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1. Introduction

In his recommendations in the “Report o the 1963 World
Consultation for Forest Genetics and Tree Improvement"
MartHEws (1964) puts forward that "progeny tests are vital
to any breeding program. To obtain maximum information
and to keep costs within tolerable limits, breeders should
choose the mating design very carefully.” And along the
same line Stern (1964) writes: "The tree breeder should
choose mating designs carefully. Already at this early stage
heis deciding on the kind o information he will get in the
future,...” Thetype o information that one should try to
obtain from progeny tests is threefold, described by Srtern
(1964) as follows:

(i) information on general and specific combining ability
o parent trees for use in seed orchards;

(ii) reliable estimates of genetic parameters;

(iii) material for further breeding work.

Among the many available mating designs, various forms
o diallel crosses have been advocated for (Stern, 1960;
Hinkermann and Srern, 1960; Hinkermann, 1966) and actually
used in forest tree breeding (Lissy, SterTLer and Seitz, 1969).
They are used primarily for evaluating the performance o
clones or inbred lines on an intra-population or intra-
species basis. However, as population, species and racial
hybridization becomes more important (WricHT, 1962), there
is growing interest with regard to the evaluation o per-
formance on an inter-population or inter-species basis. It
is this aspect o progeny tests that we shall address our-
selves to, in this paper, proposing yet another variation o
a diallel cross experiment.

After defining the two-level mating scheme in Section 2
we outline in Section 3 the different types o combining
ability inforrnation that can be obtained from such an ex-
periment. This is formalized in Section 4 in terms o a
statistical model and based on this model, the analysis is
given with detailed information on appropriate and useful
comparisons involving the parameters o the underlying
model. In Section 5 we comment briefly on the aspects of
information on genetic parameters, and in Section 6 we
mention some possible and perhaps desirable modifications
o the proposed mating scheme.

2. Definition of the two-level diallel mating design

Supposewe havem "diverse" types d trees (clones).These
types may be populations, subpopulations, portions o
clines, species, races or other genetically meaningful col-
lections o individuals. For the purpose o this paper we
shall refer to them as populations and denote them by
P, P,, ..., P,. For each population we consider n individuals
(trees, clones), denoted by Ij,Ij,...,I;, (=1,2...,m),
where these individuals constitute either a random sample

*) In memoriam Professor Dr. Kraus STern.
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from the population or are selected according to some
criterion (e.g. plus trees).

The two-level diallel mating design is then defined as
consisting o

(i) m(m— 1)/2 population crosses P; X P; (i <),

(if) n? individual crosses I, X I (k,1=1,2,...,n) for

each I% X Eﬁ;

i.e, it consists o "crosses' at the population level and o
crosses at the individual level, hence the name two-level
dialel.

For m =4 and n = 3 this mating scheme is illustrated
inFg 1
23
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Figure 1. — Example of a two-level diallel mating design.

As a possible practical application we mention inter-
species crosses involving m =5 different species d Pinus
strobus: P. parviflora Sies. and Zucc., P. peuce Grises., P.
griffithii McCLeL.,, P. monticola D. Don, and P. strobus L.
All these crosses have been successful (WRricHT, 1959, 1973).

We note that the two-level diallel can be considered as a
composite of two types o diallel crosses: The crosses at the
population level constitute a diallel o Type II, and the
crosses at the individual level within each population cross
constitute a diallel of Type | (HinkeLmann and Stern, 1960).
This observation will be useful with regard to constructing
incomplete two-level diallel mating designs.

3. Combining ability information from two-level diallel

The two-level diallel mating design yields all three types
of information mentioned in Section 1, the one most readily
available being that listed under (i): general and specific
combining abilities. Because of the structure o the mating
design we can envisage the following types d combining
abilities and comparisons among them:

(1) General combining ability o a population,

(2) general combining ability of an individual tree,
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(3) specific combining ability associated with a popula-

tion cross,

(4) specific combing ability associated with an individual

Cross.
This leads one to considering further the following types
of comparisons which are of interest in the overall evalua-
tion of the populations and individuals:

(5) Average performance of P; vs. average performance

of P i
(6) average performance of hybrid population (P; X P;) vs.
average performance of hybrid population (Py X P;/),
(7) average performance of I;, vs. average performance
of I,
(8) average performance of hybrid (I, X I;) vs. average
performance of hybrid (Ij X Ijp).
In other situations we may be interested in the variance
components associated with general combining abilities
(g.c.a) and specific combining abilities (s.c.a.) mentioned
above.

Which type of information is appropriate will depend on
what type of inference one is interested to make, which in
turn will depend on whether the populations and/or in-
dividuals have been drawn from a larger collection or not.
This will be obvious from the discussion of the underlying
statistical model in the next section.

4, The statistical model and analysis

We shall denote the observation for an offspring of the
mating I X I by Yy 1y OF, in case of several offspring
per mating, by Yy gy Z=1,2,...,1). An appropriate
linear model, using a completely randomized environmental
design, is then given by
Yy nz = # + Gi + Gy + S + gy

+ 8+ sa Gy T ek Gnw
where G; = g.c.a of P;, S;; = s.c.a. of P; X Pj, gy = g.c.a. of
Iik’ Sik) () = S-c.a. of Iik X Ijl’ and E(ik) (j)z is a random
error, having mean zero and variance ¢,2

Depending on the type of inference that one wants to
make, we distinguish three different models:

(i) The fixed effects model: Gi! sij, 8ik and s(ik) Gn
are fixed effects with
ZGi=0, 2 Sij: > Sij=0 (Sij=sji)

i i J
i) Ja1
2 gy = 0 for every i,

k

2 sgo gy = 0 for every (i, j),
k1

ZZS(ik) Gy = 0 for every (i, k)
il

(11) The random effects model: Gi’ Sij’ ik and s(ik) G
are random variables, independently distributed with
means zero and variances og% og% 0,2, and o, re-
spectively.

(iii) The mixed model: G; and S;; are fixed effects as in
(), and g;, and sy (j) are random effects as in (ii).

In (i) inference is made only with respect to the popula-
tions and individuals actually included in the experiment.
In (ii) inference is made with regard to a larger collection
of populations and individuals of which those included in
the experiment represent a random sample. Model (iii),
finally, refers to the sitution where all populations of in-
terest are included in the experiment, whereas the indi-
viduals represent a sample of all the individuals in the
populations.

Defining Y n. = 2 Yk (e

Z

. =2 2Y + 2 2Y
(k) ¢ ) I>i 1 (ik) (j1)- i<il @Jn (k)-
Yiygy.= 2 Y gy -
Yiyeo- = 2 Y (o
k
Yoy = 2 2 Yay gy

i, k1
i<

and using constraints on the estimators similar to the con-
ditions used in model (i), we obtain the following least
squares estimators for the different effects:

. m(m—1)
u=Y. ., e (c= n’r)

' m—2nfrr  m(m—2)n2r

CYavds Yaoceo T Yo,
YT oner (m—2)n2r
2Y (. 5.
(m—1) (m—2)n2r
< Yaoceoo Yoo

Bik = (m—1)nr o (m—1)n2r

Yoo gy. Yo ¢o- T Yy -

S(ik) G =

r (m—1)nr
Yiyceo-TY5500.
(m—1)n’r
~ Yaoan-
n2r

These quantities can be used to estimate the comparisons
mentioned in the previous section. Comparisons of types
(1) — (4) and their variances are given in Table 1, com-
parisons of types (5) — (8) and their variances are given in
Table 2. To estimate the variances we note that for the
fixed effects model (model (i)) o2 stands for ¢,2, which is
estimated by MS(s) from Table 3. Comparisons (1), (2), and
(6) can also be considered for the mixed model (model (iii)).
In these cases o? is ofthe following form:

Comparison (1): ¢ = 02 + ro + (m—2)nro,?, which ac-
cording to Table 4 is estimated by (m—2)MS(g) — (m—3)
MS(s) with

[(m—2)MS(g) — (m—3)MS(s)]*
T [(m—2)MS(®)*  [(m—3)MS(s)]®
m(n—1) * d
with d given in Table 4.

Comparison (2): ¢ = ¢,2 + ro,>2 which according to Table
4 is estimated by MS(s).

Comparison (6): For i =i, j & j’, i.e. the comparison is
between two hybrid populations having one parental pop-
ulation in common.

¢® = 0,2 + ro + nro,?,
which according to Table 4 is estimated by MS(g). For
i== 1, j & j’, i.e. the comparison is between two hybrid pop-
ulations having no parental population in common,
¢® = 0,2 + ro? + 2nro,?,
which is estimated by 2MS(g) — MS(s) with
[2MS(g) — MS(s)]®

f2=[2MS(g)]2 [MS(s)]2
m(n—1) + d

1 WLy
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Table 1. — Comparisons between combining abilities and their
variances
Comparison Variance
(1) E;i - AGi¢ Zazl(m-z)nzr
(2) §ij - §.1,j (i°#1) 2(m-3) 0%/ (m-2)n’r
s .3 (17#1) 2 2
855 7 Sy (5 ,#;) 2(m-4) ¢“/ (m-2)n“r
G) gy - g, KFK) 2 o/ (n-1)nr
E.lk - éi—k, (i7#1) 2{(n-1) (m+1)-2) >/ (m-1) *n’r

8 SanGnT Sangeny BT 2{(m-1)n-1 1%/ (m-1)nr

X "k 2
0 GDT TR G LA

S Ge” Sun Gy 07D

: s (3 7#9)
SR GRSk G 7e7) (kFR)

2[(n-1) (a2-1)- (n-3)1 6%/ (m-1)n%r
20(m-1) (n2-1) -n] 62/ (m-1)n’r

~ ~

SHOGH” S G e E;;B 2[(m-1) (n®-1)-2(n-1)1 6% (m-1)nr

The analysis of variance is presented in Table 3 with the
expected mean squares for the three different models given
in Table 4. This table indicates how various hypotheses
about the combining abilities can be tested or how the
combining ability variances can be estimated.

5. Information on genetic variance components

The analysis given in the previous section exhausts all
the information available for model (i). For model (ii), how-
ever, it is desirable to give some genetic interpretation to
the combining ability variances; i.e. express these variances
in terms of genetic variance components. Such interpreta-
tion is generally useful for describing the type of gene
action present and for deciding upon appropriate selection
procedures.

For ordinary diallel cross experiments the genetic inter-
pretation is based on the consideration of covariances
among relatives, mainly full-sibs and half-sibs. If we fol-
low this approach for the two-level diallel mating design

Table 2. — Comparisons of average performance

Type of Comparison

Estimator

Variance

(5) Gy - Gy

(6) (ci + cj + sij)

- (Gi’ + Gj, + Si’j‘)

2
Fgy oy Yaary ooy M s

2
Ty g Yy r

202/(m-2)n2r

202/n2r

2[(m-2) (an-n+1)41162 / (1) 2 (m-2)n2x

(©)] (Gi + gik) - (Gi' + gi‘k’) (Y(ik)(”)_-Y(i,k,)(”)_/(m-l)nr
2 (#17)
+(Y(i.)(..)'-Y(i,.)(_.)')/(m-l)(m—-Z)n T
20%/ (@-1)nr (1=1)
2
(B (G + 6y + Sy ey T an Takrgen /T 2o lx
Yt fwo g’
-(G1,+ Gj A si'j ~+ 8oy
FEe ey
Table 3. — Analysis of variance
Source d.f. Sum of squares Mean squares
1 2 4 2
G m-1 — I Y - —— Y
1 (m—Z)nzr i SRR m(m—2)n2r SRR NCERN M5 (6)
1 2 1 2
s m(m-3)/2 5= I Yiyrsey. -5 E Y. ..y, MS(S)
1§ nlr ) 1)) (m-2)n2r PRC e
i<y
2 2
(m-l)(m—Z)nzr [SERASO
1 2 1 2
" m(n-1) wDar 1},:k Tk (o)~ —(;_—1):2—: z Y5y (onye MS(g)
mm=1), 2 .. . _ 1 2 - 1 2
caogn| 2z o Dk 5k Tawan: T e 5 Yan e ¥ (2)
1<§
1 2 1 2
d———tme LY - Y
(@Dn’p 1 @ 245 T dG).
1<)
o(m-1) 2, _ 2 1 2
€ 5 o (r-1) 11,::‘ kfl :‘Y(ik)(jz)z p 1),:_1 kfl Y(ik)(jn)- MS(e)
i<j 1<j
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Table 4. — Expected mean squares

Model (ii) Model (iii)

Mean Squares Model (i)
2, @2alr | 2
MS(G) ot I
i
2
2 2n’r 2
MS(S) o+ — ]
e m(m-3) 14§ ij
2 (m-Z)an 2
us(e) % * mmD @D L Bik
ik
1 2 r 2
MS(s) o+ - I I s .
€ d 145 k2 (k) (i%)
2
MS(e) o
1)

4 =200 2y - D)

we find the following non-zero covariances among off-
spring:
Covi¥ iy nyw Y k) (inz) =

204 + 0g? + 20,7 +og? (z *=2')
Covi¥ iy (jnw Y k) G192) =

20¢% + og® + 0,2 1£1)
Covi(Y (i) (1w Y (k) (192 =

207 + og? k+k,1£1)
Cov(¥ ik (02 Y(ik) (1920 = o

oG® + og® G=13)
Covi(¥ iy (1o Ykt (12 =

og® G*+i k+K).

It becomes quite obvious that for an interpretation of these
covariances the concept of relationship needs to be redefined
or broadened. For example, the second and fourth co-
variance both refer, in the strict genetic sense, to covari-
ances between halfsibs, and yet these covariances as ex-
pressed by their right hand sides may be quite different.
The problem it seems is to give some genetic interpretation
to o3? and og? by introducing what might be called a coef-
ficient of association which is based on some degree of
similarity of gene pools for different populations. One
definitely needs some structure among the populations
(KempTHORNE, 1972) and a “simple” way to describe this
structure. This problem is presently under investigation.

For each individual hybrid population P; X P; one can
use the methods presented by Stuser and CockerHam (1966)
to characterize the gene effects and genetic variability.
Again, an extension of their methods to the situation con-
sidered in this paper does not seem to be straight forward
and is still under study.

6. Modifications of the mating design

Here we shall make some general remarks about some
modifications of the mating design proposed in this paper.
Hopefully, this will convey the general idea of what can
be done and might be done in addition to what has been
presented. Details need to be worked out and will be re-
ported at another time.

2
02 + rc!2 + (m-2)nro o+ rqz + (\11—2):11—4;:2
€ & € s 4

2 2 2

2
8
+ + (m-2) 2

n IGS qm: n I’UG

2
* (m-2)n"r 5 Gi

m-1 i

2
o:+r02+ 20 x 3 S2

2 2 2 2
o+ ro_ + n ro
€ s S s m(m-3) 14§ 13

02 + r02 + m'a2
€ s g

02 + r02 + nrcz
€ s g

2
02 + ruz ag_ + ruz
€ s € s

1. For several reasons one may wish to include the cros-
ses P, X P; i=1,2,...,m), ie. the usual diallel crosses of
Typ II, each consisting of n(n—1)/2 individual crosses. A
suitable model for the overall analysis can be obtained by
modifying the one used by Harvey (1960) for analyzing
data from purebreds and crossbreds. One important aspect
of such an analysis would be to test for heterosis. A simpler
ad hoc method would be to consider for each i and j the
three crosses P; X P;, P; X P, P; X P;, and by using a one-
way classification analysis compare Fayan.T¥g BN )
2—75i 5 (G » - Where the ¥’s are the cross means.

2. The analysis presented in Section 4 assumed that the
mating design was embedded in a completely randomized
environmental design. Another environmental design that
could have been used is the randomized complete block
design. The analysis would be similar to that used by Grie-
FING (1956) in connection with diallel experiments. Basic-
ally, as far as the inference about the crosses and their
components is concerned, this will not be different from
the analysis presented here. But obviously the block size
for this kind of experiment will be quite large and hence
may not be feasible. An incomplete block design may be
the answer to this problem. This needs to be investigated.

3. A partial answer to the problem just mentioned is to use
an incomplete mating design, which basically may be one
of the following two types: (i) the simple incomplete design,
or (ii) the doubly incomplete design.

The simple incomplete design consists of m(m—1)/2 cros-
ses P; X P; but of only a sample of crosses I; X I;, for every
(i, ). The doubly incomplete design consists of a sample of
all population crosses P; X P; and, for those crosses sam-
pled, of a sample of crosses Ij; X Ij. The methods of con-
struction follow familiar principles:

For (i): The same principles can be used here that are
used for the ordinary partial diallel cross Type I. For every
population cross a correspondence is set up between the
I;x and the treatments and the I; and the blocks of a PBIB
design such that if treatment k occurs in block 1 then
I;x X I is made. Since k,1 = 1, 2,...,n regular PBIB’s with
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n treatments and n blocks will be used (HINKELMANN, 1966).

For (ii): This is a combination of partial diallel crosses
of Type I and II. At the population level the methods for
constructing a partial diallel cross Type II can be used. A
correspondence is set up between the populations and the
treatments of a PBIB design with blocks of size two. If
treatments i and j occur together in a block then P; X P;
will be present (HinkeLMANN and KempTHORNE, 1963). At the
individual level the same principles will be applied as in
(i) for every P; X P; sampled.

Summary

A two-level diallel mating design has been defined. A
model for the observations from this design has been given
together with an appropriate analysis that yields informa-
tion about various types of combining abilities. The prob-
lem of a genetic interpretation of combining ability vari-
ances has been discussed. Finally some modifications of the
mating design have been mentioned.

Key words: Diallel, mating design, inter-population crosses, com-
bining abilities, incomplete mating design.

Zusammenfassung

Ein zweistufiger dialleler Kreuzungsplan wird definiert.
Ein Modell fiir die Beobachtungen nach diesem Plan wird

vorgeschlagen mit der dazugehorigen Auswertung. Hieraus
erhélt man Information iiber verschiedene Arten von Kom-
binationseignungen. Das Problem der genetischen Inter-
pretation der Kombinationseignungsvarianzen wird kurz
diskutiert. Schliefllich werden noch einige Modifikationen
des Kreuzungsplanes erwahnt.
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Genetischer Abstand zwischen Populationen

I. Zur Konzeption der genetischen Abstandsmessung

Von Hans-RoLr GREGORIUS

Lehrstuhl fiir Forstgenetik und Forstpflanzenziichtung der Forstlichen Fakultdt der Universitit Gottingen

(Eingegangen im Januar 1974)

Das Ziel der vorliegenden Ausfiihrungen besteht darin,
aus der Diskussion einiger in der Praxis haufiger zur An-
wendung gelangter genetischer AbstandsmafBle Kriterien
herzuleiten, die geeignet sind, eine klare Konzeption des
Begriffes ‘genetischer Abstand zwischen Populationen’ zu
formulieren. Hieraus werden sich auf natiirliche Weise
mehrere konkrete Vorschldage fir die genetische Abstands-
messung ergeben.

Diskussion einiger gebriauchlicher genetischer Abstands-
mafie

Ein Vergleich zweier Populationen auf genetischer
Grundlage wird im allgemeinen an zwei verschiedenen
Stufen interessieren, an der Stufe des Genotyps oder des
Gens. Die unmittelbarste Art und Weise, einen solchen
Vergleich anzustellen besteht wohl darin zu kliren, bis zu
welchem Grade die Genotyp- bzw. Genhédufigkeiten, d. h.
also die genetischen Strukturen bzw. die genetischen Kom-
positionen beider Populationen miteinander identifiziert
werden konnen. Andererseits leitet sich die genetische
Struktur einer Population aufgrund spezieller Paarungs-
verhiltnisse im Zusammenhang mit Selektion, Drift etc.
von ihrer genetischen Komposition ab, so daf3 also der
genetischen Komposition die elementarere Bedeutung zu-
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kommt. Es ist daher sinnvoll, den als Grad der Abweichung
von der Identitidt aufgefaBten Abstand zwischen zwei Po-
pulationen auf die Genhiufigkeiten zu beziehen und jede
Population durch ihre genetische Komposition darzustel-
len. Die Messung eines Abstandes zwischen Populationen
(bzw. deren genetischen Kompositionen) geschieht in der
Mathematik mit Hilfe einer Metrik, die definiert ist auf
der Menge aller miteinander zu vergleichenden Populatio-
nen. Ein ‘genetisches Abstandsmaf3’ sollte moglichst alle
Eigenschaften einer solchen Metrik besitzen, d. h. es sollte
1) nur nichtnegative reelle Werte annehmen, 2) symme-
trisch sein, d. h. Population A sollte zu Population B den
gleichen Abstand wie Population B zu Population A ha-
ben, 3) den Wert 0 nur genau dann annehmen, wenn die
beiden verglichenen Populationen identisch sind, 4) der
Dreiecksungleichung genligen, damit die Abstidnde einer
Population zu zwei anderen miteinander verglichen wer-
den konnen. Diese Forderungen bringen offensichtlich zum
Ausdruck, was man sich intuitiv unter einem ‘Abstand’
vorstellt.

Denkt man sich die Allel-Wahrscheinlichkeiten an den
zu betrachtenden Loci in Vektorform angeordnet, so er-
halt man auf natlirliche Weise eine Repréasentation der ein-
zelnen Populationen als Punkte (Ortsvektoren) in einem
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