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General Remarks

This last year of work marks the termination, for administrative purposes,

of the present contract AT(11-1)-1437, although.we hope that work may continue

on   essentially  the same contract   with a different administrative· arrangement.

As of July 1, 1973, R.C. Lewontin became the Alexander Agassiz Professor of

Comparative Zoology and Professor of Biology at Harvard University.  Thus,

the two co-principal investigators of this contract are no longer at the same

university and a new administrative arrangement must be found.  It is our

desire to move the contract to Harvard University, with its scientific context

unchanged, but to continue to collaborative work between Slatkin and Lewontin.

Slatkin would then be officially listed as a consultant on the contract.

Computer time used by Slatkin would be purchased from the University of Chicago.

This is not essentially different from the way in which all computing is done

at Harvard, since the computer center purchases all its computer time from

machines at other institutions, usually be a direct telephone line link.

We do not foresee any difficulties in collaboration, but if the arrangement

should prove clumsy during the next year, we will make some other arrangement,

possibly severing the'administrative link and requesting two separate contracts.

In any event, no change in the scientific work would result.  The collaboration

is a very important one for both parties, working on very closely related problems

in different ways,  and we believe that our progress reports  show. how fruitful

that collaboration has been.

The scientific work of the last year has once again ranged over a variety

of population genetical and population ecological problems, emphasizing, as

always, complex systems of interacting genes and organisms.  On the genetic

side, the chief concrete results have been the investigation of more general,

asymmetric models of multi-locus systems, showing that our previous results

for more special cases are robust and have considerable generality.  Also of

importance are the preliminary results from a· correlational model of selection

of metric characters, which attempts to overcome the inadequacies of the usual

biometrical genetic models.  On the ecological side, work has chiefly centered

on the stability of multiple species communities, including competing species

and prey-predation systems.

The scientific work of the contract was, as usual, greatly enhanced by our

cdllaboration with a number of students, post-doctoral fellows and faculty
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members  who  are not directly employed urider the contract. Russell Lande,  a

graduate student, has been working on several projects, including the attempt

to perfect correlational models of continuously varying characters.  Peter Haas,

a graduate student, has been concentrating on computer simulation of parthenogenetic

and sexual systems under natural selection, to determine under what condition

each of these reproductive schemes gives a more rapid selection response, or

is more adaptive to fluctuating environment,  Both Lande and Haas accompanied

Lewontin to Harvard. Karl Frogner, another graduate student, who has remained

in Chicago, has collaborated with Slatkin on the problem of selection in species

with age-distributed mortality and fecundity.  Because of the imminence of

Lewontin's departure from Chicago, no new post doctoral fellows were accepted.

R.C. Lewontin completed   his   book, "The Genetic Basis of Evolutionary Change"

which will appear in the next few months. It summarizes the work of the·last

several years and attempts a new synthesis of it.

Consultation and Travel

Lewontin spent one month at the University of California, Riverside working

with T. Prout on problems of the estimation of fitness.  He attended the

MacArthur Memorial Symposium at Princeton University where ·he presented a paper

on.the problem of structural stability.in population genetics and ecology, and

he gave an invited evening address on complex genetic systems at the Gordon

Conference on Mathematical Biology.  In addition, he gave the Annual Methodology

Lecture at the American Statistical Association on problems of fitness estimation

and model testing in population genetics.  He was the organizer, together with

M.   Feldman   and S. Karlin,   of a weeklong workshop o n theoretical population

genetics at Stanford University, attended by about 30 theoretical geneticists.

Slatkin visited Princeton University, University of Maryland, University  of

Utah, Washington University, Stanford University, University of California at

Berkeley and University of Wyoming to lecture and consult with the population

biologists at those Universities.  The visit to Stanford was particularly

use ful  as  it  led to collaboration with Jonathan Roughgarden, an Assistant

Professor there, on models of the evolution of niche width under the influence

of density dependent selection and on models· of gene flow in systems with density

dependent selection.  Slatkin attended a conference sponsered by NIH in Bethesda,

Maryland on the genetic control of mutation and a conference on mathematical
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population genetics at Stanford.  In the latter conference, Slatkin was one of

the discussion leaders on the effect of spatial .variation on the genetic

structure of a population.

Two long term visiting consultants took part in the project.  M. Feldman

of Stanford University spent one month working with us on extending our linkage

work to multiple. alleles. Some· remarkable and surprising results  came  out  of

the preliminary Work which will be .developed in the next year (see below),  A
two. week visit  by Ian F.ranklin was devoted chiefly to discussion of Franklin' s

recent work on the exact treatment of three loci and. his findings on.the number

and stability of equilibria in multi-locus systems.

Research Accomplished

A.  Multiple locus systems

1.  Heterotic models

Work has continued on the problem of understanding the interaction

of selection and linkage in a multiple locus genetic system.  The general strategy

of the research has been to consider a variety of models using both the computer

simulation program developed by Franklin and Lewontin and. the analytic method

developed by Slatkin.  In the initial work on systems with large numbers of loci,

the papers of Franklin and Lewontin and·of Slatkin assumed a completely

symmetric model of the selection acting and even spacing of the loci on the

segment of chromosome.      The  work  in  the  past two years  has  been
 

directed  at

understanding the effect of relaxing the various assumptions.  The results

are as follows:

(1)  The effect of uneven spacing of the loci on the segment of the chromosome

is negligible as long as the loci are more or less randomly distributed.  If

the loci are bunched at the ends of the segment, the average correlation between

pairs of loci at equilibrium will be somewhat higher while if they are bunched

in the middle, the average correlation will be somewhat lower than the case in

which they are evenly spaced.  That result is in agreement with
the edge effect

described by Slatkin.  The loci at the ends of the segment are more loosely

bound to the linked complex than those in the middle.  Therefdre, the. concentration.

of selection at the ends will increase the average correlation more than the

reduction of selection in the middle will reduce it.

(2)  If. different classes of loci contribute unequally to the total fitness
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of an individual, the average correlation is the same as in the case where all         :

the loci contribute equally (pr6vided the net inbreeding depression is the

same).  As in the case of the unequal distribution of the loci, the different

classes of loci are distributed so that there is a concentration of

selection either  at  the  ends  of  or the middle  of the segment, the results  are

changed somewhat because of the edge effect.

( 3)     In cases where the homozygous states  of each locus contribute unequally
to the fitness of the individual, the 2N equivalent equilibria (where N is

the number of loci) of the completely symmetric model are no longer equivalent.

In general, the problem is extremely complex and there is no adequate general

treatment of even the two locus system.  However, we can consider only some

of the possible equilibrium states, we can relate the results to those of the

completely symmetric model.  The equilibrium states can be most easily

identified by the most common pair of gametes.  The equilibrium with the

maximum amount of asymmetry is the one for which the inbreeding depression of

the two most common types is the most different.  If we let the 1/1 homozygotes

contribute 1-s and the 0/0 homozygotes contribute 1-t and assume the fitnesses

are multiplicative, then the maximum difference between the inbreeding depressions

is AK = (1-s)N-(1-t)N. (s<t).  One effect of increasing AK is the reduction of

the gene frequencies from the value they would have in the absence of linkage.

As expected from the edge effect, the  reduction of, the gene frequencies is less

at the ends of the segment than in the middle.  As discussed briefly in

Franklin and Lewontin's paper, the interaction of linkage with the assymetric

selection could act to increase the genetic variance in the population.

The second kind of equilibrium which has been analyzed for this case is the

one for which AK = 0 or nearly 0.  This case should be similar to the completely

symmetric case except that there is some variation in the direction of selection

at each of the loci.  The result is that the gene frequencies are held at

nearly .5 for these equilibrium, even though the gene frequencies would be much

larger or smaller than that value in the absence of linkage.  The average

correlation between pairs of loci is somewhat smaller than in the completely

symmetric case with the same inbreeding depression.  The analysis of the other

type of equilibria and of the relative sizes of the domains of attraction of the

equilibria is in progress.

The general conclusions from the work so far is that the analysis of the

multiple locus heterotic models by Franklin and Lewontin and by Slatkin is



.,-:   -.                                  page 5.

: correct and the effect of relaxing the assumptions of symmetry makes little

difference.  The main factors which determine the behaviour of the system are

the total length of the segment of chromosome and the net inbreeding depression
of the segment.  Secondary effects (on the order of 10% or less) are the

distribution of selection on the segment and the variance of the selection

coefficients.  These results are described in a manuscript now in preparation.

Also to be discussed in the manuscript is the investigation of multiple stable

equilibria which have been predicted from the calculation of the three locus

genetic model worked out by Feldman, Franklin and Thomson in a paper which is

in press in Genetics.  In Franklin and Lewontin's paper, they found that for

certain total lengths of the segment of chromosome, the equilibria in which the

loci are completely unlinked (D=0 between all pairs of loci) and equilibria in

which all the loci .are linked (D40 between all pairs of loci) can be stable for

the same values  ·of the parameters. Feldman, Franklin and Thomson have found

that for the three locus, completely symmetric system, it is possible to

have equilibria for which D=O between one pair of adjacent loci but D00 between

the other pair which are stable simultaneously with the completely linked

equilibria. Generalizing this result to systems which have larger numbers

of loci, one would predict that for some distribution of loci on the segment

of chromosomes, it might be possible that in addition to the completely

linked equilibria, there would exist equilibria in which the loci are linked

in distinct groups.  Within the groups there would be strong correlationsbetween

loci but the frequency of the linked groups would be independent of each other.

In other words,  instead of a single supergene developing, there could be two

or more which are independent   of each other.      So   far, the results   are   that.  it

is possible tofind these two kinds of equilibria in the same system but as

yet is is difficult to determine how important the phenomenon is.  .More simulations

are necessary before this aspect of the problem is understood.

Finally, Slatkin found that the appr6ximate method for analyzing the multiple

locus, heterotic model could be used to generate an approximate distribution

of heterozygosity with the population, Pk = probability that an individual

chosen at random is heterozygous  at  k  loci. The significance  of  this  is  that

Slatkin's method for analyzing the approximate behaviour of multiple locus

systems can be extended to models of selection in which the fitness of an

individual depends on the frequency of the various gametes in the populations,

e.g. frequency dependent selection ·or truncation selection. This is an important
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step in relating the heterotic models that have been analyzed in considerable

detail to models of optimizing selection acting on a metrical character.  One

of the goals of the research is to relate the multiple locus genetic studies

described above to the ecological models of selection on metrical characters

in which the genetic basis for the inheritance of the character is not considered.

(Section  E  of this report)

2.  Multiple allele models

The computer simulation program developed by Franklin and Lewohtin has

been  modi fied to allow  for the possibility of three  or four alleles at some  of

the loci.  Only preliminary results from simulations of systems with multiple

alleles are available, but they indicate that the effect on the gametic

frequencies of loci which have more than two alleles is much less than that of

the two-allele locus, at least when the three or four alleles are maintained

in more or less equal frequencies.  That is in agreement with a simple,

analytic model worked out by Slatkin of a special case of the two locus model

with two alleles at one locus and three at the other.

During the consulting visit   of M. Feldman, we began  work  on an. exact

treatment of the simplest sets of multiple allelic models with two loci.  Chiefly

as a result of Feldman' s ingenious use of transformations, we were able ·to work.

out the equilibria for a two locus model with two alleles at one locus and

three alleles at the other.  While this may seem a trivial extension of our

present knowledge, the results were remarkable and point to a broad area of

research.  When the fitnesses of homozygotes are assumed to be·equal so there

is complete symmetry in the model, there are nevertheless' no symmetrical

equilibria with linkage. That is, with tight linkage, there"are no equilibria

in which the gene frequencies at  the locus are .5 : .5 and the frequencies at

the second locus are .33 : .33 : .33, despite the symmetry of the fitnesses.

A number of alternative equilibria with asymmetrical gene frequencies appear,

the  conditions for which are too complex to describe  in this report. A manuscript

for publication is in preparation.  The outcome of this work is that a rich

field for research is opened up, much of which will need to be numerical, because

of the complexity  of the equations. In general, the result   is in agreement  with

our previous work  that gene frequencies at equilibrium cannot be judged from t
he
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marginal· fitnesses of genotypes · at single  loci when there is linkage.

B.  Spatial and temporal variation in selective forces.

1.  Models of.gene flow.

Slatkin revised his paper "Gene flow and selection in a clind" and

submitted it to Genetics where it was accepted and scheduled for publication

in November.  The work on spatial·variation was continued by Slatkin in a

model of the effect of gene flow on a system of two linked loci.  The questions

of interest are what is the amount of linkage disequilibrium which dan be

maintained by gene flow when both loci would go to fixation in the absence of

gene flow and what is the increase in mean fitness which results from the

linkage.  So far, the results are that gene flow can maintain a relatively

large amount of linkage disequilibrium in the middle of the ·cline, even for

relatively large values for the recombination fraction.  Linkage tends to

significantly increase the mean fitness of the population throughout the cline.

In  Slatkin' s paper  on  gene  flow, he introduced  the term "characteristic                                      I

length" for describing the relationship between the spatial pattern in selection

pressures and the populations ability to respond to those variations.  If
the variations are over a scale less than the characteristic length, then the

population responds only to the average effect of the selection, while if the

variations are over a scale greater than the characteristic length, the

population can track the environmental changes.  The characteristic length is

always decreased because of linkage,  as  long as thereis some positive epistasis

between the loci.  In this context, a selection model displays positive epistasis

when the selection coefficient on the double homozygote is greater than the

sum of the selection coefficients on the single homozygotes.  The studies so far

indicate that if one locus of a pair is strongly selected and the other is

weakly selected, then there is a critical value of the recombination fraction

for which the characteristic length of the weakly selected locus decreases to be

almost equal to the characteristic length for the strongly selected locus.  This

is equivalent to the recombination fraction for which a linked heterotic system

forms a linked genetic complex. In this model, the gene flow replaces the

heterotic selection in the maintainence of the genetic polymorphism.  It is

significant that the requirement on the epistasis is the same as in the heterotic

model. Both analytic and computer calculations  of this model are being carried  out.·
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2.  Parthenogenetic systems

Peter Haas has carried out computer investigation of the comparison        :

between parthenogenetic and sexual breeding systems in a fluctuating

environment.  The model assumes two loci with arbitrary fitness relations

and two environments alternating  temporally.  In the parthenogenetic scheme,

no recombination or assortment occurs (amictic parthenogenesis).  Haas

has found remarkably little.difference, much to our surprise, on the

population fitnesses of the two schemes.  The amount of difference is relat
ed

to the departure   of the selection s chemes from simple additivity between

loci and between alleles.  In general, the parthenogenetic

systems can respond more quickly to one phase of selection, but when the

direction of selection is reversed, the sexual system, which was less

responsive in the previous half-cycle, may have more genetic variation a
nd

therefore may be more responsive in the second half-cycle.  The results are

complex outcomes  of the cycle lengths, intensities of selection and initial

conditions, but we can state at this point that the usual generalizations

about the relative rates of evolution in sexual and parthenogenetic systems are

not correct if more than one locus and fluctuating environment is taken into

account.

C.  Migration-extinction models of regional coexistence.

Slatkin developed a model of the effect of competition between two

species in which the only effect of the competition is to change the

probabilities of each of the species either colonizing a vacant habitat or

going extinct in a habitat where it is present. It is based on a model

developed by Levins and Culver in which there is a region with a large

number of available habitats for both of the species.  The main points

discussed. in the paper were the circumstances under which one of the
 two species

could exclude the other species from the region and the effect of a predat
or

(or other external agent,which increases the extinction rate of both of t
he

species equally, such as an insecticide) on the pattern of coexistence of

the two species.  The most important results were that two similar speci
es

could occupy the region even though they could exclude another species fr
om

the region only if its equilibrium abundance was much higher than the oth
er

species, and that a predator could permit two species to coexist even thou
gh

they could not in the absence of the predator.
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The model is of some importance in considering the possibility of the

evolution of high migration rates instead of greater competitive abilities.

This possibility has been suggested by a number of ecologists (e.g. MacArthur

and Wilson, Island Biogeography).  This model gives some indication of the

ecological situation in which the higher migration .rates might evolve.  A

paper  on the model, "Competition and regional coexistence",  has  been
accepted by Ecology and will appear in the first or second issue of 1974.

D.  Competition in species with a complex life history.

Karl Frogner,  a graduate student in the Department of Biology at

the  University of Chicago,  has been working with Slatkin  on a model  of

competition in species which have several stages in their life cycle.

Frogner has been doing field work on competition ·in mosquito larvae of the

various species.  In the usual competition models, the effect of competition

is the increase in the death rate of each of the species, but in Frogner's

model the effect is simply a slowing down of one or more stages .in the life

history. The system is an extension of the models of selection in age-

structured populations developed by Franklin and Charlesworth which were

referred to in the Progress Report two years ago.

The results are that the system reaches a stable equilibrium for all

realistic values of the parameters and that all species are present at the

equilibrium.  Competition coefficients analogous to those in the Lotka-

Volterra model can be calculated. It is found that an increase in the

overall food supply (as in Frogner's experimental systems) caused the

differences in abundances betwen the good and poor competitors to be

increased and that, if stochastic effects were included, the poorer competitors

could be driven to extinction by increasing the total food supply.

The work will be written as part of Frogner's PhD thesis and subsequently

for publication.

E.      Selection  on the degree of canalization  in a population.

Slatkin, in collaboration with Russell Lande, a first year graduate

student at the University of Chicago, developed a model of sel·ection on a

modifier allele which alters the total variance of a character in a population.

The model is based on a correlation model of inheritance and optimizing                 1

selection used by Slatkin (PNAS 66:-87-93).  Such models have been·developed

and used with only limited success in predicting the outcome of breeding

experiments in laboratory populations.  While such dorrelation models were
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adequate for predicting the course of the distribution of a metrical

character under intense directional or optimizing selection, they can be

useful for describing the long term behaviour of the distribution of a

character which is subject to relatively weak optimizing selection as would

be found in natural populations. Slatkin's model was not new but the

application to determination of the niche width of a character as measured

by its variance is.  Lande and Slatkin extended Slatkin's model to include

different degrees of heritability and to investigate under what conditions

a modifier for increased or decreased reproductive variance (the yariance

of the character in the offspring of a single mating) would be favored.

They found that in a positively correlated environment .increased variance

would be selected for when the magnitude of the variance was sufficiently

large.  In a negatively correlated environment (e.g. fluctuations which

occur over a period of several generations) lower variance was selected  
2

for unless the magnitude of the fluctuations was very large or the period of

the  fluctuations·  was much longer  than the generation time. The results were

obtained using a density independent model of selection on the character.

The same problems were also analyzed using a density dependent model of

selection by Slatkin, Lande and Jonathan Roughgarden, as Assistant Professor

of Biology at Stanford University.  This first paper, by Slatkin and Lande,

will be submitted to the American Naturalist in September, and the second,

by Slatkin, Lande and Roughgarden, should be completed  by  the  end  of  the  year.

After moving to Harvard, Lande has continued to develop the·biometrical

model in order to investigate the equilibrium between the loss of variance

from   selection and the   increase   of   vari ance from mutation. Using estimates

of the rate of generation of variation for polygenic characters from the

literature, Lande has shown that there will·generally be a considerable amount

of variance available for selection, despite long term selection in the

character.  This changes our picture of the importance of mutation for

quantitative characters. Lande will continue to pursue  this  line  for  a

variety of models of selection (se far only intermediate optimum selection

has been examined).

A problem related to the models discussed above was worked on by Slatkin

·in collaboration with James Teeri, an Assistant Professor of Biology at t
he

University of Chicago.  Teeri was interested in describing the patterns o
f

fluctuations in environmental conditions in order to describe the differ
ences

between habitats in the range of different plant species which Teeri w
orks on.

Slatkin wrote a program which determines the special components of a time
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--       series of meteorological data (usually temperature or humidity).  The program

was a direct application of the techniques in Blackman and Tukey (The

Measurement of Power Spectra, Dover) arid contained nothing new mathematically.

However, Teeri felt that the applications of these techniques to the

description of quantitative differences between habitats was new in the

studies of plant communities. Therefore, Slatkin and Teeri have planned  a

paper which illustrates the application of spectral analysis in plant

ecology and the reasons such techniques provide more information than

simply a qualitative description of the time series.

If some of the metrical characters which Teeri measures in his studies

of plant communities can be directly related to one or more of the

environmental variables (e.g. leaf width or thickness as function of relative

humidity) then the conditions for Slatkin and Lande's.model of density

independent selection affecting the variance of a character would be

satisfied and Teeri's system would provide an ideal test for their model.

Teeri is aware of this possibility and will look particularly for such

characters in the present summer's field work.  Because he is doing comparative

work in different areas on the same plant species, there is the possibility

that the correlation function of the relevant environmental variables can

be related to the niche width of the character as predicted by the

Slatkih-Lande model.

-
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