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Summary

Seed orchard designs purport to maximize outcrossing
by having each clone as a near neighbour of every other
clone, and to miniminze inbreeding by maintaining maxi-
mum separation between ramets of the same clone. This
paper initially presents quantitative descriptors that
measure how well a design achieves these aims. Modulo
tile designs are subsequently introduced. These designs are
new generalizations of the conventional systematic designs,
but have superior performance with regard to the design
descriptors. Modulo tile designs have well-defined prop-
erties and are applicable to any sufficiently large number
of clones. Also incorporated are 2 examples of how clone
numbering may be altered on the basis of known flowering
phenology in order to achieve special effects with the
modulo tile designs.

Key words: seed orchard designs, systematic designs, monoecious
species, panmixia, inbreeding depression.

FDC: 232.311.3.

Introduction

The physical arrangement of clones in seed orchards is
designed to minimize inbreeding and maximize outcrossing.
For monoecious species, these aims may be achieved by
ensuring that ramets of any particular clone are well
separated by other clones, and by surrounding each clone
with as many genetically diverse neighbours as possible.

It is not a trivial matter to generate a seed orchard
design which possesses these desirable properties. Com-
puter programs which may use sophisticated search tech-
niques are sometimes deployed, e.g- LA BasTIDE (1967), BELL
and FreTrcHER (1978), Marsu (1985), Vancray (1986, 1991),
CHAKRAVARTY and BaccHr (1993). Sometimes standard sta-
tistical designs have been adapted by controlling planting
positions within blocks, in particular the balanced incom-
plete block designs of DysoN and FrReEMAN (1968), and FrEE-
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MAN (1967, 1969). LANGNER (1953) suggested the use of sys-
tematic designs and the properties of these designs were
extensively investigated by GiertycH (1965, 1971). Mis-
cellaneous other designs such as the shifting-clone design
of Marac (1962) have also been proposed. GierrycH (1975)
provides a good review of known seed orchard design
constructions.

This paper introduces some quantitative descriptors
which a plant breeder can use to evaluate and compare
alternative seed orchard designs. It then proceeds to
e; pound on modulo tile coustructions, which are a gener-
alization of conventional systematic designs. In these
new constructions each ramet of a particular clone may
be surrounded by one of several different sets of near
neighbours. Thus it is possible to surround a clone with
up to 36 different neighbouring clones, whereas in the usual
systematic designs each clone can be surrounded by only
8 different clones.

A plant breeder who wishes to implement one of these
modulo tile constructions and who has no desire to follow
the theoretical development need only refer to the 2 sec-
tions marked with asterisks.

Assumptions used in constructing seed orchard designs

Table 1 depicts a small seed orchard design with 25
clones in a square planting arrangement. Clone number 1
at position row 4, column 4 has clones 2, 3, 4, 5 as nearest
neighbours and clones 6, 7, 8, 9 as diagonal neighbours. In
this paper the nearest and diagonal neighbours of any
plant position are collectively called the first order square
neighbourhood, or more briefly, the first neighbourhood.
By collecting arrangements of plants in ever increasing
squares about a subject plant, it is possible to obtain sec-
ond order square neighbourhoods, third order square
neighbourhoods, and so on. Table 1 displays the complete
first, second and third neighbourhoods of a subject plant.
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Table 1. — Section of a seed orchard in a square arrangement. The
heavy shading is the first order square neighbourhood of clone
number 1, and the light shading is the second order square
neighbourhood.

7]2]3]4]5]14]6
9 18
5 7
20 14
18 8
17 9
16 | s(1B3[12[11]10]

1f wind direction is quite variable, it is expected that
the nearest neighbours of any plant will be the major
sources of pcllen. However, even under conditions of
complete canopy closure or near canopy closure, the diag-
onal neighbours may provide considerable amounts of pol-
len. With regard to outcrossing, the following assumptions
will be made.

(1) All plants in the first neighbourhood of a subject plant
are pollinators of the subject plant.

(2) No other plants are pollinators of the subject plant.

(3) All plants in the first neighbourhood are equally
effective as pollinators. In particular, no distinction is

made between nearest neighbours and diagonal neigh-
bours even though the latter are at a greater distance
from the subject plant.

In seed orchard design literature, many authors have
implicitly or explicitly adopted these assumptions, e.g.
LaneNer and STERN (1955), Marac (1962), FrReeMan (1969),
VancLaY (1991). Genetic marker studies have also indicated
that the pollinators of an individual tend to be its near
neighbours, e.g. SHEN et al. (1981), EricksoN and AbpaMs
(1989). Although the reasonableness of the above assump-
tions may be a matter of considerable conjecture, e.g-
Apams and Birkes (1990), they do lead to useful methods
of describing and comparing seed orchard designs.

Quantitative measures of outcrossing potential in seed
orchard designs

Throughout this paper, the border trees of any orchard
layout are assumed to provide a buffer between the interior
trees and possible external sources of pollen. Therefore
in any calculations, the border trees are assumed to be
pollinators, but are not regarded as subject trees for seed
collecting purposes.

Pollinator matrix

The pollinator matrix P is defined to have elements
P;; = number of times that clone j is in a first neigh-
bourhood of clone i.

Table 2. — Pollinator matrix for the design in table 1.
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Thus the pollinator matrix summarizes the outcrossing

combinations of a seed orchard design, subject to the above
assumptions. For example, in the pollinator matrix of
table 2,
P =Pg =Py =P ;=P =P ;=P =P,=1and
all other elements of the first row are 0. This is
because there is only one plant of clone 1 in table 1 and
its first neighbourhood consists of one ramet of each of
clones 2 to 9.

LangNER and STERN (1955) present the elements of the
upper right triangle of several pollinator matrices and so
these authors are using the concept of a pollinator matrix
without actually defining it. Although the pollinator matrix
is a complete representation of the outcrossing
possibilities in a seed orchard, it can be large and un-
wieldy. It is therefore convenient to define 2 numeric
parameters which summarize the outcrossing potential of
a seed orchard design.

Percent adjacency

The percent adjacency, % Adj, for clone i is defined to be
the percentage of all other clones which are a near neigh-
bour of clone i at least once. The percent adjacency for a
whole orchard design is defined to be the mean of the
percent adjacencies for all clones in the design.

Percent adjacency measures the success of the design in
allowing any clone to receive pollen from every other
clone, but it does not take into account the proportions of
pollen received from the other clones. It is very easy to
calculate. For example, in table 2
%Adj for clone 1 = 8/24 - 100 % = 33.3 %

%Adj for clone 13 =7/24 . 100 % = 29.2 %, and
%Adj for whole design = (8 +8 + 8 + ... + 7)/25/24 - 100 %
= 190/25/24 -100 % = 31.7 %

Percent outcrossing uniformity

For arbitrary clone i, let f,, f,, ..., fi_j, f;14, ... f, be the
frequencies for which each of the other clones are a near
neighbour of clone i. These frequencies may be cbtained
from the ith row of the pollinator matrix. Let SD; denote
the standard deviation of these frequencies. Then the
percent outcrossing uniformity, %OU, for clone i is de-
fined to be 100/(1 + SD;)%. The percent outcrossing uni-
formity for the whole design is defined to be the mean
percent outcrossing uniformity of all clones in the design.

For example, with regard to clone 1 in the pollinator
matrix of table 2, the neighbour frequencies are 1,1,1,1,1,1,
1,1,0,0,...,0. The sum is 8, the uncorrected sum of squares is
also 8, the corrected sum of squares is 8§ —8%/24 = 5.333,
the variance is
5.333/24 = 0.222, the standard deviation is 0.471, and the
%OU is 68.0 %. The %OU for the whole design is
(68.0 % -+ 68.0% + ... + 644 %)/25 = 66.6 %.

For both %Adj and %OU a low percentage is indicative
of relatively poor outcrossing and a high percentage in-
dicates good outcrossing potential. It should be emphasized
that for certain numbers of plants and/or clones, 100 % Adj
and/or 100 %OU are theoretically unachievable. This does
not prevent these parameters from being useful descriptors
for comparing designs of a fixed size for a fixed number
of clones.

Quantitative measures of inbreeding potential in seed
orchard designs

Inbreeding avoidance rating . } )
The inbreeding avoidance rating, IAR, for clone i is the
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smallest order square neighbourhood of clone i which
contains another ramet of clone i. For example, since
ramets of clone 14 are nearest neighbours in column 6 of
table 1, clone 14 has an inbreeding avoidance rating of 1.
Looking along row 3 reveals that clone 7 has an inbreeding
avoidance rating of 2. Inspection of column 3 reveals that
clone 3 has an inbreeding avoidance rating of 3. Clone 1 is
said to have an infinite inbreeding avoidance rating since
there is only one ramet of the clone.

The inbreeding avoidance rating of a whole design is
defined to be the minimum IAR of all clones in the design.
Thus the design in table 1 has an IAR of 1. In all cases,
the higher the IAR the better.

Percent inbreeding intolerance

In the introduction, it was assumed that only plants in
the first neighbourhood of a subject tree would be polli-
nators of that tree. If it is necessary to be very careful to
avoid inbreeding depression, then it might be undesirable
to collect seeds from any tree which had another ramet of
the same clone in the first or second neighbourhood. The
percent inbreeding intolerance, %1II, is the percentage of
plants in the design from which seed would be collected.
Obviously, the inbreeding intolerance is 100% if and only
if the IAR of a design is at least 3.

For example, in table 1, if the intention is to minimize
inbreeding depression then the interior plants at positions
2,6), (3,4), (3,5), (4,2), (4,6), and (5,5) would be rejected.
Since there are 25 trees in the interior of the design, the
%11 is (25-6)/25 - 100% = 76%.

Modulo tile designs
*** Modulo addition ***

Modulo arithmetic is a simple number theoretic concept
which basically deals with remainders after division, and
an understanding of modulo addition is required for the
construction of modulo tile designs.

Suppose there are just five clones in a design and they
are numbered 1 to 5 inclusive, then 5 is called the modulus
and this simply means that no number can be greater than
5. Thus to count 10 items 1 would normally say 1,2,3,4,5,6,7,
8,9,10; but to count the same items modulo 5 one would say
1,2,3,4,5,1,2,3,4,5. In modulo 5 arithmetic, any number, such
as 10, which is a multiple of 5 is converted to 5, and any
other number is converted to the remainder after division
by 5. For example, 6=5x1+1 and so 6 is converted to 1
and we say that 6 equals 1 modulo 5, or 6 =1 (mod 5).
Similarly, 13=5x2+3 and we say 13 equals 3 modulo 5.

Modulo addition works in a similar fashion — just add
2 numbers in the usual way and then convert the answer
using the modulus. For example, 3+4=7 and since
7=5x1-+2 we have 3+4 equals 2 modulo 5.

Derivation of modulo tile concepts from other designs

Table 3 presents a systematic design for 10 clones and
is derived from LaNGNER (1953). As well as special con-
structions for certain numbers of clones, GIERTYCH (1965,
1971) performed a detailed investigation of these system-
atic designs with the special purpose of maximizing distan-
ces between ramets of the same clone. The main feature of
these designs is that each row is effectively a cyclic per-
mutation of the first row. In table 3, clone 1 is always
immediately below clone 8, and using GIERTYCH’S nomen-
clature, clone 8 is called the indicator value for the design.
An alternative perspective on this construction is to regard
clone 1 as the initial value. Subsequent clones in any row



Table 3. — A LanceNer-GIerTYCH systematic design for 10 clones.

1121314567 |8|9]10]1]2

4115|6789 |10{1]2|3]4]3S5

7181911011 ]12|3]4|5]|]6]|7]8

1001 ]12|3]|4]5}|6|7]|8|9%9]10]1

Tab'e 4. — Section of a FreemaN nondirectional seed orchard design
tor 17 clones.

16 4 5 12 7 11 2 9|16 4 5 12
13 1 14 3 6 10 8 15|13 1 14 3

17 5 6 13 8 12 3 10§17 5 6 13

14 2 15 4 7 11 9 16[/14 2 15 4

1 6 7 14 9 13 4 1|1 6 7 14

15 3 16 5 8 12 10 17|15 3 16 5

Table 5. — Section of a 2 x 2 tile design for 15 clones using row
addend 5 and column addend 4.

7 812 1312 3
9 10]14 1514 5

1 12901 2306 7
13 1433 4)18 9

15 1|5 6]10 11
2 3117 8]12 13

‘fanle 6. — Section of a 2 x 2 tile design for 15 clones using row
addend 5 and column addend 4.

8 9|13 1413 4

10 11]15 115 6

12 132 337 8
14 1504 5}F9 10

1 216 7111 12
3 418 9113 14

are obtained by adding 1 modulo 10 to the previous clone.
Subsequent clones in any column are obtained by adding
3 modulo 10 to the previous clone. The LANGNER-GIERTYCH
designs are modulo tile designs where the tile consists of
only 1 row and only 1 column.

Table 4 displays a section of a seed orchard design for
17 clones as described by FrREeMaN (1969). Although FREEMAN
did not use modulo tile techniques, the finished product is
a tile design based on 2 rows by 8 columns. Subsequent
tiles to the right have zero added modulo the number of
clones, i.e. tiles within any row of tiles are all identical.
Subsequent tiles in any column of tiles have 1 added mo-
dulo the number of clones.

Definition and properties of modulo tile designs

A tile consists of a rectangular array of clones. A modulo
tile design is created by placing an initial tile at the top
lefthand corner of a region. A new tile may be added to
the right of any tile after first adding a constant modulo
the total number of clones in the design. This constant is

called the row addend. A new tile may be added below
any tile after first adding a constant modulo the total
number of clones. This constant is called the column
addend.

Consider the 2x2 tile design in table 5, where the initial
tile consists of 2 rows by 2 columns and holds clones 7, 8, 9
and 10. The pollinators of clone 1 at relative position row
1, column 1 of the central tile are 10, 14, 15, 12, 2, 14, 3, 4.
These pollinators can be rewritten modulo 15 as 1—6, 1—2,
1—1, 1—4, 1+1, 1—2, 1+2, 1+3. The point to note is that
these sums and differences modulo 15 will indicate the
pollinators of any clone which happens to fall at relative
position row 1, column 1 of any tile. For example, table 6
is the same design as table 5, but with a different initial
tile and with clone 2 falling at the relevant position of the
central tile. The pollinators of this clone 2 are 2—6, 2—2,
2—1, 2—4, 2+1, 2—2, 2+2, aid 2+3, all modulo 15. The
increments and decrements —6, —2, —1, —4, +1, —2, +2,
+3 establish the neighbourhood profile, or pollinator
profile, of any clone at the relevant position.

A little reflection shows that for any modulo tile design,
all clones which fall at the same relative position within
any tile will have equivalent neighbourhood profiles, i.e.
the same increments and decrements for determining first
neighbourhoods. In order for each clone to have maximum
variety of pollinators it is therefore essential that the row
and column addends be chosen to ensure that every clone
occurs at every possible relative position within a tile.
The following theory shows how this may be achieved.

Theorem: The equation i + xR + yC = m (mod n),
where i, R, C, m and n are fixed, has integer solutions for
x, y if and only if ((R,C),n) divides (m—i), where (s,t))
denotes the greatest common divisor of arbitrary integers
s and t.

Proof: See the appendix.

Corollary: Every clone will occur at every relative posi-
tion within a tile if the row and column addends are rela-
tively prime, i. e. if the only whole number which divides
both the row addend and the column addend is 1.

Proof: Suppose clone i is at some relative position of a
tile. Let m be any other clone number. If the row addend,
R, and column addend, C, are relatively prime then (R,C)
= 1. Therefore ((R,C),n) = (I,n) = 1 so that ((R,C),n)
divides (m—i). Now by invoking the theorem, shifting x
tiles to the right (or left) and y tiles down (or up) will
locate a tile which has clone m at the same relative
position as clone i, and the result follows.

In special cases, other solutions are possible. For example,
if n is odd then it is sufficient to choose R, C such that
R,C)=20r (RC)=1.

If one is searching for tile constructions which are ef-
fective for arbitrary numbers of clones, then one should
only consider row and column addends which are rela-
tively prime. Under these circumstances, each tile design
will incorporate exactly n different tiles, and if each tile is
r rows by c columns then each clone will have exactly rc
different first neighbourhoods. Furthermore, all clones
will tend to have the same clonal %Adj, the same
clonal %QU, the same clonal IAR, and identical pollinator
profiles. In practice, some of these parameters might vary
a little from clone to clone because orchard shape and
size might lead to slightly different clonal replications.
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The search for optimum meodulo tile designs

1x1 Tiles

The 1x1 tiles were fully investigated by GierTycH (1965,
1971). As modulo tile designs, they are not very interesting
because each clone has only one possible first neighbour-
hood and therefore exactly 8 pollinators. If the row addend
is 1 and the column addend is 3 then it is easy to verify
that if the number of clones is at least 9 then the 1x1
modulo tile designs have 100 % II and pollinator profile
—4,—3,—2,—1,1,2,3,4.

1x2 Tiles

If the initial tile is restricted to only clones 1 and 2 then
it must be of the form (1 2) or (2 1). All possible relatively
prime pairs of row and column addends between 1 and 7
inclusive were initially tested on 15 and 20 clones in order
to find addends which yielded IAR's of at least 3 and high
%Adj’s and high %OU’s. The better performing addends
were subjected to detailed comparisons for all clone num-
bers between 10 and 40. It was found that the good per-
formers all had comparable design parameters for 20 or
more clones, and that they differed considerably for fewer
than 20 clones. The best addends were R = 1, C = 5 for
initial tile (2 1). The pollinator profile for this optimum
1x2 tile design is given in table 7 and involves 14 clones.

2x2 Tiles

All possible arrangements of clones 1, 2, 3, 4 in an initial
2x2 tile, and all possible pairs of relatively prime addends
within the range 1 to 7 were screened for IAR > 3, maxi-
mum %Adj and maximum %OQU. The optimum 2x2 tile

4 3
was ( 9 1) with row addend 4 and column addend 7. For

large numbers of clones, arbitrary clone i has 20 pollina-
tors with relative frequencies as per table 8.

3x3 Tiles

All possible arrangements of clones 1 to 9 in an initial
3x3 tile, and all possible pairs of relatively prime addends
within the range 1 to 11 were screened for IAR = 3, maxi-
mum %Adj and maximum %OU. A compromise was
reached between maximizing these desirable design
parameters and finding a design which was effective for
relatively small numbers of clones. The eventual chosen

8 9 4
initial tile was (7 1 2) with R =
6 3 5
For large numbers of clones, arbitrary clone i has 36
pollinators with relative frequencies as per table 9.

5 and C = 11.

Table 7. — Pollinator profile for the optimum 1 x 2 modulo tile
design.

Pollinators of clone i Relative frequency of pollinators

7

-5
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*++ Examples and use of the optimum modulo tile
designs***

The choice of modulo tile design depends on the total
number of clones, and on the number of different clones
that the breeder requires to be adjacent to any particular
clone. All of the designs in this section have an inbreeding
avoidance rating of at least 3, which means that there is
adequate separation between ramets of the same clone.

Table 3 is an example of a conventional systematic
design in which each ramet of a particular clone has the
same 8 near neighbours. For example clone 5 always has
clones1, 2, 3, 4, 6, 7, 8, 9 as neighbours. This can be seen
by considering the ramets of clone 5 in the second and
third rows. Similarly, clone 6 always has clones 2, 3, 4, 5,
7, 8, 9, 10 as neighbours. These conventional designs are
1x1 tile designs and can be used whenever there are at
least 9 clones and whenever the breeder is content for
each clone to have exactly 8 different neighbours. These
designs may be constructed by placing a 1 at the top left-
hand corner and, by using addition modulo the number
of clones, continue to add 1 to the previous clone number
in the same row, and add 3 to the previous clone number

Table 8. — Pollinator profile for the optimum 2 x 2 modulo til=
design.

Pollinators of clone i Relative frequency of Ellinators

-14

-10
9
8
7
-5
4
-3
2
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Table 9. — Pollinator profile for the optimum 3 x3 modulo tile
design.

Pollinators of Relative Pollinators of Relative
clone i frequency of clone i frequency of
pollinators pollinators
-19 1 1 5
-17 1 2 4
-16 1 3 3
-15 1 4 3
-14 1 5 2
-13 1 6 2
-12 1 7 3
-11 1 8 2
-10 2 9 2
-9 2 10 2
-8 2 11 1
-7 3 12 1
-6 2 13 1
-5 2 14 1
4 3 15 1
-3 3 16 1
-2 4 17 1
-1 5 19 1




in the same column. Alternatively, the breeder may use
the indicator values of GIErTYCH (1965, 1971) in order to
maximize distances between ramets of the same clone.

If the breeder has at least 13 clones and requires that
each clone has up to 14 different near neighbours then
the 1x2 tile design may be used. The first 2 clone num-
bers are (2 1) and this tile should be placed at the top
lefthand corner. The row addend is 1 and the column
addend is 5. This means that the next tile along each row
has 1 added to each clone in the previous tile, with all ad-
dition being carried out modulo the number of clones.
Thus the second tile in the first row is (3 2), the third
tile (4 3), and so on. The next tile down any column of
tiles has 5 added to each clone in the previous tile. Thus
the second tile in the first column of tiles is (7 6). Table
15a is an example of a 1x2 tile design.

If the breeder has at least 15 clones and requires that
each clone has up to 20 different near neighbours then the
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2x2 tile design may be used. The tile (2 1) should be

placed in the top lefthand corner, and the ad-
dends 4, 7 should be used. Thus the next tile along each
row has 4 added to each clone in the previous tile, with
all addition being carried out modulo the number of clo-

87
nes. Consequently the second tile in the first row is (6 5 ).

The next tile down any column of tiles has 7 added to each
clone in the previous tile. Thus the second tile in the first

11 10
column of tiles is (9 8). Proceeding in this manner,

the 4 tiles in the top lefthand corner will generate the
following section of a seed orchard design.

4 3 8 7
2 1 6 5
11 10 15 14
9 8 13 12

If the breeder has at least 24 clones and requires that

each clone has up to 36 different near neighbours then the
894

3x3 tile design may be used. The tile (7 12 ) should be
635

placed in the top lefthand corner, and the addends 5, 11

should be used. Thus the next tile along each row has 5

added to each clone in the previous tile, with all addition

being carried out modulo the number of clones. The second

1314 9
tile in the first row is therefore (12 6 7)., The next tile
11 8 10

down any column of tiles has 11 added to each clone in

the previous tile. Thus the second tile in the first column
19 20 15

of tiles is {18 12 13). Proceeding in this manner, the 4
17 14 16

tiles in the top lefthand corner will generate the following

section of a seed orchard design.

8 9 4 13 14 9
7 1 2 12 6 1
6 3 5 11 8 10
19 20 15 24 25 20
18 12 13 23 17 18
17 14 16 22 19 21

Table 10. — Do the designs have minimum IAR = 3?7 (y=yes,
n=no, n/a—design not available).

Number

of Langner- Optimum Optimum Optimum
clones Giertych 1x2 Tile 2x2 Tile 3x3 Tile Freeman

10 n n n n na
11 y n n n na
12 y n n n na
13 y y n n n/a
14 y y n n na
15 y y y n n/a
16 y y y n na
17 y y y n n
18 y y y n n
19 y y y n n
20 y y y n n
21 y y y n n
22 y y y n n
23 y y y n n/a
24 y y y y n
25 y y y y n
26 y y y y n/a
27 y y y y n/a
28 y y y y n
29 y y y y n
30 y y Y y na
31 y y y y n
32 y y y y n
33 y y y y n
34 y y y y n
35 y y y y na
36 y y y y na
37 y y y y na
38 Y y y y na
39 y y y y na
40 y Y y y v
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Table 11. — Percent adjacencis for various designs. For n clones,
the layout is (n+2) rows by (n+2) columns.

Table 13, — Are various designs thinnable? (y=yes, n=no).

Number
Number of Langner- Opumum Optimum Optimum
of Langner- Optimum Optimum Optimum clones Giertych 1x2 Tile 2x2 Tile 3x3 Tile
clones Giertych 1x2 Tile 2x2 Tile 3x3 Tile 10
10 11 y
1 80 12 n
12 73 13 y y
13 67 100 14 n y
14 62 100 15 y y n
15 57 100 100 16 n y y
16 53 93 100 17 b y bi
17 50 88 88 18 n n n
18 47 82 88 19 Yy n y
19 24 78 89 20 n n y
20 42 74 100 21 y n y
21 40 70 90 22 L] n n
22 38 67 86 23 Y y y
23 36 64 82 24 n y y n
24 35 61 78 100 25 y y y n
25 33 58 83 100 26 n y y n
26 32 56 80 100 27 y y y n
27 31 54 77 100 28 n y Y n
28 30 52 70 100 29 y y y n
29 29 50 71 100 30 n y ¥ n
30 28 48 69 100 31 Y y Y L
31 2 47 67 100 32 n y y n
32 26 45 65 100 33 y y y n
33 25 44 63 100 34 n y y n
34 24 22 61 100 35 y y y n
35 24 41 59 100 36 n y y n
36 23 20 57 97 37 y y y n
37 22 39 56 100 38 n y y n
38 22 38 54 95 39 y y y ]
39 21 37 53 95 40 n y y n
40 21 36 51 92
It is a straightforward matter to write computer pro-
grams which will generate modulo tile designs for an ar-
Table 12. — Percent outcrossing uniformities for various designs.

For n clones, the layout is (n+2) rows by (h+2) columns.

Number

of Langner- Optimum Optimum Optimum
clones Giertych 1x2 Tile 2x2 Tile 3x3 Tile

10
11 18.5
12 15.8
13 14.0 24.4
14 12.8 25.3
15 11.9 25.1 23.1
16 11.1 22.0 23.7
17 10.5 19.0 18.7
18 10.0 17.1 18.7
19 9.6 15.6 16.7
20 9.2 14.6 229
21 8.9 13.7 18.2
22 8.6 13.0 17.6
23 8.3 12.3 14.9
24 8.0 11.8 15.3 29.2
25 7.8 114 15.6 26.9
26 1.6 11.0 15.0 26.1
27 7.4 10.6 14.2 22.1
28 7.3 10.3 13.1 254
29 7.1 10.0 13.1 23.2
30 6.9 9.7 12.6 22.9
31 6.8 9.4 12.2 20.6
32 6.7 9.2 11.8 19.9
33 6.5 9.0 11.5 19.8
34 6.4 8.8 11.1 18.6
35 6.3 8.6 10.8 17.9
36 6.2 8.4 10.6 17.1
37 6.1 8.3 10.3 17.0
38 6.0 8.1 10.1 16.2
39 5.9 8.0 9.9 15.6
40 5.8 7.8 9.7 15.0

bitrary number of clones and arbitrary orchard size.

Discussjon

Tables 10, 11, 12 and 13 summarize the properties of
some modulo tile designs for small numbers of clones.
If inbreeding avoidance is essential, then a minimum
standard for any seed orchard design is that the IAR
should be at least 3. Thus tables 11, 12 and 13 only
provide data for numbers of clones for which this standard
is achieved. In table 13, a design is said to be thinnable if
a mechanical thinning of every second row, and every
second tree in the remaining rows, leaves a design which
still has the full complement of clones and which still
has a minimum IAR of 3. It should be noted that the
LANGNER-GIERTYCH designs in tables 10 to 13 invoke the
indicator values in GIerTycH (1965), rather than the fixed
addends 1,3.

The FreemaN designs actually have excellent %OU’s
of approximately 40 % to 50 %, but their %II's range
from 26 % to 86 %, with most being below 60 %. The
prospect of rejecting a comparatively large proportion of
the trees in an orchard on the basis of possible inbreeding
depression means that the FREEMAN designs need no further
consideration in this paper.

With regard to numbers of pollinators, table 11 shows
that even tl.e simplest nontrivial modulo tile designs, 1x2,
offer a considerable improvement over LANGNER-GIERTYCH
designs. As a general rule, tables 11 and 12 show that as
tile size increases, better design parameters are achievable,



Table 14. — Methods of relabeling 40 clones according to flowering phenology
in order to maximize panmixia or seed production. The new clone numbers are
phenological ranks with number 1 being earliest flowering and number 40

latest flowering.

New clone New clone

New clone number for New clone number for

Original number for maximizing Original number for maximizing

clone maximizing seed clone maximizing seed

number mixia uction number panmixia production
1 1 18 21 23 23
2 16 22 28 25
3 11 14 23 33 27
4 16 12 24 38 29
5 21 10 25 4 31
6 26 8 26 9 33
7 31 6 27 14 35
8 36 4 28 19 37
9 2 2 29 24 39
10 7 1 30 29 40
11 12 3 31 34 38
12 17 5 32 39 36
13 22 7 33 5 34

14 21 9 34 10 32 ’

15 32 11 35 15 30
16 37 13 36 20 28
17 3 15 37 25 26
18 8 17 38 30 24
19 13 19 39 35 22
20 18 20 40 40 21

but at the expense of applicability to small numbers of
clones.

Within any tile size, the clonal arrangement within the
initial tile and the values of the row and column addends
have a considerable impact on the design properties. As
tile size increases, it is essential to use a computer to
search through the various possibilities. Eventually a
compromise must be reached between maximizing %Adj
and %OU, and choosing a design which will also be ade-
quate for comparatively small numbers of clones. However,
once a design is chosen for a given tile size, it can be
used for arbitrarily large numbers of clones and the pro-

Table 15a. — Section of an optimum 1x2 design for 40 clones.

213243 ]s[a]6]s]7le6f8]7]9]8J10]9]11]10
716(8(7]of18lio}9ofnf10]12}11113}12114 15} 14 116 ] 15 |
122 {1312 13]1sf4f16]15[17]16]18]17]19 20J19]21)20
17]16f18[17]19]18]20[19(21{20]22]21]23 24 2512426 25 |
221211232224 23]25)24]26]25 26128 [27]29f28]30]29]31]30
2712628127 ]29]28[30]29)31]30 31133[32]34[33{35]|34]36] 35|
32 (31[33732]34]33]35[/34]36]35]37]36 )ﬂ 37]39}38|40]391 1 {40
37]136] 38 393840391 140l 2113 ]2]4)3]15]41615

Table 15b. — Optimum 1x2 design with clones renumbered ac-
cording to flowering phenology in order to maximize panmixia.

6 |1 [11] 6 6f1if2r]16[26f21[31f26[36(31[2[36[7T2]12]7
2636 3n[2J36[7[2[12]7 [17]12]22]17]27[22[32]27]37]32
17122217 ]27]22[32[27[3732] 3 J37]8 |3 [13]8 [18]/13[23]18
3137 8131318 18]13]23718[28[23][33|28([38]33]4[38] 914
28123332838 33 a 38| 9[e1a]oro14]24]19[29[24]34]29
1419 119114724 19729[24734]29739[347 5 |39710] 5 ]15]10]20]15]
3934 5 [39]10] 5 [1s]10]20f15[25]20[30}25]|35]|30}40][35} 1 |40
25]20f30f25[35[30f40[3s[1J40] 61 [nn]616]11]21]16126]21]
Table 15¢. — Optimum 1x 2 design with clones renumbered ac-

cording to flowering phenology in order to maximize seed pro-
duction.

161814161214/ 10]12|/8J10]/6 )8 |416f2]4]1]2[3]1
61814161214 )1 1231513 17]s5]9 |7 )j11]9 13|11
S13171s]9j7411f9 11115113 [17)150119§17)20[19/23]20
Stu3f17{1s5t19117l2041 20125)123127125129127131}129]33}31
5123127 125|129[{27]3 9 31135(33]137/35/39]37/4 9138140
5§133[37]35]39[37]4 9]38140]136138]34136]32[343 28|30
36138134136[32)3413 2 [ 2830|2628 |24 [26 |22 24 21| 22|18 21
26128 [24126]22({24]21]22)18]21]16)18]14]16]12]|14]10]1 8 {10

file of pollinators of any clone will be known exactly, as in
tables 7, 8 and 9.

In all of the searches only small row and column ad-
dends were tested, and only clones 1 to t, where t is the
number of plant positions in a tile, were used in the
initial tile. It seems plausible that use of larger addends
and other clones in the initial tile will lead to designs
with even greater %Adj’s and %OU’s, but which will fail
for comparatively small numbers of clones.

Like the LaNGNER-GIERTYCH designs, the modulo tile
designs are easily adapted to any orchard shape. GIERTYCH
(1965) placed considerable emphasis on mechanical thin-
ning. It is clear from table 13 that the 1x2 and 2x2 designs
are more readily thinned than his designs, but the 3x3
tile is useless in this regard.

For 13 to 37 clones it is possible to achieve 100 % or
close to 100 %Adj using one of the given modulo tile
designs. For larger numbers of clones, the 3x3 tile design
theoretically gives each clone 36 different pollinators and
this is surely sufficient to guarantee adequate panmixia.
On the other hand, the known pollinator identities and
relative frequencies of the modulo tile designs can be
used to take advantage of known flowering phenology.
For example, WHEELER et al. (1993) state that phenologi-
cally synchronous clones may be separated if panmixia
is a major aim; or they may be grown in close associa-
tion in order to maximize seed production and reduce
contamination from external pollen sources. Thus if forty
clones are ranked according to flowering time, earliest to
latest, then the allocation of clones to clone numbers ac-
cording to table 14 will help achieve the desired results
if, for instance, the optimum 1x2 tile is chosen. Table 15
depicts sections of the resulting seed orchard designs and
table 16 lists the pollinators of some key clones.

All of the design parameters such as %Adj and %OU
are easily extended to hexagonal and triangular layouts.
If a square design is “wobbled” by indenting every se-
cond row, and if the interrow spacing is appropriately
adjusted, then a hexagonal layout is obtained (Table 17).
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Table 16. — Pollinators of some key clones in tables 15b and I5c.

Phenological clone 1 Phenological clone 20 Phenological clone 40

(carliest flowering) (mid flowering) (latest flowering)
Pollinators for  Pollinators for | Pollinators for  Pollinators for | Pollinators for  Pollinators for
panmixia seed panmixia seed panmixia seed
(Table 15b) production (Table 15b) production (Table 15b) production
(Table 15¢) (Table 15¢) (Table 15¢)

6 2 1 7 1 26

10 3 5 9 5 27

11 4 6 11 6 28

15 5 10 13 - 10 29

16 6 11 15 11 30

20 7 15 17 15 31

21 8 24 19 16 32

25 9 25 23 20 33

26 10 29 25 21 34

30 11 30 27 25 35

31 12 34 29 26 36

35 13 35 31 30 37

36 14 39 33 31 38

40 15 40 35 35 39

It is clear that if a square design is wobbled then all of
the first order neighbours of a subject plant in the ensuing
hexagonal design are a subset of the first order square
neighbours of the corresponding plant in the original
square design. Also, the second order square neighbours of
the hexagonal design are either first or second order
neighbours of the square design. Thus if the square design
has IAR > 2 then so does the corresponding hexagonal
design. Obviously, optimum square designs, such as the
modulo tile designs in this paper, will lead to good hexa-
gonal designs. However if optimum hexagonal designs

Table 17. — The 2 possible methods of wobbling the square design
in table 1 in order to obtain a hexagonal design.

7 2 3 4 5 14 6

9 10 1n 12 13 14 18
5 15 6 2 7 16 7

20 17 3 1 4 18 14
18 19 8 5 9 20 8

17 21 22 23 24 25 9
16 15 14 13 12 11 10

7 2 3 4 5 14 6
9 10 11 12 13 14 18

5 15 6 2 7 16 7
20 17 3 1 4 18 14

18 19 8 5 9 20 8
17 21 22 23 24 25 9

16 15 14 13 12 11 10
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are required then they should be subjected to direct in-
vestigation.

Conclusions

Modulo tile constructions are powerful generalizations
of the LANGNER-GIERTYCH systematic designs. If a tile has
been optimized then it is ready to be used for all suffi-
ciently large numbers of clones. The known pollinator
profiles of modulo tile designs may assist in achieving
certain goals, such as those based on flowering phenology.
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Appendix

Let (s,t) denote the greatest common divisor of arbitrary
integers s and t, and let“!” denote the division without
remainder property.

Theorem: The equation

i+xR + yC=m (mod n) 1)

where i, R, C, m and n are fixed, has integer solutions
for x, y if and only if (R,C),n) ! (m-i).

Proof. All equivalences will be modulo n, so the qualifier
(mod n) will be omitted for convenience sake.

Case (a). Assume that R and C are relative prime, i.e.
(R,C) = 1. From the Euclidean algorithm, e.g. NIven and
ZUckERMAN (1972), there are integers x,, y, such that

XR+y,C=1
= Xg(m-iR + y,(m-i)C = m-i
s+ xg(m-DR + y (m-i)C=m
SLi+xR+yC=m

where x = x(m-i) and y = y (m-i).

Now note that ((R,C), n) = (1,n) = 1 which always
divides (m-i).
Case (b). Assume ((R,C),n) = d whered > 1.

Necessity: If there is a solution to equation (1) then
i+xR+yC=m+kn for some x, y, k.
<. XR+ yC -kn = m-i.
Since d divides the lefthand side, it must also divide the
righthand side, i.e. d | (m-i).
Sufficiency: Assume d | (m-i).

Since ((R/d,C/d),n/d) = 1, the Euclidean algorithm can be
invoked and there must be x,, y, such that

xo(R/d,C/d) + y,(n/d) = (m-i)/d.
There also exists x,, y, such that

x,(R/d) + y,(C/d) = (R/d,C/d)

~ (m-i)/d - y(n/d) = x,(R/d,C/d)

= xoX, (R/d) + x4y, (C/d)

Multiplying throughout by d gives

m-i-yon=xxXR+xyy,C

xR+ xpy,C=m-i

as required.

Genetic Variation in the Phenology of Flowering in Black Pine
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Summary

The flowering phenology in black pine (Pinus nigra
ArnoLp) was investigated in a clonal seed orchard for 2
successive years (1986 and 1987). The orchard was estab-
lished in October 1978 in an area of 11 ha, at Koumani
Peloponnesos, Greece and included 52 clones.

The results showed that significant genetic variation
exists among clones in the commencement of the pheno-
logical stages of both, male and female flowers. Early and
late flowering clones are not synchronized in receptivity
and pollen shedding with the optimum time of the entire
seed orchard and therefore the assumptions of panmictic
equilibrium is violated. The date of commencement of
flowering stages is under strong genetic control. The broad
sense heritability values on individual tree basis were: 0.69
for the bud burst date in both years and 0.67 and 0.70 for
the date of commencement of receptivity for the years
1986 and 1987, respectively. The H values on clone mean
basis for the time of commencement of receptivity were
0.87 and 0.88 for the years 1986 and 1987, respectively.

1) National Agricultural Research Foundation, Forest Research
Institute, Terma Alkmanos, Athens 11528, Greece

Silvae Genetica 43, 5/6 (1994)

The duration of flowering stages is under weak genetic
control. The H values on individual tree basis of the dura-
tion of bud burst, were found 0.34 and 0.36 for the years
1986 and 1987 respectively. The corresponding H values for
the duration of receptivity were 0.12 and 0.28. The date of
commencement of pollen shedding is also weakly inherited
characteristic (H=0.23), while the duration of pollen shed-
ding is completely under environmental control. In all
cases the year x clone interaction effect was insignificant
indicating that the early flowering clones are maintained
early in all years.

The duration of receptivity of individual flower was
ranking from 2 days to 8 days, while the duration of the
entire seed orchard was found 32 days and 27 days for the
years 1986 and 1987 respectibely.

Key words: Black pine, seed orchard, genetic variation, genetic
base, heritability, correlation, effective population
size, flowering receptivity, panmixis.

FDC: 165.3; 165.53; 181.8; 181.521; 174.7 Pinus nigra; (495).

Zusammenfassung

In einer Klon-Samenplantage ist in den Jahren 1986 und
1987 die Bliitenphinologie der Schwarzkiefer (Pinus nigra
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