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Abstractv

In order to assess the relationship between genetic and environmental

variability, a large natural population of'Drosophila melanogaster was

replicated as eight subpopulations which were subjeéted to four
‘different patterns of environmental variation, The environmental
variable imposed was presence of 15% ethanol in the culture medium..
Experimental treatments of the populations were intended to simulate
constant environmental conditions,lspatial heterogeneity in the
environment, and two patterns of temporal environmental variation with
different periodicity (long- and short-term temporal variation),
'Adﬁitive genefic and phenotypic variation in sternopleural and abdom~
inal chaeta number, and body weight, was estimated in tﬁo Successive
years, and measurements were taken of the genotype-environment
correlation of body wéight and sternopleural bristle score with medium
type. Survivorship, productivity, habitat loyalty, and developmental
homeostasis were also measured in each of the populations,

Additive genetic variance of sternopleural chaeta number and of
body weight was éignificantly gfeater in the three p0pulati§ns
| experiencing environmental heterogeneity than the control pbpulation,
but additive genetic variance of abdominal bristlé score was not
affected by exposing populations to varying environmenté. Temporal
environmental var;ation was equally, if not more, efficient in promoting
the maintenance of genetic variation than>spatial heterogpnéity, but the
"erain" of the temporal variation was of no consequence, Specific
genotype-environment interactions were hot present, therefore
adaptation to heterogeneous environments is By selection of heterb—

zygosity - per se, rather than by differential survival of genotypes in



the alternate niches, No habitat loyalty was appé,mnt in any population;
but those populations exposed to er’nfimnmental heterogeneity were

more fit with respect to suﬁivorship and productivity than control
populations, and heﬁce have& a greater probability of evolutionary

survival,
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One of the central pro‘bl‘é‘ms of evolutionary biology todéy
concerns the discovery and desci‘:i.pt'ién of systematic forces operating
to maintain the vast store of genetic variation in natural populations.
Extensive electrophoretic stzxrvey's‘in a variety of organisms ( e, g,
Lewontin and Hubby, 1966; Harris, 1966; O'Brien and McIntyre, 1969;
Selander and Yang, 1969; Selander et, al,, 1969a, b; and see Lewontin,
1974 for a c;mprehensive review) have indicated proportions of loci
polymorphic in the order of 30%; probably this is a considerable
underestimate since electfophoresisvonly detects a restricted class .
of enzyme variants, Both variation of electrophoretic conditions and
heat denaturation studies have uncovered from 2 to 6 times as many
genetic variants at the polymorphic xanthine dehydrogenase (Bermstein
et. al., 1973; Coyne, 1976; Singh et. al,, 1976), octanol dehydrogenase
(Singh et, al., 1975), and a - glycerophosphate dehydrogenase (Johnson,
1976) loci in Drosophila, but the pattern to date is that heterozygosity
of monomo;ghic loci remains little altered by ref:.ned techniques

and Fratash o Feltor
(Beckenbachy 1977; Coyney 1977). Two alternative explanat:.ons for
this high degree of genetic variability have been advanced: the first
argues electrophoretic vabia.nts aré adaptivély neutral, and are
maintainéd by a balance of stochastic processes such as migration and
random drift (Shaw, 1965; Kimura, 1968; Kimura and bhta, 1971a, b;
King and Jukes, 1969), Both logical considerations concerning the
molecular nature of the protein variants and a considerable body of
population genetics theory support this view, The second hypothesié

states the polymorphisms are maintained by a form of balancing selection

Polymorphism maintained by bala.nbing selection?

| On what basis can we discriminate between the two alternatives?
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The first possible approachvis'to aerive expectations of gene freguency
diﬁtribution under the null hypothesis»of selective neutrality and
compare this to the obaervea distfibution. The original Kimura - Crow
(1964) "infinite alleles"‘mddel‘of selective neutrality, in which an
ihfinite number of novel allelic variants are generated by mutation
and their féte determined by random drift in a finite population,
'predicts that heterozygosity should be related to the product of
mutation rate and population size, Clearly any combination of these
parameters could generate a given obserfed heterozygosity, but in
general the range of heterozygosity is such that the neutralist
hypothesis requires population sizes of all orgénisms studiea to date
to be within a factor of four of each other; this is quite unreasonable
(Lewontin, 1974). Modifiﬁation of fhe model to aﬁe more appropriate ‘.to
the analysis of electrophoretic variants (the "ladder-rung" or "infinite
state" model, Ohta and Kimura, 1973, 1974), while tending to make the
predicted allele frequencies under neutrality somewhat more uniform,
ddes not qualitatively alter the above conclusion, Derivation of the
sampling theory under the infinite alleles neutrality model and

_ subsequent definition of sfatistical tests by Eweﬁs (1972) and Johnson
and Feldman (1973) lead to the rejection of the'null hypothesis of

. neutrality for the publighed data considered,’but neither test is very
powerful, nor is the model used applicable to eiectrophoretic data or
in situations in which there is population subdivision and migration,
Lewontin and Krakauer (1973) have developed a test based on gene |
frequeﬁcy data which embodies the concept that since within a.given
population different loci share the same evolutionary history such

that rendom events ﬁould be‘expeoted to have similar effects on all

of them, if there is no selection the variances of gene frequencies
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over space or time ahould ﬁoﬁ'dif}er significantly among loci.
Lewontin and Krakauer therefore caléulated the expected standardized
variance of gene frequencies under the assumption of neutrality as a
basis for their tegt. This.test has been fairly widely apélied to
demonstrate selection, but Ewens and Feldman (1975) and Robertson (1975)
have shown that it is only applicable under stringent conditians (such
as complete panmixia) which may.not be biologically reasonable; '
departure from these conditions reduces considefably the power of the
method, Moran (1976) has compared the distribution of gene frequencies
in a finite population in whichlbothvthe processes of mutation and
selectich are operative with that derived assuming mutation onlj - the
result is thaf for any givén combination of parameters the two
distributions are indistinguishable, |

It is unlikeiy that in the absence of relevant mathematical models
and éppropriate tests of neﬁtrality further comparisons of observed -
and expected gene fréquenqy distributions will resolve the controversy.
It is necessary therefore to obtain direct experimental évidence of
the action.of selection; one way in which this may be aCcoﬁpiished is
to detect departures from Hardy-Weinberg equilibrium within ene |
generatién, or over several stages of the 1life history. Although tﬁis
is not a particularly sensitive test, differential survival of
heterozygotes over time has been qbserved at the TO locus‘in missels
 (Koehn et. al., 1973), at the EST-2, EST-3, GGPD, and Péw-1 loci in
Fundulus, a marine fish .(Mitton and Koehn, 1975), and at the PGI |
locus in butterflies (Watt, 1977). Marinkovic and Ayala (1975a,b)
alsb found differences in several fitness components for experimentally
constructed genotypes at a fotal of 5 electrophoretic loci, On the

other hand, Yamazaki (1971) could not detect genotypic differences at
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the EST-5 locus in a series-of‘weliédesigned experiments, nor could
Mukai (1977) at the ADH, oSPDH, or EST-6 looi.

. A more sensitive experimental approach is tovobserve gene frequency
changes in independent poPuiations over several generations, If the
populations are sufficiently large to exclude drift and the gene
'frequenqy changes are consisteht in direction and magnitude the evidence
would favour support of a selective hypéthesis. This type of investigation
has been adopted in the form of gene frequency pertufbation experiments
 in laboratory populations of Drosophila (Powell, 1973; Fontdevila éi.
al,, 1975; Bijlsma and van Délden, 1977). In every case initial
high ana low gene freguencies converged upon an equilibrium value
similar to the frequency of the gene in naturé. However, Yardley et. al.

(1977), in a similar experiment, found results consistent with the
interpfetation that the o~ amylase locus is selectively heutra;. There
are few natural studies of this sort, but Berger (1971) found allele
frequencies at 5 polymorphic loci in 7 populationg of Drosophila |
melanogaster separated both temporally and spatially were remarkably
similar, as were allele frequencies at the LAP locus in two speéies
of mussel occupying‘the same physical and biotic environment (Koehn
and Mitton, 1972). | '

There is now.available'a large body of evidence demonstrating the
existence of corfelétions‘between gene or genotype frequencies and |
~environmental parameters over a wide range of species, énzyme loci,

and environments, Such associations are indicitive of the action of
selection.AApplication of multivariate statistical analyses to gené
frequency in conjunction with climatographic and geographical data
haﬁ_revealed'strong'genotype-environment associations (Johnson et,

al., 1969; Kojima et. al., 1972; Hamrick and Allard, 1972; Johnson
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and Schaffer, 1973; Rookwooa-S‘l‘uss"'_e_t. al,, 1.9‘73; Tomaszewski et. al.,
1973; Br_y&nt, 1974 ; ‘Sche.:f;fér and J-ohﬁson, 1974 ; Taylor and Mitton,
1974). More recently specific genotype-environment interactions

have been reported in which zsingle environmental correlates of
particular gene frequency changes are established (Schopf and Gooch, .
1971; McNaughton, 1974; McKechnie et, al,, 1975; Nevo and Bar, 1975;
Koehn et. al., 1976; Corbin, 1977; Saul et. al., 1978).

The detection of persistent linkage disequilibrium is evidence
of selection, since under the~neu£ra11ty hypothesis one would expect
a;tw linkage disequilibrium to decay with time, Attempts to detect
linkage between elec'l';rophoz'etic markers have been by and large
unsuccessful, The utility of fhe method is at any rate somewhat
limited as it requires kndwledge of the history of the examined
population both in time and numbers,

Correlations beﬁveen gene frequencies at hamologous polymorphic
.loci in closely related species would not be expected in the abéence
of selection, and furthermore indicate that organisms adapt to patterns
of environmental heterogeneity in the same manner, Borowsky (1977) |
has developed a relevant test statistic and found that, although
appropriate ex;a.ﬁxples are rare, results of this analysis applied to
published data are consistent with the hypothesis that natural selec‘tioﬁ
is a determinant of alleliq frequency in natural populations,

.' A major problem is that none of the methods above described are
capable of demonstmtixig Q_r_e_c_t selection on the enzyme locus concerned;
it is always a viable alternative explané.tion that neutral enzyme
vlooi are linked fo a putative selected locus, It is certainly not
even clear whether allozyme frequencies é.re non-randomly associated

with inversion polymorphisms known to be selected (Zouros, 1976;
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Watﬁn#be, 1977; Voelker et. al.; 1578). Demonstration of direct
selection depends crifically on the‘felationship of a speéific
selective agent to the function of a given enzymé. An indication that
this might-be possibielcame‘from the initial observation of Kojima .
et. al, (1970) that glucose metabolizing enzymes using an internal
substrate were substantially less polymorphic than non-glucose
metabolizing enzymes utilizing variable external substrates, This
finding has been subsequently substantiated and modified (Richmond,
1972; Singh, 1976; Latter, 1975; Myers, 1978), but it is clear that
enzymes categorized according to any of several subjective classifica-
tions based on function reveal differing degrees of polymorphism in
the various-‘classes,

It was Clarke (1975) who first outlined and _applied an experimental
design relevant to the detection of direct selection, although the
basic tenet had been previously recognized (Koehn gj_gl,, 1971).

One must first comprehensively analyze biochemicaliy gene products
.of alternate alleleé; then, utilizing the combined knowledge of the
functién of the engyme, the nature of the observed differences, and
the ecology of the organism, postulate a selective factor., The next
“step is to test experimentally predictions made under a logical
hypothesis relating mechanistically the selective factor and gene
product; and, finaily,,the.dbserved pattern in natural populations

should be re-examined and interpreted in the light of the experimental

results. The alcohol dehydrogenase (ADH) locus in Drosophila melano-
gaster has been investigated in this manner (Clarke, 1975; Oakeshott,
1976; van Delden et. al., 1978; Cavener and Clegg, 1978). The two
electrophoretic alléles, "fast® (F) and "slow" (S) differ in the

following biochemical properties : F is nearly twice as active as S,
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but is less thermally stabié.”F;anéNS differ as well in substrate

5péoificity. Given the function of'tﬁe ADH enzyme, which is the

oxidation of environmental alcohols, it iszreasoﬁgbie to hyfothesize

alcohdlsl particularly ethaﬁo;, as selective agents., One would

therefore predict.that (1) increasing the concentration of environmental

ethanol would favour the F allele, (2) selection favouring Flshould

increase the activity of the population as a whole,'(S) heat shock

should favour the S, cold shock the F allele, and that (4) the

selective effects of different alecohols ahouid be related to their

enzyme differences in vitro, All predictions have been econfirmed

in the laﬁofatory;,furthe;more, the éxistenge of lafitudinal clines

of gene frequency in natural populations is consistent with temperature

being one relevant component of seleétion, and thé high frequencj of

the F allele in winery populations of flies indicates the importance

of alcohol as a selective agent, A similar series of experiments on

the amylase locus (de Jong and Scharloo, 1976) y<eld the same qualitat-

ive éonclusion. | | |
Given, then, that the balance of evidence favours the hypothesis

that polymorphisms ére‘maintained'by "some form of balancing seleétion“,

the question arisés as to what exacfly is the "form", or mechanism,

of selective maintenance.

Genetic variance maintained by heterozygote advantage?

Initielly heterosis, the well-known phenomencn in which the F,
hybrid of two inbred lines is unconditionally superior to either
paréntal line, was presumedbthe‘major force responsible for sustaining
many single-locus polymorphisms, Overdominance at>the enzyme level

may occur if either the heterozygote properties are unique and outside
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the ranée of>hdmoaygo£e propéfﬁieé; orvbecaqsé the heterozygote
contains two and sometimes three different gene products, which provide
an intern@diate phenotype bpt ﬁestoﬁ a biochemical diversity that

. becomes adaptive in a ia:yiﬁg external or internal enfironmént, The

ms jor theoretiéal problem with this model is that if cne assumes loci
act independently (Lewontin and Hubby, 1966) then the number of loci
that could be under such simultaneous selection is restficted by the
magnitude of the segregatiénal load incurred. chéver, this argument
becomes less valid under models of "soft" selection (Wallace, 1975)

in which fitness is not an absolute genotypic.value but is determined
by the relative ranking of organisms with respect to some variable
under specified environmental conditions. Genotypic value thus becomes
both density and frequengy Aependent. If one superimposes the fitness
function appropriate to the model of soft selection over the rénkingu
of individuals aéoording to their héterozygosities, and propose a
threshold value bejqnd which all individuals are equally fit,‘then

the number of polymofphisms that can be maintained increases as a
function of population size; it has been claimed that under this model
all the genetio variation currently observed and more can be _
maintained in a population of moderate size (King, 1967; Milkman, 1967;
Sved et, al,, 1967; Sved, 1975; Wills, 1978). Effective genetic load
is also substantially reduced if one supposes, as does Lewontin and
others, that loci reépond to selection in éorrelated blocks (Franklin
and Lewontin, 1970; Wills gﬁ.' al,, 1970; Lewontin, 1973; and Wills

and Miller, 1976; see Clegg et. al., 1972, for a good example). A
further argument against heterosis as a mechanism promoting widespread
poiymdrphism.may be the reduction in its effectiveness with extreme

equilibfium gene: frequencies or small effective population sizes
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(Robertson, 1962; Bulmer, 197&‘);

- In spite of considerable effort.to detect overdominance at
single loéi, only a few suspected cases have been.reported. In addition
to the time-~-worn example of:inoreaSed malarial resistance conferred
upon individuals heterozygous for the "sickling" haemoglobin variant,
| and a similgr heterozygous advantgga associated with the G6FD locus,

Richmond and Powell (1970) found a significant excess of héterozygotes

at the tetrazolium oxidase iocus of Drosophila paulistorum; Koehn

et. al. (1973) detected diffefential survival of heterozygotes at the
same locus in mussels; Marshall and Allard (1970) found excess of
heterozygotes at a,totgl‘of 8ix loci in two natural populations of

the wild oaf, Avena barbata; and Hebert (Hebert et. al,, 1972; Hebert

and'Wérd, 1976) established a marked excess of heterozygotes at
esterase and malate dehydrogenase loci in large permanent populations

of Daphnia magna..

With such findings one is never confident, however, that the
excess of heterozygotés is due to selection at the observed énzymé
‘locus, of whether the selected locus is ciosely linked to the
electrophoretic variant, This associative overdominance is almost
éertainly the explanation of the‘resﬁlts of Wills end his colleagues

(Wills and Nichols, 1971; Wills, 1972; Wills et. al., 1975), in which

Lprosophila‘pseudoobscura were inbred for several genefations to make
the background genotype as homozygous as possible while rémaining
heterozygous at either the 6DH or EST-5 loci. After 12 generations the
animals were tested on stress media (octanol and KC1, respectively),
and a significant_excess_of heterozygotes was observed ;n ODH males.
This effect disappéared after 38 generations, presumably because the

continued 'inbreeding programme had succeeded in breaking down the
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close linkage disequilibrium‘existing between ODH and the putative
selected locus, The experiment was,”nowever, instrumental in demonstrat-
ing that_eingle—locus heterosis for enzyme variants may well ﬁe‘
conditional on presenting the organism with an appropriate stress,

" and that in outbred organisms many single-gene heterotic systems

may have eelection coefficients sufficiently small that they are
imasked by the rest of the genome. These factors, plus the insensitivity
of the‘X? test used to defect departures from Hardy-Weinberg
equilibrium, the mixed age structure and/or local inbreeding of
populations, the Wanlund effect, and heterosis only involving
differences in fecundity may collectively conspire against our power
to detect heterosis in nature or in the laboratory (Beréer, 1976).

Even so, the scarcity of supportative evidence.as compared to the

total amount of effort expended to detect the phenomenon leads one

to seriously doubt the nbiquity4of heterotic selective maintenance.

Genetic variance maintained frequency-dependent selection?

If polymorphism is generally not maintained by,heterozygote
superiority, then‘what is the alternative? The theoretical possibility
of frequency-dependent eeleotion\ in which an allele is at a selective
advantage when it 1s rare but is effectively neutrel at equilibrium
(or of its close relative, density-dependent selection in which
~ genotypes have differential competitive abilities at varying population
densities), is well established (Clarke, 1972; Cockerham gi._gl.,.1972;
Hedrick, 1972; Bulmer, 1974). This mechanism is particularly atiractive
i since a stable equilibrium is possible in the absence of heterosis,
and there is no genetic load at equilibrium (Kojima, 1971). [ It may

be appropriate to specify at this point the precise definitions of



the terﬁm "density-" and "ffequenc§f" dependent; "hard" and "soft"
selection, Wallace (1975) has lucidlj categorized the various modes
of selection as follows: "hard" selection is both density and frequenéy.
independent; "soff; selectiéﬁ is density'and frequency dependent;
nfrequency-dependent” selection is frequency dependent, density indep-
endentg and "density-dependent" selection is density dependent,
frequency indepehdent. Only under hard selection does segregﬁtional
load impose restrictions on the nuﬁbéf of polymorphisms a population
can maintein, Clearly the modes of selection are not mutﬁally exclusive
within a population - different polymorphisms may be separately
influenced by the variqus selection‘rsgimes, ]

| Kojima and his célleagues.have'concentrated on detecting
frequency-dependent selection for inversion karyotypes and enzyme
loci in laboratory pdpulationsfof Droso hila,‘with some success,
For several pairs of inversions (Tobari and Kojima, 1967), the
esterase-6 locus (Ya.x‘borougl and Kojima, 1967; Kojima and Yarborough,
1967} Huang et. al., 1971) aﬂd the alcohol dehydrogenase locus
| (Kojima and Tobari, 1969), the pattern obServed‘was that as gene
frequencies diverged in either direction ffom the equilibrium value,
the corresponding rare homozygous geﬁotype was at a selective advantage
for fitness componehts (egg to adult survivoréﬁip, fecundity), whereas
at‘equilibrium values no differences between the genotypes could be
detected. Howevef; the generalit& of fhe mechanism is again questionable,
since the study considéred by the authors to be the best deﬁonstration
of its action involved a rather unusual direct genotypefenvironment
interaction in the form of larval conditioning of the medium (Bryant,
1974), and the results are not consistently repeatable (Dolan and

Robertson, 1975). Factorial experiments to determine the relative
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.contribution of density andfgénotyﬁlc'compositién to selection:
(Birley and Beardmore, 1977; de Benedictis, 1977) find frequency-
dependent deleotioﬁ is the stronger force, but may be modified by
an interaction with density; Anxolabehdre (1976) contends ffom the

results of her experiments using the sepia locus of Drosophila

melanogaster that heterosis may éven be freqﬁencybdependent!

One final pbint eonéerning the detection of fréquencybdependent
 selection has been emphasized by Christiansen et, al, (1977).
Fitness estimates derived from genotypic frequencies.determined at the
-saﬁelstage of development in two successive generations are only the
. true total fitnesses if and only if-selection is complete at'the‘time
of §bservation. With stt—observational’seiection the fitnesg estimates
will give the impresgion of frequency-dependent Selection'favouring
the rare genotype, even if the true fitnesses are constant. So the
discovery Qf frequenqy-dependent fitness estimates may be interpreted'
as a case in‘pbint of post-observational selection as‘wéll as. true
frequenoy—depeﬁdénée, and refined experimental analyses of selection

are necessary to distinguish the alfernatives.

Variance maintained by environmental heferogeneity?

'In any discussion of this sort one is inevitably drawn to the
“intuitively appealing argument that environmental heterogeneity both
in space and time is sufficient to maintain genetic variability. Thé
idea is certainly not new and dates back at least to Dobzhansky |
(1951; see'aiso Cain and‘Sheppard, 1954), We shall discuss below the
theoretical framework which has been constructed about this hypothesis,

Modéls of spatial variability in selection intensity

It was Levene (1953) who first formally investigated the effects
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of spatially varying selectioﬁ'pregsures on genetic polymorphism, by
analyzing a deterministic, one locub; two allele diploid model in
which an infinite population is considgred to be distributed among
several niches, The modél agsumes there is initially random mating
among the members of the population aﬁd random disfribution of zygotes
among the available habitats, followedAby a pattern of differential
selection characteristic of each niche; each niche contributes a
fixed proportion of survivdrs to the population (in other words
population‘size is independentlyvreguiated in the separate niches).
Mating is again at randoﬁ in the entire population the following
generation, Levene was coﬁsequentl& able to derive the conditions
under which the tfivial equiiibrium-gpne frequencies O or 1 are
unstable; these aré conditions for a protected polymorph%sm since
loss of either allele by selecfion alone is impossible. A sufficient
candition for a stable equilibrium of two alleles is that the |
weighted harmonic means of the fitness values of the heterozygotes in
each niche be greater than that of either homoqygofe, which requires
Qyérdominance in at least one of the niches. However, this condition
is not necessary and a stable equilibrium may occur over a restricted
range of allelid frequencies for which the marginal overdominance
requirement is met withvﬁo'overdominance in ;ﬁy niche.

Sincé Levene was by his §wﬁ admission considering the worst
possible cése for equilibriuh, much of the subsequent work has been
directed fovards examining the consequences of relaxing the original
model restrictions, Prout (1968) has demonstrated that using Levene's
model it is pdasible to gtate more general sufficient conditions for
poiymorphism - a protected ﬁolymorphism is even poésible if one allele

is completely dominant in all environments, Introducing a measure of
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habitat loyalty (in which fﬁe“o:ga&isms return preferentially to
their original habitat) or habitat selection (in which each organism
chooses to live in the habitat in which it is most fit) favours the
maintenance éflge;étic polyﬁorphism (De;kin, 1966; Maynard-Smith, 1970;
Christiansen, 1974; Taylor, 1976), and relaxes conditions for the
existence of equilibria at‘whiEh'there is no segregational load
(Taylor, 1975). The original model conditions for polyﬁorphism are
less stringent if one restricts migration among niches (Maynard-Smith,
1970; Bulmer, 1972; Christiansen, ﬁ974; Karlin, 1977a), or decreases
the spatial‘correiation among niches (Gillespie, 1974a). However,
coptrany to Lgvene's original expectation, random mating within each
nicﬁe rather thén over the entire population does not alter the conditions
for the maintenance of heterozygosity (Strobeok! 1974), nor does . .- A
changing the order of the migration, selection, and mating processes
} (Bulmer, 1972; Karlin and Kenett, 1977). Increasing the effective
| number of niches in the Levene population subdivigion structure ‘
Béyand two habitats does not.qualitatively or quantitatively change the
equilibrium conditions (Karlin, 1977b), but changing the model
assumption of'sﬁft selec&ion (independent density regulafion within
éaohiniche) to.a model of hard selec%iop (in'which the density of the
population as 'a whole is regulated) decreases the likelihood of
polymorphism (Christiansen, 1975).

The ofiginal Levenembdel and the variations thereof discussed
above considered an infinite, deterministic, diploid, one.locus,
two allele model, The qualitative conclusioﬁs remain_unaltered in
various extensions to haploid (Gliddon and Strobeck, 1975), stochastic
(Pollack, 1974), and finite (Hedrick, 1978) models, and may be estab-

1lished in greater generality by & completely different method of analysis

'
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- (the "method of émallqparamétéra" 8: Karlin and McGregor, 19724, b).
Furthermore, the miltilocus analysis4af Gillespie and Langley (1976)
of a "Random Levene Model“, in which fitnesses at several loci are
A;signed at random to an effeotively infinite number of patches,
demonstrates that although tﬂere is no linkage disequilibrium, negative
correlations across environments;give rise to correlations in fitnesses
between alleles at two different loci, thus enhancing their overall
E fitness due to the reduction in the variance of fitneSs. Large
ﬁnﬁbers of such loci formlﬁorrelation groupings yhich increase the
probability of polymorphism over that predicted by single-locus
theory. |

It is tﬁefefore apparent that the conditions for polymorphism
in a spatially subdivided populationéarelrdbust to departures from
the assumptions géverning their derivation, and are sgch that they are
likely to be ﬁet-hy natural populations,

Models of temporal variation in selection intensity

" The family of hathematical models generated by consideration of
the effect on theimaintenance of genetic #ariability of temporal
variation in selection intensity is more dive;se than those previously
discussed concerning;thé effect of population subdivision, There are
' several approéches.to the problem: one may consider either infinite
or finite models, and within each of these categories the natﬁre of
'the environmental variation may be randémﬂ(étochastic) of cyelical
(deterministic), and the genetic system adopted either haploid>or
diploid, In general the treatment of the infinite models is to
derive the conditions.for a'protected polymorphism, that is, for
which the gene frequencies O and 1 are unstable; while for the finite

models one is concerned rether with "transient" polymorphism and
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computes the expected time to‘”f.{xa.“t}iqn and probability of survival of
a newly arisen mutant, a.nd comparest this to the distribution
obtained under the hypothesis of either constant selection. or neﬁtrality.

Dempster (1955) initially showed that with random variation in ‘
selection intensity quasifixation of a haploid genotype in an infinite
population is certain for the aliele with high;r geometric mean
fitness, This conclusion has been examined by Gillespie (1972, 1973a)

' to include the case of overlapping geﬁefations and autocorrelated
fitnesses; égain the geometric mean fitnéss of the alleles determines
which one will quaéifii (i.e. approach a gene frequency of O or 1)
.and temporal variation of fitness hés no tendency to maintain poly-
morphism in the haploid case,

Haldane and Jayakar (1963) first quanfified the conditions for
protected polymorphism in the case of a large random mating diploid
population segregétingvfor two alleles with full dominanée to be that
the arithmeticvmean of the fitnesses of recessives in different
-generations should be greater than one, apd their géometric mean less
than one, Gillespie (1973) gives the condition of geometric mean
overdominance for the geﬁeral case, and concluded this was independent
of the nature of the autocérrelétion of the environment. Subsequent
| investigation of the latter“point, however, revealed that it is
confingent.upon the environments being weakly autocorrel#ted; for
moderately and strghgly autocorrelated environments the tendency is for
heteroéygosity to decrease, since increasing the autocorrelation’
ha$ the effect of decreésing the varianqe such that heterozygote
superibrity in geometric mean fitness becomes impossible (Gillespie
and Guess, 1978). Hartl and Coock (1973, 1975) and Karlin and

Leiberman (1974) have restated the geometric mean overdominance
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condition, and provided qonditions?for polymorphism when the rélative
fitnesses of the two homozygotes aré'perfectly correlated, Levikson
and Karlip (1975) have demonstrated generally, using a diffusion
epproximation, that ﬁhen gedmetric mean overdominance holds, an
equilibrium distribution of gene frequencies exists, When the fitnesses
recur cyclically rather than at random, the appropriate treatment is
a deterministic analysis, but the conditions for protected polymorphism
" are yet again superiority of gecmetric mean fitnesses of heterozygotes
(Hbekstra, 1975; Nagylaki, 1975). If one considers a pattern of
éyclical seleetion to which both haploid and diploid phases of the
life cycle are subject,,theAconditibns for polymorphism are broader
than those of the model of selgction on the diploid phase only
| (Ewing, 1977). | ]

Diffusion gpproximations have traditionally been used to describe
the effects of variable selection in finite populations, The first
such analysis was by Kimura (1954), who proved that rahdom fluctuations
in seléction'intensity about a mean of zero (a "white noise" environment)
facilitates the near fixation or near 1035 of alleles, thus tending to
reduce rather than maintain genetic heterogeneity. Ohta (1972) has
shown that the probability of fixation of a mutant gene is reduced
" by random fluctuafions in selection intensity, and thaf furthermore
if the ratio of the mean to the variance of the selection coefficient
is small,Aé mtant gehe, even if selected against, becomes fixed in
the population like a selectively neutral_mufant.‘Jensen (1973)
proved that the ultimate probability of.fixation of a rare gene is
inoreésed by variability in selection, Karlin and Levikson (1974)
more comprehensivély.fo¥mn1atéd a haploid model allowing for vafiability

. in the selection coefficients of both alleles as well as for correlation
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between the two, and showedjfhét tﬁé variance in selection expression
reduces and‘mitigat;s the mean effeéfs of selection differentials,

80 that the fiigtién probability of the abundant allele is diminished.
To add further to the confd;ion, the diploid model analyzed by Avery
(1977) in wﬁich the selection coefficients of the homozygotes afe
allowed to vary with equal variance while the fitness of the
heterozygote is kept fixed is such that increasing>the variance of

* the selection coefficients of the homozygotes increases heterozygosity,
thé effect being largebf when the selection coefficients of the
homozygotes are fully correlated. Here it is found that a smll
average heterozygote advantage togefher with a reasonable degree of
variance in the coefficients can cause an unexpectedly large amount
of heterozygdsity to be maintaiﬁed.

Fortunately the source of the conflicting conclusions has been
established by Narain and Poliak (1977), They show that the discrepant
resﬁltsiun the fixation probability are due to the difference in the
forms of the mean as well as variance functions for the change in
gene frequency adopted in the diffusion approximatioh approach,

Exact computations on the finite Markov chain give a general expression
for the fixation probability of a gené, in the haploid case, allowing

" for the variabilitj in seiéétion coefficients as well as for the
correlation between the two, The previous results are special cases

of this géﬂeral expression, with the éxception of those of Kimura
(1954) and bhta_(1972), who chose incorrect expressions for the mean
and variance of change in gene frequency, Computer simulations by

~ Hedrick (1974, 1976) are invgeneral agreement with theoretical studies
of fixation probabilitiés: temporal environmental variation is not

always effective compared to models of constant selection and neutrality
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at'maintaining heterozygosify; butR$hs¢ with strong negative
autocorrelafion or cyclically vanyiné environments polymorphism is
retained more readily. | |

In general, then, the conditions for polymorphic stability
through temporal instability of fitnesses are more stringent than those
for spatial variability, andAare'more sensitive to departures from

model assumptions, Even small differences in assumptions concerning

" the nature of the variable selection pressures can rndically alter

the conclusions, both quantitatively and qualitatively.

Models of spatial and temporal variation in selection intensity

More realistic models encompans those situations in which a
population is subdivided into niches, but each niche is subject to
temporal environmental fluctuations. Such models have only.recentl&
been onnsidered Gillespie (1975, 1976a) has analyzed the Island
Model of Wright in which the stochastic element derives from random
fluctuatlons in- the environment rather than from genetlc drift.

He found that with temporal fluctuations increasing migration makes -

polymorphism more likely, whereas for spatially differentiated patches

- with no temporal'variatibn,'redncing migration increases the probability

“of polymorphic stabiiity. Therefore in populations experiencing

simuitaneous spatial subdivision and temporal fluctuations, there
should be.sélection for nn optimum rate of migration, Hedrick (1978)
and Scott.nnd McClelland (1977) find that the combination of the
multideme model and cyclical temponal variation greatly increases the

likelihood of polymorphism over that predicted if either model is

.considered separately.

It is interesting in this context that Gillespie (Gillespie and

Langley, 1974; Gillespie, 1976b, 1977) has developed a general model
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in which tempequspatiai vaiiétianxcan account fér the levels of
enzyme variébility in patural pofulafions. The model assumes‘complete
additivity of enzymatic activity andAthe existence of a concave
functicen ﬁhich relates enzyﬁe.activity to Darwinian fitness. The

enzgyme activities are then allowed to fluctuate at random in time

and space under a wide vafiety of models of environmental variation;
the interesting Qoncluaion is that the condition for polymorphism -

- that the variance in the environment must be large enough fo override
meén difference in activity between homozygous genotypes - is fairly
insensitive to aasumptions made about the structure of the environment.
Since this model also allows the maintenancé of.an arbitrarily large
number of alleleé in_a randomly fluctuating en#ironment, it demonstrates
the generalify of the potentially pcﬁerful éffect simple variation in
environmental parameters mdy-have on the maintenance of genetic
variation,

Models of environmental "grain"

Adaptation to a hetérogeneous environmént need not necessaril&
involve genetic poiymorphism at the level of the population, but may
equally well be the result of well-developed individual homeostasis
or some other mechan;ﬁm (Lewontin, 1957; Bradshaw, 1965; Levins,‘1968),
and therefore any fheoretiéal assessment of the generality of this type
of selection pressure in maintaining genetic variation must also take
account ofitﬁé circumstances under which one may reasonably expect
alternative modes of adapfation. The work of Levins (1962, 1963,

1965, 1968) has been fundamental in this respect. He found he was _
‘able to define optimum ecological strategy in terms of a "fitness set"
representation, based oﬁ the organisms' perception of the environmental

variation, If the fitness set is convex (in other words if the envir-
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onmental range is small aé'cdﬁﬁhrﬁdvto individuel homeostasis), the
optimum strategyris a single interﬁediate generaligt phenotype of
moderate fitness in each niphe; a concave fitness set (in which the
differencé between niche optima is large compared t§ individual
tolerance) may bring about two distinet patterns of response,
dependent on the type of enviroﬁﬂental variance, In a spatially
heterogeneous (Levins, 1962, 1963) or fine—grained.(Levins, 1968)
environment the predicted optimal strategy is of a single phenotype
séeoialized to the more frequent niche, whereas temporal variation
(Levins, 1962, 1963) or a coarse—grﬁinéd (Levins, 1968) pattern
results iﬁ a polymorphic strategy in which fitness is optimum in
each niche (i.e. 2 "mixed" polymorphism of specialized types). The
concepf of énvironmental "graih" introduced here refers to the scale
on which the organisﬁ experiences the environmental variability; all
previous models aiscussed were Hcoarse-grained" in that each
individuaidspends'the selectively relevant part of its 1life within a
single patcﬁ. In an environment of the finest possible grain each
individual samples all patches in the pr0porti§n in which fhéy occur, .
There is .one furthér adaptive strategy - that of response to
selection in a fluctﬁating énvironment, or environmental tracking
(Levins, 1965, 1968), whiéh must be viewed as distinct-fromvéhé mixed
strategy_polymorphism mentionea above, For such a response tovselection
to be adaptive it is necessary that the environment be both highly
variable and autocorrelated, which implies organisms with a short
generatién interval will be more likely to depend upon environmental
'tracking for their adaptatlon. Levins dlstinguishes the two klnds of
adaptlve polymorphlsm on predicted magnitude of genetic variance and

nature of genetic variance: the optimal genetic variance for
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fitness of a mixed polymorpﬁiémristépproximately equal to the environ-
mental variance on the same scale aﬁd is largely epistatic and stable,"
whereas the genetic varia.née of "response to selectidn" polymoréhism
. is at leaét an order.of magnitude 1oﬁer and is largely additive and
easily altered (Levins, 1965).

Further development of the fitness set theory reiterates and
extendé the model predictions presented above: polymorphism is less
-likely inrfine-giained environments, and long-lived,-large, mobile
spécies are more likely to experience their environment as fine-grained
(Levins and MacArthur, 1966; Templeton and Rothman, 197); optimal
hébitat selection increaées the pfob&bility'that & polymorphic
strategy will be adaptive (Bryant, 1973); there should be a positive
correlation between average heterozygosity per individual and
increasing environmental variénce (Bryant, 1973); and that the evolution
6f short-term hohéostatic mechanisms is expected in fine-grained
environments with low or negative autocorrelation (or shorf cycle
léngth) while iong term homeostasis should develop in those orgenisms
repeatedly subjected-to fine-grained environments in which the
autbcorrelation.is high (or cycle length long) (Tgmpleton and
Rothman, 1978). |

It is important to reédgnizé that the fitness set approach is
not directly applicable to arguments pertaining to the méintenance of
genetic pél&morphism, since the theory is concerned with optimal
adaptive strategy ana genetio systems do not optimize. We have
prefiously_seen that for the case of temporal variation in an infinite
population, the haploid genﬁtype with the highest geometric mean
fithess always wins, even though it may have the lowest mean fitness,
There is thus no tendency to maintain polymorphism, even though a

) -L.‘ .
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poiymorphio_populatiqn would hhvé ;?higher average fiiness (Felsenstein,
1976), However, since the concept af'environmental grain is potentially
' relevant, some work has been done to determine its role in the
'maintenanée of genstic variétion - the qualitative conclusion is

the same as thaf from the original fitness set analysis; that is,
polymorphism is less likely in a finee than ¢oars§agrained epvironment
(Gillespie, 1974b; Strobeck, 1975; Templeton, ’1977). In fact, Strobeck
(1975) has shown that the conditions for polymorphism in a fine-
g:ained environment are the same as for the constant.selection model;
overdominance,

Td summarize, it appears theorétically sound that differing
selection pressures caused by environmental variability are sufficient
to prpmote and maintain genetic variance in natural populatiohs,
at least in the range of models considered. The major qualitative
conclusions of tﬁése investigations are presented in Table 1; for
a comprehensive.review consult Felsenstein (1976). However, one of
the main.reasons for p&réuing this line of research is that the Qearch
for experimental evidence demonstrating the relativé importance of
overdominance as a source of genetic variance has not been particularly
| suécessful, despite ﬁhe equaily sound theoretical possibility of its
potential as a mechanism promoting polymorphism, We shall now, therefore,
consider what evidence has been advgnced in support of the hypothesis
of selectivé maintenance of genetic variabilify through environmental
fafiance. It is not suprising that the majority of the data is in the
fornicf gehe frequencies of électrophoretic variants,

"ﬁatural" experiments

' The most obvious implication of the thesis is that one should

find in nature a correlation between genetic and environmental variance,
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SUMMARY OF'.QUALITATIVE EFFECTS OF VARIOUS FACTORS ON MAINTENANCE OF
' GENETIC VARIATION IN POPULATIONS UNDERGOING VARIABLE SELECTION
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‘such that high environmental v'arie_ﬂ;"_ility is associated with increased
genetic va.ria.nce, and, conversely, tﬁat .genetic variance should decrease
in é. constant environment, Several instances have been mpoftgd of
low allozyme varia.bilityz as;ociated with "cbnatant" , "stable", or
"narrow-niched" 'envir;o‘nmen:l;s: Pocket ‘gophers, which inhabit a relatively
constant subterranean niche, have an observed heterozygosity
(propoi‘t_ion of loci heterozygous pe'x; individnal) of only L4, 7% (Nevo
et. al,, ‘1971..; see also Selander et, al., 1974); three bee species,
which develop and spend much of their adult lives under uniform
conditions of temperature and humiditjr, were monomorphic for 22 ‘
enzyme loci sampled (Snydezj, 197&);.Avise and Selander (1972) found
cave dwelling fishes of the genus Astzanéx varied in heterozygosity

- from O - 8%; similarly cave dwelling crickets (Ceuthophilus

| grecilipes) were moncmorphic at 80-92% of 26 loci studied; and the

he'f;erozygosity of Drosophila busckii, described as occupying a

"narrow seasonal and food niche” has a heterozygosity of only L%,
és compare.d to values 2-3 times higher in other Drosophila species
(Prakash, 1973b).

Babbel and Selander (197)) examined the relationship between
"ecological amplitude" and génetic variability by cqmpaﬁng genetic
variability in edaphically restricted and widespread plant species;
one. pai_r of species exhibited the requisite inverse relationship
between lévél of genic variability and degree of edaphic restriction,
the other did not, Levinton (1973) has demonstrated decrease‘of
genétic variability (measured in terms of both effective and. absolute
numbers of é.lleles) in mollusecs corresponding to a decrease in environ-
mental variability (depth of burial in sediment, and depth of watef).

In his.analysis of allozymic variation in )4 species of toads arranged



-26~

in a graded series from aubi':ermne;nvnamoﬁ-habitat specialist to
terrestrial broad.-‘habitat generalis‘l:A Nevo (1975) found that meén
number of alleles per locus, proportion of loci polymorphic per |
popu_'l.ation and proportion of loci heterozygous per individual
correspondingly ranged from 1,13-1,86, ,095- .56, and ,029- ,169
respectively, This genetic variation neither CO;-'z'elates with geo-
graphical age nor population size and structure, but is positively
correlated with eﬁvirmmental heterogeneity and unpredictability,
Steiner (1977) found a sigzﬂ.ficant positive association between
-heterozygosity and number of Qviposition sites utilized by 18 species
of Hawailan Drosophila, |

| More convincing, perhaps, are the studies which synthesize
information gathemd from many different groups. Selander and Kaufman
(1973) have tabulated observed heterozygosities of a number of vertebrate
and invertebrate species, and found a marked differenc'e.between them -
vertebrates (on.the whole large mobile animals) are on the average
2.5 times less genetically variable than the invertebrates (on the
whole small and relatively immobile). This was interpreted as
supportafive of Levins' (1 968) contention that small immobile animals
are more likely to e_xberience their environment as sets of altermatives
(coarse-grained) and hence respond by a strafe’gy of mixed polymorphism;
the importaﬁt point is that environmental uncertainty must be cbnsidered
in relat:.on to the demographic and other ecological parameters of
orgam.sms. Bryant (19724.) used princip3! component analy:us to discern
rela‘t:.onshlps between patterns of genetie variation in heterozygosities
‘of statistically correlated ensembles of loci and measures of within-
year environmental vaﬁability (cc;mputed from climatological data) in

several groups of animals, 70% of the geographic variation in hetero-
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zygosities could be accountéd'for ﬂ& the ﬁaasures of environmental
variation, In his recent exiensive re§iew of allozymic variation in

naturel populations of 2,3 bpeciea of plants and animals, Nevo (1978)

. found that upon classifying th estimates of genic variation among |
mejor taxonomic groupings, climatic or life zones, habitat generalists
and specialists, and mainland and island populations, the amounts of
hgterozygosity varied non-randomly among loci, popﬁlations, species,
habitaté, and life gones, and were strongly correlated with ecological
heterogeneity, Generaliéts ﬁave coﬁsistently Bignificantly higher
genetic variatiﬁn than speoialists; this comparison crosses all
taxonomic categories, life zonmes, aﬁd breeding systems, and is
consistent with the hypothesis that physical and biqtio variables are
major determinants of genetic variatioﬁ.

'On the other hand, it is now well established that mény deep sea
invertebrates, supﬁosed to inhabit a highly predictable, stable
environment, have amounts of variability in the order of 18%

. heterozygous loci per individual (Doyle, 1972; Gooch and Schopf, 1972;
Ayala et. al., 1975). Indéed,'one of the most polymorphic organisms
studied so far (ﬁith an average héterozygosity of 20.2%), the killer
clam, is in fact a spécialized organism inhabiting an environment of
high trophic stability (Ayala et. al,, 1973). Here it is generally
argued (Valentine, 1976) that this very physical and bioloéiéai
predictabiiity‘ailow; the organisms to perceive their environment as

- coarse-grained in minor spatial variations and hence they pursue a
strategy of genetic specialigation, whereas those organisms living in

teﬁporallyvhiéhly seasonalvenvironments adopt a fine-grained strategy
such that generalist alleles are selected. One must be cautious in

accepting such post hoc explanations; it is perhaps more reasonable
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to expect individual cases ﬁaj’faii‘to'ahow associations between
habitat diversity and gene frequency;Aainﬁe we are considering the
delioate balance ofAcomplex forces in a dynamiec system of 5iological
. interactions one prediots déviationg from generaligation under special
circumstances, But only by determining the rule can we understand the
exceptions. |

‘ It is appropriate to mention at this point ?’ﬁé the idea that
variability is associated with habitat diversity ("nibhe width")
is a persistent theme in the ecologioalvliterature (e.g, Van Valen,
1965) and has been tested by examining morpholdgioal variation, Thus
there is no problem in ascértaining.that the observed phenotypic
variation is aubjeof to natural selection, but the results cannot be
interpreted in genetiq terms, Nevertheless, it is worthwhile noting
that the evidence is not conclusive: the data of Van Valen (1965, 1970)
and Rothstein (1973) indicate a positive association befween variability
of bill characters in'severallbird species and-vériety of foods eafen,‘
while Soulé and Stewart (1970) found no such correlation., Sabath

(1974) obtained similar negative results (but using enzyme polymor-
phisngwhen he piottgd genetio variabilify against niche breadth
for 11 species of droéophilid flies. |

There are thfee additiénal dor?bllaries»df the hypothesis that

éenetio_and environmenfai'variability should be ppsitivelybassdciated
subject t; éxperimantal_vérifioation. The first is.that populations
in the centre of a Qpecies range should be more polymorphic than
marginal populations, the thesis being that peripheral populations
have cbnsiderably narrower niches (Dobzhansky, 1951), Although certainly
true for inier§ion polymorphism, this pattern is not dbserved for |

electrophoretic polymorphisms of Drosophila pseudoobscura (Prakash
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et. al., 1969) or Drosophila robusta (Prekash, 1973a) - levels of
enzyme variability are similar for both types of populations, However,
there is reason to believe chromosomal variability camnot be equated
- with genic variability as determined by eiectrophoresis, and iﬁ
.addition one should emphasize the temporal instabiiit& of marginal
ﬂénvifonments - low inversion heterozygosity may allow greater genefic
flexibility by permitting constant synthesis of novel genotypes
through recombination (Carson, 1959; Lewontin, 1957, 197k; Tabachnick
and Powell, 1977). The allozyme data is thus not necessarily /
inconsistent with‘the hypothesis, A ﬁecond prediction which follows
from the work of Levins (1968) is fhat of a negative correlation

~ between degree of genetic'differenfiation in fhe population and
individual homeostasis; this has been demonstrated in Drosophila
(Levins, 1969; see also Beardmore, 1960), and in honeybeeé (Bruckner,
~ 1976), but Brown and Feldmeth (1971) found no difference in thermal
tolerance and ability t6 acclimate to environmeﬂtal température
between popﬁlatiohs of desert pupfish from thermally constant springs
and thermally fluctuatlng streams and marshes, The final corollary
to the theory of genetlc adaptatlon to spatially heterogeneous
environments is that one would predlct the development of behav1oural
preferences of genotypes to different habitat types. The data of
Taylor and Ppwell'(1977) of microgeographic and temporal genetic

differentiation in natural populations of Drosophila persimilis with

respect to chromosome in#efsion and enzyme polymorphism are consistent
with this interfretation..

Even if it could be said at this point thatlthe balance of
evidence appears to favour acceptance of the hypothesis, would we

then be in a position to do so? Unfortunately, the answer is no, since
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inhereﬁt in thé above approéch“arethany ambiguities which necessitate
more caution‘in interpretation, The”first 6bjection is that iﬁ any
given situation an observed lack of:varianée cannot be unequivocally
‘assignéd to constancy of enfironmentai factors; variance rgduced

by stochastic prﬁcesses can never be eliminated as an altermative
hypothesis since generally little or nbthing is known of the past
history or breeding structure of the community, Under the hypothesis

' of selective neutrality of electrophOrétic variants the amount of
genetic variance present in a natural population will depend critically
on the effective population size (N) and the tiﬁe-since last bottle-
necking (T). The previously mentioned case of genetic variation in
pocket gophers is illustrative, Pocket gophers of the Thomomys
"talpoides" domplex are genetically depauperate, the low heterozygosity
of approximately 5% superficially indicating adaptation to a constant

subterranean niche, However, further investigation of the related

Thémomys bottae, inhabiting the same niche, revealed an ‘aferage 33%
of loci polymorphic, a level of variability greater than the average
rodent (Patton and Yang, 1977). The explanation here is that while the
"talpoides" group have undergone recent population size bottlenecks
ﬁith the consequent défelopiént of small reproductively isolated
groups, the patterh is bnerf lack.bf severe bottlenecking, and géne
flow between adjacent g,ihgzigg populations, The high level of genetic
-%ariability obsefved in the deep‘sea invertebrates may similarly be
accounted for by the exceptionaliy loﬁg time these popuiations have
been stabie. It is clearly impossible to discriminate the two
explanations in the absence of estimates of the critical parameters;
this will only be possible under very speciﬁl_circumstances.

A second problem is that the use of electrophoretic markers is
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in some ways a‘questiondble.teehni;he with which to investigate this
question, fer although the evidence generally indicates a form of
balancing selection maintains these-polymoiphisms, specific instances
v.of high isozyme‘variebility.ean always be argued to be adeptively
neutral, On the other hand,'if selection is operating it is never
clear whether it is for electrophdretic alleles or at some other
level, |

A further problem associated with the study of natural populations
in situ are the inadequate measufes of environmental variabiiity
employed, Environments are usually described qualitatively as "constant"
or "stdble"‘(which‘mey be interpreteted to mean significant temporal
fluctuations are absent), or "wide-niched" or "narrow-niched" (in
reference to the spatial heterogeneity), but appropriate,measureé‘are
rarely taken (but see daCunha and Dobzhansky, 1954; Bryant, 197L4). More
important}y, the effects of spatial and temporal heterogeneity are
of necessity completely'confounded in any natural situatien; thus the
evidence of variability in the deep sea as being inconsistent with
the hypothesis is less convincing when one realizes the existence
of temporal staﬁility does not preclude the possibility of spatial
heterogeneity. |

Even allowing‘that the demonstrated asseciations are true, such
correlations give no indication of causality (Cain and Sheppard, 1954):
ere polymorphic boPulations, by virtue of their polymorphism, ﬁore
adapted to exploit a greater variety of niches, or does the variability
of niches enable the survival of different types? Is the population
- polymorphic because each individual is a generalist or because it is
composed of a mixture of specialist types? Expressed in genetie terms,

is heterozygosity per se selected in a fluctuating environment, or
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does diversifying selection‘fér:aiiernate alleles increase polymorphism
in a spatially heterogeneous habitdté Only if the latter is true does
the data suppoft the original hypothesis, élthough if the altermative
is correct the implication is certainly equally as interesting. On what
basis can the alfernatives be distinguished? If disruptive selection
is indeed operating in the majority of situationms, one would expect
excesé of homozygo&es and microdifferentiation, such that genetically
different types survive differentially in the available habitats,
Thoday (1959) initially demonstrated the potential of disruptive
selection as a force maintaining genetic variation in laboratory
populations of Drosophila, That rapid microdifferentiation can occur
in the field over suprisingly short distances even in the face of
considerable gene flow lias been fepeatedly demonstrated by Antonovics,
Bradshaw, and their colleagues (see Antonovics, 1971, for relevant
references); by Snaydon (Snaydoh, 1970; Snaydon and Davies, 1972, 1976;
Davies ana Snaydon, 1976) in his analysis of the effect of sharp
environmental discontinuities in soil type on morphological variation

in Anthoxanthum; and McKenzie and Parsons (197L) have shown micro-

differentiation of Drosophila melanogaster in response to aléohol in

.the environment. Such studies are encouraging in that they indicate

the power of disruptive selection in promoting genetic divergence in
natﬁre, but they are rep¥esentative of only a restricted class of
adaptation - that of evolution in a spatially heterogeneous environment
with perhaps rather strpnéer selection pressures than are commonly
encountered.

Laboratory studies

| Laboratory investigations, while perhaps lacking the generality

of the previous type of study, have been attempted on the basis that
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they are less subject to amﬁiguOuspintérpretation. Lewontin (1958) was
ohe of the fifst.to demontstrate exbérimentally decline of genetic
variation through time under constant‘éonditions when he 6bserved '
that a'balanced.chromosomal‘polymoryhism of Drosophila was lost after
26 genenatiohs of laboretory culture under invariant conditions of
food,.ﬁoisture, and temperature. On thg other hand, thé electrophoretic
survey of O'Brien and McIntyre (1969) rgvealed amounts of enzyme
v#riability in an established stock of Drosophila comparable to that of
natural popﬁlations. o
There have been Sevefal cher studies on the effect of experi-

mental environmental manipulation oh the genetic structure of laboratory
populations : Beardmore (1961) maintained cage'pdpulations of Drosophila

pseudoobscura under diurnally constant and fluctuating temperature

regimes, and found after several years the populations living in the
variable environment had significantly higher additive genétic variance
for fifth sternite chaeta number than those in the constant environment.
A similaf experiment set up with populations containing the Arrowhead .
and Chiricahua gene arrangements gave equivalent results at generation
37;Ain addition tests of larval viability under a range of constant
and fluctuating éonaitions at generation 19 showed the "“variable" |
populations more fit in all environments (Beardmore aﬁd Levine,

1963). The chromosoﬁai polymorphism drifted towards fixation in both
sets of populations and thus appeared to have no selective a&vantagé

in the diurnally thermally osciilating environment; earlier work
(Beardmore et, al,, 1960) had shown populations polymorphic for these
gene grrangements;were superior in Darwinian fitness (measured in
terms of constituent components) than the correspoﬁding monomorphic

ones, Long (1970) subsequently modified the experimental design to



discern the effects of long and;shdft term periods of thermal oscil-
lations (i.e. coarse- or fine-grainéd temporal variability), this time

using Drosophila melanogaster and measuring fitness components

l(productivity, competitive aBility, egg—adﬁlt survivorship) in response
to environmental-stress; overall population fitness was greatest in

- the mofe variable environment (that undergoing the short-term fluctu-
ations), However, it should be noted that in none of these experiments
has an attempt been made to follow the changevin genetic variance through
time, or, more critically, to partitiqn the genetic and non-genetic
components of fitness, Failure to do the latter leaveslopen the
possibility that any increase ip variability observed is selely
attributable to the increased entironmental variance,

More recently, Powell (1971) and McDonald and Avala (1974)
subjected populations of Drosophila to different experimentally
cantrolled levels of environmental heterogeneity, and.found that the
amount of enzyme variability maintained was greater for the populations
in the more variable environments - but these experiments suffef
from.the-criticism that'selection was for inversion heterozygosity
rather than the allozymes themselves, Powell, and Wistrand (1978)
subsequently fepeated the exﬁeriment using an inversion-free stock

of Drosophila pseudoobscura and dbteined the same qualitative results:

populations in the variable environments maintained a higher level of
heterozygosity than those under constanttconditions, and furthermore
the-transition from envirohmentel constancy to 1 variable factor,
whether it be physical (variation of medium or temperature) or biotic
(presence or absence of a competing Drosophila species) has a greater
effect on the maintenance.of genetic variation than the addition of"

further variables, On the other hand, a similar experiment by Minawa
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and Birley (1978) failed to détect:a difference in heterozygosities
among three different environmental  treatments, although there did
appear to be directional selection for some of the enzyme loci,

Gibson and Bradley (1974) subjected Drosophila melanogaster to both

constant and fluctuating temperatures, and found that additive genetic
variance of stermopleural chaeta number was the same in both environ-
ments, but that the environmental variance, logically enoﬁgh, increased
unaer variable temperature conditions, These_contrasting results
indicate the potential of environmental heterogeneity promoting
maintenance of gengtic variability,'but‘it is clear the response of

a population may be contingent on additional factors which have yet

to be delineated.

An alternative approaéh is to study the effect of known alter-
ationsiof the genetic material on habitat diversity. One of the
earliest experiments of this type (Waddington et. gl., 1954) showed
marked differencés in behaviour of Drosophila mutant stocks with
respectbto choice of an environment which varied accérding to either
temperature, humididy, or luminosity - a fairly convincing demonstration
. of habitat selection, which may lead to the maintenance-of stable
polymorphism, Shugart and Bléylock_(1973) found radiation -induced
genetic variability increased the'piche width of highly inbred

populations of Drosophila simulans, where "niche width" was ﬁeaéured

in térms of competition with the similarly treated sibling species, D.
melanogaster,: |

- Such laboratory investigations circumvent many of the objections
raised concerning the genetic analysis of natural populations in
situ - the environmental variability is under control so that there

is no possibility of confounding different sources of this variance;

\
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Y_under appropriaté conditioné one i;ﬂable to identify the cause of a
given change; the genetic constitutién Af the populations subjected
to the differing environmental treafments can be replicated; and since
tit is not necessary to scoré electrbphoretic characfers, the special
problems associated with interpretatidn are not encountered, It
should be possible to experimentally create environments in which
temporal and spatial, fine- and coarse-grained types of vafiability
aré separable, and thus to differentiate the effectiveness of each class
of variability in promoting adaptation, One may then measure the
response of the population to the environmental heterogeneity by
scoring meristic traits and partitidning the observed phenotypic
variance by the techniqﬁes of quantitative genétics into genetic,
envircnmentai, and genotype-environment interaction components.

It is the purpose of this investigation, therefore, to design
and conduct an experiment such that the data generated will be
appropriate’fo tﬁe analysis of thé relevant factors determining the
relationéhip (if any) between genetic and environmental vari#tion.
Specifically, we shall attempt to assess the foilowing questions:

-Is genetic variance maintained in a variable environment?

=-If so, then what is thé relétionship between degree and type

of genetic variance and pattérh of environmental heterogeneity

experienced? i.,e, What is the effect on genetic variance of
fine- and coarse-grained, temporai and spatial envifonmental
variation? |

-Is theré genotype-environment interaction? The presence of

an interaction éomponent wouldiindicate it is disruptive

selection and fixation of alternate alleles in different

environments, rather than s&/éction for heterozygosity per se,



which is operative,

=Is there development of habitaf selection in spatially hetero-
geneous'environments?

-Is there a difference in homeostatic abilities of populations
under different environmental treatments?

-Is there a difference in fitness components of populations

ekpefiencing different environmental treatments?



Materials and Methods

Population
Professor A, Prevosti of the University of Barcelona kindly

provided a sample of 158 Drosophila melanogaster males and 122 females,

trapped in an orchard in the Canary Islands, A cage population was
established in September, 1975 from the wild-caught females and the
eggs and larvae present in the vials containing the flies. Within
four generations of arrival in the laboratory the population was
characterized for electrophoretic variation (J. McKay, PhD thesis)
and for the presence of inversions (S. Tsakas, pers, cpmm,). Of the
9 enzyme systems analyzed, 5 were polymorphic ,' with an average
heterozygosity of 1. Inversions were present on the éepond (break
points 33D - 35B) and third (break points 88D - 89A) chromosomes, but
covered a very small area and were at low frequency ‘(a td‘_bal of 7
inversions in 1049 thomosoml;.s). .

The cage was allowéd to attain equilibrium pdpulation density,
then in March, 1976, 8 re_plicatg population cages were initiated, each
with a sample ‘. of 500 males and 500 females from the original Prevosti
.cage, obtained by al.lowing the animals to lay eggs in large numbex:s

and collecting the emerging adults to populate the replicate cages.

Treatment of population cages

The environmental vaf'iable-'imposed was presencé vof alcohol in
the culture medium, The "control" medium was standard Edinburgh agar-
molasses-killed yeast medium (UFAW Handbook, 1967); fhe alcohol
medium contained 15% absolute vetha'.nol by volume, which was added

after the control food had cooled sufficiently to prevent undue



evaporation of- /the ethanol, anid then mixed thoroughly, Population
cages were maintained by the weekly addition of two half pint milk
bottles centaining 100ml of the appropriate medium, and the concomitant
removal of the two bottles added three weeks previously. All cages |
were maintained at 25°C, and attained population densities of
approximately 3000 = 4000 individuals,

' The cages were subjected to four different patterms of environmental
variation with two.replicates' of .each pattern. Thus there were two
control cages, which received weekly two fresh bottles of control (C)
medium, Two cages intended to s:.mulate spatial variation in the envir-
onment received one bottle to which 15% alcohol was added (A med:x.um)
and one nottle of C medium weekly, Two further cages received. on
alternate weeks two bottles of C medium, then two botties of the

A medium - a pattern of short-term temnoral variation (i.e. within
the life-time of an individual). Finally, long-term temporal
variation in the“ environment was simulated by changing the medium

type every four weeks; that is, for four neeks these two cages
received C medium, and the following four weeks A medium, It was
therefore intended that comparison of the treated cages to the control
 would indicate whether env:.ronmenta.l variability had any effect on
genetic var:l.ance., whereas.compansons among tz_'ea.tments would show
relative efficiencies of temporal and spatial, long- and short-term
(orrfine— and coarse- grained) patterns in producing the effect,
Replicate differences would be the result of genetic drift., (Problems
arise in that the treatment definitions' are only strictly true for
.the adults; for example, in the "spatial variation" cages females have
a choice of two habitats in which to lay their eggs, but the larvae

develop subsequently in only that niche), After one year a sample of
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500 maies and 500-femaies wés“t&kegifrom one of the control cages

to initiate a new cage, which was thén treated as a shor%—term
temporally varying environment, The purpose of this was to generate
some information rélevanf td understanding whether envirénmental
v;riability maintéinq genetic #ariability at the level initially
present in the population, or whether genetic variability can actually
be increased under these conditions,

For_experimental purposes adult flies were not removed directly
from the cages, rather the population was sampled by»allowing animals
to-lay,eggs for 24 hours in fresh bottles; thus all population
_comparisons were made on animals which had developed under the same .
environmental conditions. Both males and females were collected as
virgins from these bottles, and allowed to mature for three days in
vials to which a paste of live yeast had been added. As far as possible
the age of the animals was controiled to be three days at the time of

scoring for a character and subséquent mating,

Sternopleural bristle number

The mean, phenotypic variance, and additive genetic variance
of this character was céiculéted for each of the populations in two
successive years, In the first seriés of measurements, a sample of
approximately‘140 males and 140 females from each cage and on each
type of medium wasvscored for the sﬁm of sternopleural chaeta number
on right and left sides; the 20 highest scoring and the 20 lowest
scoring males and females were selected and mated assortatively, These
4O pairs of flies laid eggs for 72 hours on both C and A medium; 4O
offspring (10 males and 10 females from each of the two medium types)

from each mating were scored for the character, This design gives
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the most efficient estimate'of'hefikability, calculated from the
regzessioﬁ of mean offspring score‘bﬁ midparental value (Hill, 1970).
The standard error of the heritability‘estimate is simply the standard
error of theiregression coefficient (eee Sokal and Rohlf, 1969). An '
estimate of the genotype-environment correlation is obtained using

.the "cross-regressions" of offspring zaised‘on one subetrate on
parents raised on the alternate medium, If b__ and b__ are the

of fspring-parent regressions on control and alcohol media respectively,

and bca and bac are the "cross-regressions", then the genotype-

environment correlation is

(Reeve, 1955)

with approximate standard error

, 2 '
SE(rGE) = VT SE(b-cc) SE(baa)

V2 o L

" The mean. (X) and phenotypic variance (Vb)'can be estimated from the

(Robertson, 1959).

cc aa

original population sample, Since this estimate is independent of the

heritability estimate, the addifive gentic variance (Va) can be

estimated from the produet of the heritability.and phenotypic variance
V =b V

_ a P

with standard error

SE(V,) =]/vp2 VAR(D) + b

2 VAR(VP) , where VAR(VP) = 2Vp2 / N+ 1.

~ The following'year an additional series of measurements of
sternopleural bristle number were undertaken, utilizing a different
design, Here random samples of 200 males and 200 females frem each
cage were scored for both sternopleural and abdominal ( the sum of

segments 4 and 5 or 5 and 6 of males and females, respectively)



chaeta numbe:.-Of these, a iahdom ;ample of 50 males and\50 females
were mated at random., Ten male andl16 female offspring wére scored
for both characters}in each full-sib family. Only control medium was
used throughout'this experiﬁent. |
Population means and phenotypic variances of the two characters,
as well as the phenotypic correlation between them, can be obtained
from ﬁhe original samples froﬁ the population céges. As in the previous
set of data, informéfion from the offspring-parent regression allows
calculation of the heritabilities éf both sternopleural and abdominal
bristle nunber, ana their genetic corr%lation; multiplication of the
independently obtained phenotypic variance by the heritability gives
an estimate of the additive genetic variance, One may also analyze the
data as a simple one-way random effects analysis of variance for
each character separately; the heritability is then twice the intraclass
correlation coefficient, The between family variance component (cza)
is resolvable into half the additive genetic variance,’ one quarter
of the dominance variance, and variance due to coﬁmon environment and
epistatic interactions (Falconer, 1960), Thus we may use °2a and Va
estimated by the rggression analysis to estimate an upper limit to
fhe_dominancevvariance‘(vd) to be

WP - o

da” a a’?

with standard error

v

SE(V,) = \,.16 VAR(0'2a) + L VAR(V.))

where
= 1
VAR(c a) ! 2MS . 245, ,
_ 5 — SN LIS,
n afB + 2 de + 2

MSB, de, MSW’ de are the mean squares and degrees of freedom of the

between and within family components of the analysis of variance,
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respectively, and n is the number of individuals per family,

" Abdominal bristle number

A.ranaop saﬁple of 400 Aales and 400 females was obtained from
each cage in the first year, and 200 ﬁales and éOO females in the
second year, Abdominal chaeta number wés scored on the fourth and
fifth segments of the males, and fifth and sixth segments of the
females, Population means and phenotypic variances of the sum of the
twb segments were obtained from this data; in addition, since it is
known that the genetic correlation of bristle number between any tﬁo
abdominal segments is 1, and the environmental correlation O (Reeve
and Robertson, 195L), the‘phehotypic correlation provides an estimate
of the heritability of the trait (Frankham, pers. comm,). This is
because the phenotypic correlation of two characters, X and Y, is
equal to the produét of the square root of théi% heritabilities and
genetic correlation, plus the product of the square root of the
environmental variances and the environmental correlation,

rb = hXthG + ege.ro _ (Falconef, 1960)
If ry is 0 and T is 1; as for the case of»abdominal bristles, then
rp reduqes tq hXhY’ Qf h2. The standard error of the estimafe is the

standard error of a correlation

(Sokal and Rohlf, 1969).

Body weight

This trait was analyzed in the second year only, utilizing a
design appropriate to the detection of genotype-environment interaction,

As this character was expected to be influenced more by environmental
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conditidns than either brisfle‘cha;acter, particular care was taken
to ensure culture conditions were as‘similar as possible for parents
and offspring; Samples of eggs were. collected from the population
cages by alldwiﬂg the fliés‘to lay for several hours in small petri.
dishes filled with culture medium.,Fifty eggs were-fhen transferred
using a stylet probe onto the surface of either C or A medium in a
vial; animals emerging‘from thesg vials were used as parents, One
hundred‘and,fifty three-day-o0ld males were weighed to the nearest
.05mg - of these the }0 highest scoring and 4O lowest scoring
individuals were mated at random to unmeasured females, The females
were then allowed to lay approximately 50 eggs in each of 4 vials, 2
of each type of medium, Ten males from each of the L“vials wers theﬁ
weighed en masse., Twice the regression of son on sire is an estimate
of the héritability of the trait on any one of the two alternmative
media, whereas consideration of the "cross-regression" gives an
estimate of the genotype-environment corrélation,‘as described above,
Additive genetic variance estimates are again‘from the product ofb
phenotypic variance estimated from the p0pulétions aﬁd heritability

of the trait.

Survivorship

Samples}of eggs weré éollectedbfromveach p0pulatioh cage by
allowing the énimals to lay for several hours in pefri dishes filled
with culture medium, Fifty eggs were then transferred into each of
20 vials containing C and 20 vials containing A medium, The proportion

of flies emerging is the measure of egg-to-adult survivorship.



Producfivity

Several random samples of 10 féftilized females from ééch-of the
population cages were introduced into specially constructed "laying .
chambers", consistiné of a Small petri dish filled with C medium,
over which was place& an inverted 100 ml plastic beaker, The number of

eggs laid was counted after 24 hours as a measure of "productivity".

Habitat loyalty
Similar laying chambers were eﬁplqyed for thé meaéuremént of

habitat 1qyal£y, with the exception that the petri plate was divided
into quadrants, 2 of which contained C and 2 of which contained A
media, Flies were collected from each cage by introduéing simultaneously
"bottles céntéining Cora media, and,cbllécting emerginé adults from
each bottle, The parents of these animals had chosen to lay their

eggs on a particular substrate; the question then asked by giving'
these individuals a choice of substrate in the laying chamber is
whether they will preferentially return to the substrate that their
parents had chosen and in which they had developed, Spepifically,
several samples of 10 fertilized females which had developed on C

(or on A) mediaIWere.givén a choice of either C or A on which to
bviposit,‘énd the number of eggs in each quadrant was counted after
2 hours, Since behavioural phenotypes are notoridugly’variable,‘care
~was taken to ensure all populations were measured on any given day,
énd over a period of several days., The results were arranged in a '

2 x 2 contingency table; actual estimatés of degree of habitat loyalty

can be obtained by the method of Doyle (1976).
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Developmental homeostasis

The measure of developmental hoﬁeostasis.emplqyed was the
variance of the difference in score between left and right sides for
sternopleural briétles, and between adjacent terminal segments for
abdominal bristles (Reeve, 1960), Two hundred males and 200 females

were scored for each population,

Alcohol dehydrogenase phenotype ‘

~Samples of at.least 192 flies from each of thg popuiétion cages
were electrophoretically typed at the alcohol dehydrogenase (ADH)ylocus
by horizontal starch gel electrophoresis using a Tris-versene-borate
continuous buffer system at‘pH 8.0 (Shaw and Prasad, 1970); staining
of geis wés according to the procedure outlined in Shaw and Prasad

(1970) at room temperature for thirty minutes using ethanqgas substrate,



Resuits

Sternopleural bristle number

Population means and phenotypic variances of sternopleural chaeta‘
score are presented for each yearvsepérately in Tables 2 and 3, and .
are summarized in Table 4, There are no significéﬁt differences in
~ mean according to substrate, between replicates, treatments, or
successive years, although a consistent sexual dimorphismbis observed -
males have on the average .9 bristle less than females, Phenotypic
variances are not significantly different between substrate, sex, or
replicates within treatments, but there is a marked treatment effect
in that both temporally varying cages have an increased phenotypic
variance compared to either control or spatially heterogeneous cages;

" this pattern persists over time, Such an increase is attribﬁtable
to either an increase in genetic variance, or an increase in environ-
mental variance, or both,: |

Heritability estimates obtained by offspring-parent regression
are given, for the first year, in Table 5, Heritabilities are not
significantly different ﬁetween substrates or befween replicates
within populations; but are significantly higher in the three
.environmentally.varying pépulations than the control, This could’
only occur with constant additive genetic variation over 2ll populations
if the phenotypic variances were reduced in the variable populétions.
In fact, we have seen the opposite has.happened; therefore the
additive génetic variance estimates (Va) obtained even more clearly
indicate increased genetic variance in the treated cages relative
to the-control ; spatially heterogeneous populations have approximately

twice, and temporally varying populations approximately 2,6 times the
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control V_; these differences are éignificant. Furthermore, the
comparison.of épatial environmental‘fariation to temporal heterogeneity,
although not significant, is suggestive that the former is less
effective in the maintenancé‘of genetic variability, There.is no
difference in the level of Va between the two temporally varying
populations with different cycle length., It may be appropriate to
mention at this point that the criterion for a decision of significance
of a comparison of either heritability or additive genetic variance

is whether the upper and lower limits of the smaller and larger
estimates, respectively, overlap, As the distributions of these values
are not known, no formal test of significance.(other than the
‘distribution—free Chebychev's Inequality) is available; sé these

limits are attached by simply + twice the standard error of the
estlmate. Even though one cannot produce an exact significance level
by this method, non-overlapping ranges thus obtained 1mply an upper
1limit to the probability of Type I error to be 0,05,

Estimates were obfained of heritability:by offspring-parent
‘regression, and also of additive genetic variance in the second year,
and the pattern of results described above is again repeatéd (Table .

_ 6).:B6th heritabilitieg'and additife genetic variances are significantly
different in the.cages exposed to environmental variation w2 the
~control, with spatially heterogeneous cages having twice, and

temporally varying cages three to four times the control Vé; additive
‘genetic,variation in the populations experienéing-spatial environmental
heterogeneity is less than the two temporally varying populations,

fhis time significantly So; and still no difference is apparant

between the populatiaons uhdergoing temporal variation of different

périodicity. The single cage which . had been under control conditions
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for the first year, and shoit§termytempora1 variation the second,

had a heritability and additive genéfic variaﬁce of stermopleural
bristle number equivalent to the two control cages. Thus environmental
variation can only maintain genetic variation at a level initially
present in the population, and does not have the pdwer to‘actually
increase genetic variation by differentially selecting genotypes
‘specifically adapted to the different niches - at least on the time
scale on which we are dperating.'Comparisons of heritabilities
estimated by offspring-parent regression and from the intraclass
correlation céefficient-obtained by analysis of variance are not
significantly diffef;nt, although the standard errors associated with
i‘the-latter estimates are understandably much larger (Table 7). .
Conseqﬁently'eétimates of the dominance variénce-for this character
are not significantly different from zero or frém each other in any
of the populations,

Estimates of the genotype-environment correlation average .9
overall and are, with~one exception, significantly different.from h
one; however, the pattern of variation between replicates, within
treatments is greater than the ovérall between treatment variation in
the estimates (Table 8). This is suggestive that although to some
extent differenf genes aff'ecting bristle number are operating in
the two environments, they are not iﬁstrumental in determining the
adaptation of the populations. to the different patterns of environmental
variation, If microdifferentiation and specific adaptation to each
habitat were a major factorlpromoting the increased genetic variance
in the variable environments, the genotype-eﬁvironment correlation
would have decreased, on the average, in the treated'pOPulations.

Since this is not observed, we have no evidence it is disruptive



Table 2

P0pulation'means (X) and phenotypic variances (Vb) of sternopleural

bristle score - Year 1,

Control
Replicate Medium Sex N X ( + S.E.)
I - C Q 133 19,158 (.1733
3 133 18,173 (175
A Q 129 18,140 (.151)
8 121 17,482 g .168
II Q 13) 18,866 (.,157
: 3 133 17,805 (,148
A Q 133 19.895 §.169
3 129 18,783 (.177
Spatial Variation
I Cc Q 13 18.925 (.166
- 3 133 18,391 (.198
A Q 111 18,550 (.,170
é 88 17.693 (.205
II C Q 136 -20.757 § 186§
é 135 19.882 (,216
A Q 92 19.348 (. 2103
3 90 18,911 (.
Temporal Variation, Short-term
I C Q 132 20,197 (.23
‘ 3 133 18,263 (,214
A Q 135 20,430 (.21
é 133 - 1947 (.237)
II c Q 13} 19.246 (.187)
3 133 18,414 (,209)
A ? 133 19,850 (.205,g
3 134 18.552 (.197
Temporal Variation, Long-term
I c Q 135 19.422 (.234
: 3 136 18,588 (.21}
A Q 133 - 18,805 (.207
. 3 134 18,425- g 202§
II c b Q 134 19,627
3 134 18.5675 89
A Q 133 21,218 (,225
3 133 20,211 (, 42;

3.998
4.053
2.932" .
3.966
34320
2,901
3.777
L.046

. 3.679

5.240
3-195
30709
4,689
6.299
4,076
5.588

7.213
5.938

- 6 o 202

7,448
4.683
5.805
5.614
5.212

7.380 ’
6.229

5.719
5.6
5.559
.80
6.732
7.789
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-51-

Population means (X) and phenotypic' variances (Vb) of sternopleural

bristle score - Year 2,

Control
Replicate Sex
I e
3
I Q
3

Spatial Vafiation’

I Q

8
II Q
B s

200
200

200

200
200

200

200

Temporal Variation, Short-term

I _ Q
' 3

II o Q
3

200

200

200

200

Temporal Variation, Long-term

I Q
)
I 0
N

200

200

200

200

X (% 8.E)
19,900 (.139)
18,365 (.151)
19,265 (.,125)
18.420 (,133)

18,390 (,163)
17,610 (.124)
20,120 (,132)

19,410 (.142)

19.420 (,179)
18,815 (,208)
18,875 (.162)
18,080 (.158)

19,615 (.193)
19;010 (.194)
19.715 (.173)
18,545 (.179)

Control / Temporal Variation, Short-term

I Q
‘ 3

200

200

19,895 (.149)
19.125 (,143)

3.889
4 545
3.143
3.551

5.327
3.093
3.483
4 042

6.406

8.67)

5.266

" 5,009

 T.46)

7.518

5,964

6.410

4. 0426

4.080
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Table L

Between year comparison of population means and phenotypic variances of

sternopleural bristle score, averaged over replicate and substrate.

Control

Year 1 | : Year 2 ‘
Sex N X ( + S.E.) v N X (+ S,E.) v
' - - ‘ -

¢ 529 19,015 (,081) 3,507 400  19.583 (.0%)  3.516

& 53 18,061 (,08,) -3.742 400 18,393 (,101) 4,048
Spatial Variation )

@ 473 19.395 (.,091) 3,910 400 19,255 (.105)  L.405

3 446 18,719 (.,108) 5,209 400 18,510 (,094) 3,568
Temporal Variation, Short-term _

@ 53, 19,931 (.105) 5,928 400 19,148 (,121) 5,836

8 533 18,676 (,107) 6,10 400 18,448 (.131) 6,82
'Temporal Variation, Long-term

@ 53 19,768 (.109) 6,348 400 19,665 (,130). 6,714

3 537 18,948 (,106) 6,072 400 18,778 (.132) 6,96k



Table 5

Sternopleural bristle score: Geneti¢ parameters obtained by offspring-

parent regression, NF is the number of families, and NT the total

number of individuals scored., Year 1,

Control

Replicate " .Substrate NF NT

h® ( + SE).

1 | c 31 604
A} 815
I - C 3% 691
A 32 617
‘Spatial Variation

B I c 3 669
A | 35 700
II c' 36 720
A ﬂﬁ 859

Temporal Variation, Short-term
I C 30 546
A - 40 800
I c 30 587
A 32 &0

Tegppfal Variation, Longbterm
I c 35 690
A 33 660
~1i ' c 31 601
A 36 708

416 (.030)
422 (,057)
377 (.0uk)
385 (.Q45)

.583 (.035)

.628 (,053)

589 (.041)

- .699 (,076)

.62 (,059)
.65L (.0uk)

5% (.037)
.588 (,037) -

637 (JO47)
.623 (.049)

.673 (.048)
579 (.039)

\'a
) ,026
3,150
3,111

3.912

4. 160,

3.452
5.494
},832

6.825
5.24,
5.013

6,805
© 5.592

5,182

$ 7,261

Y _( + SE)
1,675 (.126)
1.456 (.232)
1.173 (.169)
1.506 (.219)

2,600 (.273)

2,168 (.284)

3,236 (.358)

3,378 (.510)

4,103 (.527)
b6l (.486)
3,120 (.333)
3.183 (.342)

4,335 (.490)

| 3.484 (.407)

3.487 (.390)
4,204 (,460)



Table 6
Sternopleural bristle score: Genetic parameters obtained by offspring-
parent regression, NF is the number of families, and NT the total

number of individuals scored, Year 2,

Control '
. ; 2 :
Replicate  NF NT h” ( + SE) v _va_g + SE)
I 40 787 .287 (,095)  4.217 1,210 (,409)
II 3 662 487 (.128) 3.347 1,630 (LhLh)
Spatial variation
1 X2 - 8% .65 (L072)  L.210 2,716 (.359)
II w6 918 767 (,072)  3.763  2.886 (.339)
Temporal variation, Short-term
I 42 833 747 (.067) 7.540 5.632 (.643)
II ° 40 785 2751 (.057) 5.138 3.859 (.398)
Temporal vafiation, Long-term
I 2 &0 .76 (L01) 7491 5.731 (.858)
II L5 896  .836 (Lu5) 6,187 5,172 (,458)

Control / Temporal variation, Short~term

I 36 720,320 (.,121) 4,253 1,361 (,523)



Table 7
Sternopleural bristle score: Comparison of heritability estimated from
offspring-parent regression and from the intraclass correlation of

analysis of variance, 0'2a is the added variance bvetween families and

vd the estimate of dominance vari.a.née; Year 2,
Control
From Regression From Intraclass Correlation
. 2 2 ~ 2
Replicate h® ( + SE) v, h ‘( + SE) o Vs
I .287 (,095) 1,210 341 (,082) - 693 352
II L87 (,128) 1,630 559 (L115) 1,216 1,604

Spatial variation

I 645 (,072) 2,716 .602 (,106) 1,098 -1,040
IT .767 (.072)  2.886 .57 (,100)  1.273 - .680

Temporal variation, short-term

I . 747 (.067) 5,632 .768 (.,116) 3,020 '.816
IT 751 (L057)  3.859 L969 (,122) 2,350 1,682

Temporal variation, long-term

I .765 (,101) 5,731 1,001 (,119) 4,013 4.59
11 .836 (L45)  5.172  .939 (,115) 2,735 588

Control / Temporal variation, short-term

I .320 (,121) 1.361 L66 (,102) 1,092 1.646
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Table 8
Genotype-environment correlations ('+ standard error) of sternopleural

bristle‘score on control and alcohol media,

" "Replicate
Population . I ' IT
Control | .925 (.013)  .785 (.039)
‘Spatial variation ©.999 (.000) .737 (.035)
Temporal variation, Short-term ,861 (,018) 1.01L (*)
‘Temporal variation, Long-term .950 (,007) .955 (.005)

( ( * ) Standard error undefined
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selection which has created_the;befween population differences

in additive genetic variance.

Abdominal bristle number

Population means and phenotypic variances of abdominal chaeta
score are presented for each year separately in Tables 9 and 10, and
.‘arevsummarized in Table 11. There are no significant differences in
meaﬁ between replicates, treatments, or successive years, although
a sexual dimorphism in score is again observed, males scoring on-
thé average 6.3 bristles less than females, Variances are also not
significanfly different between replicate, treatment, or year,
'although it appears the.long&tenm temporal variation cagés are
sﬁﬁewhat less variable than the others, This patterm is in direct
contfast with that observed for the sternopleural bristle scores;
here an examinatioﬁ of the phenotypic variances glone indicates that
if the populations experiencing environmental heterogeneity.have, in
fact, significantly higher levels of génetic variation than the
control‘pOpulatidns, it could only belpossible by a concomitant and
substantial reduction in the énvironmental vériance, perhaps éccomplished
by increased individual homeostasié in the variable environments,

Estimates of“heritability obtained by correlation of scores
in two successive abdominal segments (Table 12) are suggestive that
such an hypothesis is unnebessary} heritabilities are remarkably
constant between sex, re,plica.fe, pbpulation, and year, One cannot
compute additive genetic variance from this data, as the estimates
of phenotypic variance and heritability are not‘independent; however,
the constgncy of both heritability and phenot}pic variance implies

as well no significant difference in additive genetic variance
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among populations, That this is dndeed so is demonstrated when
heritability is independently estimafed from the regression of offspring
on parent in Year 2 (Table 13) - additive genetic variances are not
significantly different betﬁéeﬁ.replicates or among populations,
although there is a persistent suggesfio;:Z;e long-term temporally
o varying populations are less variable than the others ( it may be
recalled here thatvlong cycle length is theorétically established
to be detrimental to the maintenance of genetic variance). The pop-
ulation which was initially'treated as a control population, and
then subjected to short-term.environmehtal variation in'the second
year, also showed heritabilities and phenotypic vériances of the same
order as the other populations, |

- The gloSe agreement between heritability as measured by cérﬁelation
. and by offspring-parent regression is noteworthy, particularly since
the former estimate can be accompliéhed in a single generation using
only one quarter of the animals, and gaining twice the precision of
the latter. Estimateé of heritability obtained by the intraclass
correlation coefficient of analysis of variance are also siﬁilar to
the regression estimates, and consequently dominance variances are
not significantly different from zero or each other (Table 11).

Given the tqially different response of the two characters,
abdominal and sternépleural bristle number, to pattern of environ-
mental heterogeneity experienced, it is of interest to know to what
extent the two traits are controlled by the same genes, or the
genetic correlation between them, Phenotypic and genetic correlations
bétween abdominal and sternopleural chaeta score are presented in
Table 15, and are for- the moét paft small and positive; not significantly

different from zero or each other, The two bristle characters are



Table 9
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Population means (X) and phenotypic’ variances (Vp) of abdominal

bristle score - Year 1,

Control
'I Q
8
Ir Q
8
Spatial variation
I Q
| 8
I 0
s

400
400
38y
400

Temporal variation, Short-term

I - Q

é
II @
d.

352

387
400

400

Temporal variation, Long-term

S Q
g

II Q
s

1,00
1,00

400

400

X (+ SE)

38,965 (.182)
32,223 (A7)
59,088 (,186)
32,228 (.163)

42,098 (.189)
33,710 (.165)
40,552 (.214)
34.338 (.185)

42,219 (.204)

35,59, (.187)
39.333 (.,181)

33.463 (.,173)

40,608 (.149)
34.923 (.158)

39.565 (.154)

34,265 (.157)

Vi
—
13,282
11,702

13,850

10,663

14,354
10,828

17.522

13,733

545570
13,501
13,145
11,943

8,851
10,031
9.535
9.82}



Table 10
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Population means (X) and phenotypic variances (VP) of abdominal

bristle score - Year 2,

Control

~ Replicate Sex
| I Q
)
IT Q
’ )

Spatial variation
I Q
3
I1 1%
)

200

200

200

200

200
200

200

Temporal variation, Short-term

I Q

3
i Q
3

200

200

200

200

Temporal variation, Long-term ‘

I : Q

3
II Q
é

200

200

200

200

X ( + SE)

38,020 (.257)

31,525 (.246)
39,540 (,266)
33.110 (.223)

40,300 (.239)
34,020 (,218)
40465 (.258)
33,735 (.220)

43,600 (,284)
36,805 (.239)
39.190 (,263)
33,600 (,238)

39,325 (.239)
33,760 (.222)
40,015 (,220)
34.58 (.209)

Control / Temporal variation, Short-term

I _ _ Q
| 3

200

200

39.605 (.236)

33.365 (.240)

v
—_—
13,155
12,140
14,179

9.938

1117

9,507
13,356
9.683

16,121
11434
13,863
11,347

11,407
9,892
9.643
8.767

11,145

11,489



‘Table 14

Between year comparison of pOpulatidh means and phenotypic variances of

abdominal bristle 8core, averaged over replicates,

Control

Year 1
S N X SE \'s
Sex ( + SE) -,

? 800 39,027 (.130)  13.566
800 32,266 (.118) 11,183

Oy

- Spatial variation
@ 800 41,325 (L141) 15,938
S 78 34,024 (,125) 12,281

Temporal variation s Short-term

© 739 40,776 (,137)  13.858
& 800  3.529 (.126) 12,722

Temporal variation, long-term

© 800 40,087 (,107) 9,193

& 800 34594 (.111) 9,928

Year 2
N X ( + SE) v
L00 38,780 (,185) 13,667
LO0 32,318 ‘(.166) 11,039
400 40,383 (,176) 12,387
40O 33,878 (.155) 9,595
400 41,395 (,191) 14,992
400 35,205 (L169) 11,391
400 39,670 (,162) 10,545
400 34,173 (,153) 9.330



Table 12
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Abdominal bristle score: Heritabilities obtained by correlation of

score of adjacent terminal abdominal segments,

Control

Replicate Sex
I

Q
é
II Q
é

Spatial variation

I 9
| é
II Q

é

Temporal variation, Short-term

I 0
| )
IT - Q
.

Temporal variation, Long-term

I Q
6 .

I e

8

Year 1
N b’ (4 5E)
400 L77 (JOLk)
400 .5i9 (.043)
400 552 (,042)
400 471 (L0hL)
400 .522 (.043)
400 478 (L0uk)
38 637 (.040)
400 597 (.040)
352 512 (.0u6)
387 .569 (.042)
400 512 (Lou3)
1,00 541 (.042)
400 .270 (.48)
400 416 (.046)
400 381 (.046)
1,00 ‘.568 (.043)

Control / Temporal variation, Short-term

I Q
3

200

Year 2

N B (ssm)
200 521 (,061)
200 46 (,063)
200 .566 (.059)
200 341 (.067)
200 .429(.0&Q
200 495 (,062)
200 42 (,06L)
200 377 (.066)
200 546 (.060)
200 390 (.065)
200 458 (.063)
goo .508 (,061)
200 349 (.067)
200 .358 (.066)
200 354 (.067)
200 399 (.065)
200 L439 (.06k)

42k (.064)
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Table 13

Abdominal bristle score: Genetic parameters obtained by offspring-

parent regression. NF is the number of families, and NT the total

number of individuals scored, Year 2,

Control
Replicate NF Nt b2 (4 SE)
I 40 787 523 (.107)

II 34 662 418 (.129)

Spatial variation

1 32 834 492 (,08y)
II 46 918  ..463 (.O9%)

Pemporal variation, Short-term
I 42 828 17 (.092)
II 40 782 473 (,108)

Temporal variation, Long-term

I 42 835 .396 (.085)

II W5 896 325 (,113)

Control / Temporal variation, Short-term

I 36 720 _'.199 (.118)

12,648
12,059

10,462

11,520

13,778
12,605

10,670

9.205

11.317

_!a_(t.S_E)_

6,615 (1.429)

5.041 (1.594)

5,147 (.954)

5.334% (1.144)

5.745 (1.334)
5.962 (1.,427)

4,225 (.953)

2,992 (1,063)

2.252 (1.344)



Table 14

Abdominal bristle score: Comparison’ of heritability estimated from

offspring-parent regression and from the intraclass correlétion of

analysis of variance, 0'2& is the added variance between families and

d

C ontroi

From Regression

Replicate n? (+ SE) _x_ra_
I 523 (,107) 6.615
IT 218 (3129) 5,041

Spatial variation
I 492 (.084) Y
O II o463 (L094) 5,33k

Temporal variation, Short-term

I L17 (.092) 5,745
I 473 (,408) 5,962

Temporal variation, Long-term

I .396 (.085)  4.225

11 0325 (J13) 2,992

\'s th.e estimate of dominance variance, Year 2,

From Inti'aclass Correlation

_W2 (4 5E)
526 (,103)
562 (,116)

428 (,090)
.382 (,081)

473 (.095)
523 (,103)

.352 (,081)
476 (,092)

Control / Temporal variation, Short-term

I 199 (,118) 2,252

.335 (,085)

0'24_ v,
2,782 =2,102
3.053 2,130
2,131 -1.770
2,26, 1,612
3,018 2,182
2-7711- - .828
1 0599 "200511-
2,653 %,628

1,595 1,868
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Table 15

Phenotypic and genetic correlations’ ( + standard error) of sternopleursl

and abdominal bristle scores.

x (+SE) ‘._r@..(iiE_l

Short-term

Pqpulation ’ Replicate
Control I .093 (,050) .155 (.180)
II .082 (,050) .067 (,201)
Spatiai _ I .070 (,050) .096 (.097)
- Variation
| II -.066 (.050) 140 (.096)
Temporal I 197 (.049) .202 (.095)
Variation, ‘ :
Short-term II .08t (,050) 074 (,093)
Temporal I .131 (.050) L0l (.119)
Variation,
Long-term II .138 (.050) 140 (.095) -
Control / I 186 (.049) .099 (.332)
Temporal
- Variation,
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thus geneticaily virtually indepén&ent, end free to‘respond separately

to selection in divergent manners,

Body weight

Population means and phenotypic variances are given in Table 16;
this character was enalyzed in the second year only. Means are not
significantly different between.treatﬁents or replicates, although
there is a non-significant but consistent tendency for the animals
which had alcohoi as a substrate to be heavier than those developing
on control media - "alcohol" flies were on the average ,0155 mg, or
2%, heavier than "control" flies, This is consistent with the results

‘of Clarke (1975); who also used alcohol as an experimentai variable,

" Phenotypic variances show no discernable differences between
substrate, replicate, or treatﬁent, so if,significant differences in
additive genetic variances are to be observed among the populations,
this must be accompanied by concomitant reductions ih environmental
variance, That this is indeed the case can be seen upon examination
of Table 17, in which heritabilities, phenotypic, and additive genetic
variances are présented for each population, Heritabilities do not
vary significantly between replicéte or substrate within treatments,
but spatially varying populations have heritabilities twice as large,
‘and‘both temporallj varying populations three timeé as large, as the
control, Similarly additive genefic’variance in each environmentally
heterogeneous population is three times that of.the control; these
differencés are significant,

Estimates of the genotype-environment correlatioﬁ average greater
than one (Table 18); although standard errors can not be computed where

the estimate exceeds unity, on the whole it must be concluded no
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Table 16 . ' ‘
Population means (X) and phenotypic variances (Vp) of body weight

(mg). Year 2,

Control
" Replicate Substrate N + X (.+ SE)- v,
I c 150 .907 (,0065) - ,0063
A 150 951 (,0070) . .007
- II - C 150 2910 (.0073) .0081
A 151 .928 (.0069) 0072
Spatial variation ' _
I ¢ 150 .903 (.0076) .0086
A 150 " 943 (,0072) .0078
I c 150 . .992 (,0091) .012}
A 150 .91 (,0071) .0076
Temporael variation, Short-term _
I o c 150' ' .912‘(.0058) .0050
| A 150 .95L (.0076) .0087
m 150 .939 (.006L,) .0062
A 150 - 891 (.0075) .0085
Temporal variation, Long-term ‘
I c 150 .863 (,0072) .0078
A 150 .92 (.0078) L0092 .
11 o 150 .888 (.0072) L0078

A 150 .908 (.0066)  .0066
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Table 17

Body weight: Genefic parameters obté.ined by offapring—pa.renf A‘
regression, NF is the number of families, and NT the total number

of individuals score&. Standé.rd errors attached to the estimates of
additive genetic variance are all of the order of 10'6; the observed

differences between populations are therefore significant, Year 2,

Control
Replicate Substrate NF  _NT v’ ( 4 SE) v_ v
I c 66 1320  ,035 (,098)  .0063  ,0002
A 6, 1280 .28, (.073)  .007,  .002t
11 - C 75 1500  ,268 (,065) .0081 ,0022
A 6y 1280 .202 (,119) .0072 .0015
Spatial variation '
I c 6, 1280  .458 (,114)  ,0086  ,0039
A k2 B0 478 (429) L0078 L0037
II . ¢ 63 1260 .39 (.113)  ,0124 L0054
A 50 1000 437 (.119)  .0076  ,0033

Temporal variation, Short-term

I c 73 1460 . L0050 L0035

A 55 1100 651 (,o7) .0087  ,0057

I C 67 ,1340' .632 (,117) ,0062  ,0039

A 51 1020 .59 (.140)  ,0085  ,0050

Temporel variation, Long-term |

I c 73 1460 623 (,103) 0078  .OQLY

A & 1280 .54 (,081)  .0092  .0050

II c 56 1120 .618 (,091) .0078 . 0048

A 45 900  ,666 (,185) L0066  .OOLL

.697 (,138)



-69-

Table 18
Genotype-environment correlations ( + standard error) of body weight

on control and alcohol media,

Replicate
Population . ) T N
Control ‘ 1.525 ( * ) 1,264 (*)
Spatial variation . .93k (.023) 975 (.‘009)
Temporal variation, Short-term = .938 (,012) 1,063 ( * )

Temporal variation, Long-term 1,066 ( * ) 1,038 ( * )

( * ) Standard error undefined
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evidence exists fér oorrelafioh& iﬁtpopulations undergoing environ-
mental variation Being differentiallj reduced compared to the control
value, The same genes determining the character are operative in each
environment;‘it does not apééar diversifying selection maintains genetic
variation for this particular character by selecting altermative

genotypes in the two environments,

Survivorship

Examination of §r0portionate egg-to-adult survivorship (Table
19) on each of the two substrates and between pOpulatioﬁs reveals
that survivorship on alcohol medium is reduced on the average by
12% over that on control medium; furthefmore, the reduction is
greater for the two control populations (16%) than for the average
of the three environmentally varying populations (10%)., When one.
compares survivorship of the three treated populations relative to
that of the control, it is found that compared to the control
population, anlmals from spatially varying pOpulatlons are 18% more
viable on C, and 29% more viable on A medium; those from short-term
temporally variable environments have‘survivorship on C medium
enhanced 27% relative to the control, and 30% on A medium; and the
comparable results for the animals experiencing long-term temporal
héterogeneity are 14% and 25% for development on C and A medium,
respectively; Therefore not only are control populations less‘fit
With respect to survivorship compared to those experiencing different
patterns of environmental variation, bﬁt there has been adaptation
 to the presence of alcohol in the environment in those populations

' regularly exposed to alcohol medium as an alternative habitat,



Table 19
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Proportionate suﬁivomhip on aleohol and control substrates,

Population

Replicate
Control I
II

Spatial I
variation

' . II
Temporal I
variation,
Short-term I
Temporal I
variation,
Long-term II

Substrate

C

.702 (,010)
646 (,011)

.869 (,008)
.724 (,010)

.855 (,011)
+860 (.011)

770 (.013)

761 (,O14)

A

573 (,011)

. 556 (,012)

.706 (,011)
748 (LO14)

«756 (.O1L)
.715 (,016)

,703 (,010)

713 (Lo11)
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Productivity

Analysis of variance of the second fitness component studied,
productivity, indicates significant variation between populations)<”°
iﬁ number of eggs 1aid per ék hour period (Table 20), Computation of
the least significant difference (p = .05) enables determination
of significance of the following 4 contrasts, formulated a priori:

' control productivity versus that of (1) spatially, (2) short-term
temporally, (3) long-term temporally varying environments, and

(4) the average of the 3 variable treatments, All but the second
comparison are significant, Control populations are thus also less
" f£it with fespect to this component of fitness than the average of

populations experiencing environmental heterogeneity.

Habitat loyalty

Both absolute numbers of eggs laid on C and A medium by parents
who had themselves developed on C or A, and the corresponding
loyalty matrices, are given, for each population, in Table 21,

Formal X2 tests of aSSOCiation are not possible given the observed
'data, as each unit of observation ( a single egg ) is not independent -
putting groups of 10 females into a "laying chaﬁber" for 2, hours
does not ensure equal contribution of each individual, In the

absence, therefore, of an appropriate measure of the error variance,
one is reduced to considering the point estimates of loyalty without
attached standard errors; fortunately, the patterh is clear and
consistent,

If theré is a constanf'prgference for one medium over the other,
‘and this is independent of the medium upon which the pérent has

developed; then the trace of the loyalty matrix will be 1; this is the



Table 20

Productivity: Analysis of variance,

Source of variation

Between populations -

- Between replicates,
within populations

Within populations

Mean productivity

Population Replicate

ar MS _F

Control

Spatial
variation

Temporal . . | .

variation,
Long-term

Temporal
variation,
Short-term

I

II

IT

I1

II

3 86097.125  8.606 X .01Lp<.05
P’ 61176.125 6.115 B8 X

- Replicate

X Average LSD
445,25 |

416,50 430,875 145,982
660.50

506,25 583,375

827,75

515,50 671,625

495,25

510,50, 502.875
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situation observed for both ‘sfét‘ia]‘:ly varying populations, Habitat
loyalty comprises.fhe situation in ﬁhich the trace of the loyalty
matrix exceeds unity; substrate prefefence4in tﬁis case is conditional
upon the parental substrate,zéuoh that organisms tend to preferentially
chdose‘thg medium on which'they developed (and which their parents
chose). None of the populations exhibit this behaviour; rather, the
control and two temporally varying éopulatiohs show the oppdsite
pattern - in each case the trace\of the loyalty matrix is less than
unity; animals who had developed upon (and whose parents had chosen)
the alcohol substrate show a distinct aversion to this medium when
given the choicé of C or A on which to oviposit, Therefore, the
spatially hetérbgeneous populations exhibit a different'pattérn of
habitat choiée #rnom either the control or temporally varying populations,
and the direction of the diffefence is such that the aversion to
alcohol medium having experienced it during one stage of the life
cycle is overcome, thus implyiné more efficient resource utilization
in the spatially van&ing environment, However, lack of evidencé
aemonstrating positive habitat loyalty in the treated populations only
is consistent with the previous obsefvations that diversifying
selqction is not here a éausative factor maintaining genetic vafiance
in.environmentallyivariable populations. It‘shonld be noted that
optimum habitat choice, in which the animals preferentially choose to
oviposit-upon the substfate on which proportionate egg-to-adult

survivorship is higher, is operative in each population,



‘Table 21

Numbers of eggs on C and A medium, and corresponding loyalty ha.trices.

'Ccmtrol‘
mtrgsz_g{ﬁssé W Trace of
Offspring aren . Paren Loyalty
Replicate Substratev Substrate Substrate Matrix
o L _ - _A L A
I ‘C 1188 113 667 .870 .798
A 593 62 « 333 130
II c 1056 530 J63L T3 .903
A 610 195 J366 ,269 .
Spatial variation
I c 1911 654 o723 JTh5 .978
II c 1,53 588 ,718 72 997
A 572 228 .282 279
Temporal variation, Short-term
I c 1229 506 620 .808 .812
A 752 120 .380 ,192
11 c 1219 )10 695 ,825 .870
Temporal variation, Long~-term
I ¢ 2372 153 16 JTT3 943
II c . 1276 62 663 745 919
A 648 213 337 .255
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Developmental homeostasis

An appropriate measure of develépmental "noise" for characters
which are biléteraily or segmentaliy repeated is the variance 6f
the differencelof thé scoreé on the two sides or segments; a low
variance is thus indicative of a developmentally stable, or homeostatic,
poﬁulation, Variances of the difference between left and right sides
are given for sternopleural bristleé, and between terminal adjacent
segments for abdominal bristles, in Table 22; For each character
there is no difference in the measure between sex, replicate, or
among populations experiencing different patterns of environmental
heterogeneity. These findings are not consistent with either
Lewontin's (1958) contention thét heterozygous populations are more
homeostatic than homozygous populations, or with Levins' (1969)
hypothesis that there should be an inverse correlation between degree

of genetic variation and individual homeostasis.

Alcohol dehydrogenase frequencies

Allelic frequencies at the‘alcohol dehydrogenase locus were
defermined since exposure to alcohol was the environmental variablg
employed, Adaptation to environmental alcohol did not involve
gene frequency changes at the ADH locus in the two temporally varying
populations compared t6<the control propulation, although relative
to the inifial frequency the;"fast" allele approached fixation,

The pol&morphism was maintéined, however, at;the ffequency initially
present, in the populations experiencing a spatially heterogeneous
environment - the frequency of the F allele in the Prevosfi sample
was ,88, and the ffequency a§efaged over replicate in the'spatially

varying populations was also ,88 (Table 23),



Table 22

Measummen_‘_l:\s of dévelopmental "nois‘e"'. The values given are the
mean square differences in score between left and right sides for
sternopleural bristles, and."between adjacent terminal segments for

abdominal bristles,

Sternopleural Abdominal

Population Replicate - Sex Bristles Bristles
Control | I Q 2,070 L4
3 1,522 L
II Q | 1.561 3.959
3 1.795 5.256
Spatial variation I Q 1,305 4,565
3 1.597 3.220
II Q 1,734 5.401
3 2,139 S
Temporal variation, I Q 1.82..é LoTh7
Short-term _
3 1,961 5,196
II 9 1,781 5,153
3 1,858 3,708
Temporal variation, I 9 1.9 5.030
Long-term . . .
8 - 2,002 4.573
II © 1,909 4,638
d ‘2.067 3,748
Control / | I Q 2,065 4,355

Temporal variation,
Short-term . 3 1.597 4,668



Table 23

Alcohol dehydrogenase frequencies.

Frequency (F)

Population Replicate N ( + SE)
Prevosti | 98 .88 (.033)
Control ' I . 323 .97 (.010)

II 192 .99 (.007)
Spatial variation I 383 .80 (,020)

II 288 .95 (,013)
Temporal variation, I 288 1,00 (**)
Short-term

II 192 .90 (.022)
Temporal variation, I 192 .96 (,014)
Long-term ‘

I 192 1,00 (**)

(**) Standard error undefined.

* Data of J, McKay, PhD thesis.



Discussion.and Conclusions

We are now able to utilize the experimental evidence to empirically
assess the Questions initiaiiy formulated concerning the relationship
between genetic and environmental variation. Is genetic variance
maintained in a variable environment? The answer to this question is
a qﬁalified "ye;, sometimes" -lthreé’quantitative characters were
analyzed, and three patterns of respanse to environmental heterogeneity
were observed, These patterns can be described in tefms of the
associations between environmental variability and the phenotypic,
additive genetic, and environmental variances of the three metfic
- tralts (Table 24), The phenotypic and additive genetic variance of
'sternopleural bristle number is substantially and significantly greater
in populations experiencing spatial and temporal environmental variation
than control populations, while the environmental variance is equiv-
alent in all populations; for thislcparacter genetic variance is
certainly maintained under environmentally varying conditions,

- Additive gpnetié'variance of body weight is similarly three times

the level of control poﬁulations in the three variable populations;
however, the phenotypic variance of body weight is equivalent in

each population, so the env1ronmenta1 variance is consequently and
hﬁoﬂﬁdlntultlvely reduced in the varnable populations, Yet a third
pattern is that determined for the secand bristle character, abdominal
chaet# number - neither phenotypic, additive, nor environmental
variances‘are affected by exposing populations to varying environments,
The opposing responses of the two Bristle characters is pariicu;?rly
disturbing; although they have been shown to be geneticallyvuncorrelated
and thus capable of divergent responses to selection, Droso hilae

bristles do fulfil the same functional requirement in that they are
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Table 24
Sumnary of phenotypic, é.dditive, and environmental variances, averaged

over replicate and substrate, for each of the three characters, Year 2,

Sternopleural bristle number

Population \' v \'s

—_—r —a— =
Control : 3. 782 1.420 2,362
Spatial variation 3,987 2,801 1,186
Temporal fariation; : 6,339 L,746 1,593
Short-term . ,
Temporal variation, 6.839 . 5.452 " 1,387
Long-term . ‘
Control / : 4,253 1,361 2,892
Temporal variation
Short-term

Abdominal bristle number

Control | 12,354 5,828 6,526
Spatiel variation 10,991 5.2 5.750
Temporal variation, 13,192 5.854 7.338
Short-term : .

Temporal variation, : 9,938 = 3,609 - 6,329
Long-term ,

Control / ‘ ’ 1.317 2,252 ~ 9,065
Temporal variation, ' '
Short-term

Body weight

Control | L0073 .0015 .0058
Spatial variation | .0091 .00} L0050
Temporal variation, .0071 o 0045 .0026
Short-term - ’ ‘

Temporal variation, . 0079 .ooL8 .0031

Long-term
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sensory receptors,'and thereforg ihtuitively should perce/ve the
same environﬁental cues irrespective of locafion on the animal,.

VWhat bearing does this information then have on the determination
of a ﬁiological axiom relating genetic and environmental variation?
The'probiém is that any biological rule is necessafily statistical in
nature, and this is particularly true of generalities concerning
evolution, Biological systems are complex and interactive; the reductiion-
ist experimental approach is to vary a specific fa:ameter while
holding constant other variables, but this does not afford a coﬁplete
description where it is the interaction between simil taneously
varying parameters, most of which are unknqwn; which is critical, We
have here been successful in establishing that simpie patterns of
environmental variation of only one factor - medium type - can be
successful under certain circumstances in the maintenance of additive
genetic variation, The facf.that'the phenomenon appears character-
specific and that two éppa;ﬁntly'functionally related characters could
not have Eeen predicted a ﬁ;gggi to‘behave in diametrically opéosing
manners is a function of our ignorance of pofentially relevant factors
and their interaction rather than the absence of a general rule, Only
by the study of the behaviour of additional characters will it be
possible tb discern a pattern4whéréby certain characters can be
predlcted to maintain genetlc variance in the face of environmental
varmatlon whereas others would not, We have therefore demonstratedﬂa
statistical association between degree of genetic and environmental
variation does exist, but in the absence of further data cannot derive
from this association a rule with specific predictive value,

What is the relationship between genetic vériance and pattern of

environmental heterogeneity experienced? The two characters for which
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an association between geneticugpd;environmental variance-has‘been
demonstrated show two different responses to the pattern of environ-
mentai variability to which they ﬁere exposed, Additive genetic variance
for body weight is-eqnivaleﬁf when compared among the three environment-
ally varying populations, whereas adﬂitivq genetic variance for
stefnopleufal bristle number is significantly less in the spatially
heterogene§us populations th;n‘in either of the populations experiencing
a pattern of long- or short-term temporal variability, This is in
contrast to predictions from all theoretical studies, which uniformly
agree temboral variation should be much less effective than 5pétial
heterogeneity in promoting the maintenance of.genetic variability,
- Bryant (1976)<has,‘however, argued that spatial variability is an
entirely predictable component of environment and that spatially
maintained genetic variation may therefore be & transition state’
toward gpeciation. Temporal environmental variation, which représents
an uncertainty provoking a more general ra#her than a.specifio‘
genetic résponse, should therefore more often be associated with
.geﬁgtic variance than Spatial heterogeneity, The experimental results
are in accord.with this prediction - spatial variation is also
expressed temporally over successive stages of the life cycle, but
this variation is_pgrhaps not as clearly perceive& as experimentally
controlled temporal variation; hence, genetic variation is not as
readily maintained in tﬁe spatially varying populations.

Theory also predicts that periodicity of temporal environmental
variatioﬂ is instrumental in determining its relative efficiency,
long cycles being less effective thgn short-term environmentalA
variation, Environmental grain is also theoretically important,

genetic variation being less likely in fine- than coarse-grained
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environments, Neither of the-'s‘e‘ ‘appé’a.r ‘to be discriminated by the
organisms experiezicing them, howeve'r# additive genetic¢ variance is

the same in both long-term (coarse-greined) and short-term (fine-
grained) temporally varying vp0pulations. It is clearly important to
test experimentally theoretical constructs before accepting them
solely on the basis of intuitive appeal - the concept of environmental
grain has essentially no experimenté.l verification and yet figures
prominently in many ecological and genetic theoretical descriptions
of. evolution in heterogeneous environments,

Is there genotypé-environment interaqtion‘? The presence of a
specific genotype-environment interaction between the environmental
variable and the character responding to it indicates the mechanism
promotiné maintenance of genetic. variation in a heterogeneous-
environment is by selecting :_altemative genotypes in the different
niches, If‘, however, the genotyp;-envirmment correlation does not
depart significantly from one, variation in this case is a general
and not character-specific re.sponse of the population to environmental
uncertainty. This is _the response observed; it appears selection '
for heterozygosity ﬁ se, rather than specialization to the two
environmental states, causes ﬁaintenanée of genetic variation
in popu_lations experiencing environmentél heterogeneity, The
observations of both a general response to environmental variability
and of 4t’emp,oral iariation being equally, if not more, effivc-:ien'vlz than
spatial variation in the maintenance of additive genetic variance
(despite theoretical considerations') are in accord with Bryant's
(1976) suggestion that it is the temporel element of instability to
which fhe populations are responding, The discovery of a general

response to a varying environment implies alsg?atfuncti‘onal interaction
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of a particular character with-theavanying environmental parameter
is not critical in the deteznﬁnation'of the response, While not
providing a mechanistic explanation for the different patterns of
response of the two Bristletcharacters to the same environmental
heterogeneity, this observation does eliminate one source of
confusion concerning the outcome - the assﬁmption that because the
two characters are responsible for perceiving the same ehvironmental
stimli they should behéve similarly to variation in these stimuli
has been shown inappiicable; specific interaction of a character with
the environmental variable is not a determinant of the maintenance of
genetic variation of that charecter, |

Is there deveiopment‘of habitat preferences or habitat loyalty
in spatially heterogeneous environments? Theory predicté that a
measure of habitat loyalty where animals preferentially return to
parental habitats, or optimal habitat preference, where animals
preferentially select the habitaf in which they are most fit, increases
the likelihqod of genetic polymorphism in a spatially varying
enviroﬁment. Habitat selection is-also a behaviour frequently found
in cases where disruptive selection is operating, Animals from all
the populations studied exhibit optimal habitat preference, but in
ﬁo case is positivé habitat loyalty practised, a finding consistent
with the observation of a generél response of the populations to
envifonmental variation rather than diversifying selection and
specialized adaptation to alternative habitats, However, in all but
the spatially varying populations the animals exhibit a negative
habitat loyalty - there is a distinct aversion to the alcohol niche
having experienced it during one stage of thé life cycle, Thié avérsion

is overcome in spatially heterogeneous populations, where both
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environments are sampled indepéndeﬁily of previous experience or
parental choice of habitat, thus impiying more efficient resource
utilization in the spatially varying environment,

Is there a difference in homeostatic abilities of populations
experiencing different environmental treatments? The two opposing
theoretical expectations, that there should be an inverse relation
between individual homeostasis and genetic variance (Levins, 1969),
and that heterozygotes should be developmeetally more stable (Lewontin,
1958) both preaict an association between homeostatic ability and
genetic‘variation; albeit in different direetions. Measurements of
developmental noise for the two Bristle characters do not vary among
any of the populations studied, providing'ne evidence for either of
the contrasting ﬁypotheses. However, it has been suggested fhat‘the
‘mean square difference between biiaterally or segmentally repeated
characters is not an adequate index of homeostasis in so far as this
is a general property of an organism;(Reeve,'1960). Comparing
environmental variances ef the characters studied indicates this view
is probably eorrect. Environmental variance is the sum of a true
environmental variance component resulfing from the direct‘effect of
environmental differences between individuals, and a component due
to local aécidehts of develepment which prevent the phenotype of a
given genotype being replicated under identical environmental conditiens;
it is the latter which is an appropriate measure of developmental
stability, The total environmental variance of sternopleural and
abdominal bristle number remains constant over all patterns of
environmental heterogeneity, whereas the 'environmental varignce of
body weight actually decreases in the variable environments (Table

24), If one makes the reasonable essumption_that the true environmental
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variance must necessarily iﬁéreasetin the environmentally varying
populations, then these regults are“dhly explicable on the grounds
that the second, developmental noise, component is concomitantly
decreasediin the variableAeﬂiironmehts, and substantially so in

the case of body weight, These considerations lead to the conclusion
that‘the genetically more variable populationé experiéncing
environmental variation are in fact more developmentally stable than
the control populations, thﬁs supporting the hypothesis of a positive
association between homeéstatic ability and heterozygosity.

Is there a difference of fitness cémpohehts of populations
9xperiencing different enviroﬁmental treatments? With respect to both
productivity and sﬁrvivorship all three variable populations are more
fit than the control; no difference in fitness is apparant among
the three treated populations, Furthermore, these populations are
better adapted relative to the éontrdl to the environmental parameter
- to which they weré exposed. These findings are consistent with the
idea, prevaient in the literature, that heterozygous or polymorphic
populations are more fit than homozygous or monomorphic cnes;
clearly the populations in the variable énvironménts have greater
evolutionary potential fhan»the control populations,

To summarize: Genetickvariance is mintained ﬁore readily in
variable environmeﬁts, femporal environmental variation being somewhat
mofe effective in promoting this maintenance than spatial variation,
The effect of environmental variation is to maintain genetic variance
in general; no specific genotype-environment associations are
apparent, Variable poPulatiohsvare‘both developmentally more stable
~and mofe fit than the corresponding control populations; the probability

of evolutionary survival is thus greater for populations experiencing
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environmental hetérogeneity; Bécéu;é these experiments have been
conducted under cdntrolled laboratoﬁf conditions, it is known that -
the environmental tréatment imposed is the sole agent determining
interpOpulational differencés in level of genetic variability -
each population was ihitiated from a sufficiently large sample of the
base population to preclude sampling or drift as a source of the
differential response, The generality of the effect, however, cannot
be extrapolated from a single laboratory population of Drosophila
ﬁelanoggster experiencing quite specific alterations of a particular
environmental variable, What would be the result if other populations,
species, or énvironﬁental variableé were substituted? Does environmental
variation maintain.genetic variability in natural populations ig situ?
Nevo (1978) has sﬁmmarized a large amount a data from electrophoretic
surveys and found species arbitrarily clgssified as generalists have
consistently higher levels of genetié variation than specialists,
supporting.the hypothesis that physical and biological variables are
major determinants of genetic variation in nature, The phenomenon
is apparantly ubiquitous.

. Several questions rema2in unanswered, particularly the problem
of what exactly is being selected as the environment varies, One
feature common to all experimenfal’work.on the subject is the ‘
generality of the effect variation in environmental parameters has
on mainfenaﬁce of genetic variation, Whether the environmental variable(s)
is (are) temporal and /.Qr spatial, long- or short-term, genetic
variance of electrophoretic, karyotypic, of quantitative characters is
greater in variable populationé than controls (Beardmore et. al., 1960;
Beérdmbre, 1961 ; Beardmore’and‘Levine, 1963} Long, 19?0; Powell, 1971;

McDonald and Ayala, 1974; Powell and Wistrand, 1978). These results
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indicate that selection may be for heterozygotes; at the enzyme level
the presence of séverai agtive gene'broducts may confer adaptive
biochemical diversity iﬁ the face of varying environmgntal conditions,
- However, 6ne may‘recéll the'rationale for investigating selection in
variable envifonments'was to circumvent both theoretical problems

and the lack of experimental evidence demonstrating heterosis as a
cause of selective maintenance of polymorphisms - it appears‘we have
circled back to the original problem, The value of an experimént is
“not only in the novel contribution synthesis of the results makes to
existing theony,—fut also in positive suggestions which follow from
the work conberning‘the direction fufther development of the field ma}
take, From the reéults of this experiment one may speculate heterosis
may only be adaptive in variable.environments; further research
critical to the glucidatioﬁ of the mechanism of adaptation to
heterogeneous environments may be to measure heterozygote advantage,
not under constant conditions, but in the face of environmental |

uncertainty.
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