almost
twofold difference in development time between the extreme species L. canali-
culatus and L. genitalis. There are marked differcnces between sexes as well.
The clearest example is for L. esakii, in which females tend to have
considerably longer development times (Tukey-Kramer test, P < 0.05) and
slightly lower growth rates (Fig. 4-7b) than males. In this species, as well as in
L. notabilis and L. dissortis, sexual size differences seem to be produced
mostly by hypermorphosis of the larger sex (females in L. esakii, males in L.
notabilis and L. dissortis) relative to the smaller scx in at least one instar (L3 in
L. esakii, LS in L. norabilis and L. dissortis). In L. canaliculatus, however,
the lower growth rate of males in the L5 produces the size difference between
sexes (the difference in development time is not significant despite the large
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Figure 4-7. Relationships between the multivariate size mcasure, age, and instars. (a) The log-
transformed size measure plotted against instar number. (b) The log-transformed size measure
graphed against age (days after hatching) at the beginning of the corresponding ontogenctic
stage. (c) Plot of instar number against age.

sample size). Conversely, in L. genitalis, development time differs markedly
between sexes (although not statistically significant), but there is very litte
difference in size (Fig. 4-7a, b).

DISCUSSION

Heterochrony explains evolutionary changes in form by changes in the rate or
timing of the developmental processes that produce the structures of interest.
Allometry, on the other hand, characterizes patterns of character variation and
associations among traits; changes in allometrics may be the result of hetero-
chronic zlterations. As demonstrated by our simple model (Fig. 3-6), allometric
patterr:s cannot be used to infer heterochronic processes. Rather, allometry and
heterochrony are conceptually distinct, complementary parts in a comprehensive
analysis of the evolution of form.

W< used multivariate allometry and the time intervals between discrete devel-
opmental events (molts) to assess patterns of character variation and the role of
heterochrony in the evolution of a clade of water striders. Our analyses revealed
variation in the directions of growth trajectories, lateral transposition of trajecto-
ries, ontogenetic scaling, and some major heterochronic changes; moreover, all
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these effects are tightly interwoven with non-allometric growth and sexual di-
morphism.

Allometry

The first principal components account for almost the entire ontogenetic
variation; growth trajectories are almost straight lines in the space of log-trans-
formed measurements. Despite the close similarity indicated by the narrow an-
gles between ontogenetic trajectories, allometric patierns differ significantly
among the six species (Fig. 4-2). These differences correspond remarkably well
to the hypothesized phylogeny of the genus (Fig. 4-1) as proposed by Andersen
and Spence (1992). This correspondence can be interpreted as an indication of
divergent evolution of the traits included in this study. There is, however, a
possible alternative interpretation: the correspondence may be artifactual because
some of the characters used by Andersen and Spence (e.g., “fourth antennal
segment shorter than first segment’™) are based on the same traits as are included
in the present study. This alternative can be ruled out because all the nodes of the
cladogram are supported by at least two qualitative characters that are unrelated
to the mensural traits used here (Fig. 4-1), and presumably are independent of
allometric trends or size-scaling. Independent evidence from an allozyme study
(Sperling and Spence, 1990) also supports the topology of the cladogram. Con-
sequently, the phylogenetic hypothesis of Andersen and Spence (1992) is a ro-
bust base of comparison. Interspecific variation in the directions of growth tra-
jectories, reflecting changes in the relative growth rates of the traits measured
(Jolicoeur, 1963; Shea, 1985), is thus an indication of morphological divergence
among Limnoporus species.

Using the first principa! component to characlerize allometric patterns is
equivalent to fitting a straight line to the growth data, and therefore yields an
“overall direction” of the ¢xtegenetic trajectories, disregarding nonlinearities
caused by fluctuations in reladve growth rates during ontogeny (non-allometric
growth). Although they only accounted for a minor fraction of the total mor-
phometric variation, two main features of non-allometric growth emerged: a cur-
vature from the L1 to LS instars in all species, and a sharp twist between the L5
and the adult stage (Fig. 4-4). The discrepancy in allometric patterns between the
L. canaliculatus and L. rufoscutellatus groups (Fig. 4-2) may be due in part to
the twist between the L5 and adult stages, which is present in all four species of
the L. rufoscutellatus group, but very weak in L. canaliculatus and not
detectable in L. esakii (Figs. 4-3, 4-4).

Curvatures of growth trajectories in the space defined by log-transformed
measurements were found in earlier multivariate studies of growth in other ger-
rids (Klingenberg and Zimmermann, 1992b) and in a backswimmer (Cuzin-
Roudy and Laval, 1975). Cuzin-Roudy and Laval (1975) and, using untrans-
formed data, Blackith et al. (1963) and Davies and Brown (1972), found that
this curvature was more accentuated in the last instar, but in the same direction
as in earlier instars. In contrast, our data for Limnoporus show that the last molt
produces a twist in the direction opposite to the curvature in the earlier stages in
the four larger Limnoporus species (Fig. 4-4). A similar bend in allometric tra-
jectories has only been described for a supernumerary larval instar of a back-
swimmer produced by treatment with a juvenile hormone analogue, where
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trajectories turned in a direction opposite to the curvature in earlier instars
(Cuzin-Roudy and Laval, 1975).

The statistical technique we used to display lateral transposition of ontogenetic
trajectories and non-allometric growth is specifically designed to separate varia-
tion &iong trajectories from variation orthogonal to them (Burnaby, 1966; Rohlf
and Bookstein, 1987). Shea (1985) proposed to use a principal component anal-
ysis on pooled samples for this purpose. If lateral transposition co-occurs with a
shift along the trajectories in some groups, the first principal component of
pooled samples may intersect trajectories at oblique angles (Fig. 3-30). Shea
(1985) argued that the obligue orientation of trajectorics might be due to differ-
ences in their directions among groups. As Figure 4-8 shows, however, this is
not necessarily true; Shea’s explanation does not apply if trajectories are parallel,
but intersect the ““total” first principal component at an oblique angle. This is be-
cause the “total” first principal component is the direction accounting for the
most variation, regardless of whether the variation is within or between groups.
Because lateral transposition is orthogonal to the trajectories by definition, the
statistical technique used to analyze it should reflect this situation, as Burnaby's
procedure does.

Trait 2

Trait 1

Figure 4-8. Principal components and lateral transposition of growth trajectories. If growth tra-
jectories are parallel, the first common principal component (CPC1) indicates their direction.
An axis of lateral transposition can be found as the direction of maximal variation between
groups, subject to the constraint that it is orthogonal to the CPC1 (this is achieved by Bum-
aby’s technique). If differences between groups are based on lateral transposition and ontoge-
netic scaling (shifts along the growth trajectories), then the first principal component of the
pooled samples (Total PC1) intersects the growth trajectories at an oblique angle and confounds
ontogenetic variation within groups with differences between groups.
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A clear lateral transposition of allometric trajeclorics and a shift of all stages
along the trajectories toward smaller sizes separate the L. canaliculatus group
from the L. rufoscutellatus group (Fig. 4-3). Smaller changes of this kind can
also be seen within the L. rufoscutellarus group. While these interspecific
differences can be described as shifts of allometric growth trajectories, it is not
possible to identify the heterochronic processcs responsible. Pre- or post-
displacement can lead to lateral transpositions of growth trajectories (Fig. 3-6);
in our study, however, all traits already have started growth in the first stage
considered (L.1). Therefore, the heterochronic processes that produced these
transpositions of trajectories must have acted before hatching; embryological
data would be necessary to identify the nature of these processes. The same
applies to the shifts along growth trajectories, although global heterochronies
affecting any later stages may also contribute to ontogenetic scaling by extending
or truncating common allometries (Fig. 3-6).

Heterochrony

The relations between age and size revealed by our case study are complex,
rather than a simple linear dependence (Figs. 4-6, 4-7). The correlation between
age and size is bound to be positive because both age and size are monotonically
increasing, but this correlation need not be biologically meaningful. A rigorous
test of the relation of size and age must focus on the increments in size and time
during stages (Fig. 4-6), instead of the cumulative curves (Fig. 4-7b). There is
no positive correlation between growth increments and instar durations, neither
within nor between species (Fig. 4-6). Therefore, size cannot be taken as a
proxy for age. For the same reason, however, heterochronic changes of size it-
self become a focus for study.

No major heterochronic changes apparent in our data (Fig. 4-7b) correspond
to the “pure” processes (Fig. 3-3) of the theoretical scheme by Alberch et al.
(1979). Rather, combinations of two or more of the processes act simultane-
ously, partially compensating for each other’s eflects (e.2., neoteny and hyper-
morphosis in L. genitalis, acceleration and progenesis in L. canaliculatus).
Processes that affect only part of the ontogeny (c.g., the neoteny of L. esakii in
the last two instars) also add further complexity to the analysis of heterochrony
in Limnoporus.

An important problem in a study of heterochrony is the choice of a metric for
time (e.g., Schmidt-Nielsen, 1984; Blackstone and Yund, 1989; Reiss, 1989;
McKinney and McNamara, 1991). The question is whether internal
(physiological) time, external (clock) time, or a measure based on homologous
developmental events (molts in our example) is most appropriate (e.g., Black-
stone, 1987b; Reiss,1989). Internal time of ectothermic animals depends on
ambient temperature (Spence et al., 1980; Taylor, 1981). Because our data on
development time were cbtained under standardized laboratory conditions, tem-
perature does not contribute to the variation in our data. Small animals generally
tend to develop more quickly than larger specics (Schmidt-Nielsen, 1984; Reiss,
1989). This is not the case in our example: L. genitulis is not larger than the
other species of the L. rufoscutellatus group, yet has a clearly longer develop-
ment time (Fig. 4-7b, ¢). The deviation from the general rule is even more
striking in L. esakii and L. canaliculatus, where the smaller L. esakii has a
much longer development time than its somewhat larger-bodied sister species L.
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canaliculatus. Furthermore, if the durations of diffcerent instars are compared to
study the allocation of time to homologous developmental stages (Fig. 4-7¢),
there is also considerable variation among specics, apparently unrelated to their
phylogeny. Therefore, the variation in development time among the six Limno-
porus species is not a consequence of their variation in size or of phylogenetic
inertia, but possibly reflects adaptive evolution ol this life history trait. Because
the corresponding population processes, such as the rate of mortality by preda-
tion, are measured on an extrinsic time scale, we use clock time as a reference
dimension for heterochrony (see also Blackstone, 1987b).

The possible adaptive causes for the prolonged developmental time in L. geni-
talis are unclear. We can conceive an adaptive scenario, however, that would
explain the heterochronic changes in L. canalicularus and L. esakii. Selection
for shorter development time by high larval mortality may be the cause of the
combination of acceleration and progenesis observed in L. canaliculatus. This
heterochronic innovation appeared after the speciation event from which L.
canaliculatus and L. esakii originated (Fig. 4-1), and was therefore not
available to the latter species. The sexual dimorphism of L. esakii evolved as a
response to a trade-off between selection for rapid completion of development,
even at small size (in males), and selection for larger size in females because of
the association between female size and fecundity (corresponding to the
“developmental constraints™ hypothesis of Fairbairn [1990]). This scenario,
however, does not account for the small size increments in the final two instars
of L. esakii (Fig. 4-5). Because it refers to cvolutionary events in the past,
which occurred under climatic conditions dilferent from the present (Zubakov
and Borzenkova, 1990), the hypothesis as a whole is not testable. A partial test
in the field might focus on the maintenance of scxual dimorphism in L. esakii:
the hypothesis predicts that males have a higher larval survivorship than
females, and that female size correlates positively with lifetime fecundity.
Although no direct evidence is available for these two species, two field studies
of similar-sized gerrids document high larval mortalitics (Zimmermann el al.,
1982; Spence, 1986). Fairbairn (1988) found low. but significant correlations
between female body length and the size of cgg buiches in three water strider
species; however, no reliable evidence about the relation between female size

and lifetime fecundity has been published for wuter striders (Spence and
Andersen, 1994).

Growth dynamics (Fig. 4-7) and allocation of growth to different instars
(Fig. 4-5) differ greatly between species. In a similur study in nine water strider
species of the genera Gerris and Aquarius, gecometric-mean growth ratios of a
multivariate size measure (including three additional characters) varied only be-
tween 1.38 and 1.58 (Klingenberg and Zimmermann, 1992a), which is a con-
siderably narrower range than we observed here (Fig. 4-5). The variability
within the genus Limnoporus indicates a fair amount of evolutionary plasticity
of developmental processes and the associated life-history traits. The role of
genetic constraints for the evolution of ontogenctic trajectories (e.g., Cheverud
et al., 1983; Kirkpatrick and Lofsvold, 1992) is unclcar in the absence of genetic
data. Whereas the variability observed among specics suggests a considerable
evolutionary potential, the scenario outlined above emphasizes the possibility
that in L. canaliculatus an innovation may kave overcome constraints that still
exist in L. esakii.
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In most species, the sexes differ in growth increments (Fig. 4-5) and devel-
opment times (Fig. 4-7c). These differences are not necessarily linked to sexual
size dimorphism in adults (e.g., L. genitalis). Moreover, in the species where
size dimorphism exists, it is achieved by changing growth rates or durations in
different ontogenetic stages. This result is consistent with the failure of unitary
hypotheses to explain sexual size dimorphism in gerrids (Fairbairn, 1990).
Specific adaptations of gerrid life histories to environmental conditions (e.g.,
Spence, 1989) seem to predominate over general constraints. In the phylogeny
of Limnoporus, over a time scale of millions of years, various ways to dissoci-
ate the ontogenetic trajectories of the two sexes have been available.

Given this variety of patterns, even within a small clade, it is necessary to
carry out a detailed analysis for each specific case in order to identify the pro-
cesses involved in evolutionary changes. “Global” 1ests of hypotheses across a
spectrum of species are likely to fail, whether or not they are actually applicable
in specific instances. An approach that seems more promising involves a syn-
thesis of detailed ecological information and studies of growth and form on the
background of a well-resolved phylogenetic hypothesis.

CONCLUSIONS

To understand the connection between heterochrony and allometry, it is nec-
essary to distinguish clearly between patterns and processes. Allometry—the
variation and covariation of characters in the space spanned by measurements of
form—is a characterization of a partern, which is the result of the underlying
developmental phenomena. The model of heterochrony proposed by Alberch et
al. (1979), on the other hand, is based on a model of a developmental process,
and simple changes of the model parametcrs. Thercfore, it can be used as a
formalism to accurately describe evolutionary changes in ontogenetic pathways,
which may help us understand the causes and consequences of those changes. It
is less useful, however, as a classification scheme, because the heterochronic
processes in this framework are not mutually exclusive (except those affecting
the same parameter in opposite directions). Our case study of heterochrony in
Limnoporus, where none of the major heterochronic changes corresponds to a
“pure” process, illustrates the importance of the combined action of several
processes (see also Dommergues et al., 1986).

Allometric analyses can provide valuable information about evolutionary
modifications of growth trajectories and about patterns of character covariation,
whether or not information on age is availablc. In the absence of age data, adults
and immatures of the species at hand can be compared to identify paedomor-
phosis or peramorphosis. As we have shown, howcever, allometric patterns do
not allow to infer which heterochronic processes produced them. The correlation
between size and age is not biologically meaningful, because it is merely a con-
sequence of the fact that both size and age increase monotonically.

Phylogenetic information is essential to establish the direction of hetero-
chronic changes Fink (1982, 1988), and to distinguish general evolutionary
trends independently affecting several lineages from innovations appearing lo-
cally on a particular branch of a cladogram. As demonstrated by our case study,
the analysis of heterochronic processes in such a historic framework can be used
to generate hypotheses about the possible ecological background of evolutionary
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events (see also Wake and Larson, 1987). By comparing species in a phyloge-
netic framework, we obtain accounts of evolution that are chronicles of specia-
tion events and character state changes (O'Hura, 1988). Integrating the informa-
tion about morphological form, development, life history, and phylogeny will
help transform these chronicles to an historical narrative which will provide ex-
planations of evolutionary change.
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5. Ontogeny and Individual
Variation: Analysis of Patterned
Covariance Matrices with Common

Principal Components™

INTRODUCTION

In recent years, there has been renewed interest in the extent to which on-
togeny acts as a mechanism influencing patterns of evolutionary change in
morphological traits (e.g., Gould, 1977; McKinney and McNamara, 1991;
Hall, 1992). Some studies have focused on the outcome of these processes by
comparing multivariate patterns of ontogenetic and evolutionary variation
(e.g.. Shea, 1985; Voss et al., 1990; Klingenberg and Zimmermann, 1992;
Voss and Marcus, 1992), whereas others have emphasized microevolutionary
processes by studying individual variation in growth and its genetic basis (e.g.,
Cheverud et al., 1983; Kirkpatrick, 1988; Lynch, 1988; Atchley and Hall,
1991; Cowley and Atchley, 1992; Bjorklund, 1993).

Numerous studies of the evolution of ontogeny have focused on individnal
variation in growth curves (also called growth trajectories), i.e., trait measure-
ments as a function of age or developri«-atal stage. Age-specific measurements
either can be treated as separate varias:is, or continuous growth functions can
be accommodated by interpolating between the ages at which measurements
were made (Kirkpatrick, 1988; Kirkpatrick and Lotsvold, 1989; Kirkpatrick et
al., 1990; Bjorklund, 1993). Usually, the analyses focus on covariances or cor-
relations among measurements made at several ontogenetic stages, but con-
sider only one trait at a time, thereby ignoring correlations among traits (e.g.,
Cheverud et al., 1983; Leamy and Cheverud, 1984; Lynch, 1988; Kirkpatrick
et al., 1990; Bjorklund, 1993). Cheverud et al. (1983) characterized relation-
ships among variables by first computing the eigenvectors of among-stage co-
variance matrices for each trait separately, and then comparing them using vec-
tor correlations. Bjorklund (1993) used an analogous procedure within the
framework for continuous growth. A more formal approach, however, would
simultaneously include all measurements and stages into the analysis. Yet even
for moderate numbers of stages and traits, the full statistical model, with no
constraints imposed, would contain a very large number of parameters to be
estimated, and thus would render the application to real data sets difficult,
which is probably why such a study has not been attempted. Nevertheless, a
simultaneous analysis of the ontogenies of several traits is feasible if one
makes some simplifying assumptions, as they are suggested by the similarity
among patterns of ontogenetic variation found in different traits (Cheverud et
al., 1983; Bjorklund, 1993).

Another approach to understanding the connections between ontogeny and
evolution focuses on the static variation among individuals at a particular

* A version of this chaptcr has been accepted for publication. Klingenberg, Neuenschwander,
and Flury. 1996. Systematic Biology. 45.
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stage, which is the raw material upoa which natural selection can act. This
variation is the product of variation in the developmental processes that gen-
erated the structures under study, and can therefore be used to (nvestigate these
processes (Cheverud. 1982; Zelditch, 1987; Cowley and Atchley, 1990; Ailch-
ley et al., 1992) and their regulation (Tanner, 1963; Atchley, 1984; Riska et al.,
1984). Several studies comparing patterns of static variation across ontogenetic
stages have found that a single *‘size™ component dominated the variation
within each stage (Cuzin-Roudy, 1975; Zelditch, 1988; Klingenberg and Zim-
mermann, 1992). None of these studies, however, considered the correlations
of measurements among stages, either because they were based on cross-sec-
tional data, with a different sample taken independently for each stage, or be-
cause the statistical methods were unable to deal with such correlations.

In this article, we introduce a new statistical model (Neuenschwander, 1991;
Flury and Neuenschwander, 1995a), which we use to analyze variation in mul-
tiple measurements at several ontogenetic stages. The model specifically uses
the information contained in longitudinal data, with measurements at all stages
for each individual, as it explicitly considers covariation among traits as well
as across stages. An extension of the common principal component (CPC)
model for independent groups (Airoldi and Flury, 1988; Flury, 1988), the
model assumes that CPCs are not only uncorrelated within each group, but also
between groups; e.g., the first CPC in one ontogenetic stage is correlated only
with the first CPC of other stages. The assumption underlying the CPC model
is motivated by the commonalities among traits or stages observed in earlier
studies, and our example of growth in the water strider Limnoporus canalicula-
tus demonstrates that it can be realistic. Because CPCs are uncorrelated within
and between stages, the model effectiv :ly divides a very complex analysis into
several simpler ones. Furthermore, it sheds light on the connection between
morphometric variability and growth variation, and suggests a coherent
framework to study them jointly.

STATISTICAL MODELS

Principal component analysis (PCA) and its recent extensions are frequently
used in morphometric applications, especially in multivariate allometry
(Jolicoeur, 1963; Pimentel, 1979; Airoldi and Flury, 1988; Marcus, 1990;
Klingenberg, 1996). In most of these applications, the data have a relatively
simple structure, and comsist either of measurements made on a single group of
specimens, or of measurements made on specimens from several separate
groups (e.g., species, sexes, ecomorphs or geographical variants). Longitudinal
growth data, however, have a more complex structure, because the same indi-
viduals are measured for each growth stage, and the stages therefore cannot be

treated as independent groups. This interdependence requires substantial ad--

justments of the statistical models used to analyze such data. Because multi-
variate studies of multiple groups and longitudinal studies are based on rather
complex data, the need to summarize these data using simplified models is es-
pecially urgent. In this section, we briefly review one-group PCA and models
of common principal components (CPCs) for independent groups before we
introduce patterned covariance matrices for longitudinal data and a model of
CPCs for dependent random vectors. We emphasize the use of principal com-
ponent (PC) and CPC models as tools for data reduction.

120



5. Ontogeny and Patterned Covariance Matrices

(@ X,
Y,
*——-—) X,
b c
® s x © oy,
x, [ 714 34 Y, 9 0
X, | 34 29 Y, 0 1

Fig. 5-1. Principal component analysis of a single group. (a) Bivariate plot with a contour el-
lipse representing the distribution of data points. The original variables X1 and X2 are trans-
formed into the principal components Y1 and Y2, which account for maximal and minimal
variation. respectively (arrows). This transformation corresponds to a rotation of the coordi-
nate system, in which the new coordinates are aligned with the major and minor axes of the
contour ellipse. (b) Covariance matrix of the original variables. Units are arbitrary. (c) Co-
variance matrix of the principal components. Notice the diagonal structure of this matrix, i.e.,
the off-diagonal elements of the matrix are zero values. Units are arbitrary.

One-Group Principal Components and Common Principal Components for In-
dependent Groups

PCA is a vol to analyze variation within a single group of specimens. In the
space spanned by the variables (e.g., in two dimensions the plane of a scatter
plot), PCA can be used to assess the amount and direction of this variation. It
transforms the original variables into PCs, a set of new variables that succes-
sively account for the largest possible part of total variation while being uncor-
related among each other (Fig. 5-1a). This transformation fundamentally
changes the covariance matrix (Fig. 5-1b), and renders it into diagonal form
(Fig. 5-1c¢): because PCs are uncorrelated, all off-diagonal elements of the co-
variance matrix (covariances between pairs of PCs) are zero, whereas the diag-
onal contains the variances of the PCs, or eigenvalues (see Appendix, PCA).
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In many applications, the first few PCs account for the largest portion of
total variance. In morphomeitrics, it is not uncommon that the first one or two
PCs take up 95% or more of the variation in a much larger number of vari-
ables. The first few PCs therefore summarize most of the variation in fewer
dimensions, perhaps only one. Models of this kind, including only one allo-
metric “size’” axis while regarding the remaining variation as random scatier
around it, have been used traditionally in morphometrics (e.g., Hopkins, 1966;
Bookstein et al., 1985; Klingenberg, 1996). This extreme data reduction using
simplified models of within-group variation is helpful for comparisons be-
tween two or more groups of specimens.

PCA has been generalized for situations involving several groups. The CPC
model assumes that the groups all share the same (common) PCs, but it allows
the groups to differ in the amounts of variation associated with each one
(Airoldi and Flury, 1988; Flury, 1988). The scatter ellipsoids for all groups
therefore have parallel principal axes, but the lengths of corresponding axes
may vary. Under the CPC model, a single transformation simultaneously con-
verts the covariance matrices of all groups 1o diagonal form (Appendix, CPCs
for Independent Groups). Applications of the CPC maodel to biological data
sets include Airoldi and Flury (1988), Klingenberg and Zimmermann (1992),
and Klingenberg and Spence (1993).

Longitudinal Data and Patterned Covariance Matrices

The CPC model introduced above was designed for independent groups,
e.g., samples drawn from different sexes, ccomorphs, or species. Numerous
growth studies use separate samples of specimens in different ontogenetic
stages; such cross-sectional data can be analyzed using the CPC model for in-
dependent groups (e.g2., Klingenberg and Zimmermann, 1992). Longitudinal
data, however, consist of measurements made on the same specimens in sev-
eral growth stages (Fig. 5-2a), and these stages therefore are not independent
groups. Following individuals through growth has obvious benefits, because it
allows to address questions about individual variation in growth processes and

,their regulation, e.g., whether there is compensatory growth (Tanner, 1963;
Monteiro and Falconer, 1966; Riska et al., 1984; Lynch, 1988; Kirkpatrick et
al., 1990; Cowley and Atchley, 1992). As a consequence of this additional in-
formation, however, longitudinal data have a more complex structure than
cross-sectional data.

For a typical longitudinal study, in each of k different growth stages p mea-
surements are taken on the same n specimens (Fig. 5-2a). The data are most

conveniently arranged in a n X kp matrix, i.c., the mecasurements for the differ-
ent stages are treated as separate variables. The resulling covariance matrix has

a distinctive pattern: it consists of an array of k X k submatrices, each of di-

mension p X p (Fig. 5-2b). The blocks along the main diagonal of the matrix
(shaded gray in Fig. 5-2b) are the within-stage covariance matrices, as they
also are used in cross-sectional analyses. They characterize static variation
between individuals within each stage. The off-diagonal blocks (diagonal
hatching and arrows in Fig. 5-2b) contain covariances between measurements
taken in different growth stages.
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Fig. 5-2. The structure of longitudinal dat::. (2} Bivariate scatter plot with contour ellipses for
two growth stages (i.e., p = 2, k = 2). The measurements for two specimens {<fots and triangles)
are plotted in each stage and connected by arrows. (b) Patterned covariance matrix describing
the data. The morphometric measurements X1 and X2 of each stage are entered separately as
variables for the analysis. The blocks on the main diagonal (shaded) are the within-stage
covariance matrices of stages 1 and 2. The off-diagonal blocks (hatched, with arrows) contain
~ovariances of measurements between stages, which can be used to study regulatory
phenomena such as compensatory growth.

The number of variables in a longitudinal analysis can be very large, even
with moderate numbers of measurements and stages. The example we use to
demonstrate this approach (see below) contains four measurements and six
growth stages, and 1s thus smaller than the data sets used in many similar stud-
ies. Nevertheless, this means there are 24 variables in the analysis, and without
further constraints, the number of parameters required for a full statistical de-

scription of the covariance structure is 300 (=24 x {24 + 1]/ 2; see Appendix).
This complexity of longitudinal data calls for techniques of data reduction;
therefore, we introduce a simplified model, for which fewer parameters need to
be estimated, but which still can represent the data with reasonable accuracy.
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Common Principal Components for Dependent Random Vectors

The CPC model presented above assumes that a single transformation si-
multaneously converts the covariance matrices of k groups to diagonal form.
Because the groups are assumed to be independent of one another, these co-
variance matrices characterize the variation within groups sufficiently. If the

(b)

Fig. 5-3. The model of common principal components for dependent random vectors. The
structure of longitudinal data is shown as in the water strider ¢xample, with six discrete growth
stages (five larval instars, denoted L1-L5, and the adult stage) and four morphometric
variables. Shading represents the approximate magnitude of matrix elements (blank for zero).
(a) Diagram of the covariance matrix. The blocks along the diagonal are the covariance
matrices within stages, whereas the off-diagonal blocks contain covariances between stages.
Each block is a 4 x 4 matrix, as indicated by the grid in the covariance matrix for the L1. (b)
Covariance matrix of the CPCs. All the submatrices have diagonal form, because only pairs of
corresponding PCs are correlated between instars.
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groups are interdependent, however, there are k sets of measurements (groups,
growth stages), each with the same p variables, for every observation

(examples in Flury and Neuenschwander, 1995a). The result is a patterned kp X

kp covariance matrix composed of k2 submatrices (each of format p x p): the k
within-group covariance matrices are arranged as blocks along the diagonal,
while the off-diagonal blocks are matrices of covariances between groups. Fig-
ure 5-3a shows such a patterned covariance matrix for ontogenetic data, where
the groups correspond to discrete growth stages.

Like the CPC model for independent groups, the model of CPCs for depen-
dent random vectors assumes that all the groups share the same PCs. There-
fore, the transformation to CPCs converts all the within-group covariance ma-
trices to diagonal form (the blocks along the diagonal in Fig. 5-3b). In addition,
however, the same transformation must also render all the remaining submatri-
ces diagonal, which contain the covariances of measurements across groups
(Appendix, CPCs for Dependent Random Vectors; Neuenschwander, 1991;
Flury and Neuenschwander, 1995a). This means that only corresponding CPCs
are correlated among groups; for example, only the pairs of first or of second
CPCs are correlated among groups, but not the first CPC in one group with the
second CPC in another group.

This CPC model results in a substantial reduction of the number of parame-
ters that have to be estimated. In the example with &k = 6 and p = 4, there are
only 90 parameters instead of 3G0 in the unconstrained model (see Appendix,
Number of Parameters). The advantage of the model becomes more apparent if
the covariance matrix shown in Figure 5-3b is rearranged so that rows and

CPC1 CPC2 CPC3 CPC4

CPC1

CPC2

CPC3

CPC4

Fig. 5-4. Rearrangement of the patterned covariance matrix after CPC transformation (cf. Fig.
5-3b). The transformation considerably simplified the structure of longitudinal growth data.
Because the CPCs are uncorrelated both within and among stages, they can be examined
separately. The multivariate problem is thus reduced to a study of the matrix of covariances
between stages for each CPC. If some CPCs only account for 4 small amount of variation, they
may be omitted from the analysis.
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columns are ordered by CPCs rather than by groups (Fig. 5-4). This rearranged

matrix consists of p2 blocks of format k x k. All the elements of the off-diago-

nal blocks are zero values. The CPCs can now be studied separately because
they are uncorrelated among each other.

For longitudinal growth studies with multiple measurements, this model
therefore reduces a complex multivariate problem into a number of simpler
analyses, each considering one CPC. Thus one has to examine p matrices of
covariances of CPC scores among developmental stages, using the methods
developed for analyses of a single measurement. Moreover, CPCs accounting
for only minor amounts of variation may be ignored in the interpretation of re-
sults, as in one-group PCA, to simplify the analysis even further.

EXAMPLE: GROWTH IN WATER STRIDERS

Data

Water striders (Heteroptera: Gerridae) are especially suitable for studying
the ontogeny of individual variation, because their grewth occurs in six dis-
crete stages: five larval instars, denoted L1-LS, precede the adult stage. Be-
cause there is no variation in the number of larval instars, they are comparable
developmental stages. Due to the rigid cuticle, the growth of numerous struc-
tures can be followed easily for the entire postembryonic development, as in
other hemimetabolous insects. Moreover, watcr striders can be reared individ-
ually in the laboratory, and it is easy to obtain a complete record of each
specimen’s growth by collecting the exuviae at every molt and the adult.

For this study, we used longitudinal growth data from the water strider
Limnoporus canaliculatus (Say), reared under controlled laboratory conditions
(20°C, photoperiod 16L:8D). Water striders collected in the wild (Morris
County, New Jersey; May 1, 1992) were sel up as a mass culture, from which
eggs were taken for individual rearings. Within about 12 hr of hatching, first
instar larvae were put separately into plastic containers (diameter 11.5 ¢cm,
height 8 cm), each with about 1 cm of water and a small Styrofoam strip
floating on the surface. Each bug was fed a frozen flesh fly [Neobelliera bul-
lata (Parker)] daily and checked for molts at intervals of about 12 hr, and ali
exuviae were collected. After adult emergence, bugs were Killed by freezing.
Exuviae and adults were stored in 70% ethanol for several months before mea-
suring.

The variables used in this study are the lengths of the femora and tibiac of
the middle and hind legs, measured on both body sides. Shrinking and other
artifacts due to preservation are negligible, because the cuticle of the legs con-
sists of rigidly sclerotized tubes even in the otherwise delicate first instar exu-
viae. All measurements were taken with a video system attached to a dissect-
ing microscope.

If the measurements could be made on both body sides, we used arithmetic
means of left and right sides; otherwise we used measurements from one side.
Data were checked for outliers for each variable separately in every instar. A
few individuals had to be excluded from the data sct because of deformities re-
lated to abnormal molting. In this study, we use the data for 89 females for
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which complete data were available in each instar (the data set is available
from C.P.K. on request). All measurements were transformed to natural loga—
rithms before the analysis.

Statistical Analysis and Results

The covariance matrix of stage-specific measurements is the basis for the
following analysis. The most conspicuous feature of this matrix is a general in-
crease in variances from early to late instars, but especially in the LS and adult
instars (Fig. 5-5). The tibia of the hind legs is the more variable trait in eacli in-
star. This pattern is not only repeated in every instar, but to a certain extent it
also applies to the covariances among instars; the division of the covariance
matrix into blocks is therefore visible mostly from the “peaks” representing the
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Fig. 5-5. Covariance matrix for stage-specific measurements in females of the water strider
Limnoporus canaliculatus. The lengths of middle and hind femora and tibiae (MF, MT, HF,
and HT) are the four measurements taken for all five larval instars (L1-L5) and aduits (Ad.).
Values on the vertical axis are variances and covariances for natural log-transformed mea-

surements, multiplied by 104,
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Table 5-1. Patterns of individual variation in water striders, analyzed by sepa-
rate PCAs in each instar. Values presented are the PC coefficients for cach
variable and the percentages of total variance (% variance) for which each PC
accounts.

Instar Variablea PC1 PC2 PC3 PC4
L1 MF 0.455 0.342 -0.144 0.809
MT 0.500 -0.236 0.832 -0.034
HF 0.516 0.612 -0.159 -0.578
HT 0.526 —.672 -0.511 -0.102
% variance 76.9 14.8 3.1 3.2
L2 MF 0.504 0.434 0.217 -0.714
MT 0.486 -0.128 0.716 0.484
HF 0.482 0.489 —0.556 0.468
HT 0.527 —0.745 -0.361 ~0.191
% variance 80.7 11.7 4.8 2.8
L3 MF 0.445 0.532 0.128 -0.709
MT 0.496 -0.167 0.787 0.328
HF 0.457 0.510 -0.426 0.591
HT 0.589 —0.656 -0.428 ~0.199
% variance 77.4 149 4.1 3.7
L4 MF 0.444 0.497 0.059 -0.743
MT 0.481 -0.057 0.816 0.315
HF ().448 0.514 -0.450 0.576
HT 0.609 —0.697 -0.357 -0.131
9 variance 80.2 13.4 4.5 1.9
L5 MF 0.436 0.465 -0.095 0.765
MT 0.474 0.058 0.856 -0.199
HF 0.446 0.499 -0.423 -0.610
HT 0.622 —.729 -0.282 0.054
% variance 80.3 13.0 4.8 1.8
Ad. MF 0.430 0.462 -0.138 0.763
MT 0.513 0.051 0.840 ~-0.169
HF 0.422 0.513 -0.414 -0.623
HT 0.611 -0.722 -0.322 0.034
% variance 79.4 14.3 4.8 1.5

a MF = middle femur; MT = middle tibia; HF = hind femur; HT = hind tibia.

hind tibia in different instars (Fig. 5-5). All covarignces within and between
instars are positive, and covariances tend to be higher between consecutive in-
stars than between stages that are farther apart.

The patterns of variation within instars can be characterized separately with
PCA. Despite the general increase in the amount of variatica irom instar to in-
star (Fig. 5-5), the proportion for which each PC accourits remains fairly con-
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stant. Within each instar, the PC1 accounts for the largest proportion of the to-
tal variance, and the PC1ls have coefficients that are all positive (Table 5-1).
Therefore, they can be interpreted as “‘size” vectors reflecting static allometry.
The allometric patterns are similar in all instars, as indicated by the high vector
correlations among the PCls, which all exceed 0.99, and the corresponding
angles, which range from 0.97° to 7.5°. The PC2, which takes up 2 moderate
amount of variation in all instars, is a contrast of the hind tibia against the
middle and hind femora; the middle tibia has coefficients of smaller magni-
tude, which even vary in their sign. The PC3 and PC4 only account for small
proportions of the total variation.

CPCs for dependent random vectors.—Whereas one-group PCA always can
transform the covariance matrix of a sample to exactly diagonal form, simulta-
neous analyses of multiple groups generally pose more difficult problems.
Even if the CPC model holds, sampling variation will generally make it impos-
sible for any single transformation to render all blocks of the covariance matrix
perfectly diagonal. Estimating the CPC coefficients is therefore an optimiza-
tion process, searching for a transformation that minimizes a measure of devia-
tion from simultaneous diagonality in all blocks of the covariance matrix
(Appendix, Estimation of CPCs). For this purpose, we used a version of the or-
thogonal FG* algorithm (Neuenschwander, 1991; Flury and Neuenschwander,
1995b) written in the SAS/IML language (a text file with this routine is avail-
able through the Internet: file://life.bio.sunysb.edu/morphmet/dcpc.exe.ibmpc;
a version written in GAUSS is available from B.E.N. or B.D.F.). Standard er-
rors for the estimates of the CPC coefficients were computed using the jack-
knife method (leave-one-out procedure; e.g., Efron and Tibshirani, 1993:
chapter 11). The ordering of CPCs is somewhat arbitrary, because the amounts
of variation they take up in each instar can vary. Here, we ranked them accord-
ing to the average proportion of total variance or between-instar covariance for
which they accounted in each block of the covariance matrix.

The CPC coefficients (Table 5-2) closely correspond to the patterns seen in
the PCAs for single instars. The CPC1 is an overall “size” axis, weighting the
hind tibia somewhat more and the middle tibia slightly less than the the two

Table 5-2. Joint pattern of variation in all six instars of the water strider data.
Values presented are CPC coefficients (and their jackknife standard errors).

Variable2 CPC1 CPC2 CPC3 CPC4
MF 0.471 0.436 —0.059 0.765
(0.020) (0.042) (0.092) (0.023)
MT 0.414 0.073 0.878 -0.229
(0.024) (0.051) (0.035) (0.107)
HF 0.491 0.466 -0.427 -0.600
(0.028) (0.043) (0.087) (0.059)
HT 0.605 -0.767 —0.209 6:048
(0.033) (0.031) (0.051) (0.051)

2 MF = middle femur; MT = middle tibia; HF = hind femur; HT = hind tibia.
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femur lengths, whereas the other CPCs are contrasts between measurements
that are fairly similar to the corresponding within-instar PCs. We applied the
CPC transformation to all six instars, and thereby changed the covariance ma-
trix of the original variables (Fig. 5-5) into that of the CPCs (Fig. 5-6: cf. Figs.
5-3a, 5-3b). The covariance matrix of transformed variables is an array of
“spikes™ and thus shows that the C2C1 clearly dominates the variation in all
instars, and a'so accounts for almost all the covariance among instars (Fig. 5-
6). The percentages of within-instar variance taken up by the CPCl1 are only
slightly lower than those for which the PCls account (cf. Tables 5-1, 5-3).
Therefore, the CPC1 is a fairly good summary of static allometry in all instars
jointly.

Rearranging the covariance matrix by CPCs makes the dominance of the
CPC1 even more visible (Fig. 5-7). The variance in this “size™ component is

70

60

Fig. 5-6. Covariance matrix after transformation to CPCs within each instar. “Spikes” are
produced by the variances and between-instar covariances of the first CPC. Values on the
vertical axis are variances and covariances of CPCs for natural log-transformed measurements,
multiplied by 10%.
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TABLE 5-3. Percentages of total within-instar variance taken up by each CPC
of the water strider data.

Instar CPC1 CpPC2 CPC3 CprC4
L1 75.9 13.8 6.7 3.6
L2 79.7 11.9 5.3 3.1
L3 76.8 14.0 5.4 3.9
L4 79.7 13.2 5.1 1.9
LS 79.8 13.2 5.2 1.8
Adult 78.2 14.4 5.8 1.5

fairly constant in the L1-L3, but later increases markedly from instar to instar.
In the CPC1 and CPC2 the covariances among instars are highest between suc-
cessive instars, and decline substantially as the number of intervening instars
increases. The variance of the CPC2 remains fairly constant in the younger in-
stars and gradually increases in the LS and final instars. As this increase paral-
lels that in the CPC1, the CPCs accoum for simiiar proportions of tctal vari-
ance in each instar (Table 5-3).

Most of the covariances between different CPCs (off-diagonal blocks in Fig.
5-7) are low, suggesting that the CPCs are almost uncorrelated. There are,
however, weak to moderate positive correlations between the CPC1 and CPC3,
ranging from 0.12 to 0.41, and between the CPC2 and CPC3 (0.07-0.32).
Negative correlations are especially frequent between the CPC4 scores in the
L1-L4 and the CPC2 and CPC3. The other correlations between CPCs do not
display any apparent pattern and most are substantially weaker (total range
—0.27 10 0.23). This indicates that the CPC model fits these data fairly well.

Test of the CPC model.—To evaluate whether these correlations seriously
violate the assumptions of the CPC model, we used permutation tests, also
known as randomization tests (Edgington, 1986, 1987; Manly, 1991; Efron and
Tibshirani, 1993: chapter 15; Westfall and Young, 1993; Good, 1994). This
class of tests uses repeated permutations of the original data to simulate the
distribution of a test statistic under the null hypothesis stating that two or more
samples are drawn from the same population or that several variables are un-
correlated. Our test is based on the fact that, under the CPC model, different
CPCs are uncorrelated within and between instars (Figs. 5-3b, 5-4). It follows
the procedure for testing bivariate correlations against the null hypothesis of
independence by reshuffling the values of one variable repeatedly (Pitman,
1937; Edgington, 1987:198-201). We first computed the CPC scores for each
individual, and then randomly reshuffled the observations separately for the
CPC2-CPC4, each time keeping all instars together. This left the associations
among instars unchanged for each CPC, because the permutation procedure af-
fected only the correlations between different CPCs. This step was repeated
1,000 times. We calculated the CPCs for each of the randomized data sets, and
computed three different test statistics: (1) the e statistic of deviation from si-
multaneous diagonality in all blocks of the covariance matrix (Appendix, Es-
timation of CPCs) as an overall test, (2) the maximum absolute covariance, and
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Fig. 5-7. Covariance matrix arranged by CPCs. The covariation of the CPCs among instars is
now more apparent here than in Figure 5- 6. Values on the vertical axis arc variances and co-
variances of CPCs for natural fog-transformed measurements, multiplied by 104,

(3) correlation between different CPCs (i.e., excluding the diagonal entries in
each block of the covariance matrix).

The e statistic did not reach the observed value in any of the 1,000 simula-
tion runs of the CPC model, and therefore provides strong evidence that the
CPC model does not fit the data well overall. The maximal covariance and cor-
relation between different CPCs of the original data, both between the CPCl
and CPC3 in adults (see Fig. 5-7), were attained in only six or eight random-
ization runs, and thus supported the result obtained with the e statistic. Becausc
the CPC3 accounts for a small fraction of the total variation, despite its rela-
tively high correlations with other CPCs, we repeated the randomization test
with two new statistics: the maximal absolute covariance and correlation not
involving the CPC3. These statistics matched or exceeded the observed values
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in 40.1% and 34.2% of the randomization runs, respectively. From this we
conclude that the statistically significant deviations from the CPC model are
related to the CPC3. but neither covariances nor correlations among the other
CPC:s are distinguishable from random effects.

DISCUSSION

In this article, we have introduced a statistical model designed to analyze the
variation of multiple variables in scveral interdependent groups. Our example
is an application of this method to the familiar problem of longitudinal data
with a number of measurements taken in several ontogenetic stages (e.g.,
Cuzin-Roudy, 1975; Cheverud et al., 1983; Bjorklund, 1993). Because statisti-
cal methods to deal with such a complex data structure have not been avail-
able, previous authors either had to treat different stages independently and
thus ignore the longitudinal nature of the data, or they were forced to perform
the analyses separately for each measurement, thereby neglecting the correla-
tions among traits. A model that specifically addresses the complexity of the
data structure offers several advantages in this situation. First of all, it allows
to include all traits in a single analysis rather than to compare the results from
separate analyses in an informal manner. Moreover, the simplifying assump-
tions made by the CPC model, when met, can provide further insight into the
underlying patterns of variation and they can lead to substantial data reduction
if most variation can be approximated by just a few CPCs. Below, we will il-
lustrate these points with the results from our example.

First, however, we have to assess the fit of the model to the data set. The
model assumes that the CPCs are independent of each other both within and
across developmental stages, and that nonzero covariances and correlations
between different CPCs are due to sampling variation. Covariances between
CPCs are generally low (Fig. 5-7), although there are relatively high correla-
tions involving the CPC3. Unfortunately, tests based on large-sample theory
(Neuenschwander, 1991; Flury and Neuenschwander, 1995a) are not reliable in
this case, because the sample size, 89, is fairly small compared to the 24 vari-
ables in the model (i.e., four measurements in each of six stages). For this rea-
son, we used a permutation test (Pitman, 1937; Edgington, 1986, 1987; Manly,
1991; Westfall and Young, 1993; Good, 1994). Overall, there are significant
deviations from the CPC model, but closer examination showed that they all
concern the CPC3, which accounts for only a minor propsrtion of the total
variation. The other CPCs are nearly uncorrelated within and across instars,
and with some caution, therefore, the CPC model can be applied for these.

Using the CPC model, although it may not fit perfectly to the data, has a
major benefit because it dramatically simplifies the problem by reducing the
number of parameters to be estimated. In our example, the CPC model uses
less than a third of the parameters it takes for a full statistical description with
the unconstrained mcdel. The advantage becomes even more tangible if one
realizes that only these simplifying assumptions made longitudinal growth data

with multiple measurements statistically tractable. Unlike the original 24 x 24
covariance matrix (Fig. 5-5), the transformed and rearranged matrix (Fig. 5-7)
shows some simple patterns, for which biological interpretations can be
sought. This benefit far outweighs the relatively minor misfit of the model.
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The CPC model can also be an effective tool for further data reduction. In
our example, the CPC3 and CPC4 account for small amounts of variation in all
instars, and probably can be ignored for most purposecs (see Table 5-3). The
CPC2 has a moderate degree of variability in all instars (Fig. 5-7), and to give
a fairly complete description of morphometric variability throughout ontogeny,
it should be considered along with the CPC1.

The CPC1, which is an *“overall size” component, takes up the largest pro-
portion of static variability within each stage and also accounts for most of the
covariance between instars. The variances of the CPCI1 are fairly constant in
the L1-L3 instars, but then increase from instar to instar. This suggests that
variability in “size™ added at each molt is first compensated by some regula-
tory mechanism, which is switched off in the L4, leading to divergent growth
in the later instars (Riska et al., 1984). Such variability in growth regulation
between ontogenetic stages has also been shown in other arthropods (e.g.,
Hartnoll and Dalley, 1981; Tanaka, 1981; West and Costlow, 1987). That
growth is not strongly “targeted” is further supported by the covariances of the
CPC1 between instars, which are all positive and relatively high (correlations
are 0.37-0.93), indicating that individuals tend to be either relatively small or
relatively large in all instars (a detailed analysis will be presented elsewhere;
Klingenberg, unpubl.). The CPC2 and CPC3 take up moderate or small
amounts of variance throughout the entire life cycle.

The basis of the CPC model is an assumption about the covariation of mor-
phometric traits: all ontogenetic stages share the same structure of static varia-
tion, which also forms the pattern of covariation among instars. As a conse-
quence of this parallelism, the CPCs are uncorrelated not only within each
stage, but also among stages. Therefore, variation of the CPCs during growth
can be studied separately, using the methods developed for single traits (e.g.,
Cheverud et al., 1983; Lynch, 1988; Kirkpatrick and Lofsvold, 1989). This
procedure, although superficially similar to the approach with a separate anal-
ysis for each measurement, does not ignore the correlations among traits, be-
cause the CPCs explicitly account for them. Therefore, the CPC model divided
a very complex analysis into a few simpler ones. A quick comparison of the
covariance matrices shown in Figures 5-5 and 5-7, which contain the same in-
formation as both CPC transformation and rearranging are reversible, demon-
strates the effectiveness of this approach.

Morphometric variation within stages has long been the focus of nunmierous
studies under the headings of static allometry (c¢.g., Cuzin-Roudy, 1975; G-
son et al., 1984; Klingenberg and Zimmermann, 1992) and morphologicai in-
tegration (e.g., Cheverud, 1982, 1995; Leamy and Atchley, 1984; Zekirnch.
1987, 1988; Wagner, 1990). Although these studies differ widely in thesr ool-
and methods used, they all examine the strength of associations among wrasnx
In the CPC framework, the dominance of the CPC1 reflects these associativns.
Because this pattern applies to covariances between as well as within instars
(Fig. 5-6), the CF approach extends the study of integration from isolated ex-
aminations of within-stage variability to a unified analysis of growth. Such an
analysis can also investigate the variability and possible evolutionary con-
straints of growth curves by studying the covariances of each CPC between
stages (Kirkpatrick and Lofsvold, 1992; Bjorklund, 1993).

Covariances among traits in different ontogenctic stages indicate variation
and possible constraints for the evolution of ontogenctic trajectories. This
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unique information is only available from longitudinal studies. Nevertheless,
because such studies are very labor-intensive and only feasible for organisms
that can be reared in the laboratory (but see Bjorklund, 1993), few such studies
exist. Cross-sectional studies comparing the ontogenies of different species
(e.g., Klingenberg and Spence, 1993) or patierns of allometry (Klingenberg
and Zimmermann, 1992) are alternative approaches to these problems. A
combination of all these methods is most promising to provide an integrated
understanding of individual variation, growth, and evolution.

The CPC model demonstrates the intimate link between the compasison of
static variation in several stages and the study of variability in growth curves,
which have been the two most important approaches to the study of the con-
nection between ontogenetic processes and evolution. We believe that this
model, applied to phenotypic or genetic covariance matrices, will be a useful
tool to further explore this connection.
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APPENDIX

Principal Component Analvsis

Classical PCA deais with observations in a single group. i.e.. with a p-vari-

ate random vector X =(X,.X:.....X ) with covariance matrix 2. The PCs.

r
U= (U,. l/':.....l/,,). are linear combinations of the original variables. U = XB .

This transformation is achieved by the matrix of eigenvectors, . which is or-
thogonal and normalized so that B'8=1 .
The covariance matrix of the PCs,
Cov(U)=8'2g=A,
is diagonal. as the PCs are uncorrelated among each other. i.e.,
A, O - O
A= [0 Ay o O

0 0 - A
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The eigenvalues Aj. A>. .... Ap, are the variances of the corresponding PCs
(further information can be found in Pimentel |1979]. Jolliffe | 1986]. Flury
| 1988: chapter 2]. Jackson [ 1991]. and Jobson | 1992)).

Common Principal Components for Independent Groups
The CPC model for independent groups (Flury., 1988) assumes that all
groups share the same eigenvectors. This means that the transformation given

by the common matrix of eigenvectors. B. renders all covariance matrices to
diagonal form simultaneously.

BEB=A,. i=1. .k

where the A; are diagonai matrices (as above) and 4 is the number of groups.

Common Principal Components for Dependent Random Vectors

The CPC model for dependent random vectors considers &p variables simul -
taneously. which have a kp x Ap covariance matrix that shows a pattern of 4 x &
blocks, each of size p x p (shown here for A = 2):

zl 1 zl:

2, Znf
The diagonal blocks ;) and Z»» are the within-group covariance matrices (as
in the previous section). whereas the off-diagonal blocks contain covariances
of measurements in different groups (Z,, = Z;, ).

The CPC model assumes that the same transformation (using the p x p or-

thogonal matrix ). when applied to all groups. simultaneously renders all
blocks diagonal. Therefore, the covariance matrix after transformation to CPCs

is
{ﬁ:zl lﬂ ﬁ:ZIZﬁ] = [Al ! AIZ]
P8 BB |A: Al
where all Aj; are diagonal. This model is discussed in detail by Neuenschwan-

der (1991) and Flury and Neuenschwander (1995a); algorithms for estimating
CPCs were presented by Flury and Neuenschwander (1995b).

Number of Parameters

The number of parameters in the unconstrained model is
pk(pk + 1) /2.
Under the CPC model for dependent random vectors, this number is
p(p-1)17/2 + pk(k+1)/2,

where the first term accounts for the CPC coefficients and the second term for
the within-group variances of the CPCs and their covariances across groups.
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As p and k increase, the reduction in parameters under the CPC model be-
comes very substantial.

Estimation of CPCs

In a sample, the kp X kp covariance matrix S is patterned as explained above
for X (again illustrated for k = 2), i.e.,

S S.
s=[$+ §¢]

Then we search for an orthogonal p x p matrix B (normalized so that BB=1)
that simultaneously renders the four blocks of F as closely to diagonal as pos-

sible, where
F= F, Fp - B'S;;B B’S.B
F,, Fyp B’S,B B'S,B
is the covariance matrix of the transformed variablcs.
The measure of deviation from simultancous diagonality is

diagF,, diagF,,
_ de‘[diag F, diagF,,

e=
Fll Fl2 ’
det[FZI F22

where *‘det” is the determinant of a matrix and the “diag” operator sets the off-
diagonal elements of a matrix to zero. It can be shown that e is a minimum if
all Fj; are diagonal. The FG* algorithm (Flury and Neuenschwander, 1995b) is
designed to find an orthogonal matrix B that minimizes this measure (for fur-

ther discussion, see Neuenschwander [1991] and Flury and Neuenschwander
[1995a, 1995b]).
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Individual Varidtion of Ontogenies:
A Longitudinal Study of Growth and
Timing™

INTRODUCTION

The evolution of ontogeny has attracted much attention in recent years
(Gould 1977; McKinney and McNamara 1991; Hall 1992). Interest in the
evolution of organismic form motivated part of this research, because the di-
versity of morphological structures is the outcome of variation in growth and
development. On the other hand, life history studies include growth in size and
the schedules of transitions between developmental stages as important ele-

ments of the relationships between organisms and their environment (Roff
1992; Stearns 1992).

Some studies in this field have compared the ontogenies of several taxa,
viewing differences as the results of past evolutionary change (e.g., Creighton
and Strauss 1986; Strauss 1990; Klingenberg and Spence 1993). Others have
dealt with the patterns of variation of ontogenetic processes within populations
that provide the potential for continuing microevolution (e.g., Cheverud et al.
1983; Lynch 1988; Kirkpatrick and Lofsvold 1989; Atchiey and Hall 1991). In
such analyses of ontogenetic variation, the lack of variability can be as impor-
tant as its presence, because it constitutes a developmental constraint on the
future evolution of the traits under consideration (Maynard Smith et al. 1985;
Gould 1989; Kirkpatrick and Lofsvold 1992; Bjorklund 1993).

Developmental processes produce morphological variation and constraints
and thus affect evolutionary processes in two principal ways. First, they deter-
mine the growth curves, that is, the functions that relate age or developmental
stage to morphological and physiological traits. As a consequence, they influ-
ence the extent to which values of the same trait at different ages can vary in-
dependently (Cheverud et al. 1983; Kirkpatrick and Lofsvold 1992; Bjurklund
1993). Second, because developmental processes often affect several traits si-
multaneously (Riska 1986), multivariate patterns of covariation among traits at
a given age reflect these processes (e.g., Cheverud 1982a, 1995; Zelditch 1987;
Cowley and Atchley 1990; Atchley et al. 1992; Paulsen and Nijhout 1993), and
can in turn affect the potential for evolutionary change (Lande 1979; Cheverud
1984). These two aspects have been integrated in theoretical syntheses
(Atchley and Hall 1991; Cowley and Atchley 1992; Atchley et al. 1994), but
there are few detailed empirical studies that jointly consider covariation among
traits and across developmental stages (but see Cheverud et al. 1983; Bjork-
lund 1993). Such studies have been limited because statistical techniques
specifically designed for longitudinal studies with multiple measurements have
not been available. Furthermore, the existing studies of ontogenetic variation
and constraints have been based on analyses of age-specific measurements, but

few have examined the variation in growth increments (but see Riska et al.
1984).

* A version of this chapter is submitted for publication. Klingenberg. 1996. Evolation.
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Growth processes not only produce variation in morphometric traits, but
they can also eliminate it by compensatory growth, so that all individuals con-
verge toward a “target” size as adults (Tanner 1963), irrespective of differ-
ences in their earlier growth history. Differences in growth may be due to star-
vation (Wilson and Osbourn 1960; Blum et al. 1985) or individual variation
apparent even under controlled laboratory conditions (Monteiro and Falconer
1966; Atchley 1984; Riska et al. 1984). Although vertebrates have been stud-
ied in the most detail, growth regulation has also been reported from insects
(Tanaka 1981; Bryant arnd Simpson 1984), crustaceans (Hartnoll and Dalley
1981; West and Costlow 1987) and echinoderms (Ettensohn and Malinda
1993). Whereas some regulation of growth occurs through hormones (Tanner
1963; Blum et al. 1985; Shea et al. 1990) and thus affects multiple measure-
ments simultaneously, leading to tight overall integration, there is also ample
evidence from a variety of studies that organs independently control their final
size to a considerable degree (Bryant and Simpson 1984). Therefore, although
growth regulation potentially is a major determinant of ontogenetic variation, it
is not possible to predict what specific effects these processes have on the pat-
terns of covariation among morphometric traits.

Ontogenetic variability is not limited to morphometric characters, but the
timing of developmental events also can vary, which may lead to evolution by
heterochrony (McKinney and McNamara 1991). To study this variation within
and between populations, it is important to find appropriate standards for com-
parison. Yet studies of organisms with continuous growth most commonly are
forced to ignore this variation, because they are usuvally based on measure-
ments at fixed ages (e.g., Cheverud et al. 1983; Riska et al. 1984), even in
comparisons between taxa (e.g., Creighton and Strauss 1986; Bjorklund 1993;
Wayne and Ruff 1993). A possible alternative is standardization of age relative
to an ontogenetic event, such as the peak velocity of growth in height for hu-
man adolescents (Cameron et al. 1994), but this may be very difficult if the
event is gradual and if the data have high temporal resolution. To avoid such
ambiguities, an ideal study system should have a fixed number of discrete de-
velopmental stages, a condition that is met by many hemimetabolous insects.

Water striders (Heteroptera: Gerridae) are perfect study organisms to ad-
dress these questions because they can be reared.individually in the laboratory,
measurements of the cuticles cast during molting provide an accurate record of
growth, and each molt is a distinct developmental event. Here I report the re-
sults of a longitudinal growth study in Limnoporus canaliculatus (Say). This
study thus complements an earlier comparison of ontogenics among the six
species of the genus Limnoporus, which revealed a considerable degree of in-
terspecific variation in timing and extent of growth (Klingenberg and Spence
1993). I carried out a joint analysis of covariation among measurements within
and across developmental stages, using a new statistical model specifically de-
signed for such studies (Flury and Neuenschwander 1995a; Klingenberg et al.
1996). Based on these results, I compare analyses of variation and constraint in
growth increments to those in age-specific measurements, and I examine
growth regulation and the relation between instar durations and growth in size.

141



6. Growth and Timing in L. canaliculatus

MATERIALS AND METHODS

This study is based on longitudinal data from all five larval instars (L1-L5)
and adults of the water strider Limnoporus canaliculatus. Exuviae collected
from bugs reared individually make it possible to obtain measurements from
single individuals in all growth stages without manipulating the delicate larvae.

Laboratory Culture and Measurements

The water striders used in this study were the offspring of a sample of
overwintered adults collected in Morris County, New Jersey, on May 1, 1992,
The entire laboratory rearing experiment was carried out in the same climate-
controlled room (20° C, photoperiod 16L:8D). Adults were kept as a mass
culture, provided with Styrofoam strips for oviposition, and fed ad libitum with
frozen flesh flies, Neobelliera bullata (Parker). Styrofoam strips were replaced
regularly, and those with eggs in advanced stages of development were
checked for hatched larvae at intervals of approximately 12 hours.

Hatchlings were transferred into individual rearing containers (diameter
11.5 cm, height 8 cm), each with about 1 cm of water and a small piece of Sty-
rofoam floating on the surface. Each larva was fed a frozen flesh fly daily; this
is an ad libitum regime, as the weight of a fly far exceeds that of even an adult
water strider. Larvae were checked for molts twice daily; the data for instar du-
rations therefore have a resolution of approximately 12 hours. After each molt,
the cast exuvia was collected and subsequently stored in 70% ethanol. After
the final molt, when the new cuticle had hardened, adults were killed by deep-
freezing and later stored in 70% ethanol.

For this study I analyzed measurements of the lengths of the femora and
tibiae of the middle and hind legs. The cuticle of the legs is rigidly sclerotized;
therefore, shrinking or other effects of preservation can be ruled out. Because
antennal segments tended to telescope into one another in exuviae, their
lengths, included previously in cross-sectional studies of growth in water strid-
ers (Klingenberg and Zimmermann 1992a; Klingenberg and Spence 1993),
could not be measured reliably and were therefore not used in this study. Mea-
surements were made with a video system attached to a dissecling microscope.

The data analyzed in this study are means of left and right body sides if both
sides could be measured; if the value from one side was missing, the value
measured on the other side was included. The combined variability from
asymmetry and measuring error was small relative to the variation among in-
dividuals. The data set includes only those individuals for which all four vari-
abies could be measured on at least one body side in all five larval instars and
the adult stage. I checked data for outliers, and reexamined individuals with
extreme values. Bugs with deformities, mostly because of abnormal melting,
were excluded. Wing polymorphism did not show an influence on the results
of this study. Most of the individually reared water striders were wingless: of
the 89 females with complete data, only one was winged, and of the 70 males,
five were winged (two of them brachypternus), although the mass culture in
the same room produced a higher proportion of winged bugs. As preliminary
univariate and multivariate analyses showed that winged individuals did not
differ from the wingless ones either in morphometric traits or in instar dura-
tions, I included all bugs in this study regardiess of wing morph.
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All the morphometric variables, but not the instar durations, were trans-
formed to natural logarithms before the analyses.

Statistical Analyses

Longitudinal growth studies with multiple measurements are complex be-
cause there are correlations both within and across ontogenetic stages. If there

are p measurements for each individual at k growth stages, the overall covari-
ance matrix S has a pattern of k2 blocks, each of dimension p X p. The block

Sjj, in the i-th row and the j-th column of S, is a p X p matrix that contains the
covariances of the p measurements in stage i with those in stage j (S;' = S;).
The blocks along the diagonal, S;;, are the within-stage covariance matrices, as
they have been used traditionally in both longiwadinal and cross-sectional
studies (e.g., Cuzin-Roudy 1975; Zelditch and Carmichael 1989; Klingenberg
and Zimmermann 1992a). Conversely, analyses of the covariation among
stages in one measurement at a time (e.g., Cheverud et al. 1983; Kirkpatrick
and Lofsvold 1989, 1992; Bjorklund 1993), say the h-th variable, consider only
the h-th position along the diagonal in each of the blocks S;;.

Common Principal Component Model.—The basis of the statistical model 1
use here is the observation that patterns of variation among characters are often
similar within several ontogenetic stages (e.g., Cuzin-Roudy 1975; Zelditch
and Carmichael 1989; Klingenberg and Zimmermann 1992a), but the model
extends this similarity to all blocks of the covariance matrix. More specifically,
it assumes that the different stages share the same principal components, and
that these are mutually uncorrelated not only within, but also across develop-
mental stages (Klingenberg et al. 1996). This model, common principal com-
ponents (CPCs) for dependent random vectors (Neuenschwander 1991; Flury
and Neuenschwander 1995a), is an extension of the CPC model for indepen-
dent groups (Flury 1988), which has been used in a number of morphometric
studies (Airoldi and Flury 1988; Klingenberg and Zimmermann 1992a,b; Klin-
genberg and Spence 1993; Klingenberg 1996).

For longitudinal data, this CPC model can reduce a very complex analysis to
a number of separate, simpler ones. As the £ s are uncorrelated within and
across stages, each block of the patterned m i of CPC scores is diagonal; the
diagonal elements can be used to study cuanation of CPCs among stages.
Unlike the original measurements, where separa analyses for each trait of the
covariation across stages ignore the correlations between variables, each CPC
can be analyzed in isolation without any loss of information because they are
uncorrelated with each other. Like conventional principal component analysis,
this CPC model can be useful as a tool for data reduction, because some com-
ponents often account for only a minor fraction of the total variation and may
be ignored. The fit of the model can be assessed either by tests based on

asymptotic theory (Neuenschwander 1991) or by permutation tests
(Klingenberg et al. 1996).

Klingenberg et al. (1996) have demonstrated the use of the CPC model for
the data set of female L. canaliculatus and have discussed it in some detail;
here I also apply it to the males, but I mention the statistical aspects only

briefly. To estimate CPCs, I used a version of the orthogonal FG* algorithm
(Flury and Neuenschwander 1995b) written in the SAS/IML language (this

143



6. Growth and Timing in L. canaliculatus

routine is available through the Internet: file:/life.bio.sunysb.edwmorphmet/
dcpc.exe.ibmpc). The CPCs were ordered by the average proportion of total
variance within instars and covariance among instars for which they accounted
(for details, see Klingenberg et al. 1996).

I tested the fit of the CPC model to the data with a permutation test. The key
assumption of the model is that different CPCs are uncorrelated within and
between instars, whereas corresponding CPCs can be correlated across instars
(e.g., the CPC1 in the L1 can be correlated with the CPC1 in the L2, but not
with the CPC2 in any instar). This can be used as the null hypothesis in a per-
mutatioa test (Pitman 1937; Manly 1991; Good 1994). For each sex, I ran
1,000 random permutations: the CPC scores were reshuffled separately for the
CPC2—CPC4, but keeping all instars together, thus leaving unchanged the cor-
relations among insiars for each CPC. For each of the randomized data sets, 1
computed the CPCs and three different test statistics. The e statistic
(Klingenberg et al. 1996) is a measure of overall deviation from the CPC
model (for a detailed discussion, see Neuenschwander 1991; Flury and Neuen-
schwander 1995a,b). I used two additional statistics, the maximum absolute
correlation and covariance between different CPCs, because they can pinpoint
the CPCs und instars where deviations occur (note that ordinary significance
tests do not apply here, because this is the highest absolute value of the 216
correlations or covariances between different CPCs). The null distributions of

the test statistics from the permutation runs were then compared to the values
from the original data.

To compuie standard errors, I used the bootstrap method (Efron and Tibshi-
rani 1993), with 250 iterations. A preliminary bootstrap analysis produced in-
flated standard errors because of changes in the ordering of CPCs and in the
signs of their coefficients (see also Jackson 1993). To avoid this problem, I
used a different rule io order the CPCs for the bootstrap routine, and assigned
each bootstrap CPC to that CPC of the original sample to which it was most
similar, as judged by the magnitude of their inner product (this is equivalent to
the use of angles between CPCs); these assignments were unambiguous in all
250 bootstrap runs for each sex. To prevent arbitrary changes in signs of CPC
coefficients, the signs of all coefficients of the bootstrap CPC were reversed if

the inner product of the original and corresponding bootstrap CPCs was nega-
tive.

Ontogenetic Allometry.—To take advantage of the information contained in
the longitudinal data, I computed patterns of ontogenetic allometry in a manner
slightly different from cross-sectional studies (e.g., Klingenberg and Zimmer-
mann 1992a). Instead of a PCA of data pooled over individuals and stages,
here I used a MANOVA of individuals and instars to separate stalic
(individual) from ontogenetic variation. Therefore, a PCA of the between-in-
star matrix of sums of squares and cross-products can be used to analyze onto-
genetic variation, and the resulting PC1 is a vector of ontogenetic allometry.
To estimate standard errors, I used the bootstrap procedure, with 250 resam-
pling iterations (random resampling among individuals, i.e., keeping the mea-
surements from all instars together for each bug). A separate analysis was run
for each sex.

Analyses of Variation and Constraints.—To study patterns of variation and
identify possible constraints on the dynamics of growth in overall size, T used
conventional principal component analyses (PCAs) of the covariance matrices
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of CPC1 scores in the six instars, of the increments in these “size” scores, and
of instar durations. To estimate standard errors for these PCAs, I used the
bootstrap with 250 resampling iterations. Inflated standard errors due to
changes in the ordering of PCs and sign reversals of PC coefficients were a
problem in some of these analyses, and as for the CPCs, I assigned the boot-
strap PCs to the most similar PC in the original sample (i.e., the one with
which it had the highest absolute inner product), and changed signs if the inner
product was negative. Similar analyses were conducted for the CPC2 scores
and increments.

For analyzing growth and its regulation, I derived a log-size variable
(Mosimann 1970) from the CPC1 by rescaling its coefficients so that they
summed up to unity; its antilogarithm therefore scaled as a linear dimension
(Klingenberg and Zimmermann 1992b; Klingenberg and Spence 1993). I com-
puted growth ratios as the antilogarithm of the difference in the log-size scores
between successive instars. More intuitively, this measure of growth can be
interpreted as the postmolt/premolt ratio for overall size. The geometric mean
of these ratios in a sample is the geometric-mean growth ratio, which can also
be obtained from cross-sectional studies (Klingenberg and Zimmermann
1992b; Klingenberg and Spence 1993). As a measure of relative size within in-
stars, I used the ratio of the individual’s size to the geometric mean size in that
instar, computed as the antilogarithm of the difference of each individual’s log-
size score from the instar mean score.

Correlations among relative size, postmolt/premolt ratios, and instar dura-
tions are Pearson product-moment correlations. I tested them against the null
hypothesis of independence with two-tailed permutation tests (Pitman 1937),
each with 10,000 random permutations (see also Manly 1991; Good 1994). 1
present correlations with their original P-values, but to determine statistical
significance, I use the sequential Bonferroni adjustment (Rice 1989) to control

for experimentwise error rate within each sex (table-wide o = 0.05).

RESULTS

Static Variation: Common Principal Components

The analyses in both sexes produced similar results (table 6-1). The CPCl is
a size axis, whose coefficients are all positive and of similar magnitude. The
CPC2 shows a contrast of the middle and hind femora against the hind tibia.
The CPC3 opposes the middle tibia to the hind femur and, to a lesser extent, to
the hind tibia. Finally, the CPC4 contrasts the middle femur to the middle tibia
and, more strongly, to the hind femur. The close congruence of results between
sexes is even more apparent from vector correlations between pairs of CPCs,
which all exceed 0.99; the corresponding angles between CPC axes range from
5.7° to 7.8°. The CPC estimates are fairly stable, as indicated by their standard
errors. The standard errors obtained with the bootstrap method are fairly simi-
lar (differences < 0.03) to those from a jackknife analysis (for females only;
Klingenberg et al. 1996).
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Table 6-1. Common principal component coefficients and their bootstrap stan-
dard errors (in parentheses). Abbreviations of morphometric variables: MF,

middle femur; MT, middle tibia; HF, hind femur; HT, hind tibia.

Variable

CPC1

CPC2 CPC3 CPC4
Females
MF 0471 0.436 —0.059 0.765
(0.019) (0.038) (0.115) (0.029)
MT 0.414 0.073 0.878 -0.229
(0.024) (0.049) (0.062) (0.136)
HF 0.491 0.465 -0.427 -0.600
(0.026) (0.042) (0.108) (0.084)
HT 0.605 -0.767 -.209 0.048
(0.030) (0.031) (0.052) (0.054)
Males
MF 0.491 0.462 0.003 0.738
(0.031) (0.038) (0.082) 0.022)
MT 0.388 0.059 0.870 -0.299
(0.016) (0.054) (0.035) (0.097)
HF 0.560 0.343 -0.475 -0.586
(0.026) (0.067) 0.077) (0.056)
HT 0.542 -0.816 ~0.135 0.150
(0.055) (0.040) (0.060) (0.035)

All four CPCs account for fairly constant proportions of variation through-
out ontogeny (table 6-2). The CPC1 takes up more than 75% of the total varia-
tion in all instars and both sexes. A moderate amount of variation, about 10—
16%, is associated with the CPC2, whereas the other two CPCs show substan-
tially less variability. These values are close to the proportions of total variance
for which the PCs accounted in separate PCAs in each instar and sex (for the
females, this comparison is presented in Klingenberg ct al. 1996).
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Table 6-2. Percentages of total variance for which the CPCs account within
each instar, and their bootstrap standard ~rrors (in parentheses).

Instar CPCl1 CPC2 CPC3 CPC4

Females
L1 75.9 13.8 6.7 3.6
3.8) (2.6) (L5) (0.8)
L2 79.7 11.9 S. 3.1
(3.8) (2.6) (1.2) 0.7)
[ 76.8 14.9 54 39
(3.9) 2.7) (1.3) 0.9)
79.7 13.2 5.1 1.9
(3.5) (2.6) (1.1) (0.5)
LS 79.8 13.2 5.2 1.8
(3.3) (2.5) (1.2) (0.5;
Ad. 78.2 144 5.8 1.5
(3.6) (2.8) (1.4) (0.4)
Males
L1 76.3 16.2 4.0 3.6
(3.6) (3.1) 0.7) 0.9)
L2 79.0 13.2 5.0 2.8
(2.6) (2.3) (1.1) (0.5)
L3 81.2 10.5 4.8 3.5
(3.0) (2.2) (1.3) 0.7)
L4 80.5 11.7 5.2 2.6
(3.6) (2.4) (1.4) (0.6)
LS 81.9 12.0 4.5 1.6
4.4) 4.1) (1.4) 0.3)
Ad. 79.8 13.7 4.6 1.9
(3.6) (3.0) (1.3) 0.6)

The permutation tests reveal some deviations from the CPC model for both
sexes. In females, all three test statistics are significant, but the deviations con-
cern exclusively the CPC3, which accounts only for a small proportion of vari-
ance, and will not be considered here (table 6-2; for details, see Klingenberg et
al. 1996). In males, the e statistic indicates a significant deviation from the
CPC model overall (e = 405.9; P < 0.001), and the maximum absolute covari-
ance between different CPCs (value 8.48; P = 0.01) attributes it to the rela-
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ti~...y large covariance between CPC1 and CPC2 in adults, which both have
i=rze variances (none of the other combinations of CPCs have similarly large
covariances). Nevertheless, the maximum absolute correlation does not indi-
cate a statistically significant deviation from independence (maximal Irl = 0.36,
CPC1 in L1 with CPC3 in L2; P = 0.19). In both sexes the first two CPCs,
which account for about 90% of the variation in each instar, can be considered
uncorrelated within and between instars, despite the misfit of the model over-
all, and therefore can be studied separately in the subsequent analyses.

Relations between Static and Ontogenetic Allometry

In analyses of ontogenetic allometry, the PCls account for the overwhelm-
ing majority of variation, 99.7% in females and 99.8% in males, and thus indi-
cate that the model of simple allometry fits the data very well. The patterns of
ontogenetic and static allometry are similar (fig. 6-1), as indicated by angles of
4.5° and 6.5° between ontogenetic PC1 and static CPC1 in males and females.
respectively (vector correlations > 0.99). The angles between the ontogenetic
PC1 and the static PC1s for each instar are narrowest in the L.2 or L3 instars,
and increase toward the adult stage.

Individual Variation in Growth

To assess the patterns of instar-specific variability in overall size, I per-
formed a PCA of the CPC1 scores in each instar. The first PC alone accounts
for about three quarters of the total size variation in both sexes (fig. 6-2). This
PC1 is an axis summarizing variation in general growth performance: all in-
stars have positive coefficients (fig. 6-2), indicating that individuals tend to be
either relatively large or relatively small in all instars. The PC1 coefficients
gradually increase from instar to instar, manifesting variation in slope that is
associated with the height of growth curves, i.e., larger bugs also tend to have
the steeper growth curves. The PC2, which takes up about 17% of the total

Static Ontogenetic
071 -@— Females -G
-d-- Males .

Coefficients

044

03

MF MY HF ~
Variable

Fig. 6-1. Comparison of static and ontogenetic allometry. Joint patterns of static allometry in
all six instars were estimated by the CPC1 coefficients, and ontogenetic allometry by the
PCls of the between-instar matrices from MANOVA. Error bars indicate bootstrapped stan-
dard errors (250 iterations); note that those for the ontogenetic PCls are extremely small (all
< 0.001) and entirely covered by the symbols.
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Fig. 6-2. Variation and constraint in instar-specific size. The PCA used the covariance matrix
of individual CPC1 scores in all six instars. The top panels show the eigenvalues, expressed
as percentages of total variance; note that the PC1 takes up most of the variation. The middle
and bottom panels show the coefficients of each instar on the PC1 and PC2, respectively.
The PC1 has positive coefficients for sizes in all instars and shows variation in overall
growth, whereas PC2 contrasts size in early versus late instars. Error bars indicate the boot-
strapped standard errors of the estimates; some of the standard errors are so small that the
error bars are too short to be seen or the symbols entirely cover them.

variance in both sexes, is the only other PC accounting for a relatively large
proportion of variation. It contrasts the overall size scores in early against
those in late instars in a graded series (fig. 6-2), showing that growth curves
vary in slope, but not in shape, as the profile of PC2 coefficients is fairly
straight. The PC2 thus features variation only in the slope of growth curves; it
can be visualized as a movement where the entire growth curve oscillates like a
“seesaw” pivoting about the fairly constant size in the L4 instar, but does not
“bend”. The remaining PCs only account for small proportions of variance.

Given the dominance of the PC1 in the preceding analysis, it is rather sur-
prising that the growth increments are not strongly correlated between instars
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(fig. 6-3). In females, correlations between postmolt/premolt ratios of the over-
all size variable range from -0.22 (L2-LS) to 0.47 (L3-L4; P = 0.0001); the
latter and the correlation between L4 and L5 increments (r = 0.32; P = 0.002)
are the only ones significantly different from zero after sequential Bonferroni
adjustment for the 10 pairwise correlations. In males, correlations range from

-0.09 (L1-L5) to 0.34 (L3-L4; P = 0.004, and thus significant after adjust-
ment; all others nonsignificant).
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Fig. 6-3. Relations between growth increments of individual water striders in different instars.
Plotted values are the postmoltpremolt ratios of a multivariate size measure that scales as a
linear dimension (see text for details).
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The PCAs of increments in CPC1 scores reflect this weak covariation, as the
PC1s of increments account for miuch smaller fractions of the total variation
(fig. 6-4) than in the analyses of instar-specific size (fig. 6-2). Moreover, the
larger standard errors and the incomplete congruence of results between the
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sexes indicate that patterns are less well-defined. In the analysis of increments.
none of the PCs is an axis of variation it: - ~pwth performance in all instars
jointly (fig. 6-4). Instead, the PCls almost exclusively feature the variability in
late growth, as they have much larger coefficients for the LS than for earlier in-
stars (fig. 6-4). The PC2s emphasize increments in the L3 and L4 (and L2 in
females), and contrast this to L5 growth, whereas the size increase in the first
molt alone dominates the PC3s. Although the remaining two PCs account for
smaller portions of variation, both are associated with appreciable variability.
Therefore, this PCA provides no evidence of any substantial constraints on
growth increments, in contrast to the analyses of instar-specific size, where
variation is largely concentrated in just two dimensions.

Postmolt/premolt ratios also are at most moderately correlated with relative
size in the previous instar (fig. 6-5). In the L1-L3 instars, correlations between
relative size and growth ratios are negative, and thus indicate compensatory
growth (females: L1 r = —0.25, P = 0.015, marginally nonsignificant after se-
quential Bonferroni adjustment; L2 r = —0.28, P = 0.007; males: L1 r = -0.33,
P = 0.004; the latter two correlations remain significant after adjustment for
five tests in each sex). Yet, because these correlations are rather weak, com-
pensatory growth is just strong enough to maintain the variance of the CPCl
approximately constant in the L1 and L2 instars (in females also the L3). In the
L3, compensatory growth eliminates less variation than the new growth incre-
ments generate, and therefore, morphometric variance increases from the L3 to
the L4 instar. In the final two molts, the correlations between size in the previ-
ous instar and growth are positive, although not statistically significant, and the
variance of the CPCls increases by 36— 51% in each molt.
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Fig. 6-5. Relations between relative size in an instar and the size increment in the fcllowing
molt. Relative size is the ratio between an individual’s score for the multivariate size variable
and the geometric mean for this variable in that instar and sex, and the postmolt/premolt ratio
is the ratio between the size scores in this and the following instar. There are some negative

correlations of size and growth ratio in early instars, indicating compensatory growth, but not
in later instars.

To examine whether the patterns of ontogenetic variation in size-indepen-
dent variables are the same as for the “overall size” component, I performed
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PCAs s of the scores and increments of the CPC2. The results are similar to the
corresponding analyses for the CPC1. For the CPC2 scores, the PCls account
for 61% and 58%, and the PC2s for 22% and 21% of the total variance in fe-
males and males, respectively. The PC1 coefficients are all positive and in-
crease in magnitude from early to late instars, and thus indicate that bugs tend
to have either high or low CPC2 scores in all instars, whereas the PC2 coefti-
cients gradually decline from positive to negative values, indicating “seesaw-
like” variation of CPC2 growth trajectories. In the analyses of CPC2 incre-
ments, like in those for the CPC1, the PCls account for less of the total varia-
tion (39% and 53% in females and males, respectively), and each PC mainly
features the increment during one instar, contrasting it with CPC2 changes in
other instars. Correlations between CPC2 scores in one instar and the differ-
ences to the next instar show that there clearly is growth regulation for this
size-free component of variation (with correlations as strong as r = —0.55). In
females, these correlations are significantly negative in the L1, L2, and the L3,
whereas in males the L1, L2, and LS instars have significant negative correla-
tions (all after sequential Bonferroni correction).

Instar Durations

Unlike the size incremeiits, instar durations are clearly correlated among in-
stars, and the range of instar durations tends to increase from younger to older
stages (fig. 6-6). Correlations range from 0.47 (L1-L4) to 0.85 (L2-L4) in fe-
males and from 0.38 (L1-L2) to 0.88 (LL3-L4) in males. All thesc correlations
are highly significant, and remain so even after Bonferroni correction for the
10 tests, as none of the permutation runs matches the observed values (P <
0.0001), except for three correlations in males (P-values between 0.0001 and
0.0015, all significant after sequential Bonferroni adjustment). Altogether,
these correlations show that developmental rates of individuals vary consis-

tently in all instars, in contrast to the results found for the size increments
(above).
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Fig. 6-6. Relations between the durations of different instars. As checks were made at intervals
of about 12 hours, the temporal resolution of the data is relatively coarse, and there is
extensive overlap of data points. In this graph, therefore, the diameter of the “bubbles” is
proportional to the number of individuals with a particular combination of instar durations.

Note the increasing variation in instar duration and the successively stronger correlations be-
tween instars.

In accordance with these correlations, the PC1 of the covariance matrix of
instar durations takes up almost all the total variance (fig. 6-7). All instars have
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Fig. 6-7. Patterns of variation in instar durations. The PCA used the covariance matrix of un-
transformed instar durations. The top panels show the eigenvalues, expressed as percentages of
total variance; note the strong dominance of the PC1. The bottom panel shows the coefficients
of each instar on the PC1. Error bars indicate the bootstrapped standard errors of the estimates;
for a few of the PC1 coefficient values, the symbols entirely cover the error bars.

positive PC1 coefficients, which gradually increase from the L1 to the LS5, re-
flecting the larger variation in later instars. The results for both sexes are very
similar, and the small standard errors indicate that they are statistically stable.

A PCA of cumulative development time, that is, the ages at the five mollts,
shows an even stronger dominance of the PC1 (fig. 6-8). As in the preceding
analysis, the PC1 coefficients increase from instar to instar, but this increase is
steadier and somewhat stronger here.

Instar durations are only weakly correlated with the size increments in the
same instar (fig. 6-9). Correlation coefficients are negative or very close to
zero, and only those in the LS5 instars (and L3 in males) retain statistical signif-
icance after sequential Bonferroni adjustment (females, LS, r = -0.34, P =
0.0006; males, L3, r =-0.39, P = 0.0006; LS5, r=-0.32, P = 0.006). Yet these
correlations are not significant for growtn from hatching to the final molt, as
relative size of adults and total development time are uncorrelated (females r =
-0.14, P =0.18; males r = -0.14, P = 0.24).

DISCUSSION

This study integrates approaches that traditionally have been used separately
to study variation in ontogeny. Measurements of multiple traits in each instar
provide the basis for analyzing allometry and morphological integration, and
the longitudinal nature of the data enabled me to examine growth regulation
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Fig. 6-8. Patterns of vanation in cumulative development time. The data used in this PCA were
the ages at which the five molts of each individual took place; the corresponding incremental
values are the instar durations, except for the first variable (age at L1-1.2 molt) which is
identical for both sets (it is also the L1 duration). The top panels show the eigenvalues,
expressed as percentages of total variance; note the dominance of the PC1 is even stronger
than in the analysis shown in fig 6. The bottom panel shows the coefficients of each instar on
the PC1. Standard errors are so small that the symbols entirely cover the error bars.

and the variation in growth curves, and to compare analyses of increments and
cumulative trait-at-age data. In addition, the data on instar durations relate this
study to the concept of heterochrony. In this discussion, I attempt to synthesize
the results of these analyses, linking them to the knowledge on growth pro-
cesses in hemimetabolous insects and to the evolutionary patterns found in a
comparison of ontogenies among all six species of the genus Limnoporus
(Klingenberg and Spence 1993).

Patterns of Covariation among Morphometric Variables

The analysis with CPCs demonstrates that patterns of static variation are
fairly constant throughout postembryonic development. Moreover, these pat-
terns also account for similar proportions of the total variation, and it is mainly
the overall amount of variability that increases from early to late instars. As the
CPC1 accounts for more than three-quarters of the total variance within each
stage, the model of simple allometry fits well in all instars. Similarities of
static variation in several instars have also been found in another true bug, the
backswimmer Notonecta maculata (Cuzin-Roudy 1975), and other water strid-
ers (Klingenberg and Zimmermann 1992a). In addition to some constant com-
ponents of static covariance structure, however, other organisms also show
substantial changes associated with key ontogenetic events, for instance those
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Fig. 6-9. Relations between instar durations and size increments in the following molt. Post-
molt/premolt ratios are for the multivariate size variable. The correlations are either very close
to zero or negative (especially in the L3 and LS instars).

that coincide with weaning in rodents (Zelditch 1988; Zelditch and Carmichacl
1989).

The patterns of static and ontogenetic allometry are very similar (fig. 6-1).
Two explanations for such similarities have been proposed in the literature
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(Teissier 1948; Cock 1966; Cheverud 1982b; Klingenberg and Zimmermann
1992a). First, if growth increments along the allometric trajectory, but not in
perpendicular directions, are positively correlated with size in the preceding in-
star, then static and ontogenetic allometry will be more similar in the following
instar, and will eventually become identical (Cock 1966). Because the static
and ontogenetic patterns tend to be more similar in younger instars (especially
the L2) than in later ones, this explanation does not correspond well to the ob-
served patterns. Second, static and ontogenetic allometry are identical if
growth vectors between successive stages vary only in their extent, but not
their direction (Cheverud 1982b). A less restrictive version of this explanation
allows for variation in growth vectors, provided their lengths and directions are
vicorrelated (Cheverud 1982b). Regression analyses of the lengths and direc-
tion coefficients of growth vectors are only significant for the L3 in females
and the L4 in males (after Bonferroni corrections), and R2 values generally are
low. Correlations between direction and length of growth vectors may result
from the slight curvature of growth trajectories (Klingenberg and Zimmermann
1992a; Klingenberg and Spence 1993). Although this indicates that there are
specific sources of variation during each growth stage, the close overall con-
gruence of static and ontogenetic allometry suggests ihat variability in the ex-
tent of growth contributes most to static variation.

Phenotypic Variation and Constraints in Growth Curves

There are two ways (o analyze data measured in each of a number of devel-
opmental stages: by stage-specific values and by the increments betw:en suc-
cessive stages (see also Riska et al. 1984; Lynch 1988; Cowley and Atchley
1992). Aithough stage-specific values are simply the sum of the value in the
first stage and later increments as they accumulate through the growth period, I
have shown by direct comparison that analyses of such cumulative and incre-
mental data can produce very different results.

In the analysis of cumulative size, the PC1 strongly dominates (fig. 6-2),
suggesting a well-ir:tegraicd ontogeny and constrained phenotypic variation of
growth trajectories. The hulk o1 the variation affects growth rates in all instars
jointly, producing wariability in the overall height and in the slopes of growth
curves. Only a much smaller fraction (the PC2) is “seesaw” variation contrast-
ing the size in early versus late instars, wnich gives the growth curves a certain
degree of variation in slopes independent of height. The remaining four PCs
account for negligible amounts of variation. Conversely, analyses of growth
increments suggest there is very little ontogenetic integration, but that incre-
ments in different instars are largely independent of each other (figs. 3, 4). In
this analysis, not a single PC is an axis of overall growth performance; instead,
the first three PCs separately feature variability of growth in the late, middle,
and early larval period, respectively (fig. 6-4). Morcover, the PCs differ much
less in the amount of variance they account for, and there clearly is variation in
all five dimensions. Unlike the cumulative size data, this analysis provides
very little evidence for phenotypic constraints in ontogenies. The cumulative
and incremental analyses for the CPC2 produced similar differences; this
finding therefore applies not only io the “size” variable.

The stark contrast between these two kinds of analyses demonstrates the dif-
ference between cumuiative and incremental data. In cumulative data, there is

a strong ontogenetic autocorrelation, because the value of a variable in a par--
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ticular stage is the sum of the value at the preceding stage and the intervening
growth increments (see Riska et al. 1984). For instance, if X denotes size in a

given instar and Y the growth increment, the covariance beiween the sizes in
this and the following instars is

cov(X, X+ Y) =var(X) + cov(X, Y).
This formula shows that the covariance between successive instars is bound to
be high unless there is a large negative covariance between X and Y, which
would imply tight regulation of size (see below). In their discussion of ontoge-
netic autocorrelations, Riska et al. (1984) pointed out that the correlation be-
tween successive stages can even become negative if the negative correlations

between X and Y are extremely strong or if the variance of Y is much larger
than that of X.

In a number of aspects, my findings for cumulative size in water striders
remarkably resemble those reported in studies of genetic and phenotypic co-
variance or correlation matrices for mammals and birds (Cheverud et al. 1983;
Leamy and Cheverud 1984; Kirkpatrick and Lofsvold 1989, 1992; Bjtirklund
1993; although the latter three studies used an infinite-dimensional approach, 1
refer to the eigenfunctions as “PCs” in this comparison). First, the PC1 alone
accounts for aimost all the total variance, and subsequent PCs for progressively
less. Second, the coefficients of the PC1 are positive for all age groups in those
studies, indicating joint variation in size at all ages. Furthermore, in some of
those examples the PC2s have coefficients that steadily increase or decrease
with age in a graded series, with opposite signs at the youngest and oldest ages
(see fig. 6-2; Cheverud et al. 1983; Bjorklund 1993; additional examples have
the extreme coefficient values at the second-youngest or second-oldest age,
and are thus very close to a graded series, see Kirkpatrick and Lofsvold

[1992]). This shows that “seesaw” variation in growth trajectories is not lim-
ited to insects.

These similarities for analyses of cumulative data, which range across taxa
with such drastically different modes of growth as water striders, rodents, and
finches, raise the question whether analyses of incremental data for those other
examples would produce as little evidence for ontogenetic integration as for
water striders. Published phenotypic and genetic correlation matrices for
weight in mice (tables 3, 4 in Riska et al. 1984) provide an opportunity to
compare PCA results for cumulative and incremental datz directly. For both
sexes, and for phenotypic as well as genetic correlations, the PC1 of cumula-
tive data accounts for about three-quartzrs of the total variance or more, and its
coefficients indicate variation in height of the growth trajectory; the PC2s,
which take up 9-20% of the total variance, display a “seesaw™ pattern of
variation. The corresponding analyses of incremental data, however, suggest
less severe constraints: the PCls take up about 25% of the variation in pheno-
typic, and 50-60% in genetic correlation matrices. The PC coefficients mostly
feature contrasts among increments in paricular stages; none of them shows
easily interpretable patterns like those of the cumulative weights. This congru-
ence between different data sets suggests that the constraints identified in these
studies are not a consequence of the undeilying physiological or genetic mech-

arisms, but of the autocorrelation among measarements in successive growth
stages.
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The fairly tight integration seen in cumulative analyses is straightforward,
given the nature of these data. Variation in growth increments at any stage ap-
pears again in all subsequent stages, unless subsequent growth compensates for
it. Growth variability acting only in the earliest stages therefore contributes to
the variation in height of the growth trajectory, in addition to processes affect-
ing growth throughout ontogeny. Likewise, increases or decreases of growth
rates mainly at intermediate ontogenetic stages will contribute to “‘seesaw™ pat-
terns. Ontogenetic autocorrelation tends to spread the effects of an ontogenetic
event at a particular stage to the successive stages, and thus causes integration
and constraints of ontogenetic variation.

Clearly, these constraints on variation are real, even if caused by such onto-
genetic autocorrelation, and they can influence the evolution of ontogeny
(Cheverud et al. 1983; Kirkpatrick and Lofsvold 1992; Bjorklund 1693). Be-
cause ontogenetic autocorrelation is due to the part-whole relationship inherent
in cumulative data and applies to every growth trajectory analyzed in this way,
unless there is perfect compensatory growth, the resulting constraints are uni-
versal (in the sense of Maynard Smith et al. 1985).

Nevertheless, my study shows that there may be substantial variation in
growth increments even in cases where such constraints exist, but this vari-
ability may not be apparent in cumulative data as it is swamped with morpho-
metric variation accumulated from earlier stages. The differences in growth
trajectories among water striders of the genus Limnoporus show that variation
was sufficien: for size increments in successive instars to evolve relative to
each other even in opposite directions (Klingenberg and Spence 1993). This is
particularly obvious hetwe.n L. canaliculatus and its sister species L. esakii
(Andersen and Spence 1992;, +/hich grows much more between the L3 and L4,
but less between the L4 and LS instars (fig. 4-5).

Re;ulation of Growth

A varicty of animals have the ability to regulate growth to achieve a particu-
lar “target” size, including mammals (e.g., Tanner 1963; Riska et al. 1984,
Cameron et al. 1994) and arthropods (e.g., Hartnoll and Dalley 1981; Tanaka
1981; Bryant and Simpson 1984; West and Costiow 1987; Lynch 1988; Free-
man 1990). By compensating for variability in earlier stages, whether of ge-
netic or environmental origin, such regulatory growth reduces the variance
around the “‘target” value. The covariance between a measurement in one stage
(X) and ‘he subsequent growth increment (Y) plays an important role for de-
termining the variance of the trait in the following stage, because

var(X + Y) = ~ar(X) + 2cov(X, Y) + var(Y).

Because var(X) and var(Y) are always positive, a negative cov(X, Y) is the only
factor that can keep the morphometric variance constant or even reduce it from
one stage to the next (for further discussion, see Riska et al. 1984). The same
covariance also relates size regulation to the issue of ontogenetic autocorrela-
tion (see above).

Relative body size, as indicated by the CPC1 scores, is negatively correlated
with subsequent growth in the youngest instars (fig. 6-5), indicating conver-
gent growth (Riska et al. 1984). In females, the covariance between the CPC1
scores in the L1 and the following growth increment is just sufficient to main-
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tain about the same variance of CPC1 scores in the L2 [i.e., 2cov(X, Y) =
-var(Y)]. In the L2, this covariance is even negative enough to produce a slight
decrease in the variance of CPC1 scores from the L2 to the L3 instar. In males,
there is similar decrease in variance between the L1 and L2. The remaining
correlations between size and increments up to the L3 instar are also negative,
but not significantly different from zero; the corresponding covariances are not

sufficiently negative to compensate for the new variance of CPC1 scores pro-
duced by variable growth.

In the L4 and LS, correlations between CPC1 scores and increments are
positive, indicating divergent growth (Riska et al. 1984), although not signifi-
cantly different from zero. Despite the relatively low correlations, ranging
from 0.04 to 0.21, the corresponding covariances contribute 13-45% of the in-
crease in variance during these instars.

Similar changes occur in several arthropods for which growth regulation has
been shown. In the German cockroach, Tanaka (1981) found convergent
growth in late, but not in the youngest instars. Several studies for crustaceans
have found convergent growth in some stages of development, but not in oth-
ers (Hartnoll and Dalley 1981; Lynch 1988; Freeman 1990). West and Costlow
(1987) found that barnacle larvae tightly regulated growth during the naupliar
stages toward target sizes that were unaffected by food concentration, but that
there was substantial variation among food treatments in molt increments 10
the cyprid stage. Likewise, there are drastic changes of growth regulation in
mammals, with divergent growth producing large phenotypic and genetic vari-
ances in early stages, which decrease later due to convergent growth (Atchley
1984; Riska et al. 1984). Changes in growth regulation therefore are a
widespread phenomenon; however, the underlying changes in mechanisms of
growth control and the possible adaptive significance are poorly undestood.

Variability in Timing of Molts

The variation in instar durations is substantial, especially in later instars.
The slowest-developing bugs can spend up to twice as much time in an instar
than the fastest ones (fig. 6-6). Unlike size increments, instar durations are
clearly correlated, and show strong integration (fig. 6-7). Therefore, most
variation is confined to the overall rate of development, indicating that bugs
tend to have either relatively short or relatively long intervals between molts in
all instars. This result is especially remarkable given the fact that instar dura-
tions are incremental traits; in the corresponding analysis of cumulative ages at
the five molts (days after hatching), the phenotypic constraint is even more
pervasive due to serial autocorrelation (fig. 6-8).

This large intraspecific variability corresponds to the interspecific variation
in the genus Limnoporus, which suggests that instar durations have been evolu-
tionarily plastic (Klingenberg and Spence 1993). The species 1 have studied
here, L. canaliculatus, is the fastest-developing of the six species; in most in-
stars, the slow-growing L. genitalis has instar durations that are about twice as
long (Klingenberg and Spence 1993). Even L. esakii, the slightly smaller sister
species of . canaliculatus (Andersen and Spence 1992), has substantially
longer instar durations, especially in the L3. Geographic variation within
species (Fairbairn 1984; Firko 1986; Blanckenhorn 1991; Blanckenhorn and
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Fairbairn 1995) and interspecific variation (Spence et al. 1980) further under-
score the evolutionary flexibility of development time among water striders.

The correlations between instar durations and growth increments were nil to
moderately negative (fig. 6-9), and the correlations between total development
time and adult size were negative as well, but not significantly different from
zero. None of these correlations was positive, 4s many theoretical models of
life history evolution assume, and as they have been found especially in com-
parisons across larger taxa (Stearns 1992; Roff 1992). While my result contra-
dicts these model assumptions, it is consistent with observations in other water
striders species (Blanckenhorn and Fairbairn 1995; Klingenberg and Spence
MS) and with the lack of a clear relationship between size and development
time among Limnoporus species (Klingenberg and Spence 1993).

Heterochronic changes of ontogeny can affect the rates or timing of growth
(Alberch et al. 1979; McKinney and McNamara 1991). The possibility to dis-
tinguish individual variation in timing of developmental events, such as the
molts, from variation in size at a given stage makes hemimetabolous insects
excellent systems for studying the evolution of ontogenies. The data from wa-
ter striders suggest that these parameters vary independently, both within
populations (this study) and among species (Klingenberg and Spence 1993).
To understand the mechanisms of heterochronic change fully, however, both

the genetic covariances and patterns of natural selection would have to be
known.

Studies of trait-at-age data have implicitly assumed that animals at a given
age are in comparable developmental stages. My results demonstrate that this
assumption does not hold generally, but needs to be examined case by case
(see also Hall and Miyake 1995). In some instances, the resolation of longitu-
dinal analyses can be improved by adjusting the time axis to a developmental
event (e.g., the adolescent growth spurt in humans, Cameron et al. 1994), but
even the sequence of developmental events can change among related species
(e.g.. Strauss 1990), making it difficult to identify homologous stages (see also
Alberch 1985). Studies that explicitly consider the timing of multiple devel-
opmental events in combination with age-specific size will substantially help
to better understand the evolution of ontogeny.

Possible Physiological Mechanisms

My data from water striders, as well as studies in a variety of other organ-
isms, demonstrate size regulation by convergent growth. This regulation oc-
curs by accelerating or slowing growth rates, not by altering instar durations,
as there is no positive correlation between instar durations and growth incre-
ments (fig. 6-9). The CPC1 and the CPC2 scores both showed targeted growth,
but not always in the same instars. Thus regulation seems to affect the overall
size of the organism and the relative sizes of its parts in separate ways, sug-
gesting that the corresponding mechanisms act locally.

Intrinsic growth control of individual organs has been shown in the imaginal
discs of Drosophila, as well as mutations that can disrupt it (Bryant and Simp-
son 1984). It is not clear, however, how developmental mechanisms such as
those of the polar coordinate model {(Fresuch et al. 1976; Campbell and Tomlin-
son 1995) contribute to the fine-tuning of larval growth in hemimetabolous in-
sects; experimental tests of these models have focused on qualitative responses
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to drastic disruptions of morphological patterns by ablation, grafting, or the
misexpression of genes. Two results from physiological studies of insect
growth raise further questions on the mechanism for convergent growth.
Molting in Heteroptera is induced by stretching of the abdominal wall (Nijhout
1979, 1994), and larger larvae must therefore attain a larger size than smaller
ones to trigger a molt. Moreover, the size of the old cuticle and the degree to
which it is stretched in the early phase of a molting cycle influence the size in
successive instars, because the old cuticle functions as a “template’” when the
new one is laid down (Bennet-Clark 1971). Both stretch-induced molting and
the template effect are more likely to produce divergent growth rather than
growth regulation by convergent growth.

The mechanism of stretch-induced molting may partly explain the negative
correlations between development time and growth increments (Klingenberg
and Spence MS). Bugs with higher growth rates reach the size threshold
sooner than slower-growing ones, and therefore initiate the new molting cycle
earlier. Because the period from initiation of the molting cycle to the formation
of the new cuticle is fairly constant and independent of feeding (Blakley &
Goodner 1978), growth that takes place during this period influences the size
of the following instar. Consequently, bugs with higher growth rates also in-
crease more in size after initiation of the molting cycle than bugs with slower
growth. Together, the earlier molt and larger growth increment of faster-grow-
ing individuals lead 10 a negative correlation between instar durations and
growth increments, and to divergent growth.

My data from water striders are only partially consistent with these expected
patterns. Clearly, this mechanism does not apply in the youngest instars when
there :+ convergent growth; so it is not surprising that significant negative cor-
relations between instar durations and size increments do not occur before the
L3 instar. It is perplexing, however, why the correiations in the L4 instar are so
weak, although there are stronger negative correlations in the L3 and LS instars

in both sexes. Moreover, the correlations between total development time and
adult size are weak as well.

Overall, these mechanisms of isect growth may account for a part, but
clearly not for all the patterns of ontog znetic variation in this data set. This re-
flects the poor current understanding of the processes controlling postembry-
onic grawth. Although the physiology of growth in Heteroptera is relatively
well known, because true bugs have been used as modcl organisms in this field
{mainly Rhodnius and Oncopeltus), there is only a handful of studies on this
topic, and much remains unknown. Clearly, the topics of growth regulation and
the correlation between growth in size and development i are promising
field for study in both physiolcgy and evolutionary biology.

CONCL.USIONS

In this study I simultaneously have considered the ~~variation of morpho-
metric variables within and among instars, using a mode! of common principal
components specifically suited for longitudinal data (Klingenberg et al. 1996).
The CPCs identify components of variation that are independent of each other
both within and among instars, and therefore can be analyzed separately with-
out loss of information. This analysis shows that static variation follows con-
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stant patterns, and mainly increases in overall magnitude through the growth
period.

Analyses of cumulative and incremental data differ dramatically, demon-
strating the pervasive influence of serial autccorrelation between successive in-
stars. The patterns of phenotypic variation 1 found for cumulative growth
curves of water striders are similar to those described from studies of both
phenotypic and genetic constraints in mammals and birds (Cheverud et al.
1983; Kirkpatrick and Lofsvold 1992; Bjorklund 1993). These similarities ex-
tend further: variation in the overall height of growth trajectories is dominant
in all these organisms, and the “seesaw” variation of early versus late stages
can be found in most examples. I argue that these are universal constraints due
to the part-whole relations inherent in ~umulative data; they may severely limit
the variation of growth trajectories, bat inferences about developmental pro-
cesses based on such data should be made with caution. In contrast, the analy-
ses of growth increments demonstrate substantial freedom for independent
variation in all instars, which corresponds well to the variation observed
among Limnoporus species (Klingenberg and Spence 1993).

The large variability in instar durations shows that the timing of develop-
mental events differs extensively among individuals. Therefore, age and the in-
stars provide two very different frames of reference for analyzing growth. In-
dividual variability in L. canaliculatus corresponds to the interspecific varia-
tion found across this genus, where several heterochronic changes have been
found (Klii:genberg - Spence 1993). Unlike size increments, instar durations
are correined amony waistars, indicating that individual variation in develop-
mental s s consistent throughout the larval period.

Overiit srow:E i size swilches from a convergent or targeted mode to di-
vergeni growil, zis as a consequence, the variance in size remains constant
during the :::s( three instars, but increases sharply from the L4 to the adult
stage. There is a weak negative correlation between instar durations and size
increments in some instars, which may be due to the mechanism of stretch-in-
duced molting. This mechanism is particularly interesting: on the one hand,
size-triggered molting establishes the basis for independent control of size in-
crements and the timing of molts, but through consistent variation in growth
rates, it may produce a correlation betwzen them. Nevertheless, the physiolog-
ical mechanisms and the genetic basis of ontogenetic variation remain mostly
unclear. Much remains to be done to gain an integrated understanding of pat-
terns and processes in the evolution of ontogeny; this study of growth and de-
velopmental time 1s a step toward that goal.
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7. Size and Life History Evolution

7. On the Role of Body Size for Life
History Evolution™

INTRODUCTION

Body size has been considered traditionally a key determinant of an organ-
ism’s ecological and physiological properties. Numerous theoretical and em-
pirical studies have explored iis connections to other life history traits, such as
development time and reproduction (e.g. Peters, 1983; Calder, 1984; Reiss.
1989; Roff, 1992; Stearns, 1992). Most models of life history evolution rest on
assumptions about trade-offs between reproductive benefits of size and costs of
long growth periods, e.g. through mortality.

A strong positive correlation between development time is commonly as-
sumed, “for one must grow for a longer time to get larger” (Stearns, 1992:
127). Some models for optimal age and size at maturity incorporate size ex-
plicitly (Roff, 1981, 1984; Kusano, 1982; Ludwig & Rowe, 1990; Rowe &
Ludwig, 1991). Most of these models link development time and adult size ei-
ther by assuming an allometric relation (Roff, 1981), by using von Bertalanffy
growth curves with fixed parameters (Reff, 1984), or by some other growth
curve assumed to be constant throughoui the population (Kusano, 1982). All
these models assume that fecundity is strictly determined by size through an
allomciric or linear relation (Roff, 1981, 1984; Kusano, 1982; Ludwig &
Rowe, 1990; Rowe & Ludwig, 1991). Similar reasoning has been applied in
models of latitudinal variation in life-history strategies (Roff, 1980).

Another class of optimization models is based on the assumption that either
fecundity increases or offspring mortality decreases as a function of age at
maturity (Stearns & Crandall, 1981; Stearns & Koella, 1986; Stearns, 1992).
Such fecundity benefits of later maturation are most likely a consequence of
size (Fig. 2 in Steams & Koella, 1986): except in species with parental care
where experier . ~ s in a reproductive benefit, it is unclear how a delayed
first reproductic <ad to an increase in reproductive success unrelated to
parental size. Li~cwise, offspring mortality may decrease as maturity is de-
layed because larger maternal size increases offspring size and survival (sce
Stearns & Koella, 1986: 895); again, other explanaiions that do not involve
size assume parental care. Therefore, although Stearns and cowcerkers do not
incorporate size explicitly, their models make crucial implicit assumptions
about the role of size, or otherwise only apply to a narrow specirum of species
with parental care. Reaction norms are derived from these models by optimiz.-
ing age and size at maturity within a series of environments differing in their
growth parameters (Stearns & Koclla, 1986; Berrigan & Koelia, 1994). These
models are closely related to those described in the preceding paragraph, de-
spite some biological and mathematical differences, because the optimization
is based on a trade-off between fecundity benefits of increased sizc and asso-
ciated costs through a prolonged growth period before maturity. Although the
models are mostly framed in terms of age, body sive plays a central role, and

* A version of this chapter is accepted for publication. Klingenberg and Spence 1996.
Ecological Entomology.
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the assumptions about its relationships to other life history parameters are es-
sential for the applicability of the modeis.

Despite the crucial importance of these assumptions, surprisingly few stud-
ies have critically examined their empirical basis and generality. Studies of
vertebrates and laboratory studies of Drosophila make up a large part of the
data supporting the models (reviewed by Roff, 1992; Stearns, 1992). Other
groups have not been investigated comparably and few in-depth studies of in-
vertebrates have been undertaken under field conditions. While a considerable
number of studies focus on the correlaticns between size and either develop-
ment time or fecundity, most do not asse:s if the assumptions of life history
models are met, as they do not include both aspects simultaneously. Moreover,
the published studies may be biased in favour of the models because correla-
tions reported as supporting evidence are often: weak, albeit statistically signif-
icant, and their biological importance and generxiity are thus questionable, es-
pecially if weak contradictory results are not published.

In this paper, we attempt an empirical validation of the key assumptions
made in these models (Oreskes er al., 1994). We renort the results from a series
of experiments, replicated in several generations, with the water strider Gerris
buenoi Kirkaldy (Heteroptera: Gerridae). Rearing evperimerts in the field and
several measures of female reproductive performance consistently revealed re-
lationships contradicting those generally assumed ir life history models. Our
findings show that much of the size variation occurring within natural popula-
tions may be selectively neutral. We present an alter:zative framework for un-
derstanding associations among life history traits, in *~hich size does not play
an adaptive role.

MATERIAL AND METHODS

Study Organisms

The water strider Gerris buenoi Kirkaldy is widespread in North America
and occurs abundantly in a range of pond habitats (Speace, 1985). At our study
site in central Alberta, Canada, this species has 1wo generations per year.
Overwintered adults, which all have fully developed wings, appear on pond: in
spring to mate and sroduce a first (“spring™) generation of offspring. The
spring generatio: pan iy consists of individuals that breed in the same year and
do not overw.nier, some of which are wingless. These direct breeders produce
a second (‘summer’’) generation of offspring, which are invariably long-
winged and reproduce only after overwintering.

Study Site and Rearing Experiments

This study was carried out from 1992 to 1994 at the GGeorge 1.ake Field Site,
about 100 km northwest of Edmonton in central Albertia, Canada, where we
rearcd G. buenoi on two man-made ponds (Experiment Pond in 1992, Meadow
Pond in 1993 and 1994; see Spence, 1986, 1989). On these ponds, this species
co-occurs naturaliy with the gerrids Limnoporus dissortis (Drake and Harris)
and Gerris comarus Drake and Hottes.
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Most of our results are from individual rearings (only in 1992 a part of the
bugs, of the same hatching date, were reared in groups). We placed cach larva
separately into a bottomless plastic container (diameter ca. 10 cm, rim ca. 6 cm
above water), which was kept afloat on the water surface by a ring of plastic
foam glued around its outside. Groups of these containers were protected from
predators in enclosures screened on all sides (see Spence 1986). In 1993 we
experienced problems with discharges of methane gas from the pond sediment,
which had accumulated under the bottom screen and occasionatly burst up
through the enclosure, overturni:ng containers. Thus, 1994 we added a sheet of
plastic under each enclosure, separated from the bottom screen by a wooden
strut, to ensure that gas tubbles came up outside of the enclosure. Each water
strider was checked daily for molts and fed a' “bitum with frozen insects from
a nearby light trap or, if light rap catches weon insufficient (summe: 1993
only), with frozen flesh flies (Neobellicra b: '.»* + {Parker]) reared on pork liver
in the laboratory.

Within 24 hours after the final moit. we collected the emerging adults,
recorded sex and wing morph. and measi:«.} the size of each bug. In 1992 and
1993, bugs were Kkilled, dried to constant suass at 60°C, and weighed on a mi-

crobalance (resolution: 1 pg). In 1993 and 1994, we measured the total body
length to the nearest 0.1 mm.

A separate experiment in the sumutcr generation 1994 examined if our stan-
dard rearing procedure caused any biases in the correlations among life history
traits, rendering them unrepresentative for the nataral population. To asscss the
effect of the feeding regime, we compared individual rearings with ad libitum
regime (the “standard” treatment, see above) to a treatment with reduced food
levels (“food limitation™), in which each larva received a limited quantity of
frozen insects every other day only (e.g. 2-3 chironomid midges; this was sc-
vere enough to increase development time and reduce adult size significantly).
An additional treatment (“triplet””), with three larvae per container instead of
one, allowed social interactions and competition among larvae. Only total body
length was measured as a size variable.

To correct for variation in temperature, we calculated development times in
degree-days based on air temperatures recorded near the pond surface with a
Ryan model 10 recorder (this was not possible in 1992 due to incomplete tem-
perature records, and in the experiment of summer 1994). The underlying lin-
ear model of temperature dependence, although it may not be biologically real-
istic, gives results highly correlated to those from more complex nonlincar
models (Lamb, 1992), and is thus appropriate for this study focusing on varia-
tion within a population. Because growth thresholds differ between instars
(Spence et al., 1980), we computed them separately for each of the five instars
(L1-L5) using data from this study population (J. R. Spence, unpubl. data).
Thresholds computed by linear regression (+ bootstrap standard errors) are 7.4
+0.6°C for L1 (n =58),10.1 £ 0.5°C for L2 (n = 95),9.4 £ 0.6°C for L3 (n =
57), 10.0 £ 0.4°C for L4 (n = 71),9.1 £ 0.3°C for LS (n = 111). Accumulated
degree-days were computed for each of these thresholds from daily minima
and maxima, updating values twice daily with a sine-wave interpolation (e.g.,
Pruess, 1983). Total degree-days are the sum of the values accumulated during
each instar.
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We computed product-moment (Pearson) correlations between development
time and size separately for each generation, sex, and wing morph. We used
the bootstrap to compute 95% confidence intervals with the BC,; method
(Efron & Tibshirani, 1993). For each confidence interval, we performed 5,000
bootstrap iterations.

Breeding Design and Measures of Female Reproduction

For our experiment in 1992, we caught direct-breeding adults in the field
and kept them in a laboratory mass culture for raating and oviposition. Larvac
were transferred to field enclosures within two days after hatching. In 1993 and
1994, we used offspring of isolated breeding pairs. For the spring gencrations,
parental bugs were collected in the field as overwintered adults immediately
after snowmelt. Mating does not occur in the first few days of activity in
spring, ensuring that the breeding females were virgins; none of these femaies
laid fertile eggs when isolated in the laboratory. Larvae were transferred to
field enclosures within 24 hours after hatching. We used a randomized list to
allocate a position in one of the enclosures to each larva. For the suminer gen-
erations of 1993 and 1994, we used direct-breeding bugs collected as fitth-in-
star larvae and immediately separated by sex. Matings were arranged accoid-
ing to a half-sib design (Falconer, 1989). In 1993 we mated cach male to two
females, and to three females in 1994, Males were switched between the fe-
males allocated to them three times waekly (1993) or daily (1994).

Breeding pairs were kept under long-day conditions (19 L: 5 D) in the labo-
ratory at 20°C (1993) or in a climate chamber at the field site at 23°C (1994).
Each female or pair was fed a frozen flesh fly three times per week (1993) or
either a flesh fly or house fly (Musca domestica L.) daily (1994). As these flies
are of similar size or larger than the water striders, and remain on the water
surface for several days as a potential food source, we consider this an ad libi-
um regime. We provided the females with styrofoam strips for oviposition,
which we exchanged at intervals ranging from a weck to ten days. For cach
female, we measured the total body length (to the nearest (0.1 mm) and dry
weight after death (only 1993).

We examined the influence of the feeding regime on the relationship be-
tween body size and reproduction in an experiment with direct-breeding fe-
males in summer 1993. Females were either given a permanent source of food
(a frozen flesh fly that was exchanged three times weekly) or a scarce food
regime, allowing access to a fly only once a week for eight hours.

Oviposition strips were kept at room temperature in separate containers for
hatching. After a period of at least four weeks, which exceeds the incubation
time of G. buenoi (Spence et al., 1980), we counted the empty eggshells 125t by
hatching larvae and the eggs that failed to develop on all styrofoam strips.
Parental bugs were kept in the laboratory until they died; egg counts therefore
represent lifetime fecundity. We defined reproductive life span as the time in-
terval from the first egg to the death of the female, because recently laid eggs
were present when most females died, and dissections showed that most fe-
males still had developing and mature eggs in their ovaries after death. We
measured the length and width of 10 eggs from the first two batches of each
female (thereby controlling for possible variation of egg size related to female
age), and from these, we calculated the volume of the eggs as rciation ellip-
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soids, which corresponds fairly well to the shape of gerrid eggs (see also Sol-
breck e: al., 1989).

For correlations involving egg size, we had to adjust the meihods to take
into account that fewer than 10 eggs were measured for some females. W¢:
therefore used weighted correlations, with the number of eggs measured as the
weighting factor. Confidence intervals were computed with the bootstrap, us-
ing the BC, method and 5,000 bootstrap iterations (Efron & Tibshirani, 1993).

Estimates of Heritabilities and Genetic Correlations

In the spring generations of 1993 and 1994, we estimated heritabilities of
developmental time, total body length, and dry weight (only 1993) of teneral
adults. Complete data were available for 513 offspring from 81 dams and 44
sires in 1993, and for 643 offspring from 135 dams and 48 sires in 1994. Data
were log-transformed before the analysis to reduce ske'wiicss. The statistical
model included sex and wing morph as fixed effects, and sire and dam (nested
within sire) as random effects. To estimate variance components, we used the
restricted maximum likelihood (REML) method (Shaw, 1987), as implemented
in the SAS procedure VARCOMP (SAS Institute, 1988). Genetic correlations
were computed from the variance components for each character and for their
sum. Approximate standard errors for heritzbilities and genetic correlations
were calculated from the variances and covariances of parameter estimates
provided by SAS, using formulas given by Bulmer (1980: 86) and Falconer
(1989: 317).

RESULTS

Development Time and Final Size

There was a negative association between development time and adult size
in all our experiments (Fig. 7-1). Bugs with a longer larval period tended to be
smaller in both body length and dry weight than those that developed more
quickly. The estimated correlations between development time and adult size
are negative for both size measures, in all experiments, and in each sex and
wing morph (Table 7-1). The confidence intervals of the correlation coeffi-
cients include zero in only two of the 18 correlations (length, male long-
winged bugs in the spring and summer generations of 1993, Table 7-1); all
others are significantly negative.
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Table 7-1. Correlations between development time and adult size. Correlations
are Pearson correlation coefficients, and bootstrap 95% confidence intervals
were computed with the BC,; method (Efron and Tibshirani 1993). Variables
are dry weight (W), total length (L), and development time in days (1992) or in
degree-days (1993 and 1994). Abbreviations of wing morphs are lw for long-
winged and ap for wingless (apterous).

Size Sex Wing Correlation Confidence  Sample
Measure Morph Coefficient Interval Size
Summer generation 1992:
w f Iw -44 [-.53, -.35] 217
W m Iw -.50 [—-.61,-.37] 149
Spring generation 1993:
" f Iw -37 [-.47,-.24] 145
w { ap -42 [-.59, -.18] 125
w m Iw -.26 [-.38,-.12] 168
w m ap -42 [-.59, -.19] 75
L f Iw -.23 [—.40, -.02] 145
L f ap -.36 [-.56, —-.08] 125
L m Iw -.05 {—22,.14] 168
L m ap -.33 [-.53, -.09] 75
Summer Generation 1993:
w f Iw -.41 [-.58,-.19] 83
w m lw -.50 [-.64, -.32] 88
L f Iw =37 [-.62,-.09] 83
L m Iw -.17 [-.39, .10] 87
Spring generation 1994:
L f lw -.30 {—49, -.06] 54
L f ap =37 [-.49, -.22] 249
L m Iw -.29 [-.49, —.08] 101
L m ap -.19 [-.28, ~.09] 239

Heritabilities (£ standard errors) computed from half-sib correlations, i.e.
using the sire component to estimate additive variances, were 0.50 £ 0.20 for
length, 0.11 £ 0.13 for dry weight, and 0.26 + 0.14 for development time in
1993. The corresponding genetic correlations were 0.11 £ 0.55 between dry
weight and development time and —0.18 + 0.32 between body length and de-
velopment time. Genetic correlations computed from full-sib correlations,
which also include dominance and maternal effects, were —0.43 * 0.25 and
—0.39 + 0.18, and thus corresponded more closely to the phenotypic correla-
tions. These estimates, however, have to be interpreted cautiously, as sug-
gested by the large standard errors, and because the REML analysis produced a
zero estimate for the between-dam component of the sum of length and devel-
opment time. Despite the larger sample size and increased number of families
in 1994, a zero value was estimated for the between-sire component of body
length, and half-sib correlations therefore could not be used for this variable.
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The heritability of development time based on half-%ib corrclation was 0.18 ¢
0.13, and the heritabilities based on rull-sib correlations were 0.31 £ 0.08 for
length and 0.29 + 0.07 for development time. The genetic correlation, also
based on full-sib correlations, was —0.46 * 0.14, and therefore similar to the
estimate of the previous year. A combined analysis of both years, with year as
an additional fixed effect, gave results very similar to those from the 1994 ex-
periment alone.

Phenotypic correlations between development time and adult size in water
striders reared under food limitation or in small groups were similar to those in
bugs from the standard rearing procedure (Table 7-2). The negative correla-
tions between development time and adult size are thercfore not an artifact of
the specific experimental conditions, but can be expected to apply in free-liv-
ing water striders as well.

Table 7-2. Effect of food limitation and competition on correlations between
development time and adult size. Development time is measured in days, and
the size variable is total body length. Water striders in the standard treatment
were reared in isolation and fed daily; those under food limitation were only
fed every other day; and in the “triplet” treatment, three bugs were reared in
each container, thus allowing social interactions and competition among them.
Correlations are Pearson correlation coefficients, and bootstrap 95% confi-

dence intervals were computed with the BCa method (Efron and Tibshirani
1993).

Sex Correlation Confidence Sample
Coefficient interval size

Standard:

f ~0.79 [-0.62, -0.35] 30

m ~-0.60 [-0.84, -0.12] 43
Food limitation:

f -0.53 {-0.69, -0.27] 21

m -0.55 [-0.74, -0.15] 23
Triplet:

f -0.59 {-0.76, -0.35] 87

m -0.46 {-0.62, -0.24] 80

177



Lifetime facundity
3
]

-

Q

(=]
1

50

Spring 1993 o
.. ...
e ®
e e e
o:'. .‘
g o....
$22° geo°° .
° " o ® L
° o. .
3 .
y Y

Total length (mm)

0 Y L ASas ARAE REas] T T T
72 74 76 78 8 B2 B4 86 88 9

600
3 Spring 1994
£00
2 . A
T 400 N e®®,
é 0‘:" - o"
2 3003 . i o,
© ] ‘o....'.. ] ®
E 8°,.8%2 °
T 200 . .3 s o
= p ° [ | Y -84
3 3 ™ e
[ b S e 0o%e $
100-1 :;.’ .. '..
] e ®o ..Oo..
] T T T OrT TrrT
74 76 78 8 82 B4 BE 88 9 9.2
Total length (mm)
80
70 e , Spring 1994
=607 *
& sl
P04 e Se. % 0 o
- ®
© 403 ....' '.
£ ..' H I
530_ ..’ ... [ ]
E Ssallfil o
Z20] ° -5 K . ]
8V g8 ¢ [ ] L ]
[ $ 0%°g,e
10 .: .'
o8°8. S0 o
0 1 LA A N |=T'f' L |
74 76 78 8 82 84 86 88 9 92

Total length {(mm)

7. Size and Life History Evolution

3503
300_4 o Summer 19832
2 2501
E o ° .
§ 200-5 P : . °
@ g °
£ 1%°7 . o
@ 1 ® o .
= 100
3 E 8 e ©
b o)
1 e¢e8 S o
3 [« 8 o L4
[L R > —r—r—
7.8 8 8.2 8.4 8.6 g8 e
Total length (mm)
700
3 A Summer
6004 . 1994
2 5001
© 3 ®oe a
5 3 ] .
8 400 -4 ™Y ) o
- 3 A e_*° A a
@ 3 ! [ X
E 3007 ° o' L At
K] 3 A . ® 4Ag 2 a 4
3 2007 A‘A‘:.ﬁ 2..° )
1003® a e .24 830,14
] .‘A..;O .
] ° A®
0 L4 L) L '. L] ¥ 1] 3 i +
74 76 78 8 82 84 86 B8 9 022 ¢4
Total length (mm)
60
A
® A A .
::,.50'.' ° o
» ) a
%40" ® 4 Summer
-~ e 4 1924
< 30 $ vy
E A 4. aas0
2 3 A a . A
S 207 e ©®4 .
:_t! p a ® A . ° A . &
12 107 A :
1 e® A® : A
0~ T T LIRS |

—r-v-v-rn-v—rv-v-r* Ty
76 78 8 82 84 86 8B 9

92 ¢4
Total length (mm)
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Female Size and Reproduction

We studied several measures of female reproductive performance and their
relations to the size of the female. Lifetime fecundity shows no relation to fe-
male size (Fig. 7-2). The differences in lifetime fecundity between females of
the same generation in different years may reflect differences in laboratory
conditions. Correlation coefficients are close to zero in all generations and
wing morphs, and confidence intervals are fairly narrow and include zero
(Table 7-3). As another measure of total reproductive effort, we estimated the
total volume of the eggs laid by a female as her lifetime fecundity multiplicd
by the average volume of her eggs. In the experiment of spring 1994, the scat-
ter of total egg volume versus female length closely resembles the pattern for
lifetime fecundity, but less so in summer (Fig. 7-2). Again, correlations are low
and all confidence intervals include zero (Table 7-3). These correlations indi-
cate that these two measures of reproductive effort are independent of a fe-
male’s body size.
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Table 7-3. Correlations between female size and reproduction. Correlations are
Pearson correlation coefficients, and bootstrap 95% confidence intervals were
computed with the BC, method (Efron and Tibshirani 1993). Size measures
are total length (L) and dry weight (W) after natural death of the female. Ab-
breviations of generations are OW for overwintered (diapause) and DB for di-
rect-breeding bugs, and wing morphs are denoted 1w for long-winged and ap

for wingless (apterous).

7. Size and Life History Evolution

Size Generation Wing Year Correlation Confidence Sample
Measure Morph Coefficient Interval Size
Lifetime fecundity:
L ow Iw 1993 .002 [-.24, .18] 89
w ow lw 1993 15 [-.06, .35] 84
L Oow Iw 1994 .09 [-.06, .22] 179
L DB lw 1994 .05 [-.19,.27] 61
L DB ap 1994 -.03 [-.32, .33] 46
Reproductive life span:
L ow Iw 1993 -.06 (-.27, .18] 81
W ow lw 1993 -.14 [-.33, .05] 80
L ow lw 1994 -.06 [-.19, .08] 176
L DB Iw 1994 -.27 [-.43, -.08] 60
L DB ap 1994 -.44 [-.64, —.14] 46
Average volume per egg:*
L ow Iw 1994 -.01 {-.17, .15] 163
L DB lw 1994 -11 [—.44, .25] 20
L DB ap 1994 -.07 {—.36, .20] 38
Total volume of eggs:*
L ow lw 1994 13 [-.02, .26} 163
L DB Iw 1994 -.14 [-.60, .39] 20
L DB ap 1994 17 [-.09, 41j 38
Proportion of eggs hatched:¥
L ow Iw 1993 .16 [-.09, .36] 87
w ow Iw 1993 .28 [.05, .43] 82
L ow Iw 1994 -.03 [-.21, .13] 164
L DB Iw 1994 35 [.03, .58] 36
L DB ap 1994 .09 [-.23, .36] 41

* For traits involving egg measurements, correlations are weighted by the
number of eggs measured for each female.

1 Breeding pairs without any hatched eggs are excluded to ensure all fe-

males were mated to a fertile male.
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Likewise, reproductive life span appears to be independent of female size.
In summer 1994, however, large females tended to survive for only a relatively
short time (Fig. 7-3), giving rise to negative correlations for both wing morphs
(Table 7-3). These contrast with the very weak correlations found in the other
two generations (with larger sample sizes), and theretore should be interpreted
cautiously.
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Fig. 7-3. Relation between female size and reproductive life span. Symbols are as in Fig. 7-2.

To assess if larger size may benefit females through the quality of their
eggs, we considered egg volume and the proportion of eggs hatched (Fig. 7-4).
The volume per egg appears to be unrelated to female size, as correlation co-
efficients are close to zero and all confidence intervals include zero (Table 7-
3). There are two cases where the correlations of the proportion of eggs
hatched with size are statistically significant. These are the spring experiment
1993, with dry weight as a size variable, and the long-winged bugs in summer
1994. Conversely, the largest sample (spring 1994) produced a correlation very
close to zero. Although these data suggest that larger size is correlated with the
proportion of fertile eggs in some replicates, this correlation does not hold
generally for any size measure, generation or wing morph (also note that there
are 21 correlations in Table 7-3, and that we did not apply a Bonferroni ad-
Justment of significance levels).
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Fig. 7-4. Relation between female size and measures of egg size and quality. Egg size is the
average volume in a sample of eggs from each female (top two panels). Egg quality is given
as the proportion of each female's eggs that hatched (bottom four panels). Symbols are as in
Fig. 7-2.

We also considered the possibility that the experiments described above
missed an important benefit of body size, as larger size of females may im-
prove their reproductive performance only under food stress, but not under an
ad libitum feeding regime. To examine the importance of nutritional status on
female reproductive traits, we carried out a small experiment using direct
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Table 7-4. Influence of food levels on correlations between female size and re-
production. At the high food level, females had permanent access to food (a
frozen flesh fly renewed three times per week), whereas at the low food level,
they had the opportunity to feed only for eight hours per week. Correlations are
Pearson correlation coefficients, and bootstrap 95% confidence intervals were
computed with the BC,; method (Efron and Tibshirani 1993). Size measures
are total length (L) and dry weight (W) after natural death of the temale.

High Food Level (ad libitum) Low Foaod Level
Size Correlation Confidence  Sample Correlation  Confidence  Sample
Measure  Coefficient Interval Size Coefficient Interval- Size
Lifetime fecundity:
L A2 [-.26,.52] 21 -.35 [-.65, .30] 22
W 52 [.14,.77) 21 10 [-.72, .58} 22
Reproductive life span:
L =11 [-.62, .40] 13 - 15 |-.63. .40]) 16
w .33 [-.28, .78] 13 -.66  |-.90, -.20] 16
Proportion of eggs hatched:*
L -13 {~.49, .22] 19 -.31 |-.81, .18} 18
W --.24 [-.53, .09] 19 -.08 [-.406, .32] 18

* Breeding pairs without any hatched eggs are excluded to ensure all fe-
males were mated to a fertile male.

breeding females in summer 1993. Under food stress, correlations of size with
any of the reproductive traits were not or only slightly higher (more positive)
than in the high food regime (Table 7-4). Contrary to our expectations, several
of the correlations even were lower (more negative) when food was scarce.
While the small sample sizes make it difficult to assess the biological impor-
tance of the latter result, the experiment clearly showed that there are no bene-
fits of larger body size under a low food regime.

DISCUSSION

Our experiments, replicated in several generations in the same population,
showed a consistent negative correlation between development time and adult
size but did not reveal any clear relationship between female size and several
measures of reproductive performance. The fairly narrow confidence intervals
clearly indicate that our samples were sufficiently large to provide adequate
statistical power for characterizing phenotypic corrclations.

The negative correlations between development time and adult size suggest
that there is unexpected variation in overall vigour. Some individuals have a
substantially shorter larval period and also tend to grow larger than others. The
additive genetic correlations seem to be in line with the phenotypic ones, al-
though the large standard errors suggest that these estimates are unreliable.
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Genetic correlations estimated from full-sib correlations, which include some
of the variation due to dominance and maternal effe.ts, closely match the phe-
notypic correlations. The absence of strong genetic correlations provides flexi-
bility for independent evolutionary changes of adult size and development
time, as it has been observed in comparisons among several water strider
species (Fairbairn, 1990; Klingenberg and Spence, 1993).

Negative correlations between development time and adult size have often
been reported for experiments in which animals were exposed to a range of
environments varying in suitability, e.g., different food regimes, both in water
striders (Blanckenhorn, 1994) and other insects (e.g., Dixon, 1985; Gebhardt &
Stearns, 1988, 1993; Solbreck er al., 1989; Roff, 1992; Stearns, 1992; Panizzi
& Saraiva, 1993; Sota, 1993). Variation in food availability, however, cannot
the source of negative correlations in our experiments, because correlations
were calculated only within eXperimental treatments; for each correlation esti-
mate, all larvae were either fed ad libitum or the same reduced regime. As the
iarvace for cach experimental replicate were reared simultaneously on the same
pond, other environmental factors are unlikely to have a major effect on varia-
tion within generations. Moreover, these negative correlations are not a result
of the favourab!e conditions used in our standard rearing procedure, but they
also occur in experiments under food limitation and in group-reared larvae.
Because this range of experimental conditions approximates those found in
natural habitats of this species, we expect negative correlations between devel-
opment time and final size in natural populations. Therefore, our results indi-
cate that the water striders’ intrinsic variation in growth rates far exceeds the
inﬂ)uence of a possible trade-off (van Noordwijk & de Jong, 1986; Houle,
1991).

In experiments with another species of water striders, Blanckenhorn & Fair-
bairn (1995) found a similar negative correlation between development time
and adult size within populations. Within constant environments, negative cor-
relations between development time and final size also have been found in
Dresophila (Gebhardt & Stearns, 1993), in the southern green stink bug
(McLain, 1991), and most clearly in breeding and selection experiments with
milkweed bugs (Hegmann & Dingle, 1982; Palmer & Dingle, 1986; Dingle et
al., 1988). These studies show that variation in overall vigour, rather than a
trade-off between development time and adult size, is also dominant in other
species.

184



7. Size and Life History Evolution

Size ,
Size of
next instar

Critical size

Size at previous molt
~

Time

Fig. 7-5. Size-triggered molting as an explanation for the negative correlation between devel-
opment time and final size. The bold lines represent growth of two individuals, shifted along
the time axis so ihat they attain the cnikical size simultaneously, and atong the size axis so they
have the same initial size. Logarithmic transformation of the size axis accommodates multi-
plicative growth and the mechanism of molting control, which responds 0 abdominal stretch
or internal pressure. The negative correlation results because the slower-growing individual
(dots) takes longer to reach the critical size than the faster-growing one (triangles), which also
has the larger sizc increment because it grows at its higher rate during the mobting cycle (i.e.
from reaching critical size to ecdysis). Because the fast-growing insect enters the next instar
with a larger size, the gaps in development time and size widen in every instar, as long as the
growth rates, the duration of a molting cycle, and the properties of stretch or pressure receptors
remain constant.

The physiological processes of molting control in insects may cause or at
least reinforce these negative correlations. In Heteroptera, which are particu-
larly well studied, and in other insects, the initiation of molting cycles is
strongly size-dependent and occurs only after a larva has reached a critica! size
(e.g., Blakley & Goodner, 1978; Nijhout, 1979, 1994; Woodring, 1983,
Sehnal, 1985). Moreover, this size threshold itself depends on the size at the
outset of the instar, because the new molting cycle is triggered by the abdomi-
nal distention resulting from growth of internal organs during the instar
(Nijhout, 1979). Because this mechanism most likely invalves receptors re-
sponding to stretch (Nijhout, 1984) or pressure on the body wall (Chiang &
Davey, 1988}, the critical size will be a multiple of the size at the start of the
instar (examples in Nijhout, 1994). Conversely, the temporal sequence and du-
ration of the molting cycle (from reaching critical size to cvdysis) is fairly con-
stant irrespective of growth rate or feeding regime (Bennct-Clark, 1971; Blak-
ley & Goodner, 1978; Woodring, 1983). As the period after the initiation of the
molting cycle can take up a substantial portion of the whole instar duration,
growth during this time is a major determinant of siz¢ in the following instar
(Bennet-Clark, 1971; Blakley & Goodner, 1978; Nijhout, 1979; Woodring,
1983). More importantly, the old cuticle serves as a template when the new
epicuticle is laid down, and stretch by food or the growing internal organs
therefore leads to increased size of the next instar (Benncet-Clark, 1971). To-
gether, stretch-induced initiation and constant duration of the molting cycle
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can generate a negative correlation between development time and size. Indi-
viduals with a slower growth rate attain the critical size later and thus have a
longer instar duratiom, but those that grow faster have a larger size increment
during the instar because they grow more between reaching the size threshold
and the actual molt (Fig. 7-5). If this process occurs in all instars, the negative
correlations it generates between development time and size are expected to be
stronger from instar to instar. Whereas it is likely that this explanation applies
to the correlations reported for species of Oncopeltus (Hegmann & Dingle,
1982; Palmer & Dingle, 1986; Dingle er al., 1988) for which physiological
studies were done, it is unclear if it can be extrapolated to water striders, be-
cause the only other Heteroptera studied are two species of redvviids (Nijhout,
1984, 1994). The physiology of molting control, however, is not the only pos-
sible explanation for our observations. Blakley (1981) searched for adaptive
explanations of size-triggered molting itself, and the studies of Ludwig &
Rowe (1990) and Rowe & Ludwig (1991) explained a negative correlation
between development time and final size as the optimal reaction norm result-
ing from a trade-off between emergence time versus ‘inal size and fecundity.
Instead, we suggest this physiological mechanism as a possible alternative to
explain the observed life history patterns through intrinsic properties of the or-
ganisms, viewing it as a developmental “‘constraint™ rather than invoking adap-
tation (Gould & Lewontin, 1979; Maynard Smith ez al., 1985).

All five measures of reproductive performance that we considered appear to
be unrelated 1o female size. The highest correlations tended to occur in repii-
cates with relatively small samples (Table 7-3). Given that we computed 21
correlations, the four for which the 95% confidence intervals dié not include
zero should be interpreted cautiously. Besides this concern about statistical
significance, there is the question of biological importance of these associa-
tions. Even in the replicate with the highest correlation coefficient (between
female length and the proportion of eggs hatched for long-winged direct breed-
ers in 1994, Table 7-3), size would only account for approximately 12% of the
total variability in that reproductive trait. Any trade-off based on these rela-
tionships would be equally weak.

These findings closely agree with other data from Gerris buenoi. Rowe &
Scudder (1990) found that body size accounted for less than 5% of the varia-
tion of several reproductive traits including lifetime fecundity. Fairbairn (1988)
reported positive correlations between female body length and the number of
eggs carried in the ovaries for G. buenoi and two other water striders. Al-
though these were statistically significant, body size explained 11% of the
variation or less, and it is therefore unclear how important body size is relative
to other factors. In Aquarius remigis, Firko (1986) found some strong correla-
tions of body size with lifetime fecundity and reproductive life span, but these
were so inconsistent between food treatments or study populations that he
concluded size did not account for a significant portion of the variation (p. 95);
Blanckenhorn (1994), Blanckenhom & Fairbaim (1995), and Blanckenhorn et
al. (1995) reported similar results.

Because a female’s greater body reserves may be the main advantage of
larger size, experiments under ad libitum conditions may not reveal size effects
important under food limitation. Our experiment with two different food levels
indicates that size does not provide a reproductive benefit even under food
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stress (Table 7-4). This agrees with the results of similar experiments reported
by Firko (1986), Rowe & Scudder (1990), and Blanckenhorn (1994). Because
the method of food delivery in the low food treatment differed from study to
study (e.g., small amounts of food permanently availab¥ vs. }aige amounts ac-
cessible for a restricted time), the temporal pattern of fo-+¥ availidility can be
ruled out as a factor itself. The lack of a clear positive correlatic ' ¢ :tween size
and reproductive performance 3 therefore real, and not an ar:iiict of the ad
libitrum regime used in our experiments.

Because we only estimated phenotypic, but not genetic correlations between
size and reproductive performance, one might supposc that a positive genetic
correlation could exist. This implies that the positive genetic covariances are
compensated by similarly large negative environmental covariances, to add up
to our observed phenotypic covariances near zero. In more concrete terms, this
means that individuals with an environmentally induced size advantage (e.g.
by better nutrition) would suffer a penalty of reduced reproduction. We cannot
imagine any physiological or ecological mechanism that might produce such a
negative environmental covariance, and therefore rule out this possibility.

A number of studies in other arthropods are consistent with our results and
report the lack of correlations between female size and fitness components,
such as lifetime fecundity (Slansky, 1980; Boggs, 1986; Leather & Burnand,
1987; Johnson, 1990; Spence er al., 1996), female life span (Slansky, 1980;
Boggs, 1986; Leather & Burnand, 1987), and egg size (Boggs, 1986 [except
for unusually large or small females]; Leather & Burnand, 1987; Solbreck et
al., 1989). Larsson (1989) even found negative correlations of female size with
fecundity and survival. In the majority of published studies, however, correla-
tions between t2male size and female fitness components are positive, includ-
ing those for fecundity (e.g., Solbreck er al., 1989; Marshall, 1990; Kasule,
1991; Honek, 1993; Messina, 1993), longevity (e.g., McLain, 1991), and egg
size (e.g., Marshall, 1990; Yafuso, 1994). It is difficult to assess the generality
and biological importance of these relationships, as the correlations are vari-
able, although most are stronger than those reported for water striders (sce
above). We suspect that the literature, largely from applied entomology, is bi-
ased to a certain degree against cases where reproduction is independent of
size: if there is no need to consider size as a covariate, authors may not even
mention it at all. Moreover, various reproductive traits are related to each other
in ways that can be complex and sometimes counterintuiti-¢; for instance, the
proportion of eggs hatched declines with increasing egg size in the moth Para-
pediasia teterrella (Marshall, 1990). Altogether, the relationships between size
and reproductive traits reflect the ecological and physiological diversity of in-
sects; robust generalizations are unlikely (see also Leather, 1988).

A referee of an earlier version of this paper suggested that sexual selection,
especially in males, might constitute a benefit for individuals of larger size.
Yet, the literature on sexual selection in waterstriders is ambiguous or openly
contradictory (reviewed by Arnqvist, 1996). In Gerris buenoi, Fairbairn (1988)
found significant mating advantages of both large and small males in replicate
samples, but no overall effect; likewise, there was no significant overall mating
advantage for large females. In Aquarius remigis, the best-studied species,
some authors reported no significant overall effect of size (Rubenstein, 1984,
Fairbairn, 1988), another study found sexual selection favouring large males
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Conventional models:

Dev?:;pemem <>
Trade-off

Alternative scenario:

e

Overall vigor

Fig. 7-6. Relationships among life history traits in conventional models and our alternative
scenario for Gerris buenoi. Size is c2ntral 10 conventional optimization models, because they
depend on a trade-off between development time and size that is coupled to reproductive
benefits of increased size. Moreover, survival may also be a function of size, although this is
often not incorporated in life history models. In G. buenoi, size is unrelated to reproductive
traits, and is only correlated to development time through variation in overall vigour of larvae.

Development
time

(Fairbairn & Preziosi, 1994), whereas Fairbairn (1993) and Blanckenhor et al.
(1995) reported selective advantages of small males. Thus, the publisi:ed evi-
dence does not suggest any clear advantage through sexual setsction for large
gerrids.

Our results indicate that the relationships of size with other life history traits
in Gerris buenoi contradict those assumed in conventional models and there-
fore suggest an alternative scenario for life history evolution (Fig. 7-6).
Whereas the optimality models for age and size at maturity assume a trade-off
between development time and adult size, our data suggest that the correlation
between them is due to variation in overall vigour and possibly coupled with
the effects of stretch-induced molting. In G. buenoi, we could not find the
positive relationship between size and several reproductive traits that provides
the benefits of larger size in optimality models. Within the limits of natural
variation in our study population, size therefore appears to be selectively neu-
tral, rather than an adaptive trait. It may evolve as a correlated response to se-
lection for dispersal (Vepsildinen, 1978; Spence, 1989), with which it may be
positively correlated (Dingle, 1991), or for short development time, although
low genetic correlations should limit this latter pessibility in our system. In
contrast, the variation among species reflects adaptive evolution, as size and
life histories of water striders are correlated with habitat use (e.g., Vepsildinen,
1978; Spence, 1981, 1983, 1989; Andersen, 1982: 331-344).

We used the relations among life history traits for a natural population of G.
buenoi, combined with information on physiological processes in other Het-
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eroptera, to suggest an alternative scenario for life history evoiution. Clearly.
such an alternative will not supplant the models now accepted for well-studied
organisms such as Drosophila. tish, and mammals. We expect, however, that
numerous patterns of associations and trade-offs among life history traits occur
in nature, and that additional variables may play a role beside: those com-
monly studied. Disease and parasites may be such factors; in our study popu-
lation, however, preliminary analyses showed that they cannot account for the
discrepancies between our results and converrional life history models
(enpubl. data). To explore this diversity, detaile. empirical studies of addi-

tional species are needed that include multiple life history traits simultane-
ously.

Moreover, our results suggest that the range of theoretical models should be
expanded to include new combinations of correlations and constraints, as well
as neutral evolution. This opens the theory of life histories, currently an exclu-
sive domain of adaptationist models (Partridge & Harvey, 1988; Roff, 1992;
Stearns, 1992), to the debate about adaptation and optimality (Gould &
Lewontin, 1979; Reeve & Sherman, 1993; Orzack & Sober, 1994). Optimiza-
tion models consider an adaptive landscape with “peaks™ corresponding to op-
timal phenotypes, “ridges” depitcing optimal reaction norms, or gentle ascents
towards a boundary set by the assumption of a trade-off. Instead, our data sug-
gest the adaptive landscape has a flat “plateau.” On this *“‘plateau” all pheno-
types have approximately equal fitnesses, whereas natural selection presum-
ably occurs on the surrounding “‘slopes,” which are beyond the bounds of
variation in our study population. Delimiting such domains of neutral and of
adaptive evolution and characterizing their spatial and temporal variation will
broaden the scope of both empirical and theoretical life history studics.
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8. Synthesis and Outlook

In this doctoral thesis, I have discussed the evolution of ontogenies and the
methods for analyzing it. I have illustrated important aspects of these topics in
the empirical studies of water striders, examining variation at both macro- and
microevolutionary scales.

In my general discussion of allometry and heterochrony (chapters 2 and 3), I
have emphasized the differences between the various approaches. Allometry
and heterochrony differ fundamentally from each other regarding the dimen-
sion of time. Allometry is a purely morphological concept and does not refer to
time or age; it deals with the covariation among morphometric characters or
with the association of size and geometric shape. In contrast, time is essential
for the analysis of heterochrony. Heterochrony and allometry are therefore
complimentary parts of a full analysis of evolutionary change in ontogenies.
There are additicnal differences between methcdological approaches within
both heterochrony and allometry. These are related to the different methods for
describing organismal form and its ontogenetic change. Each of these empha-
sizes a different aspect of ontogeny, and they may lead to different interpreta-
tions of the same biological problem; it is therefore essential that authors state
clearly which criteria they use.

Heterochrony is notorious for an abundance of jargon (see McKinney and
McNama. > 1991). Not only are there numerous terms with identical meanings,
but here are also terms that can have several very differcnt meanings depend-
ing on the context in which they are used. As I have shown for the long-stand-
ing controversy about human heterochrony, conflicting interpretations can be
resolved by considering the criteria used by different researchers to identify the
heterochronic processes involved in evolutionary change. The literature about
human evolution demonstrates especially well how key terms such as neoteny
and especially retardation can be interpreted in several ways—neoteny because
it has been defined formally in different ways in the various existing frame-
works, and retardation because it never was defined unequivocally as either a
slowing of rates or a delay of events.

The confusion resulting from this ambiguous terminology calls for a solu-
tion. One possibitity is to discard all the classical terms with thcir historical
baggage, and use purely descriptive terms instead, as Raff and Wray (1989)
did in their proposal for a framework for heterochrony in developmental bioi-
ogy. I am sympathetic to this approach, but I do not think that it will find gen-
eral acceptance among evolutionary biologists. A less drastic alternative is to
call for authors to specify clearly which framework they use to classify hetero-
chronic changes in each particular study, and for readers to be aware of the
possible differences when comparing several studies. This leaves the well-es-
tablished terminology intact, but comparisons among studies will be easier as

long as studies explicitly report the data and the criteria used to interpret them
in terms of heterochrony.

The comparative study of ontogenies in the six species of the water strider
genus Limnoporus offers an example of this approach (chapter 4). The study
examines both multivariate allometry and heterochrony, and in both respects,
the species differ in various ways. Differences among species, or even between
sexes within species, are generally complex combinations of the simple “unit
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changes.” The allometric analysis shows changes of the directions of trajecto-
ries, ontogenetic scaling and lateral transposition of trajectories. Some of these
changes were subtle; for instance, the changes in directions of trajectories are
small enough so that it is still meaningful to compute a common direction for
analyses of ontogenetic scaling and lateral transposition. The analysis of hete-
rochrony, using the modified version of the framework of Alberch et al. (1979)
for a measure of overall size, shows that differences between species and sexes
are the result of combinations of the heterochronic processes. Although the
basic patterns of allometry and timing have remained constant over a time
scale of at least 50 million generations (Andersen et al. 1993), this study

demonstrates some degree of evolutionary flexibility in all aspects of on-
togeny.

Phenotypic variation in Limnoporus canaliculatus shows the same basic
pattern of flexibility that follows a highly structured pattern (chapters S and 6).
Individual variability is similar in each instar, and it is therefore possible to use
a common principal component (CPC) model that assumes a shared pattern of
variation in all instars as well as in the between-instar covariances. The usc of
this model considerably simplifies the data analysis by reducing dimensional-
ity and because the CPCs have simpler patterns of ontogenetic variation. The
first two CPCs account for almost all the variation. Instead of having to con-
sider all 24 dimensions resulting from the four morphometric variables in the
six instars, which are correlated among each other in a complex way, it is

therefore sufficient to carry out separate analyses of variation among stages for
the first two CPCs.

Analyses of cumulative values of the first CPC, a “‘size”” component, show
that phenotypic variation is mostly concentrated in a single dimension (Fig. 6-
2). In contrast, a corresponding analysis of increments suggests that variation
in growth increments is not structured in such a way (Fig. 6-4). These patterns
agree with the results from the interspecific analysis, where the allometric
growth trajectories—cumulative values of the morphometric variables—share
many features of variation (see Figs. 4-3 and 4-4), whereas the corresponding
growth increments vary markedly among species (Fig. 4-5). To examinc the
connection of the intraspecific patterns of phenotypic variation to constraints
on the evolution of these characters more rigorously, it would be necessary to
expand the interspecific comparison so that the evolutionary patierns of co-
variation among stages could be estimated with confidence. Moreover, a quan-
titative genetic analysis in at least one, but preferably several species would be
desirable to assess the potential of these traits to respond to natural selection.

Instar durations are remarkably variable (Fig. 6-6), indicating that the rela-
tionship between intrinsic and extrinsic time varies drastically even within a
single population. Correspondingly, instar durations also differ strongly among
the sexes and species of the genus Limnoporus (Table 4-3). These results sug-
gest that caution is necessary when comparisons are based on age alone, as it is
necessary in analyses of organisms with continuous growth, where there is no

direct information about ontogenetic stage, as it is provided by the molts for
water striders.

The lack of a direct proportionality between size increments and age (Figs.
4-6, 6-9) serves as a warning against the use of size as a proxy for age data.
The rate of growth varies both within populations and among species, showing
that there can be combined heterochronic changes in both overall size and par-
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ticular traits. This is exactly the condition that invalidates the framework of
“allometric heterochrony,” as I have shown in chapters 3 and 4 with a sirnple
graphical model (Fig. 3-6). This reasoning underscores the necessity 1o sepa-
rate heterochrony and allometry clearly.

The field experiment with Gerris buenoi also has produced unexpected re-
sults regarding the relation between size and age. In this large and multiply
replicated experiment, none of the numerous separate estimates (Fig. 7-1,
Table 7-1) of the correlation between development time and adult size has the
high positive value expected under the current paradigm in life history theory
(Roff 1992; Stearns 1992). Moreover, the absence of any correlation between
female size and reproductive performance (Fig. 7-2 to 7-4, Table 7-3) suggests
that within-population variation in size is unrelated to reproductive fitness and
may be selectively neutral altogethei. As interspecific differences in morphol-
ogy and life history of water striders presuraably are adaptive (Spence 1981,
1989; Klingenberg and Zimmermann 1992), it will be a challenging task for
future studies to delimit the boundaries between domains of mainly neutral
variation within populations and of natural selection beyond this range of
variation.

It is not clear to which extent stretch-induced molting and other physiologi-
cal mechanisms known from heteropterans (summary in Nijhout 1994) can ac-
count for the relaiionship between size and development time (see Fig. 7-6).
The results from Limnoporus canaliculatus (chapter 6) are consistent with this
mode] in larer instars, which were also used in the experiments that suggested
the physiological mechanism of stretch-induced molting, but the patterns from
early instars contradict this mechanism. More extensive experiments will be
necessary to resolve this issue, both to measure variation in growth and to un-
derstand the physiological mechanisms of growth in early instars.

In this project, I have attempted to integrate developmental and ecological
aspects with findings from morphometrics to provide insight into the evolution
of ontogenies in water striders. This thesis presents new results about hetero-
chronic processes and life history evolution and shows that water striders are a
promising group to investigate these questions further. I have applied new sta-
tistical methods specifically designed for the biological problem at hand; pos-
sible extensions of this approach make this a promising tooi for evolutionary
biologists. Several of the results in my study shed new light on previous find-
ings from other organisms. Therefore, I hope that this study will make a useful
contribution to the emerging discipline of evolutionary developmental biology.
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