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ologists speak of a given “character,” they usualk
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evoluttonary bDiologists.
son for such a dearth of consideration is that neod
or a long time simply denying the existence (or a
f phenotypic plasticity (Schlichting and Piglcel, 1¢
rwinian synthesis was the unification of classical na
with modem genetics (especially population gene
and Provine, 1980; Mayr, 1993). Ecology barely ente
ding the important work of Clausen, Keck, and Hiese
sen ef al. (1940); Clausen and Hiesey, 1960; and of
he environment was thought of as a “problem”
d a combination of genetics and natural selection wo
Lewontin, 1978:; Levins and Lewontin, 1985). Ar
loped during that time perhaps best embodied the att
thought that they could minimze the effect of
- phenotypes by growing different genotypes und
conditions. The reasoning behind these “con
was that any observed vanation would have to be a
e important component from an evolutionary standpe
would have been kept in check, That is frue enough
lized that the results are going to be dependent on 1
one chooses. Furthermore, many common envi
1 misleading outcomes because they represent novel
or the genotypes being studied. The phenotype ex
den conditions, therefore, may not reflect what we w

| in the selective enviromments historically experient
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1 an mncrease in the value of the environmental factor
1 can be plastic or nonplastic (Fig. 1b), which means
norms gre not synonyms, contrary to a widespreac

reaction norm

mean phenotypic value _
(across envircnments)

phenotype
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MTICTIE means (Not showit), Fmalkty, tnere can e Mmicrd
ion for the mean or mean plasticity. This latter «
triguing and counterintuitive, The way such a popu
reaction norm diagram is a sertes of lines divergi
extreme of the environmental gradient, while conve
rthermore, the slopes of some reaction norms woulc
thers would be positive (Fig. 2f). While an analys::
no genetic variation (for the mean) and no (overall)
notypes would be plastic (but in different fashion:
le genetic variation for plasticity (because of the dive
5). Obviously, any combination of the three fundamer
on, plasticity, and variation for plasticity) can occur,
tural populations of plants and ammals.

F INTERENVIRONMENT GENETIC CORRBELA

another way of looking at reaction norms, whic
etween characters and environments even more intu
notype functions in environment-phenotype space,
present genotypes as points in environment-envirg
One can think of the expression of the same tran
as two distinct traits (in environment cne and envir
=netic correlation that can assume any value between
vironment genetic correlation (r,.) is close to eithe
the simplest interpretation is that the same genes afle



1at a character 135, how 1t 1s controlled, and how 1t
~ changes (Schemer, 1993b; Schlichting and Pig]
Graphically, of course, it becomes difficult to repre
cter states as soon as the number of environments bex
three, More importantly, however, [ have argue
)6b) that both approaches sulfer from the simple fact
-esentations of the underlying biology. As such, they
wut the molecular biology, developmental mec
it produce these patterns and that, in fact, are the man
lerstood 1n studying the evolution of characters.

ATE DIMENSIONS: CORRELATIONS AMONG
=S AND PLASTICITY OF CORRELATIONS

s tend to covary across environments. This phenome:
city integration” by Schlichting (1986, 198%a), anc
in a number of plant and animal systems (e.g., M:
and Levin, 1993: Newman, 1994). To date, h
studies have addressed plasticity integration, m part b
e of the necessary experiments. However, plasticity |
o our understanding of character evolution. If charact
st within a given environment, but across the range
onditions, this calls for models of phenotypic evc

ated than the ones produced so tar (van Tienderen anc
Cand K nelewiitm 1994
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g 3. Schlichting and Pighucci {1995b) compared 1
ntegration (i.e., the character correlations) of several
nondii, finding that populations could be grouped by
Jation structures, However, such grouping depends o
in which the plants were growing (once the genetic
and accounted for). For example, while populatio
'ways belong to the same branch on the phenogram
Jayton is quite different under the low nutrient

1d when these are compared to the other environments
ses not only interesting evolutionary and ecological g
a new perspective an old problem of systematic sl
icted at lower taxonomic ranks. In a study on

Liliaceae), for example, | have demonstrated that
between the way in which the multivanate phenoty
) environmental stress and the subspecific classifica
(Pigliucci et al, 1991b). In other words, 1f one were
populations as belonging to one subspecies or anotl
shiy dependent on such a sumple parameter as water
efore, a “common garden” approach would not sol
1 fact it may very well make it worse. Common gard:
| to provide a relatively benign enviromment to the
er, if definite phenotypic differences evolve they are
onse to stress or locally different condittons. The ben
f a greenhouse may obliterate any biologically sigmi
types (the “silver spoon effect” quoted in Sultan, 19
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IER DIMENSION TO THE PROBLEM: THE INT
PMENT AND PLASTICITY

¢ plasticity is not just an environmental phenomen
ymplex  genotype—environment interactions, How
)y 10t occur at one pomnt in time. Rather, phenotypic |
| process, and the reaction norms that we usually m
r at reproductive maturity, are in fact the result «
veen environments and genes throughout the onts
hmaihausen, 1949; Smith-Gill, 1983; Pigliuca e
d Pighucci, 1998).

iture on developmental plasticity 1s assumimg an
e in shaping our thinking about plasticity in P«
in general. Clear empirical examples of how
e shaped by the interaction between development, g
ave been published especially, but not umquely, 1 |
erdominici ,1995; Martin-Mora and James, 1995; |
995: Brakefield ez al., 1996, Brum et of., 1996; G
1etal, 1997).

oing picture from all these studies is that adult ¢
ally by the way genetic mstructions are expressed
ronmental miliew. This is far from being a vague st
< the differential expression of genes at different
different tissues, and In response to distinct €




he question of what exactly we consider an “enviro
sure it. This is one of the most important and decept;
d to the problem of how phenotypic plasticity chang
aracters.

5> THE ENVIRONMENT?

e of the most fundamental problems with ecology 1
posed to study the effects of environments on organi
when it comes down to pinpomt the biologica
an organism’s milieu. This 1s true notwithstanding 1
ving physical and biological aspects of the envi
ach to answer this question has been taken, for exam
(Bell and Lechowicz, 1991; Lechowicz and Bell, 1
at series, these authors argued that there are fundan
- can be used to study envirommental heterogenenty. |
10st intuitive and 1s based on actual measurements of
which plants and animals live. The problem is, as a
> amount of variance detectable even on small spati
temperature, humidity, and nutrient availability 13 s
1is, one has to add that such measurements are also
me because of both seasonal and short time fluctu
h is what Bell and Lechowicz term direct. This cor
ng the organisins themselves as indicators of the qu
ra11oh the 11ea AF hinaccave [ Infortimatelv  there



ng that the environments considered 1 the study
| spatial scales (i.e., they are fractal). The indirect
npling 555 points in the same grid and measuring
"K' and NO; ions (Lechowicz and Bell, 1991).
that all three edaphic measures are predictably simla
rger spatial scales the autocorrelation is negligib
1cluded that the environment varies at scales that ar
and genetic neighborhood size of typical understory |
s finding affects our understanding of the relationship
wironment as perceived by the organism and the ma
yn and, therefore, the response to selection in natural p
(1994) and Stratton and Bennington (1996) 1
he relationship between character expression, fitng
attern of environmental heterogeneity. In a study
on, 1994, 1995) Stratton planted plants at 630 locat
directly measure envirommental effects. The experim
»s with clearly identifiable phenotypic markers so tl
enotype of the plant by sight. The results mndicated th
by environment interaction is observable at the sm
), with reversals in the relative fitmess of differer

this same scale. Stratton therefore conclude
ly induced pattern of spatial heterogeneity m rel
> of the next generation of plants, which mostly disp
f environments.” However, when he attempted to
w1th mdlrect measurements of soil nutrients and per
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of the most likely candidate factors are the only meth
sality question. However, manipulation experimen
d findings in order to make them relevant to naturai ¢
range and number of possible environmental variabies
2) elegantly summarized what we know of enviromn
enotypic responses in his list of five attributes of ¢
mental variance is relatively large. By “relatively,
=d to elther genetic or genotype-by-environment vari
ariety of traits in crop plants (our largest database to
¢ environmental variance explamns close to 80%
ariance of a given character. Therefore, gei
are advised to pay afttention to what was onc
“noise” (Sultan, 1992). Second, the environment 18 ¢
ce and time. Bell and Lechowicz’s own data disc
ut this point. As a consequence, Bell argues, the
 has been so successful mn genetics may tun o
ecology (contra some current trends in the field
rganisms {o the environment is indefinitely inconsi:
at the ranking of performance of different crganisms
This 15 another factor decoupling ecology from g
phylogenetic) diversity cannot be explained by (1.e..
) environmental diversity. This decoupling

n as well, once we consider that genetic mforr
throughout a phylogeny (because new species ar
ir immediate ancestors or sister eroups). while ¢




hat keeps shifting away.
nother component to environmental varation and its
characteristics that is not part of Bell’s classificatior
ction of an organism to an environmental factor we t
yoically relevant range of that factor. For example,
to “temperature” or “water,” meaning the range cove
£, 1990; Huey et a/., 1991; Dahlhottf and Somero, 19
994 McMichael and Burke, 1994; Schrag ef af., 196
and Lenski, 1997: Brakefield and Kesbeke, 1997
28), or drought to flood (Pigliucci er af, 1991b;
Voesenek and Veen, 1994: Brum er o/, 1996 |
- Of course, some of these studies are conducted
environmental gradient, but stil} most of the current «
s of response to the whole gradient (as n “the reacti
lanogaster to temperature...”). I make the suggestl
[ the gradient are likely to be more different from ¢z
iIsmal response or perception) than either is to the &
erent gradient. In other words, it may be that the resp
more similar to the response to iow water (since
upled) then the reaction to high temperature 1s to the

-
s

n out by the molecular hiterature. Evidence 1s accun
machinery necessary to respond to  drought
994, Weln er al, 1994, Jagtap and Bhargava, 1995
aguchl -Shinozaki ez af., 1995) 15 different from the 01



tence of phenotypic plasticity affects another major ¢
onary biology of characters: the idea of homology |
of homology is older than evolutionary biclogy its
veral dramatic redefinittons in recent times (Wagner.
nguish between interorganismic and intraorganismi
994). The first 1s found when we compare across spe
volutionary histories, such as the bird’s wings and th
ates (Gatesy and Dial, 1996a). The second type ¢
nd specialization of the same ancestral structure (as
ts in insects: Carroll ef al., 1995; Osorio er al., 1993).
hat genotypes have to produce different character stat
- may constitute a third category of homology, inter

y, interenvironmental homology is related to the
1 fact be related to each other. It is very reasonab
1al homology as related to intraorganismal homolog;
n part or modify through evolutionary time the reper
stors. For example, intraorganismal homologous stru
- segments in insects and their relatives are clearly
1al homology of the same body segment across 1
intraorganismal homology can be related to an inter
ssibly vice versa, see later). A particularly clear &
between intraorganismal and interenvironmental
heteroph}flly the production of entire or d1sse:c
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d wing dimorphism would directly provide in
homology.” In fact, Winn (1996ab) has empt
tween phenotypic plasticity and environment-i
variation in the morphology of the same structu
d his review of the homology concept invoking comj
proaches to unravel the problem of how the mdr
alized developmentally and how it emerges during
ole of phenotypic plasticity in the evolution of
Eberhard, 1989; Schlichting and Pigliucel, 1998; se
ent system in which to apply both the experimen
thods to tackle the intimately related problems of ho:
v traits.
" phenotypic plasticity, and in particular the
it genetic correlations cited earlier, can also shed lig
of homology. According to both Van Valen (1982
oy 15 a “correspondence caused by a continuty of 1
at the homology of two structures is an unbroken
throughout evolutionary time. According to Van
s connection does not have to be based on the simil
r the two traits. What Roth later termed “genetic
/ as well. Sometimes clearly homologous structur
indpoint are actually under the influence of differe
isms. Van Valen would still consider these traits h
| suggest that this is an example of genetic piracy, ir
gr—:nes) takes over the role prewﬁusly held by a dif
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ifferent paces and in different manners. How, then,
living organisms not be a matter of degree?® In the

the phenomena of genetic piracy and Interer
ke it clear that the information underlying homologo
h time, culminating in the possibility of no smmland
1atsoever between two homologues characters. By
_we can tell that two extant structures are definitely
-and dissected leaves of a heterophyllous plant, or th
insects), or probably homologues (e.g., the leaves an
ne plant, or wing- and leg-bearing segments 1n insect:
magine that at one point both the informational b
rance of two characters will diverge enough through
it difficult for us to recognize their ancestral homo:
aracters that are still clearly homologues evolve
h are an integral part of them but were not present in
. not consider these as examples of partial homology?
sion so far has moved from a consideration of the er
character expression in ¢xtant populations (a mucro
is) to broader implications on homology and charac
syvolutionary level). The last, but certainly not leas
e relationship between environments and character:
eit not at all new) way of looking at macroevolution 1t

NTS, PHENOTYPIC NOVELTIES, AND

M



nlogy requires no initial change m the genetic systen
notype happens to be advantageous, selection will
hatever genetic modifiers stabihize the phenotype 1
fluctuations. This idea is not new, As Schlichting a
ointed out, it is a reformulation of Waddingto
Vaddington 1942, 1952, 1960), in itself not dif
; (1949) “stabilizing selection,” or even from Baldw
evolution,” and closely related to Goldschmdt’s (19

xtent, the reason why the role of phenotypic plasticity
genetic assimilation) has not been taken seriously ex
synthesis 1s that environmental influences have been
uisance” to be dealt with in practice, but certainly no
o 1992). Therefore, classical evolution by gr
for all effective purposes been the only game mn tow:
articularly inefficient explanatory frame at best, rely
iated phenomena as “preadaptation” (Futuyma, 195
ologists are faced with increasing pressure to admit
two more mechanisms. On the one hand, the effect ¢
elopmental effects (Gottlieb, 1984; Doebley ef al., 15
Dorweiler et «l, 1993; Wagner et af, 1994; W
[, 1996; Schluter, 1996; Sordino and Dubouie, 199¢
997). On the other hand, the contribution of phenotyy
West-Eberhard, 1989; Smith, 1990; Schlichfing ar
t al., 1994 Whlteman 1994 Janzen, 1995; Brake
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e HypJullesls s Llal d o olHIpiG llallgl 1 livl,
circumstances, created a partially new morpholog
ty of the bone developmental system. This allowed th
under suboptimal conditions, in the new environm
selection for gene substitutions would gradually inc
enotype and the environment. The advantage of this
way with the idea of preadaptation. No preexist
r than the existence of a plastic, but not necessan
is necessary because the new morphology is a by-pr
eaction norm. Not even mosaic evolution 1s necessar
parallel) because the plasticity of the developmental
characters simultaneously, not one at a time [see We
endid example of this].
ely, examples like these are hard to find in the litera
the previously mentioned lack of expectation that
play a major role in macroevolution. In part, how:
o the experimental difficulty of mvestigating the fi
ation. After all, it may take very few generation
ydifiers to bridge the gap between ong stable morphol
o that, the “signature” of genetic assimilation wou
t. Of course, this is equally true of the classical
n and especially of preadaptation. However, such 18 t
scientific paradigm (Kuhn, 1970} As m the ca
ary theories, this one also needs to be investigated b
¢ method (Harvey and Purvis, 1991). However,
. enhetitution-onlyv theorv evolution bv thenotvolic o




E CITED

rszberg, M. (1987). The emergence of phenotypic novelties thie
ve. Am. Nat. 129:862-875,

nd Shaw, R, . {1994). Phenotvpic plasticity m Crepis tector
lations across light regimens. Heredity 72:113-125,

irandle, R., and Jacksen, M. B, (1994). Mechanisms of flood tol
ey, 43:307-338,

396). A new factor i evolution. Am. Nai. 30:354-451.

Five properties of environments. /» "Molds, Molecules, and Metaz
o, eds.), pp. 33-36. Princeton University Press, Prineston.

chowicz, M. J. (1991). The ecology and genetics of fiiness mn
tal heterogeneity measured by explant trials. J. Ecol. 79:663-685.

nd Lenski, R. E. (1997). Evolutionary adaptation to temperature.
and its evolution in Escherichia coli. Evolution 51:306-44.

Charnov. E. L. (1994). Reaction norms for age and size at maturi
a puzzle for life histortans. Oikos 70:474-478.

M., and Voesenek, L. A, C. J {1996). Flooding: the survival stre
. Evel 11:290-295,

(1991), "Morphometric Tools for Landmark Data: Geometry
Jriversity Press, Cambridge.

(19635). Evolutionary significance of phenotypic plasticity m plal

Gates, 1., Keys, D, Kesbeke, F., Wyngaarden, P. J., Monteiro, A.
B. {1996). Development, plasticity and evolution of butterfly ¢
2362472,

, and Kesbeke, F. (1997). Genotype-environment interactions for
flucmating temperature regimes. Proc. R. Soc. Lond, 264:717-723.
me I P oand Dencler N O (19967 Leat developmental olasticit



Somero, G. N. (1993). Effects of temperature on mitochrondria
is}. adaptive plasticity and its lumits. J Exp. Biol 185:131-168.

. P, and Gauthier, J. P, {1990). Abdominal pigmentation and gros
7 melanogaster. similarities and differences in the norms of reactic
cvol. Biol 3:429-443,

. I, and Schhmer, 1. (1994} Feology and genetics of phenotyy
f two sticklebacks. Evolution 48:1723-1734,

). Phenotypic plasticity as a product of selection in a variable en
-512.

nd Cooke, T. J. (1985). Leaf dimorphism 1n the aquatic Angiosp
Am. J. Bor. 72:1377-1387.

|962). Imphcations of genetic environmental interaction in anirnal |
,

A, Wendel, J., and Edwards, M, (1990). Genetic and morphologic

> F2 population: implications for the origin of maize. Proc. Nail. .
?

-

rdominici . M. G. (1995). Morphology and growth of stolons a
rasses, as affected by different light supply. Vegeratio 116:23-32.
24}, The early evolutionary history of proteins. Boll. Zool, 61:99-103
A., Kermicle, J.. and Doebley, 1. (1993}, Teosinre glume architect
ing a key step In maize evolution. Science 262:233-233,

1 Doebley, J. (1997). Developmental analysis of Teosinte ghime a
e evolution of maize (Poaceae). Am. J Bor 84:1313-1322.

kathorn, S. A., Bryan, J. K., and Coleman, I. §. (1998). The meth
ohi chloroplast heat-shock protein: evolutionary conservation an
hermotolerance, Am. J. Bor. 85:175-183.

no, L., Wrana, J. L., Albert, P. §., Massague'. J., and Raddle, D. L.
les a bone morphogenetic protemn receptor controllmg C. efega
Nature 365:644.649,

52). The problem of environment and selection, Am. Nar. §6:293-29!



Lewontin, R. €. (1979). The spandrels of San Marco and the Fang
f the adaptationist programme. Proc. R. Soc. Lond. B 205:581-358.
and Purvis, A. {1991). Comparative methods for explaining ad
4,

J. (1997). Ecological history and evolutton in & novel env
ty and insect adaptation to a new host plant. Evelution 51:153-162.

Povey, S. R., and Sibly, R. M. (1990). The effect of new enviro
iiecture. Heredity 64:323-330.

Schoffl, F. (1994). Arabidopsis beat shock factor: isolation and ¢
d the recombinant protein, Piant Mol. Biol. 26:353-362.

tridge, L. and Fowler, K. {1991). Thermal sensitivity of Drosop/
pidly to laboratory natural selection. Evolution 45:751-756.

198). Key innovations and the ecology of macroevolution, Trends £

nd Kao, C. H. (1994). Effect of flooding on the activities of

xvgen metabolism, the levels of antioxidants, and hpid peroxid:
ves. Plant Growth Regul. 14:37-44,

Goodrich, J., Wilkinson, M. D, Simon, R., Haughn G. W, and |
etween UNDSUAL FLORAL ORGANS and FIMBRIATA, genes

at in Arabidopsis and Antirrkimem. Plant Cell 7:1501-1510.

1993), The tropics as a source of evolutionary novelty througt
j:142-144.

Bhargava, S, (1995). Variation m the antioxidant metabolism of dr
sceptible  varieties of Sorghum bicolor (L.) Moench. exposed
igh temperature stress. J. Plant Physiol. 145:193-197.

1995). Expenimental evidence for the evolutionary significanc
sex determimation. Evolution 49:864-873.

hompson, J. N. (1996). Evolution of broad and specific compefiti
iliar environments in Drosophila species. Evolution 50:188-194.

d Albert, L S. (1982) Em ironmental and erowth regulator effec

I i 3 . P RN . TR i [ [ TN U R 4 JP R i Tq RI"‘I



| Wy T

74). The analysis of variance and the analvsis of causes. Am. J.
&:400-411.

78). Adaptation. 5ci. Am. 213-230.

| Krebs, R. A. (1994). Genetic variation for resistance and accli
Tess in Drosophila buzzaiii. Biol. J. Linn. Soc. 52:83-92.

V., and Palva, E. T. {1995). Role of abscisic acid m drought-ir
d acclimation, and accumulation of LTI78 and RAB18 protems
1t Phvsiol. 107:141-148.
orti, M., Loy, A, Naylor, G. J P., and Shee, D. E. (1996).
5." Plenum Press, New York.
vin, D. A, and Fowler, N. L. (1986). Plasticity of vield compone
eshania macrocarpa and Sesbania vesicaria (Leguminosae). Am.

nd James, F. C. (1995). Developmental plasticity in the shell of ¢
as. Ecology 76;981-994,

hat was the evolutionary synthesis? Trends Ecol. Evol. 8:31-33.
qane. W. B. {1980). "The Evolutionary Synthesis. Perspectives on
{arvard University Press, Cambndge, MA.

1994). On homology and the ontological relationship of parts. Sysi. £
. and Burke, I I {1994). Metabolic activity of cotton roots
rviron. Exp. Bot. 34:201-206,

. Phenotypic plasticity and heterochrony i Cichiagsoma manay
1 their implications for speciation in Cichlid fishes. Evolution 41:13:
. K.. Hirayvama, T., Hayashida, N., Yamaguchi-Shinozak, K., Mats
. (1996). A gene encoding a mutogen-activated protem kinase k
ltaneously with genes for a mitogen-activated protein kinase and a
> by touch, cold, and water stress in Arabidopsis thaliana, Proc. ]
769,

9(). Developmental mecharisms at the origin of morphological 1
esis. fn "Evolutionary Innovations," pp. 99-130¢. Chicago Ul



'UUJ}. J."].ULE'UIII.I-J-E lJ.!.l'I...IiLUI.J-fJ._.H.I...- l_.ll{.l.::lnl.ll..-ll.-.}r" 1d. LswWr EUHULLU Al b AR LA ALl F L,

rio, P., and Schlichting, C. D. (1997). Phenotypic plasticity of gre
5 of Lobelia in response to nutrient availability, J Ecol 85:263-27¢
letti, C., Fineschi, S, and Malvolt, M. E. (1991a}. Phenotvp:
stanea sativa MilLY: leaves versus fruits. Bot. Gaz, 152:514-521.
ti, M. G., and Bellincampi , D. {1991b}. Implications of phenoty]
conomy of Ornithogalum montanum (Liliaceae). Can. J. Bot. 69:34
1 Schlichting, C. D. (1995). Ontogenetic reaction norms in Lo
). response to shading. Ecology 76:2134-2144.

Schlichting, C. D. (1997). On the limits of guantitative genetics
volution. Acta Biotheor. 45:143-164.

lichting, C. D, Jones, C. S., and Schwenk, K. (1996). Develoj
nteractions among allometry, onfogeny and plasticity. Plant Spec

d Schmitt, J. (1999). Genes affecting phenotypic plasticity
=ffects and reproductive fitness of photomorphogenic mutants.

ke, E., and Schoffl, F. (1993). Developmental regulation and
f heat shock gene expression in fransgenic tobacco and Arabidop
3:73-82.

971). Population genetics: the synthesis of Mendelism, Darwinisiy
1gm of Theoretical Population Genetics,” pp. 130-178. Chicago |

md Belknap, W. R. (1991). Comparison of the expression of
enes 11 potato tubers. Plant Mol Biol. 16:1009-1018.
059). The sampling variance of the genetic corrclation coetfic

). Habitat persistence and the evolution of wing dimorphism in 1
3
b). Why 1s there so much genetic variation for wing dimorphism?



e

Adaptive radiation along genetic lines of least resistance. Evolu

(1949). "Factors of Evolution. The Theory of Stabihizing Selectio
ss, Chicago.

1, G. T, and Read, A. F. (1994). Temperature-determined outeros
15 of a simultaneous hermaphrodite snail. Ecology 75:2066-2077.
Rose, M. R. {1985). Genetic covariation among life-history cor
environments. Evolution 39:943-945,

7). Arabidopsis (Brassicaceae) flower development and gynoecium
1t mutants. Am..J Bor. 84:1179-1191.

offmann, A. A. (1998). Effects of temperature extremes on genetic
raits 1 Drosephile melanogaster as  determmed  from  pa
- Evol. Bioll11:1-20.

Signal perception, differential cxpression within multigene fam
s of phenotypic plasticity. Plant Cell Environ. 13:585-5%4.

1983). Developmental plasticity: developmental conversion verst
1. Zood, 23:47-35,

boule, D. (1996). A molecular approach to the evolution of ver
ends Ecol. Evel. 11:114-1]8.

(3., and Newman, B. (1991}, The effects of phenotvpic plastic
ends Ecol Evol 6:122-126,

4}, Genotype-by-environment interactions for fitness of Erigeron
tive heterogeneity, Evolution 48:1607-1618,

5). Spatial scale of vanation in fitness of Erigeron annuus. Am. |

Bennington, C.C, {1996). Measuring spatial variation m natural s
\ sceds of Arabidopsis thaliena. J. Evol Biol 9:215-228.

Evolutionary implications of phenotypie plasticity i plants, Evol

). What has survived of Darwin's theorv? Phenotypic plasticity



.h', 1. 1.‘1 e F.J_-"l} e d I.-"J--I-UL-:' FU_UJ.J.\-J._IUI.LI.J..LUJ.JI. FLEERAL b LELIAE  ETdh FARW W T S RARE TR

olution 39:505-5322.
. J.. and van der Veen, R. (1994). The role of phytohormones m |
ittle water. Acta Bot. Neerl. 43:91-127.
. (1942). Canalization of development and the inherttance of acq
63-5063.
(1952). Selection of the genetic basis for an acquired character. Nan
(1960). Experiments on canalizing selection. Gerer.Res. 1:140-150
ner, G. P., and Similion, P. (1994) Epistasis can facibiate
1solation by peak shifls: a two-locus two-allele model. Generics 138:
9). The biological homology concept. Anmu. Rev. Ecol. Syst. 20:51-¢
(1994). Functional morphology as a tool m ecological research.
Integrative Organismal Biclogy" (P. C. Wainwright and 5. M. I
rsity of Chacago Press, Chicago.
Levin, D. A. (1993}, Phenotypic ntegration and plastic correl;
(Polemoniaceae). Am. J. Bot. 80:1224-1233.
). How often do duplicated genes evolve new functions? Geretics 13
ng, X.-W. (1992), COP9: a new genetic locus involved in
and gene expression in Arabidopsis. Plant Cell 4:1507-1518.
Nilsson, O. (1993). A developmental switch sufficient for flow
5. Nature 377:495-500.
on, A., Nylander, M., and Palva, E. T. (1994). Charactenzation
" dhnlea/rab-like genes dunng cold acclimation and drought stress
nt Mol Biol 26:131-144,
. J. (1989). Phenotvpic plasticity and the ongms of diversity. 4
278.
{1994). Evolution of faculiative pacdomorphosis in salamanders

)6a). Adaptation to fine-grained environmental variation: an ana
{ variation in an annual plamt, Evolution 50:1111-1118.
96b). The contributions of programmed developmental change



