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N November 1998 we lost one of the most important
scientists of this century, Gustave Malécot. He was,
in the best sense of the words, a great man. His contribu-
tions to science and mathematics began 60 years ago
and continued until his death. His contributions to
mathematical population genetics were arguably the
most profound of any. If we will admit a fourth member
to the “fathers” of population genetics, the others being
Sewall Wright, R. A. Fisher, and ]. B. S. Haldane, it
would surely have to be Gustave Malécot, It seems safe
to say that it was Malécot who first formulated models
of population genetics as stochastic processes, in the
sense of the term today, for example, as Markov chains.
Moreover, Malécot's mathematics were elegant and ex-
act. They were also often compactand abstract. Recogni-
tion of Malécot's achievements has at most times been
slow, its spread a branching trickle that continues today.
His achievements deserve fuller recognition.

The purpose of this article is to give a personal per-
spective of the person of Gustave Malécot and a concep-
tual account of his contributions to the field of popula-
tion genetics. Some essential biographical information
is given, but more important are some insights he him-
self gave into his early career. I was privileged to have
him share these insights with me over the past 5 years.
There are also some mathematical formulations neces-
sary 1o put his work into its conceptual as well as histori-
cal context. The structure is mostly chronological. At
times this account borrows heavily from an important
Perspectives article written by NacvLakt (1989), who
presented many details of Malécot’s mathematics, espe-
cially the diffusion approximation approaches and
other key conceptual issues. Other important accounts
of Malécot's work and life include a recent interview
with BocQueT-AppEL {1996) and a series of articles by
GiLLots (1996a,b,c, and unpublished manuscript).

As was discussed in detail by Nagylaki, and as Malécot
related directly to me, Malécot's doctoral dissertation,
guided by George Darmois and completed in 1939, fo-
cused on Fisher’s pioneering 1918 article on the pheno-
typic covariance of relatives. Prior to this, in 1935, Malé-
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cot completed his mathematics degree at the Ecole
Normale Superieure in Paris (NAGYLAKI 1989). Malécot
told me how he had spent 2 years reading and mastering
{no doubt in rigorous mathematical detail) Fisher's arti-
cle, at the Institut Henri Poincaré, also in Paris. NaGy-
LAKI {(1989) describes how Malécot’s dissertation work
made Fisher’s connection of biometry with Mendelian
inheritance more rigorous and general. Specifically,
Malécot adopted a conditional expectation approach
that foreshadowed his stochastic process approach to
other problems. Although he respected the fundamen-
1al connections that Fisher had made, Malécot also re-
lated to me how he had “found some problems” with
the mathematics of Fisher’s theory.

What followed from Malécot’s dissertation is, to my
thinking, probably the first of several reasons that Malé-
cot's work never received the rapid and widespread rec-
ognition it deserved. Although Malécot was not at all
bitter about his career, he related to me on numMerous
occasions various aspects of the historical context to his
earliest works. He explained how the leading Darwini-
ans at the Université de Paris and the Sorbonne domi-
nated the intellectual scene in Paris and in France gener-
ally at that time. Malécot said that many of the French
Darwinians were also communists or even Stalinists. This
is despite the fact that today it may scem that Darwinism
and Stalinism are mutually exclusive, given the history
of the role of Lamarckianism and social construction
in the Soviet Union and China. As a result, the French
Darwinists would invite from Russia only sympathetic
scientists, not people such as N. L. Vavilov. More to the
point, many of the Parisian Darwinians viewed Malécot's
models as “anti-Darwinian” because the models were
stochastic processes. - _

The Parisian Darwinians considered Fisher's work to
be the complete and unarguable truth in reconciling
Mendelian genetics and Darwin’s theory. Since Malécot
found in FisneR’s (1918) article and later in his 1930
book, The Genetical Theory of Natural Selection, much that
was mathematically wrong, he incurred the displeasure
of these evolutionists. Malécot related how in some steps
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of Tisher’s work there was confusion of statistical sam-
pling theory with stochastic process theory. Malécot ben-
efitted from a longer tradition in France of the measure-
theoretic approach to probability theory, the standard
that is widely accepted today.

Pubtlicly questioning Fisher did not help the accep-
tance of Malécot's work in France. Malécot related that
on occaston Fisher visited Parisian universities and gave
talks; Malécot asked him some critical questions, and
Fisher answered politely that he simply disagreed, in-
stead of the more usual cutting answers Fisher reputedly
gave to other questioners. Malécot told me that Fisher
alwavs treated him and his work with high respect, and
vice versa, In addition, Malécot publishecl in French,
and as a result the English-speaking were late in recog-
nizing the importance of his wotk.

It was also in the late 1930s that Malécot became
intensely interested in Wright's work, which also dealt
with covariances and variances among relatives. Malécot
freely and fully acknowledged that most of his work was
inspired by Wright's work and creative genius. Malécot
made these early ideas of Wright mathematically rigor-
ous, again applying whatare today wiclely accepted inter-
pretations of probability theory. Mazalécot did improve
on Wright's work. For example, Wright developed the
inbreeding coefficient in terms of path coefficients and
partial regression {or correlation) coefficients, Path co-
efficients are still used today but are limited as statistical
rneasures, in part because they assume linearity of ge-
netic effects (Nacvraki 1989). Malécot, in contrast,
considered the probabilities that two genes are de-
scended from various ancestral genes, using Mendel's
laws of inheritance. Such probabilities Malécot origi-
nally termed “Les coefficients de parenté” (MaLECOT
1941, 1949). Later, when he studied models that in-
cluded mutation and focused on the population level,
some but not all of his results were stated in terms of
what became known as probabilities of identity by de-
scent (GiLrots 1996a). Maulécat used other French
names for these probabilities, and Crow first used the
English term identity by descent (Crow 1954). Coeffi-
cients of consanguinity allowed what has become the
preferred textbook method for teaching the calculation
of inbreeding coefficients, through the chain-counting
method, for example. Chains of genetic descent, often
at the gametic rather than zygotic ploidy level, and prob-
abilities of identity by descent became the center of
much of Malécot's work that followed over the next
six decades. Their immedliate importance was that they
aliowed application to general pedigrees, rather than
the special cases that Wright used to illustrate his
method (see NacyLakl 1989).

Wright certainly knew of Malécot and his work, but
it is less clear ow well Wright understood the mathe-
matical subtleties of Malécots early work. More itnpor-
tanty. Wright apparently did not recognize much of
the biological importance of Malécot's work. Perhaps

itis fair to say that Wright was most interested in treating
biological variables in terms of sample statistics, whereas
Malécot was most interested in treating thern as entities
in stochastic processes. Malécot described himself as
more of a mathematician than a geneticist. WRIGHT's
{eg., 1978) fater compilations contain NUMerous cita-
tions of Malécot, Malécot always spoke glowingly about
Wright. Malécotthought that, in contrast, the pre-World
War 1] Parisian Darwinians had a “very low opinion” of
Wright. Malécot had also met Haldane more than once
and knew his work, but because most of Haldane's mod-
els were deterministic, they generally did not spark Ma-
lécot's interest in the same way as did those of Wright,

After receiving his Doctorat d’Ewat in 1939 for what
must be viewed as a brilliant dissertation on Fisher’s
work, Malécot taught mathematics from 1940 1o 1942
at the Lycée (secondary school) de Saint-Etienne. Then
an important mentor, Emile Borel appointed Malécot
to a position as maitre de conférence (similar to a uni-
versity lecturer) at the Université de Montpellier (1942
0 1944; NacyLaki 1989). In 1945 he joined the faculty
of the Université de Lyon, where he became a professor
of applied mathematics (1946), a position he held until
his retirementin 1981, Lyon being in fairly close proxim-
ity to Paris, Malécotalso frequently “lectured on popula-
tion genetics at the Institute of Statistics...” at the Uni-
versité de Paris (NacyLaki 1989). During the time
immediately foliowing his dissertation, Malécot devel-
oped many seminal models, often focusing on ex-
tending his probabilistic genealogical framework to the
population level. It is fair to say that Malécot had been.
branded for his critical work on Fisher. All of his pub-
lished papers during this time were written in French.
In addition to his work refated to Fisher's 1918 article,
during this period Malécot published works on coeffi-
cients of consanguinity (MavtcoT 1941, 1942, 1946),
inbreeding {(MaLEcoT 1941, 1642}, random mating in
finite populations (MALECOT 1946), and “drift” of gene
frequencies (MaLEcor 1937, _1944, 1945; NAGYLAKI
1989; GiLro1s, unpublished Manuscript).

During this period Malécot developed what he called
s es chaines des kinship zygotique® (MarLécoT 1942,
1973a), or zygotic kinship chains, which measured the
probability that a certain chain of (diploid) ancestors
oceurred. This work was a quite complete and mathe-
matically rigorous probability theory for pedigree analy-

sis, based on the degrees of relatedness among individu- .

als in a pedigree and their probabilities of occurring in
the pedigree. This is a very important point, and it
allowed Malécot to develop exact results when he turned
his interest 1o the population level. Using these coeffi-
cients, he showed, for example, how (o derive Wright's

"inbreeding coefficient, which he demonsurated was the

sum of the different probabilities of the variolrs zygolic
kinship chains multiplied by the coefficient of consan-
guinities in the conunon ancesLors. This was the basis

for the chain-counting frrethod used today. Tt is very- '
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of Fisher's work there was confusion of stadisticad sam-
pling theory with stochastic process theory. Malécot ben-
efitted from a longer tradition in France of the measure-
theoretic approach o probability theory, the standard
that is widely accepied todav.

Publicly questioning Fisher did not help the accep-
tange of Malécot's work in France. Malécot refated that
on occasion Fisher visited Parisian universities and gave
taiks: Malécor asked him some critical questions, and
Fisher answered politely that he simaply disagreed, in-
stead of the more usual cutting answers Fisher reputedly
gave to other questioners. Malécot told me that Fisher
abwavs rreated hirm and his work with high respect, and
vice versa. In addidon, Malécot published in French,
and as a result the Englishspeaking were late in recog-
nizing the importance ol his work.

1t was also in the late 1930s that Malécot became
intensely interested in Wright's work, which also dealt
with covariances and variances among relatives, Malécot
freely and fully acknowledged that roost of his work was
inspired by Wright's work and creative genius. Malécot
made these early ideas of Wright mathematically rigor-
ous, again applving whatare today widely accepted inter-
pretations of probability theory, Malécot did improve
on Wright's work, For example, Wright developed the
inbrecding coefficient in terms of path coefficients and
partial regression {or correlation) coefficients. Path co-
efficients are stlt used today but are Hmited as statistical
measures, in part becase they assume linearity of ge-
nete effects (NacoyrLagr 1989, Malécot, in contrast,
considered the probabilities that two genes are de-
scended from various ancestral genes, using Mendel's
taws of inheritance. Such probabilities Malécot origi-
aally ermed “Les coxfiicients de parenté” (MaLEcorT
o1, 19423, Later, when he studied models that in-
cinded mutation and focused on the population level,
semie but not all of his results were swuited in terms of
what became known as probabilities of identity by de-
seent {Giueors 1996a). Malécor unsed other French
names for these probabilides, and Crow first used the
English term idendw by descent (Crow 1954). Coeffi-
cients of consunguinity allowed what has become the
preferved testbook method for waching the calcutation
ol inbreeding coefficients, through the chaincounting
method, for example. Chains of genetic descent, ofien
al the gamenic rather than ovgotic ploidy level, and prob-
abilities of identity by descent became the center of
much of Malécots work that followed over the next
six decades, Thelr immediate importance was that they
alowed application 1o general pedigrees, rather than
the special cases that Wright wsed 1o itlustrate his
method {see Nacyraks 1980,

Wright certainly knew of Malécot and his work, but
it s fess clear how well Wright understood the mathe-
wintical subtleties of Malécot's early work. More bnpor-
wanthe, Wright apparently did not recognize much of
the biclogical imporiance of Malécot's work. Perhaps
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1635 Fair 1o sav that Wright was rmost interested in treating
biolegical viriables in terms of sarple statistics, whereas
Malérot was most interesied in treating them as entues
in stochastic processes. Maiéeot deseribed himself as
more of 4 mathematician than a geneticist. WRIGHT's
te.g. 19783 later compilations conain numerous cia-
tions of Matécot, Malécot always spoke giowingly abour
Wright. Malécot thought that, in contrast, the pre-World
War II Parisian Darwinians had a “very low opinion” of
Wright. Matccot had also met Haldane more than onee
and knew his work, but breavse moss of Faldane’s mod-
els were deteeministic, they geuerally did not spark Ma-
lecot’s interest in the same way as did those of Wrighs,

After receiving his Dociorat o Fiat in 1939 for whay
must be viewed as a brilliant disseriation on Fisher's
work, Malécot taught mathematics from 1940 to 1942
at the Lycée (secondary school) de Saint-Etenne. Then
an important mentor, Emile Borel appointed Malécor
to a position as raaitre de conférence (similar 1w a uni-
versity lecturer) at the Université de Montpellicr (1942
to 1944 Nacyrart 1989). In 1945 be joined the faculey
of the Université de Lyon, where he became a professor
of applied mathematics {1946), a position he held uni}
his retivementin 1981, Lyon being 1o fairly close proxim-
ity to Paris, Malécot also frequemly “lectured on popula-
tion genetics at the Institute of Statistics...” at the Uni-
versité de Paris (Nacviaky 19893 During the tme
immediately following his dissertation, Malécot devel-
oped many seminal models, often focusing on ex-
tending his probabilistic genealogical framework to the
population level. It is fair to say that Malécot had been
branded for his critical work on Fisher, All of his pub-
tished papers during this time were written in French.
In addition o his work related o Fisher's 1918 ardcle,
during this period Malécot published works on coeffi-
cients of consanguinity (MatEcor 1941, 1942, 1946),
inbreeding (Marfcor 1941, 19423, mandom mating in
finite populations (Marcor 1945), and “drift” of gene
frequencies (MarEcor 1937, 1944, 1945 Nacveaks
1989: Grrors, unpublished manuscript).

During this period Malécot developed what he called
“Les chaines des kinship zygotigue” {Matfcor 1942,

1973a), or zygotic kinship chains, which measured the

probability that a cevtain chain of {diploid) ancestors
occurred. This work was a quite complete and mathe-
matically rigorous probabilhty theory for pedigree anahe
sis, based on the degrees of relatedness among individy-
als in 4 pedigree and their probabilities of secarring in
the pedigree. This is u very important point, and #
allowed Malécot to develop exact resulis when he turned
his interest to the population level. Using these coelfi-
cients, he showed, for example, hivw w derive Wright's
inbreeding cocfficient, which he demonsuated was the
sum of the different prohabilities of the various zygotic

kinship chains multiplied by the coefficient of consan- .
guinities in the common ancestors. This was the basis-
for the chaincounting method used today. o i$ very
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interesting because, as discussed fater, Malécot also de-
veloped a micthod tha :.n'uici;t:z}tﬁ:ri much of the now-
popular coalescerice probability theory by turaing 1o an
examinaion of “Les chaines des kinship gametique.”
Thiz change was ir:‘lpormnt because at this tme Malécot
irmreasingiy focused on population genetic processes,
for wany of which the pedigree is not fixed or known,
but the frequencies (probabilitesy of varicus tvpes of
mating types {Le, frequencies of matings based on the
consanguinities] can be posited, and the analysis can be
greatly simplified by considering sets of gametic genes
rather than diptoids. The method of gametic kinship
chains was well developed in one of Malécol's papers
in a fairly obscure French journal in 1978 {(Matfcor
19%3a). prior to Kingman’s theory {£.g, Kincaan 198Y),
Malécot abo continued exiensions of his works on sev-
eral other sublects. This s evident in good bibliogra-
phies of his articles from 1947 to 1970, for example,
FrisensTery (198 1) and Giueois (unpublished manu

3

seript).

In conversations, Mattcot often expressed his admira-
tion of Kolimogorov, who was largely responsible for the
development of diffusion theory in the 1930s, including
the forward equation for determining stationary distri-
baations. Nonetheless, Matécot ailso realized that this
approach, which is based on the first rvo moments,
did not generally prove stationarity of the probability
distribution (Marfcor 19433, and he deduced the for-
ward equations by using & completely different ap-
proach {Mavtfcor [948), as is described in detail by
Nacyrar! (19891, I shouwld be noted that the problem
goes away if the process s normally distributed. Malécor
repeatedly repected the normality ;mumpaion for popu-
tarion genedes, as ivis cleasly invalid ifallele frequencies
are near § or 1, and he emiphasized the timporiance of
“rarve” alleles. He also rejecied Fisher's approach using
the arcsine square reot tansformation. Malécot did not
use diffusion theory very much in his later work. Instead,
particularly in his geographic models, he emploved the
Fourier and Laplace mansforms,

The political situation of Malécot's science did not
improve during the period from 1939 10 1948, but the
imporiant work he did was somewhat sefectively com-
piled into his book, Les Mathématicpues de | Hrmi:tr,, puks
Hshed 10 1948, The book was a landmark and became
a classic text. It s somewhat difficult to penetrate, al-
though much less so than his articles, and ¥ was and
remains w highly authoritative and definitive work that
nas influenced much of the theoreticat population ge-
netics field, Yeu ir did 50 over the following 3 decades
in winding pathways through various leading theoreti-
cizns. paths oo complicated w represent here, Recogni-
tiort of the fundarnentd comributions rcgnesented in
his book was not bmmediate nor quickly widespread.

Maleeot's book was inade avaitable 10 English readers
i transhaion by Yeraavos (1969), An introducton
by Slorten kelped 1o widen oty influende, | agree with

Nugvlaki that the translivion conwmins numerous errors,
Fuse parts of the transtation in my gradunte theoretical
populaton genetics course, and 1 also found a4 number
of ervors that do not appear in dalécot’s original ext

Malécot eurly on trned much of his attention 1o
geographical genetics, which makes a greatdeal of sense
in erns of genealogical approaches 1o population ge-
netics. He had already considered a nuimber of single
population processes, such as the effvcts of unequal sex
ratios on probabilities of identisy by desceny; these were
among his first exteasions from the pedigree 10 the
population level. His earlier work on the inclusion of
probabilities of individualy in pedigrees was logically
extended o considerations of structured populations,
which ¢an be considered simply as groups that share
gencalogies. Patterns of migration among populations
are andlugcms to pedigrees. whereas the degrees of relat-
edness and the sharing of gene genealogies amaong pop-
ulations depends on spatial proximities. He worked on
both diserete and continuous poputation models; both
indicate shared genealogies and gene genealogics
within groups of individuals owing to thelr spatiad prox-
irmniiies, either because they are within the same discrete
population or because they are proximal on a spatial
conginuum. Once again, Malécot freely admits he was
inspired and provoked by the semainal works of WriGHT
(e, 1981, 1943).

Today, the English-language literature stll attnbutes
the discrete population models and the general idea of
spatial variation primarily 1o the work of KiMura and
Wriss (1964) and Weiss and Kistura {1965). Malécor
had much tw say about dis because, although he cer-
taindy was not bitter, he was concerned, since he had
developed the discrete population version in a series of
articles in the 1940s and 1950s {(Matécor 18949, 19543,
and the continuous space version was well developed
by 1948, These works were written In French and pub-
lished in journals not readily accessible wo English-speak-
ing scientsts, [n 1955 Malécot went 1o the Cold Spring
Harbor Symposivm on Quantitative Biology and gave
copies of his articles to Kimura. He also said that, of
those he met, only Oscar Kempthorne talked with him
about his—Malécot's—work in detail. Kimura., appar-
ently independently, had only conceived of the ides of
discrete populations as published in his 1953 note,
which scarcely mentoned correlations or spatial pai-
terns and did not develop analvtical results; or, o pt
it graciously, the note was "..mais sans formalisation”
{Malécot interview with BocgQuerT-Arren 19983, a-per-
ception also evident in Malécot's published comments
on Kimura's paper presented at the symposium {Madg-
coT 19355, Kimura's 1953 note was of minor importance
in comparison with what Malécot had developed, and
it was not until the above-cited articles of Kivura and

Weiss (1964) and Werss and Kestzra {1955} thas Kimura
had popularized the concept of spatial isolation by dis-
tance among discrete popilatons. Malécot said that
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Kimura sent him cards each year, mepeipedh wilng
Sadéont that he had not vsed his work bocase be il
not read French, but daldcor decude
spond. Although Wess and haias {1un
cite Malfoot's book. Kimum could have done e 10
clevate recogrtion of the more fundamental coniribe
tions Mald

Vigst of Malécot's work on migraiion modeis—hoth

oo madle.

continnogs and disoroiee-docused on TROMOEeTIE 0TS
g rRTon, Whe e Migraion mes weee the sarne for both
dirretions within o dimension, otherwise they woie
neardy completely geneml The articles wery alwiys
roethematieally dyorous. The advaniage wf the homaoge

feous Mmigranen assumiption is that itallows the Fourier
sranealormn i be used 1o obrats analvie resulis. and Mold
et usedh 1 epnsivel ogether with Laplize transforins
in time. He rarcly wsed difhuion Approximaion, A
method put o good use by many others, most aotably
Wi and Nagylaki fog, Nacyiare TH78, W0 Blalse
ent epien soid that his own fnemulations of recursions
for the probability theory were "ol andd this cortaindy
seems 1o be wue. Nexd, he used the Founer wransform
and i mverse (uaing 2 nodified versien of thyy praiclor
theorem and tomong megrals in the romples plane——
the Beormwich-Wagner approachy, Naturally, such meth-
ook
sieps. Maldcots cxpoaitions were plwiys crysial ¢leay in

can invohe approgimations in the finad HIVETSIOT

pointing out the sieps whers apPPrOXURRNONS waie
made, He sdied systems and models, of solation by
disaance, for example thay existed 1o one, v, of thyee
spartial dimensions. Agart from the hemogeneily %
SR, TERETALGO models wrre in ssents compleialy
opposed o what uerm she sirigt siep-
pingstone model of Ramu, which positeed migration

3

generaized,

oy ambng nesresbneighbor populitions. Thus, Male
e preated the probabilistic basis for geographical asnd
spatial population grnenes, although there have been
many dnporant developments by oibers in more recent
decades {a number of ihese are discussed by MALYLAR
P,

sdabdo oty mndels wiore

exaet and had sweeping gones
whity, They wore forrnadiated in wrms of probebibitles,
Aepoted by g, 4x, wh, it pairs of genes {xand w, each
being rahdon sanples of gize Lz present a1 ne pe-
cied o oare dentical by descent The varlables » mnd
w may represent samples from owo raddividuals or two
populatinns with foeations in whatever dimension space
defined by x and w Maldrot st ko e the rate of
muntion and £, as e raes of migeation from 1310 1
Sineh of Maleot's work on this probdem begins with
the following general recursion equation (eg, MarEooy
TSy

Bha ws = (1~ R IRE Ly Baaln

i

The weeond werm which was neglortrd in Rimura's ap

proach, Malfeos considesest very wnparann Maled
wsedd the Laphice wansform 1o deerming the wmpold

demarsies antd Aaniong

ity copdinens worl the Fourler
sraneloren o detrnnine the Bsolstinn by distancy form
Stntiar cguatieons {sans stntation) ohiain fof (o0 U rsions
of the pairwise coalescence prof
U730

Wimure's meddels (Rasiuga and Weiss
ard Baseuns 1t

shilitien [hianfooy

PO, Weiss
591 e abways in treems of e coreede

pon of cosarinoce in gene Drguengies, 1is e Brtles
recogiierd ot that thoswe moslels v

piire the asaump
don thar ibe groe freguoncies s the magrnis ane
exactly those o the popalanoen from which they arose.
£ TR
bers of propagules reliaive 1o the popuiation size afor

This may be reasonable as fong as ithere are lar
regubation (e, after geoetie drifth tha migrate, bus it
is nol resonable where the reprodustive achileys {ad in
many antmals) migease This Bmiadon an be ofise
by inchuding yipchasts migrason olfeet that wefs Bt
included in correlation modeh wail my own work on
he spatial fme series models known as “apmed-time aut
Gregressive moving average,” or STARMA {Erranson
1A%, 10, '

There bsa commean miscongepion tha Maldont’s geor
graphical geaetics mosdels ditfered From Klmura's, in
hat Maléeot did not consider correlationg 0f Lovar
ances in gene freguencies, in B B developed, with
At mmtbematical tgor, modeis ol the spartial distribuaion
of covariances in articles as easly ay 1950 {Marf0aT
10507, He often used experied vitues of ndid
ables for the allele suare of groes i haplooypes 0 5o
from probabilities of identity by gdeseenl 10 covarinnoes
i allele frequencies (g, Maskoor 1971 He wsesd the
Fourter transfore and simitar ool as by the seadels
in rerms of probabifities of idengy by desdent These
models were exacn, following precisely and deduaiively
from the model assumptions, Indeed, e is a subtle
problem with Rimura's approach. and ot matier
itk allstndios that badh upon that approsch. e tading
Boansag st CavanLi-Aroses {19085 aned Hyy OWTE WoTk
on STARMA models, Speciflenly, she mgdelignaoces thz
probubility of consangainiy wmoig meuieigle pparigrand
genos from the sane seuroe pogiation, and tishs adids
o equmiiens, i

oy vark

2 arnsll effect 1o the covarinnges e
example, the setond term o Eguation 4 tee b, MnbEoot
ehided that Bimmra's sl s one By g GERENTIES
net geaetics.” 1L s glear that this offzcr Is pulmponant
over short time periods, bu bena clear whist offest i omay

have on the stetionary sae. Mowper, she remarkabile
generndiy of 5TA RALA nyadels, evnnd Kimurs o Walé-
cot's, gives them value that morg than pompanates for
the ngﬁpra;xis:-:zuim; BAGLTR LN, deprnding on the 575
e being modeted, Mocenver, ralationy noeh Gther,
seatistiend procedures w prgeh more sratghitforward

Caitdy she STARMA approsch.

Early o, Malécoy distnguishod ten Hpas of -covasi-
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ances of gene frequencies and also considered coeffi-
cients of kinship, or consanguinity, based on his praba-
bility theory. These were the a prion expected vaiues
and the conditional or e posteriori expected values, as
used in Baves's theorem. He also sometimes used ex-
pecied values of indicator variables o obtain the a priori
and conditional covariances for the same types of migra-
tion models as represented in Equation 1 This caused
considerable confusion in attempts o measure the co-
varianices {particutarly for geographic analysis of genetic
variation, in humans, for example). As discussed in
more detail below, Malécot was rarely interested i esti-
mation, and this probably did not belp his work become
more widely known.

The recursion equation analogous to Equaton lis
as follows, in terms of the a prieri expected values of
higher moments, Le, the a prion covariances in gene
frequencies between two sites (MaricoT 1971

oo (x w) = (1~ k)7 [(1 - S ””-:‘-“3)

EE:""‘!.‘.LMI (T,,_}{Z.. “}

]

9N

2

+ Bw — x) - ()} (2)
where (s the equilibrivm gene frequency and 8 is
Kronecker's delta. This formulation is quite different
from the recursions for the expected values conditioned
on knowing all of the gene frequencies in the popula-
tions in the previous generation, whichare not cisplayed
here, Moreover, Malécot did not assume that the third
and higher moments were zero, and thus his results did
not depend on the assumption of 4 binomial or normal
distribution, Again, he usuatly used Foarier and Laplace
transforms {Matfcot 1972} 1o extract exact and ap-
proximate analytic solutions. He alse produced equa-
tions and analytic resulis in terms of probabilities on
noaidentity by descent and heterozygosity and inbreed-
ing cocfficients (MatEcor 1973a).

[y is also commonly mispereeived that Malécot's mod-
els were for selectively neutral loci and, therefore, were
often of litle interest to evolutionary and ecological
genetics. In fact, in most of his articles Malécot first
developed models concentrating on the genealogical
relations and derived resuls for neutral nonmutating
toct, but later in each article he would introduce the
“recall coefficient,” which pulls the system toward some
equilibrium. The recall coefficiennt (B could represent
mutation {reversible or infinite alleles), migration from
outside the systemn, some forms of selection, or combina-
tions of these factors.

Another important event occurred in the mid-1960s
when Malécot was invited by J. Neyman to give a lecture
at the Fifth Berkeley Sympaosium on Mathematical Statis-
tics and Probability. The symposium gave important
exposure to his work in the United States, since he
published his proceedings paper in English {MarECOT
1967). Malécot’s nature was very generous, and he told

me he used this opporiunity to cite Kimura “gener-
ously.” As another facet of his personality, Malécot was
very gracious 10 any fair critic, For exampie, he repeat-
edly told me that Fersenstris (1975) famous crigicism
regarding singularity in the continuous case with wo
spatial dimensions was correct and weicomed. He added
that “Felsenstein is a critical deep thinker.”

An imporant step in Malécot's recognition, and in-
deed in the blossoring of the field of geographical
genetics, came at a remarkable symposium on the ge-
netic structure of populations held at the University
of Honolulu in 1972, w0 which Malécot was invited by
Morton., Wright was honoraey president of the sympo-
sium. The authors of the collective papers published in
the Procecdings (see reference to Marfcot 1973b)
read like a Who's Who list, Malécot also recounted his
meeting with Wright in a detailed account in a recent
interview with BocoueT-Aeeen (1996). It must have
been a pivotal and extremely interesting symposium.
The symposium proceedings include not only the pa-
pers presented, but also transcripts of frank and derailed
follow-up  discussions—sometimes  debates—amaong
many powerful minds in the area of geographical ge-
netics.

Malécot had a longstanding and important relation-
ship with Morton. Malécot was rarely interested in pur-
suing estimation and other aspects of developing statisti-
cal methods of analysis of data, even though he had a
keen interest in biology. Morton and his colleagues were
leaders in developing a variety of statistical measures and
estimation methods, squarely based on the predicted
vatues generated by Malécot's stochastic models. Mor-
ton cited Malécot's work profusely, and appropriately
s6. As Morton and colleagues were for decades at the
center of geographical analysis of genetic variation, par-
ticularly for human populations, this helped a great deal
to spread recognition of Malécot’s work on geographic
and spatial stochastic processcs. MogrToN's methods
(e.g., 1973ab, 1982} largely focused on Malécot’s mod-
els that were explicitly in terms of the conditional kin-
ship or conditional covariance of gene frequencies. The
connection of estimators o stochastic process parame-
ters is difficult, particulariy in complex spatial-temporal
processes, The distinction between prior and posterior
probabilities must be made, and much of this boils down
to knowledge of the grand mean of asvstem. Confusion
about these difficult-to-penetrate and often subtle dis
tinctions probably did not aid in what could have been
greater or perhaps deeper appreciation of Malécot’s
models by the researchers and their readers who wilized
Morton's methods. Moreover, Malécot did not abways
agree with all of Morton’s estimators, and again this
is understandable given' the difficulties, Importantly, it
seems likely that these difficulties probably encouraged
the development of other statstical inethads that were
tess connected with stochastic processes and that mostly -
did not cite Malécot's work. Here it should be noted
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that inbreeding coefficients within populations and F
statistics can be tied 10 Malécot’s models,

Malécot’s theory of geographical and spatial genetic
variation had fully blossomed by 1973, He had just fin-
ished a series of three articles (MaLEcor 1971, 1972,
19732) in French. The first two are very important and
focus on the coefficients de parenté and covariances in
gene frequencies, The third article {MavLEcoT 1973a)
is perhaps of even more remarkable proportions. Not
only did it explicitly anticipate pairwise coalescence, it
also compiled some of his most elegant mathematical
developments, primarily using various combinations of
the Fourier and Laplace transforms and inversion meth-
ods. He developed, for example, elegant analytic formu-
tations of isolation by distance, in terms of probabilities
of identity by descent, for general migration models in
homogeneous systems with either one or two spatial
dimmensions. The article is written at a very accessible
level, albeit in French. He also developed an equation
refating the probabilities of identity by descent to the
probabilities of pairwise coalescence events, ie, “les
chaines de kinship gametique,” 20 years before the same
formulation was developed in the coalescence literature
{r.g., Statrin 1993). Yetit is remarkable how ltde Malé-
cot's work is cited in this literature, However, Malécot’s
precedence on some points does not reduce the impor-
tance of the extensive new work in this area. The original
coalescence theory developed by Kinoaan (1982) had
aspects that were completely new, and much of coales-
cence lterature actually deals with development of sta-
tistical methods of esumation. Nonetheless, once again
important developments produced by Malécot are in
danger of not receiving timely, widespread recognition.

The pinnacle of Malécot's work on subdivided popu-
lations is his article in 1973 (Mavfcor 1975), which
is written in Engtlish. It is a beautitully conceived and
ordered distillation of geographic and spatial stochastic
models of migration. It uses much that is in earlier
articles, but also uses some new approaches, Malécot,
as mathematicians often strive to do, distilied his theory
and proofs for a large variety of models into their ker-
nels, with heightened elegance. The article focuses
mostly on probabilities of identity by descent, but also
covers heterozygosity and probabilities of gametic kin-
ship chains, or what could be called palrwise coalescence
probabilities, It is also highly abstract, dense, and diffi-
cult to penetrate,

Malécot did not publish a great deal after he became
Emeritus Professor of the Université de Lyon. After 1982
there was only one scientific manuscript, a remarkable
paper, an unpublished manuscript submitted to Theo-
retical Population Biology in 1989 (G. MaLEcoTt and T.
NAGYLAKL, personal communications). It deals essen-
tially with n-coalescence, whereby each one of the »
genes is located at a diffevent site in a “continuous” case
or in different populations, and this approach differs
from KiNcsMan's (1982). The two models represent ex-

treme forms; each s useful. Malécot's apparently would
allow only one sampled gene per population, whereas
it is well known that Kingman’s model assumes the »
genes are from a single population. Coalescence has
become a very popular wpic; basically it involves super
imposing a mutation model (usually the infinite sites
mutation maodel) onto probabilities of coalescences,
The work that Kingman developed is of remarkable
importance, vet it is important to note that Kingman's
n-coalescent appears to force restricting consideration
to rather simple processes where all subsets of sample
genes can be treated as stochasucally equivalent, be-
cause of the inherent complexity of genealogies, One
of the most complicated models studied precisely is the
mixed-mating system model (Fu 1997), in which two
groups, seffs and outcrosses, of genes are followed. Some
experimental studies have used coalescence theory, for
example, to construct gene genealogies for geographi-
cally distributed data, but ignore the fact that coales-
cences among groups of genes depend on the spatial
proximities of the sets of populations represented.

Throughout most of his life, Malécot published alone.
He consistently developed his own central thesis and
produced a highly personalized body of work, He fully
knew the importance of his work, but he was also mod-
est. His interest in publication was solely to contribute
the important and fundamental results that stemmed
from his central thesis. He was interested only in quality
contribitions that furthered our knowledge of how sto-
chastic processes modeled and explained biology. Malé-
cot was not interested in fame.

There is a final issue, that regarding data generated
by modern molecular methods. Malécot was among the
first to consider models in which mutations are always
to novel alteles; this is the mutation model basis for the
infinite alleles mode! or infinitely many alleles model
(LAM: Crow 1989; Givirots, unpublished manuscript).
This is remarkable, because 30 years ago few would
agree it was ever a realistic model in biology. Another
very important mutation model is the “infinite sites
model™ (ISM}, which uses additdonal information in
DNA sequence data, for example. Malécot's precedent-
setting work on pairwise coalescence probabilities
should be recognized, since many coalescence models
either start out or end up equivalent to pairwise coales-
cence. Also, although the 183 may use additonal infor-
mation—if there is any-——for DNA sequence data, the
ISM is not required for some analyses of sequence data.
Malécot's theorv in terms of probabilities of identity by
descent can wilize sequence data and the ISM, in which
case they represent probabilities of no mutations at any’
site, e, No segregaling sites, along nonrecombining
segments. In addition, it seems doubtful that models of
geographic processes can incorporate ail information
on segregaling sites because they are si mply too com-
plex, or if they are formulated, various, adlditional ap-
proximations and assumptions must be made—not that
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these should be discouraged, but they should not be
presumed to be superior. Finally, itis questionable how
often there is substantial additional information using
the ISM rather than the IAM. I know of only two results
on this matter. Ewens (1974) found the conditions un-
der which the ISM may have more information than the
IAM for a single population modlel of genetic drift and
noted that for most species these conditions would not
be met. Second, BarroN and WiLson (1995} showed
that for the isolation by distance model for continuous
populations, most of the information in the spatial pat-
tern was berween individuals (and their genes) who
had very recent COmMmon ancestors (coalescences). ftis
unlikely that these differed by one and certainly not by
more than one mutation, and hence probabilities of
identity by descent should capture most of the spatial
informatios.

Malécot's students included Gillois, ~ Jacquard,
Lalouwel, Marchand, Picard, and Serant (NAGYLAKI
1989). They have made various important advances in
theoretical populations, physical anthropology, and
other subjects. Very recently, the youngest generation
of French population geneticists had the oppormnity
to meet Malécot, when he gave a featured lecture at
the 1998 anuual Réunion du Groupé de Biologie et
Génétique des Populations, in Lille, France. He received
a standing ovation.

Perhaps the best insight I can give into Gustave Malé-
cot’s character comes from my own experience. I had
studied Malécot's work for many years and viewed him
as a great mathematician and sorneone who always “does
things right.” Although his articles are difficult to pene-
trate, they are almost always not only exact, but also
amazingly free of errors and typos. A little more than
5 vears ago, | wrote to him and sent him some of my
publications. [ had been “recommended” o him in the
proper manner of his era, by Michel Gillois, a former
student of Malécot, whom 1 met in 1993, The work of
mine that | sent w him was twofold: theoretical ap-
proaches (STARMA] that I hadl developed and papers
on experimental studies of population genetic surveys,
both of which stimulated his interest.

We met for the first time the next summer (1994) at
his house in a small village in southern France. The
directions were complicated. When [ knew I was within
a few hundred meters of his home, but still could not
find it. | stoppedt and asked some neighbors where Pro-
fessor Malécot's house was. They claimed that there was
no professor in the small village. After several rounds,
the neighbor finally exclaimed “Oh, Malécot, that is the
old guy who rides the bike.” His village did not even
know they had an eminent mathematician in their
midst. This was typical of his personal modesty. When
I reached his home. he was standing in the rain, waiting,
much to myv chagrin. [ hoped that he had not been

waiting there during the siorm of l-cenumeter hail 10

minutes earlier.

Later that day when I left, he walked along to direct
my driving along the muddy roads that by this time also
served as creeks. Malécot was amazingly robust. He was
awarm and caring person, We talked all that day, mostly
in English. I was astonished that, whatever population
genetics issue came up, he immediately would find such
and such equation that might be in one of his papers
from 30 years earlier scattered in piles on his tables. It
was a blessing to have known him, and I am extremely
honored to have worked with him. The work we were
doing together was destined to be the highlight of my
professional life. He was a great man, in the truest sense,
and an inspiration.

After this meeting we traded ideas via letters, and
within the next vear Malécot invited me o coauthor a
book as well as some technical papers. The development
of our book was primarily in the form of letters that
we exchanged frequently over the following years. The
letters were mostly dense mathematical formulations.
We were nearly finished collating the materials when
he died, 1 wilt finish the book on my own with him as
coauthor. Malécot's era and my “publish or perish” era
are quite different. He repeatedly rebuked me, “Why
are you in such a hurry {to finish the book]—we have
our whole lives in front of us.” 1 traveled to France every
vear to spend time with Gustave and to further our
collaboration. He was a beloved friend and mentor. 1
felt closer than ever to him during my stay with him last
summer. He was as healthy as ever, and I am told he
was taking bike rides of up to 50 kilometers.

Gustave Malécot was born December 28, 1911, and
grew up in L'Horme, a small village near St. Etienne in
the departmente de la Loire, the son of a Protestant
“ingenieur en chef des mines.” In 1938 he married Su-
zanne Eyraud, who passed away in 1983; he remarried
in 1986, to Emilienne LaSalle. He enjoved skiing, hik-
ing, and bicycling, which he continued throughout his
life. Undoubtedly this contributed to his physical ro-
bustness. In the years I knew him, he and Emilienne
greatly enjoyed visiting their targe family. His intellec-
tual activities are evident. He had since childhood an
interest in flora, geology, and natural history, and he
developed an early specialization in mathematics. He
did not believe in determinism, and his personal phiios-
ophy was humanist, ' '

Gustave Malécot died suddenly, and it is comforting
to know that he probably suffered as little as possible.
His wife Emilienne told me that he had been outside
capturing the day's last rays of sun, as he was wont o
do. He went inside to his work desk, no doubt working
on population genetics theory. A short time later Emi-
lienne found him. In addition w Emilienne, Gustave
Malécot is survived by 4 children (Christian, Bernard,
Jean Lue, and Isabetle) and 13 grandchildren. '

Malécot's work never received a fraction of its de-
served recognition. Nonetheless, he has received i num-:
ber of awards: Prix Montyon de I'Académie des Sciences,
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Officier des Palmes Académiques, Chevalier de la Lé-
gion d’Honneur (1962), and Officier de la Légion
d’Honneur (1982; Nacyrakr 19893, all of which henor
his memory.

If we do not admit Gustave Malécot as a fourth found-
ing father of population genetics, he must be its fuest-
born.

1 thank Chrisdan Malgcot and Emilienne Malécot for personal
communications and Don Dickmann, Warren Ewens, Richard Lewon-
tin, Ivan Mao, and Rosernarie Walter for helpful comments on an
earlier draft of this ardcie.
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