value that they use. For R-N, an expected value is maxi-
mized, while for R-L a safe minimum solution is derived.
For any particular site, the R-L solution would guarantee
a minimum relative yield, while R-N would not neces-
sarily do so. If it is important to ensure minimum yield
in every plantation, then R-L uses the better criterion of
goodness. For the expected value of a regional breeding
program, the R-N solution would be maximum while R-L
would not necessarily be so. If average regional maximiza-
tion is most important, then R-N uses the more appropri-
ate criterion of goodness to maximize. For a predetermined
number of source populations, R-N can provide an opti-
mam solution while R-L cannot always guarantee that
its minimum yield can be guarenteed. Therefore, the solu-
tion for the optimum number of source populations will
not in general be the same. For a given number of popu-
lations, R-L can determine the minimum site yield that
would result which might be less than desired, but they
could derive minimum yield as a function of population
number to guide policy. In contrast, R-N can determine
the expected value of the set of populations for those
population numbers, and can prescribe breeding zones as
a function of population number. For R-N, the frequency
distribution of sites is critical information, and even if the
distribution is uniform and has strict limits, the optimiza-
tion procedure will maximze the expected value. For R-L,
the frequency distribution is irrelevant, since optimization
is derived on a site-by-site basis.

We therefore believe that the breeder has a choice to

make among several approaches to choosing source popu-
lations and demarcating their planting site zones. In the
accompanying two papers, different views are offered and
it is hoped that, by contrasting them, the relative merits
of all approaches can be more widely discussed and that
sharper debates on breeding philosophy and testing tech-
niques will ensue.
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Genetic Flexibility — A Model for Determining the Range
of Suitable Environments for a Seed Source
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Abstract

A mathematical model describing the relative perform-
ance of different seed sources over a range of environ-
ments has been developed and tested using data from
Scots pine in Sweden and white ash in the USA. The
components of the model have a direct biological inter-
prefation in terms of the fundamental nature of the
problem : i.e. the maximal performance of a seed source,
where this maximum will occur and the range of suitable
sites for such a seed source. Comparisons can thus be made
between seed sources as to their site preferences and the
relative flexibility of each seed source calculated. Decisions
regarding the optimal deployment of seed may thus be
simplified and such information used to refine the allo-
cation of breeding zones.

The model requires that a one-dimensional environ-
mental gradient be defined. Such gradients may relate to
a single overriding environmental factor (e.g. winter cold)
which can be described by geographical information such
as latitude, altitude and distance from the sea. Definition
of this gradient is a necessary prerequisite to application
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of this model. Methods for establishing such gradients are
discussed.

Key words: Breeding zones, Pinus sylvestris, genotype by envi-
ronment interaction.

Introduction

Interactions between genotypes and environments are
a potential problem in forestry in that they can lead to
the choice of a ’less-than-most-productive’ seed source
for a particular site (MartuesoNn and Ravmonp, 1986). For
species which exhibit clinal variation over a wide range
of environments this problem is intensified, especially if
variation patterns closely match environmental changes.
The presence of genotype by environment (G X E) inter-
actions serve to complicate decisions regarding establish-
ment of breeding populations and design of breeding
strategy. Once it has been established that such interac-
tions exist, it is essential to determine whether they are
of practical importance for a breeding program. Finding
a significant GXE interaction does not necessarily imply
that it will have a major impact on future breeding
strategy (MaruesoN and Raymonp, 1984, 1986).

If such interactions are found to be real and important,
there are two approaches available; either to classify and
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group environments or to group genotypes. The first-
alternative aims to determine groups of environments
within which GxE interactions approach zero (CampseLL
and SoreNnseN, 1978) and thus maximise accuracy of selec-
tion and precision of estimates of genetic parameters. For
the second alternative, genotypes may be classified as
stable or unstable (according to Fintay and WILKINSON,
1963) and unstable ones may be removed from the breed-
ing population, thus greatly reducing GxE interactions
(MartuesoN and Raymonp, 1984). Genotypes may be grouped
according to their relative performance across a range of
tested environments.

To overcome the problem of GxE interactions breeding
zones may be established within the natural range of
ciinal species and guidelines may be laid down for accept-
able movement or transfer of seed. Such zonation aims to
maximise yield throughout the range of available planta-
tion sites whilst minimising the risk of using maladapted
seed sources (ReureLpT, 19824, b). Decisions regarding allo-
cation of breeding zones are generally based on genecolog-
ical or GxXE studies which combine both classification of
environments and of genotypes. The observed performance
of many seed sources, at one or a few sites, is regressed
against a set of environmental variables in an attempt
to explain the causes of the patterns of variation.

Such studies have a long history, with early work being
done in Scandinavia by Lancrer (1936). Many other studies
have followed, including those of Eicue (1966), Eriksson
(1975), Remrop (1976), CampBeLL (1979), CampBeLL and FRANK-
LN (1981) and Renrerpr (1979, 1982a, b, 1983). Each of these
studies aimed to determine which environmental factors
(usually in terms of latitude, altitude and distance from
the sea) were important in defining variation patterns
and thus to establish a basis for defining breeding zones
or transfer rules for seed. Several studies have produced
models which attempted to examine this variation (e.g.
MorGensTerN and Rocug, 1969; CampBeLL, 1974; ERIKSSON
et al., 1980; Roserps and Namkoong, 1986) or have applied
various multidimensional plotting routines to study the
variation patterns (e.g. Kune, 1981; RenreLpT, 1982a; SILEN
and ManpeL, 1983; Kunc and Crausen, 1984; PrescHER, 1986).

Such studies provide an important base of knowledge
regarding patterns of both environmental and genetic
variation. This information may be used to establish and
define environmental gradients which have direct effects
on how provenances will perform on a variety of sites.
Such gradients are usually defined in terms of geographic
factors (latitude, longitude, altitude, distance from the
sea) which describe or reflect some major or overriding
environmental factor such as winter cold or length of the
growing season. Definition of such gradients is an im-
portart first step in examining how to best use the avail-
able genetic material.

The problem then becomes one of best matching genc-
types to environments in order to maximise yields. Given
a known environmental gradient, it is necessary to estab-
lish the number of seed sources required to adequately
cover the range of sites and then to define where to stop
planting one source and begin planting another (RoBerps
and Namkoong, 1986). In addition, with modern silvicul-
tural practices and artificial regeneration of large areas,
it is recognised that the local seed sources may not neces-
sarily be optimal in terms of the current economic ob-
jectives of forestry and that transfer of seed may be ad-

vantageous (Namxoong, 1969; Eriksson et al.,, 1980; Pre-
SCHER, 1986).

Given that such a situation exists, the concept of genetic
flexibility of a seedlot becomes important. That is, over
what range of sites should the one seedlot be utilised?

Mancop and Lissy (1978) present a conceptual model
for such flexibility which extends the concepts of Nam-
KOONG (1969) in regard to the diminishing importance of
reproductive fitness when artificial regeneration is used.
The model is based on the idea that each seedlot (or popu-
lation) has an optimal environment for expression of
vegetative vigour and that this optimum may differ from
its origin. If a seedlot is planted across a range of sites
around this optimum, its performance will change in a
curvilinear way in relation to the distance from the opti-
mum (see Figure 1). If many seedlots are planted across
an environmental gradient a series of such curves should
exist, arranged in an overlapping manner, as each seedlot
finds its optimum. If such a series of curves exist in
reality they would provide an objective basis for examin-
ing how to optimise the use of the available material by
simplifying decisions regarding the delimiting of seed
zones and the refining of transfer rules. Raymonp and
LiNnpGreN (1986) present such a series of curves for the
change of performance, across a range of sites, for some
provenances of Scots pine (Pinus sylvestris) in Sweden.
Another series of curves is given by Kunc (1981) for the
performance of different stands of white ash (Fraxinus
americana) at 4 sites covering a latitudinal transect from
Wisconsin to Louisiana in the USA.

Using the Swedish data Raymonnp and LinDGREN (1986)
developed and tested a mathematical model which charac-
terised the behaviour of each provenance by examining the
form of these curves. The components of this model have
a direct biological interpretation in terms of the funda-
mental aspects of the problem: what is the maximal
performance of a seedlot (in terms of survival and
growth), where does this maximum occur and over what
range of sites should the seedlot be used? The model is
equally applicable for examining the performance of a
range of seedlots at any given site (i.e. describing the
origin of the optimal seedlot and the relative harshness
of the site). This paper presents the model and gives ex-
amples of its application, both in terms of examining the
behaviour of a seedlot over a range of sites (using the
Swedish data) and for examining the behaviour of a range
seedlots at a given site (using the data of Kunc, 1981).
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Figure 1. — Hypothetical change in performance of a seedlot

when planted across an environmental gradient.

113



Mathematical Model for Flexibility

Figure 2 presents the performance of six provenances of
Scots pine (Pinus sylvestris) across a range of sites in
Sweden. Details of the provenance origins and of the
scales used on the axes are given in Ravymonp and LinD-
GREN (1986) and will be outlined below. The figure indicates
that these provenances behave in a curvilinear manner
with the performance of each provenance dropping off in
a parabolic form with increasing distance from the optimal
site. From an analytical point of view, the initial ap-
proach to fitting curves is to use a polynomial. On first
inspection, the shape of these curves would suggest fit-
ting a quadratic polynomial of the form:

Y=o+ 8X+ X2 (1)

where
Y = an index of the performance of each prove-
nance at each site
X = an index reflecting the relative severity of
each site
a, f & y = appropriate regression coefficients.
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Such a function was fitted by Kunc (1981) to the white

ash data which is used as an example here.

However, the expected form of these curves may be
anticipated by applying some biological information to
this relationship. Several characteristics were considered
desirable in the fitted function:

1. Parameters should be interpretable in a biologically
meaningful way.

2. The maximum should be relatively smooth.

3. The function should asymptotically approach zero for
milder climates; i.e. for milder climates survival should
not be greatly affected, although growth may be reduc-
ed. Total production should not reach zero.

4. For harsher climates, the function should approach
zero asymptotically or linearly but without too steep
a slope; i.e. both survival and growth will be affected
and for harsh sites all trees may die, leading to zero
production.

5. The appearance of the curve should be more sensitive
to values close to the optimum and less sensitive to
lower values (which result from maladapted provenanc-
es of little practical interest).

‘ Calculated optimum site value
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Figure 2. — Relative performance (in terms of volume per hectare in 1981) of the six Swedish
provenances of Scots pine.
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Under these constraints the following alternative func-
tion was suggested:

Y =3a/[1 + ((X - b)/e)?] (2)

where Y and X are as above, but here the coefficients

have a direct biological interpretation (Figure 1):

a = parameter representing maximal performance (height
of the curve)

b = parameter locating the optimum (i.e. optimal site for
a provenance)

¢ = parameter describing the width of the curve (i.e. be-
tween (b —¢) and (b + ¢), Y > 0.5a).

The interpretation of the parameters of this function
requires further explanation. The function may be used
in two different ways. Firstly, it may examine the per-
formance of each provenance across a range of sites. The
second option is to examine all provenances planted at a
single site. The interpretation of the parameters are dis-
cussed separately for each of these options.

1.) Provenance behaviour across many sites

The Y values represent an index of performance for
each provenance at each site. To examine the behaviour
of provenances in this manner it is necessary to combine
data across sites. As differences in sites are a major source
of variation in provenance trials the data for each site
was transformed to a relative performance. A maximal
value of 100 was assigned to represent the most productive
(well adapted) provenance for each site and the perform-
ance of all other provenances was calculated relative
to this maximum. This scaling system was chosen to make
sites as comparable as possible and also to stabilise the
variances across sites.

An index for the relative severity of each site (X value)
is also required. Such an index should be an one-dimen-
sional gradient covering the range of interest. Definition
of this gradient is vital for this type of study and relies
on genecological or provenance studies relating variation
patterns to environmental factors. Such gradients are
generally defined using multiple regression techniques
and regressing environmental variables (e.g. latitude, alti-
tude and distance from the sea) on seedlot performance
(CampBeLL, 1979; RenreLpt, 1979, 1982a, b). Defining such
gradients relies on the presence of a single major or over-
riding environmental factor (e.g. winter cold) which is
closely associated with geographic variables (e.g. latitude
and altitude). If such an overriding factor is not present,
the definition of such a gradient may not be possible.

The a, b and ¢ parameters relate to the performance of
each provenance as follows. The a value represents the
maximal relative performance for the provenance (i.e. the
height of the apex of the curve). As the Y axis is scaled
against the best-performing provenances at each site the
a value indicates the merit of this provenance when com-
pared to others tested across the range of sites studied. An
a value close to 100 indicates that the provenance is per-
forming amongst the best of those tested at the range of
sites evaluated and thus deserves further attention. Con-
versely, provenances which do not perform amongst the
best at any of the sites may also be identified.

The b values represent the location of the apex of the
curve on the X axis, or the site location description for
where this provenance should perform at its best. The
optimal site may be identified even though the provenance
may not have been planted at such a site.

The width of the curve is described by the ¢ values
which represent the relative flexibility of the provenance.
A low c value indicates that the provenance will only
perform well over a very limited range of sites or that it
is finely adapted to conditions at its original location. A
larger c value reflects a more flexible provenance whose
performance is less sensitive to environmental changes.

2.) Many provenances at a single site

This function can equally well be applied to examining
the behaviour of various seedlots at a single site. For such
a study the interpretation of the components of the func-
tion differs slightly. As each site is examined separately,
the scale for the Y values may vary: the actual scale of
measurement may be used or the data may be transformed
to a relative scale as used above. The X values would
correspond to an index reflecting the severity of the site
of origin for each seedlot. The a values will reflect the
scale used for the Y axis and should approximate the
maximum for that site. The b values represent the optimal
seedlot origin for that.site, whilst the ¢ values indicate the
discriminating ability of the site. Low c¢ values reflect a
more demanding site where discrimination of seedlots is
strong and efficient; whereas a higher ¢ value indicates
that most of the seedlots tested have performed equally
well.

As examples of how this function may be used, it is ap-
plied to the data from Swedish Scots pine provenances
presented in Figure 2 and to data for each site from Kunc
(1981).

Materials and Methods

1.) Swedish provenance data

Data from a Swedish experiment with Scots pine is
used to illustrate how the function may be used to ex-
amine the performance of a provenance which has been
planted at a range of sites across the environmental gra-
dient. Details of the Swedish Scots pine data were pre-
sented in Raymonp and LiNpcren (1986). Thus only an out-
line is given here. The six provenances form part of the
“Ercue series” of trials which is a nationwide series planted
1952 to 1955 to evaluate the effects of transferring prove-
nances (see Eicug, 1966, for details of the design). Data for
total volume production (on a per hectare basis) until and
including 1981 were extracted for all sites for which com-
plete information was available. Eighteen sites were in-
cluded with 75 provenances represented, but with the
distribution of provenances across sites being extremely
unbalanced. The six provenances used here were selected
on the basis that they appeared at five or more sites and
cover the majority of the range of the provenances sam-
pled in the trial series. Details of the origin of these
provenances and of the number of trial sites where they
appear are given in Table 1.

As it was necessary to combine data across sites, the
total volume production per hectare was transformed to
a relative performance as described above. The indices for
the relative severity of each site was based on previous
work done in Sweden which aimed to quantify site sev-
erity in terms of latitude and altitude for both plantation
sites and seed sources. The indices used here are those
officially approved by the Swedish Board of Forestry in
the Forestry Act (SkoGssTYRELSEN, 1979) and were based on
a combination of ideas and work of Eriksson et al. (1980)
and RemroOD (1976):
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Table 1. — Descriptive information for the Swedish Scots pine provenances.

Provenance No. of Index for
No. Name sites Latitude Longitude Altitude origin
23 Ma13, Stromfdrs 7 65°08" 18°53" 305 6.03
40 Br¥m®h, Sanna 6 62°12" 17°42" 5 2.10
42 Sveg, Malmbicken 16 62°03" 14°19" 385 2.95
56 Vinje, Pristgdrden 5 59°35" 7°50° 550 1.15
74 Eckersholm 14 57°36' 14°13" 225 -1.83
105  Kungsbacka 5 57°30" 11°55' 10 -2.60

Site Severity Index = Lat — 74.2609 + Alt/300 -
0.000006875- Alt? + Lat.- Alt/40768 + Lat?/282.82
where Lat = Latitude in degrees, converted to decimal

values
where Alt = Altitude as metres above sea level.

Provenance Origin Severity Index = Lat — 60.1 + Alt/300

The scale for the site severity values was defined based
on latitudes north of 61° thus negative values may appear
(as in Figure 2). Although these indices form part of a
legal document they are biologically sound and their use
for predicting optimal provenance transfers, based on the
present set of data, was shown in a separate analysis
(LinpGren and Raymonp, 1987).

2.) White ash data

The other set of data examined is that of Kunc (1981)
which is used to illustrate the fitting of the function to
performance of many provenances at a single site. Height
and survival at 3 years of age were recorded for 4 plan-
tation sites covering a north-south transect across the
central USA (Table 2). Nineteen provenances covering this
same range of latitudes were planted at all 4 sites. Only
2 of the sites (Illinois and Ohio) had provenances trans-
ferred from both north and south. The remaining 2 sites
(Louisiana and Wisconsin) were at the extremes of the
range of provenances tested and thus only had northward
or southward transfers represented. Kunc presents a series
of curves relating both height and survival for all prove-
nances at each site to their respective latitudes of origin.
For the most southern site (Louisiana) the curve relating
height growth to provenance had no maximum but in-
stead was inverted with a minimum at about 40° As this
site was at the extreme of the range examined and
displayed an unusual curve, it was not included in further
analyses.

The height data were transformed in the same manner
as that used for the Swedish data. For survival, the scaling
system imposed an automatic restriction of 100 thus this
data was used without further transformation. The index
of environmental severity for the provenance origin was
the same as used by Kung; i.e. latitude of origin.

3.) Analyses

In order to evaluate the merit of the suggested function
relative to a quadratic polynomial, both functions 1 and 2
were fitted to both sets of data. All analyses were done
using an iterative least-squares fitting procedure (Proce-
dure NLIN in SAS; SAS, 1982). In contrast to the situation
for linear modelling, there are no explicit guarantees of
fit for nonlinear modelling techniques. The adequacy of
a model is usually assessed by the occurrence of conver-
gence and, for predictive models, by the minimising of the
sum of the squared residuals or R? values (CrAMBERs, 1973).
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Table 2. — Descriptive information for the white ash sites.

Site Latitude Longitude
Louisiana 30.4° 92.0°
IMlinois 37.5° 89.3°
Ohio 40.0° 82.0°
Wisconsin 46.6° 89.5°

The acceptance of a nonlinear model is generally based
on theoretical or empirical evidence plus the evaluation
of the model over many data sets (Ratkowsky, 1983). For
these data R? was calculated and the distribution of resid-
uals examined for each analysis. As the curve fitting
was done by least squares, the R? values do not neces-
sarily indicate the potentially best-fit curve in both
dimensions, but serve as an indication of the value of the
function tested.

Results

1) Functions 1 and 2

Table 3 presents results for fitting both functions to the
Swedish Scots pine data and similar results for the white
ash data are given in Table 4. Both functions removed
over 90% of the variation from all data sets but, in gen-
eral, function 2 resulted in a slightly better fit. Examina-
tion of the residuals resulting from fitting both functions
revealed an essentially random pattern. Both functions
have three degrees of freedom. As function 2 gave an
equal or better fit to the data, the curves have a more
reasonable appearance in a biological sense (i.e. the tails
will asymptote instead of going to zero) and the para-
meters of this function have a biological interpretation,
it seems reasonable to accept it as a valid model. The in-
terpretation of the components of this function deserve
further attention.

2.) Swedish Scots pine data

This example presents the case where the function is
fitted to a provenance’s performance across many sites.
Table 3 indicates that the a, b and c¢ values differed for
each provenance. The a values may be used to identify
which provenances perform well over the range of sites.
For four provenances (23, 40, 42 and 74) these a values
were close to 100 indicating that they were performing
well. In contrast, for provenances 56 and 105, the a values
were lower, indicating that they will not perform amongst
the best anywhere over the range of test sites.

The b values allow for the identification of an optimum,
even when this optimum is not actually represented in the
field. The optimal site indices for each provenance (as
given by the b values) follow a similar pattern to the
indices for the origin of each provenance (correlation 0.968
and significant p < 0.05) indicating that the optimal site



T'able 3. — Results from fitting the two functions to the Swedish provenances.

Provenance
23 40 42 56 74 105
Index for Origin 6.03 2.10 2.95 1.15 -1.83  -2.60
Function 1:a+8X+yX2
a 73.5 89.0 83.6 75.7 89.3 66.0
B 6.86 0.45 1.68 1.19 -4.46 12.97
v -0.79 -1.2 -0.83 -1.42 -1.00 -2.76
RZ(%) 97.6 98.7 89.4 99.5 95.0 97.1
Function 2:a/(1+((X-b)/c)?)
a 95.5 93.2 101.6 78.1 104.7 85.2
b 5.47 0.58 1.15 0.40 -1.50 -2.34
c 5.65 6.02 5.57 5.46 5.35 4.04
R2(%) 99.0 98.9 90.1 99.0 94.0 97.4
Table 4. — Results from fitting the two functions to the white ash sites.
Site
ITlinois Ohio Wisconsin
Height Survival Height Survival Height Survival
Latitude of site 37.5° 40.0° 46.6°
Function 1:a+BX+yX?
a 78.3  -235.3 -319.6 -506.2 -275.8 -735.9
B .37 16.34 20.30 29.38 16.26 39.24
¥ -0.09 -0.20 -0.25 -0.37 -0.18 -0.47
RZ(%) 97.7 99.4 98.5 96.4 97.9 97.7
Function 2:a/(1+((X-b)/c)?)
a 92.3 99.3 86.9 85.8 84.6 89.8
b 32.01 40.89 40.02 40.17 43.16 41.56
c 10.66 19.83 15.07 11.00 15.44 8.19
RZ (%) 98.0 99.4 98.6 96.6 97.8 97.4
Estimated optimal provenance
origin from KUNG (1981) 18° 41° 40° 40° 44° 42°

is close to the provenance origin. The b values were also
different for each provenance indicating that their site
preferences differed.

The width of the curves are described by the c values.
For each provenance these values give an idea of the
relative flexibility or genetic plasticity relative to the
index of environmental severity. For the data examined
here the ¢ values proved to be remarkably stable, given
the diversity of the provenance origins.

3.) White ash data

The performance of many provenances at a single site
is examined here. Table 4 presents results for fitting both
functions to the 3 northern sites of Kunc (1981). Kunc also
fitted function 1 to both survival and untransformed

height. The coefficients for survival are similar to those
of Kung, but as height was transformed in this study these
coefficients differ. However, a comparison of results is
valid, especially in regard to assessing the origin of the
optimal provenance for each site.

The a values resulting from fitting function 2 to each site
were all above 85%. The b values follow the same pattern
as the latitude of the sites, indicating that each site re-
quires a different provenance for maximal production.
The agreement between the b values and the estimated
origin of the optimal provenance (as defined by Kunc’s
algorithm) is excellent for survival at all sites and for
height at the Ohio and Wisconsin sites. For the Illinois
site the estimated optimum, using the algorithm applied
by Kune, was 18° north, which is outside the natural range
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of the species. In contrast, the estimated b value from
the current analysis (32% is within the range of the spe-
cies.

When the function is fitted to data for a range of
provenances at a particular site the ¢ values may be in-
terpreted as describing the discriminating ability of the
site, with lower c values reflecting more demanding sites.
For the two northern sites (Ohio and Wisconsin) the c¢
values for survival were lower than those for height,
whereas for the Illinois site the reverse was true. For
height growth the ¢ values appear unrelated to latitude
of the site, whilst for survival there is a negative rela-
tionship, indicating that the range of suitable provenances
decreases with increasing latitude.

Potential uses for the function

By using the suggested function the shape of the curve
for performance of a provenance across a range of sites
can be examined mathematically as well as visually. Once
the a, b and ¢ values are known the function may be
solved for any level of relative performance (i.e. any
percentage of Y) and thus the range of suitable sites for
each provenance determined. If seed zones are to be
allocated based on a predetermined level of acceptable
performance (such as 90% or 95% of the maximum as
defined by the a values from function 2) then this function
is of great value. By solving the equations for each prove-
nance for a range of acceptable levels of performance the
relative widths of the range of suitable sites may be ex-
amined. Figure 3 presents results for the Swedish Scots
pine provenances. For all 6 provenances the width of the
ranges are similar, reflecting their similar ¢ values. On
average, moving one of these provenances by 1.23 units
of site index (or 2.46/2 from Figure 3) in either direction
from its optimum would result in a loss of 5% at the
extremes of the range.

Such diagrams provide a sound basis examining the be-
haviour of many provenances relative to their maximum.
Decis ons about the optimal deployment of seedlots may
thus be simplified and such questions as the tradeoff be-
tween the number of seed zones and the loss in perform-
ance can be further examined.
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Figure 3. — Relationship between the relative loss in production
(at the extremes of the planting range) and the width of the

range of planting sites for the six Swedish provenances of Scots
pine. Average loss is shown by the solid line.
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Discussion

The need to develop breeding zones has long been
recognised (CampperL. and Sorensen, 1978). However, the
delineation of such zones has not always been based on
biological information. Factors such as political and man-
agerial considerations together with economic factors in-
cluding costs and administration of seed collection, nurs-
ery operations and area of established plantations have
generally been combined with biological intuition to
design breeding zones (RenreLpt, 1979; Roserrs and Nam-
KOONG, 1986). Several approaches have been developed to
produce models and assist in defining zones based on the
biology of the species involved.

When developing such models it is essential that a large
amount of variation exists between the seed sources test-
ed (PrescHer, 1986) and that the environmental gradient
may be defined. As the aim of allocating seed zones is
to minimise GXE interactions it is assumed that such inter-
actions are present and economically important. An ad-
ditional problem arises in that not all traits in a popula-
tion will follow an identical cline (CampBeELL and SORENSEN,
1978). Thus a decision must be made regarding which trait
or traits are to be used as the index of growth and adap-
tation. The optimum environment for one trait may dif-
fer to that for other traits (Kunc and Crausen, 1984) or the
ranking of traits may change within the species distribu-
tion. For example, in northern Sweden, due to the harsh-
ness of the environment, the most economically important
trait for Scots pine is survival (Prescuer, 1986). Further
south, where the environment is milder, the variation in
survival is smaller. Growth rate becomes more important.
Thus, it may be necessary to use different bases for defin-
ing breeding zones in different parts of the species range
or, alternatively, to combine survival and growth rate into
a single index (e.g. total volume production per hectare
as used for the Scots pine data presented here).

Most studies of seed source variation have been based
on seed, collected from many widely scattered stands
throughout the natural distribution of the species, which
is grown a one or more locations (Kunc and Crausen, 1984).
Results of such studies are then either related back to
factors in the environment of origin of each seed source
(e.g. LanGLET, 1936; CampBELL, 1979) or a genotype-environ-
ment interaction study is undertaken (e.g. RenreLDT, 1979,
1982b). The latter type of study aims to establish whether
GxE interactions exist and to investigate their possible
causes. Much statistical theory exists for such interactions
(see reviews by Freeman, 1973 and Hmi, 1975) and many
such interactions have been found in forestry (see review
by MartuesoN and Raymonp, 1986).

How these two types of studies interrelate is not clear.
ReueeLpr (1979, 1982a, b) has undertaken both types of
studies for Douglas fir (Pseudotsuga menziesii) in two areas
of the US (north Idaho and north east Washington 1979;
western Montana 1982b) and for Larix occidentalis (1982a).
For Douglas fir in western Montana and for Larix GxE
interactions were not found for most of the traits studied,
and the ranking of the populations tested were essentially
the same at all sites. Thus the observed GxE interactions
were not large and were mainly due to differences in
means or variances. Stepwise multiple regression models
including environmental variables were then fitted to the
data, and significant proportions of the variation in seed-
lot performance could be removed by such models. For
Douglas fir in Idaho and Washington (1979) the GXE inter-



actions were significant for all traits studied and the data
were further examined using a joint regression analysis
{PerxiNs and Jinks, 1968) where the performance of each
seedlot is regressed against the mean value of all seedlots
at each environment. The GxE interaction may then be
partitioned into variance due to the heterogeneity of
regression lines and that due to deviations from the re-
gressions. For this data, most of the interaction was due
to the heterogeneity of regressions with regression lines
converging within the range of environments tested.

Renrernt (1979) considered that the mean values for
traits were significantly correlated with the regression
coeff_cients and that the joint regression analysis masked
variation which is necessary for assessing differentiation
of populations. This lack of independence of the measure
of the environment has been criticised by other authors
including Freeman and Perkins (1971), WricHT (1971, 1976)
and Freeman (1973). Alternative methods for specifying the
environmental gradient by using other seedlots or ad-
ditional replications at each test site have been suggested.
Both of these involve additional effort in establishing
trials and only provide an estimate which is subject to
error. Thus, they may not add much information or truly
refiect the environmental gradient.

In contrast, multiple regression on independent environ-
mental variables (latitude, longitude, altitude and habitat
type) was able to differentiate the seedlots, even though
some of these environmental variables were intercor-
related. Ruererpr (1979) concluded that joint regression
analyses should not be used for selection of genotypes but
may be used for comparing the response of populations to
an environmental gradient.

Given that two very different definitions of environ-
ment were used, such a conclusion is questionable. No at-
tempt is made to examine how these definitions relate to
each other or which definition is more valid. However,
results of the joint regression analysis were used to cal-
culate mean differences among populations which are
associated with least significant differences (Isd) at given
levels of probability. The multiple regression models are
then used to define the appropriate changes in environ-
mental variables required to alter the traits of interest
by an amount related to the 1sd. The breeding zones are
then allocated based on these calculated differences.
Whether such zones relate to maximising yield is unclear
(Roeerps and NamkooNG, 1986) and to allocate zones when
there is no strong evidence of GxE interactions (e.g.
RenreLpT, 19823, b) appears questionable.

Both the joint regression and multiple regression ana-
lyses have one major problem in relation to attempting
to maximise yield over a range of environments. Both
analyses assume a linear relationship between genotype
performance and changes in the environment. It is impos-
sible to distinguish a sub-optimal environment from a
supra-optimal one. Both the sub- and supra-optimal en-
vironments for a seedlot will be classed as producing a
lower mean performance (i.e. the tails of the curve in
Figure 1 would be classed together). To maximise yield
it is necessary to determine the location of the optimum
for each seed source and to select seed sources with a
high yield over a range of environments. By using the
linear regression analyses this is not possible.

Several alternative forms of analyses based on multi-
dimensional curvilinear surfaces have been proposed. The
multidimensional plotting routines proposed by Kung

(1981) and Kune and Crausen (1984) provide one method
of integrating relative seedlot performance with environ-
mental gradients. A multidimensional response surface is
fitted to the data and plotted as a shaded contour graph.
Such plots illustrate the range of suitable seed sources
for a given plantation site but give no indication of the
relative flexibility of each seed source and when to change
from one seed source to another. However, these plots
give some idea as to the relative importance of site varia-
tion and seed source variation and an indiction of whether
it is beneficial to transfer seed across the environmental
gradient. This technique relies on the optimum site-seed-
lot combination being within the range examined. If this
is not the case (e.g. PrescHEr, 1986) then interpretation of
the plot is unclear and no recommendations regarding use
of available seed are possible. '

Roserps and Namkoonc (1986; 1988) present an alterna-
tive approach based on curvilinear relationships. Their
approach is somewhat similar to that presented in this
paper in that they aim to present a method for establish-
ing breeding zones that will maximise yield based on bio-
logical information. By developing a response function for
seedlot performance across an environmental gradient
and using optimisation theory they determine the num-
ber of seed sources required for maximising yield and the
ranges of environments suitable for each seed source. The
response functions are based on assuming Gaussian distri-
butions for seedlot performance, with all seedlots assumed
to have equal variance. Such an assumption appears valid,
especially given the results for the Scots pine data pre-
sented here. Their other main assumption relates to
developing a probability density function for the distribu-
tion of planting sites. Sites are assumed to be more fre-
quent where the species is well adapted and less frequent
where it is poorly adapted (Roserps and NamkooNG, 1988).
Based on these assumptions a normal distribution is used.
For the Swedish Scots Pine data presented here such an
assumed distribution is questionable due to the strict
regulations governing forestry. In this case the distribution
of planting sites may in fact be uniform (see Roserps and
Namkoong, 1988, for discussion of this point).

This assumption is required (Roserps and NAMKOONG,
1986, 1988) as their model is based on using Gaussian
distributions whose mathematical properties are well
known. In contrast, the function presented in this paper
is a Cauchy distribution, which resembles a Gaussian
distribution but asymptotes much more slowly. For a
Cauchy distribution the curve approaches the axis so
slowly that an expectation of the density function does
not exist (FeLLEr, 1966). In addition the characteristic equa-
tion of this function is not differentiable. Thus, none of
the moments of the Cauchy distribution exist (Fisz, 1963).

While the function presented in this paper is mathe-
matically more difficult to handle (from some points of
view), for application to the types of data presented, the
infinite variance of a Cauchy distribution is not a serious
problem. As the X axis.is an environmental gradient, the
distribution of the function is effectively truncated by the
extremes of this gradient (i.e. for the Scots pine data the
gradient commences at the tree line in the north and
ends at the coast in the south). Thus the tails are truncat-
ed and only the central part of the distribution is of
interest.

The components of the function presented have a clear
interpretation in terms of the biological aspects of match-
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ing seed sources to environments. The three main factors
of defining the maximal performance of each seedlot, the
location of this maximum and over how wide a range of
environments each seedlot should be used may be examin-
ed mathematically and graphically.

Seed sources with high yields over a range of environ-
ments are easily detected and decisions regarding when to
stop planting one source and begin planting another are
simplified. Boundaries for breeding zones may be allocat-
ed based on a predetermined level of acceptable perform-
ance. Breeding material may be distributed across a
defined area, provided that the choice of material is such
that the performance does not fall below the preset mini-
mum acceptable level.

The model relies on the accurate specification of the
environmental gradient. This component is potentially the
most difficult part of the model to specify as the environ-
ment is a complex of many factors. It is essential to define
which of these factors directly affect seedlot performance
and then to combine such factors in a meaningful way to
provide a one-dimensional gradient. Although it is desir-
able to be able to describe environment in this manner it
is often difficult in practice (FreemanN and Perkins, 1971).
Thus, before it is possible to apply such a model, it is
necessary to undertake genecological studies so that the
effects of environmental factors are understood.
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