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1. Introduction

Intheyears, 1962 and 1963, Klaus Stern — then a member
o the Schmalenbeck institute o forest genetics — initiated
a provenance study in Douglas-fir. The aim d this study
was to test the early performance d provenances in a poor
site known for its risk o late frost. In addition, another
new aspect d the study was to compare seed lots o the
northwestern part of the distribution range with southern
lots. The latter has rarely been included in one o the
numerous previous studies in Europe (cf. ScHoBer 1963).
However, more recent studies do not neglect the southern
part o the distribution range (cf.. Birot 1972).

Recently, HerrmANN (1973), StepHan (1973) and Stern et al.
(1974) reported on the field results d this study. The pre-
sent publication is based on newly-collected data and on
further statistical analyses run after additional computa-
tional checks were made on the previously presented data.

2. Material and Methods

The design d the field tests has been described in detail
by Herrvann (1973) and by Stern et al. (1974). Only a few
informations on the material may interest here: Figure 1
shows the geographic origins represented in the three tests.
Experiment no. 3 contains 74 different provenances. Seven
o these were repeated to give the 8l provenances re-
quired for a lattice design. However, this particular condi-
tion o the layout was neglected and the design treated as
one in complete randomized blocks. A subset of 55 o these
provenances forms experiment no. 4. Finally, experiment
no. 5 is one year younger and is comprised d more lots
from the southern part d the distribution range o the
species. The three field tests are located in the same area
in Northwest Gerrnany.

There are four replications in each d the three tests;
16 trees were planted per plot. As a rule, all traits were
observed in the individual trees. Details d character as-
sessment were also reported by Stern et al. (1974). A rating
system was applied for both winter frost damage (0 cor-
responding to no damage, 5 to most severe damage) and
late frost damage (percentaged shoots killed). Winter frost
damage observed in the field may have two causal com-
ponents: damage induced by low temperatures occurring
early in winter and/or damage induced by frost drought.
These phenomena could not be discriminated in this study.
It was believed that the degreed damage in these instances
was a better indicator o the tolerance d the provenances
than the percentage o affected trees. In addition to scor-
ing the degree d winter frost damage, the killing o the
terminal bud was noted for every tree. The numbers o
such trees were asssessed in summer if the termina bud
had not flushed and were converted to percentages o the
surviving trees. The other trait yielding percentages was
mortality, both o these traits were subjected to statistical
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analysis without transformation. For all the statistical ana-
lyses run with both original and transformed data there
was no major difference in either test statistics or relative
magnituded error variation. The statistical treatment used
was the unweighted analysis of plot means or provenance
means.

Originally, Stern subdivided the area covered by the
sampling into 8 regions. In the present study this number
was reduced to 4 in order to attain greater simplicity and
to have more samples within the individual regions. The
group membership d the provenances is shown in figurel.
Region 1 consists o 31 seed lots that represent Oregon and
Washington west o 120° longitude, and Vancouver |sland.
Region 2 is represented by lots from Washington and Ore-
gon east d 120° longitude, Idaho Montana, and two lots
from Alberta. Provenances from Colorado and Utah were
combined to form region 3 while the origins that constitute
region 4 arefrom Arizonaand New Mexico. A single prove-
nance is from Mexico (region 4) at 25° latitude; the north-
ernmost lot came from British Columbia (region 1) at 52°
latitude.

HerrmAaNN  (1973) listed the number o trees sampled in
seed collection and indicated that generally the seed o
very few trees enter a seed lot. The entries o experiment 5
consisted o only single tree progenies.

The line o demarcation between the coastal form,
Pseudotsuga menziesii var. menziesii, and the Rocky Moun-
tain form, P. menziesii var. glauca (Brissn.) Franco (cf.
CHinc and Hervann 1973) was recognized by letting all P.
menziesii var. menziesii origins represent region 1.

3. Results and Discussion

31 Variation of provenance means between regions

A statistical model was used to test the significance o
differences between these four regions and to estimate the
variation among those regional means relative to the varia-
tion arnong provenances o the same regions. The sum o
squares between all provenances was broken up so that the
two mean squares and variance components could be
estimated. Table 1 summarizes the analyses d variance o
the various observations o tree height, frost damage and
mortality. With only one exception the differences among
the regions are significant. In all traits other than
mortality these differences were responsible for the greater
part o the variation among all provenances. This result is
unexpected since the small numbers d individual seed
trees could have been responsible for more variance un-
explained by the applied statistical model.

The prevailing o the between-regions component is
most pronounced in winter frost and tree height. In the
loss d the terminal bud and late frost little consistency
is found in these estimates over years. Only in mortality
do the regions explain a moderate percentage o the total
variance. The differentiation among provenances imme-
diately after planting was low and increased only slightly
since then.

Due to less exposure d experiment no. 5 only minor dif-
ferences in frost damage and mortality occurred. This ex-
periment was also remarkable in that aimost half o the
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Figure 1. — Geographic location of the places of origin of 99 provenances. The 25

origins denoted by A are planted in experiment no. 5. The other 74 are denoted by

different symbols according to the region they were assigned to: A region 1, O re-

gion 2, X region 3, and O region 4. — The locations of some of the origins are only

approximate since they possess virtually the same position but differ in elevation
only. In drawing this figure, map 80-W of Lirrie (1971) was used.

traits did not reveal important provenance variation within
regions.

The means computed for the regiong are given in table 2.
In the two larger tests the provenances from region 1 suf-
fered most by winter frost in the terminal buds and the
other parts of the trees. Second were the trees with the
southernmost origins, while the other two regions were
affected to a lesser extent. These results could not be ob-
served in late frost as the date in spring when the causal
frost occurred is unknown. It can only be inferred from
other tests that some individual lots may have escaped the
frost due to their particular phenology, or for some other
reason. The damage by late frost is however no indicator
of early flushing. The variation in mortality is mainly due
to the loss of considerable percentages of the planted trees
in some provenances from region 1. The mortality percent-
age does not increase regularly due to errors in counting.

The effect of atmospheric conditions on the experimental
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trees in the field cannot directly be compared with the
response to treatments in potted young trees or cut-off
branches in the growth chamber. The latter method of
testing the potential value of provenances has well- known
advantages. The results presented in the present paper
neither required simulation of actual conditions nor sub-
jecting the trees to an artificial environment. The decision
to study field tests exclusively was made in order to obtain
data on frost damage, height growth and mortality in the
same trees simultaneously so that practical conclusions
could be drawn. The reported provenance means have to
be seen from this angle.

In experiment 5, region 1 is represented by two lots
originating from west of the Cascade ridge. These two
progenies are among the fastest growers up to the age of
11 years. In the other tests there was no such difference
between regions 1 and 4 (the other region where height
growth is above average).



Table 1. — Summary of the analyses of variance run for the individual traits and field tests. The entries are variance components,

expressed as percentages of their sums. Asterisks refer to 5,1 and .1 per cent level of significance.

Experiment

number 3 4 5
souzi'ce. of regions provenances error regions provenances error regions provenances error
variation
d.f. 3 70 219 3 52 165 3 21 96
trait age')
tree 6 52:kk% 36k 12 BREZEY RIS 10 [(HEEZS 22:x%% 12
height 8 44:55% L3ES Y 15 39k 425k 19 60:4::x pLEZES 16
11 35k 38kk 26 61k 23k 16
winter 7 80%% Btk 14 80sx:% BESZS 15 615k 3 36
frost 8 TGtk Bkt 16 TTxkx Bk 17 53skskok Tkt 40
9 83tk Btk 11 T35k Dk 19 455k BIET T 24
terminal 7 11k VES 82 654kt 3% 32 32k 0 68
bud 8 19k 9 73 28tk 0 72 25k 3 73
9 6255 Btk 30 62:45k 2 37 24%x% PAEEES 49
late 7 LLETES 23wk 31 56%k:x 145k 30 44s5kk 6% 49
frost 8 62:4k% 4% 34 18k 4 78 38kxk ES 57
9 YPETES 13k 15 5544k Btk 36 pREEES 1 71
mortality 6 18k 22k 60 12 21 67 0 0 100
per cent 7 8% 2T x% 65 13%% 17 70 3 3 94
8 10 28tk 61 5% 12 83 2 0 98
9 28skekx PAEZEY 45 (i23 9% 85 2 11 87
11 3 145 83 2 1T 81
12 1Tk 304 53

1) Experiment no. 5 was initiated 1 year later.

Table 2. — Regional means for the traits assessed in the three field experiments.

Experiment number 3 4 5
Region 1 2 3 4 1 2 3 4 1 2 3 4
number of 31 3; 6 6 21 24 6 5 2 9 5 9
provenances
trait aget)
tree 6 63 39 42 67 81 45 49 8 0 40 33 47
height 8 91 63 55 100 126 87 76 133 142 91 67 97
11 215 157 118 212 300 220 142 205
winter- 7 2.9 6 T 1.5 2.0 1 1 3 1.1 1 A .1
frost 8 1.9 6 1.0 1.2 2.1 .5 1.1 1.0 1.1 .0 4 4
9 2.5 .6 1.0 1.2 1.6 4 7 1.0 1.2 .1 .3 NI
terminal 7 93 88 96 96 67 19 38 50 40 15 23 32
bud 8 16 17 35 27 18 6 16 10 6 4 13 13
9 96 65 87 94 46 8 32 61 6 2 6 11
late 7 6.4 4.8 5.5 6.6 2.7 9 1.3 2.2 1.0 2 3 5
frost 8 1.1 4 23 2.8 1 1 .1 2 .0 1 2 3
9 1.4 3.5 4.7 5.2 2.3 3 5 1.9 2 .0 2 3
mortality 6 8 3 3 1 7 3 2 3 2 1 1 1
/o 7 13 11 5 4 8 4 3 4 2 1 2 1
8 13 9 4 5 9 6 3 4 2 1 2 2
9 25 12 6 8 9 6 4 4 2 1 2 3
11 8 7 4 4 4 1 3 3

-
Y]

26 15 10 13

1) Experiment no. 5 was initiated 1 year later.

At the age of 8 years the 13 provenances west of the
Cascade ridge within region 1 averaged 103 cm, the 18
eastern provenances only 82 cm; this difference was highly
significant, and confirming the results of numerous ex-
periences made in central Europe and elsewhere. Signifi-
cant differences might exist among contagious parts of
other regions (cf. Kune and Wrignr 1972). However, one
has to keep in mind the quantitative information contained
in table 1.

In winter frost damage during the winter of 1967/68
(when the most severe damage at all occured), the western
group averaged 3.05 and the eastern group 2.79. This dif-
ference was found not to be significant.

The difference reported above for height growth has to
be observed in the light of the large difference in elevation.

The western group had an average elevation of only 240 m
above sea level while the group from east of the Cascade
ridge averaged 970 m. This allows us to attempt to ex-
plain the variation among provenances by means of re-
gression on geographic origin data and on some climatic
data.
3.2 Regression analyses

From a practical point of view, the above analysis-of-
variance model (where the effect of the regions conven-
tionally was regarded to be a random effect) in conjunction
with the following regression approach is essential. Only
the existence of some regional or other pattern facilitates
the search for parts of the distribution range where the
most desirable provenances for follow-up studies or direct
use in silviculture are to be expected.
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For 71 provenances planted in experiment no. 3 data on
7 such variables was available, i.e.

1) degree of latitude (LA)

2) degree of longitude (LO)

3) elevation above sea level (EL)

The remaining four climatic data were taken from maps
produced as overlays by Lirrie (1971); these are

4) precipitation effectiveness (P-E index, PE)

5) length of the growing season in days (DA)

6) precipitation or rainfall (PR)

7 plant hardiness (according to average annual mini-

mum temperatures, HA).

One may doubt whether the latter group of data is ap-
propriate in provenance research, since it is certainly a
crude method to use these maps where the lack of detail is
obligatory. However, one must not forget that the precise
information on the geographic origin (though it can easily
be directly applied in locating desirable seed sources) is
only a replacement. Adaptation to a large extent must be
due to the direct effect of climatic factors, thus making
the geographic-data approach necessarily indirect.

The 7 variables listed above were used as variables, x,
through x, of a regression model. This model was aug-
mented by variables x; through x,, representing the
squares of the variables in the former group. In order to
obtain a good estimate of the maximum degree of deter-
mination the 21 cross-products among x, through x; were
entered as variables x,; through x;;,. The longitude of the
origin was included also as a cubic term (x;,) since this was
suggested by the result of differences among the western
and eastern part of region 1. Finally, three orthogonal con-
trasts (x;, through x,;) among the four regions should pro-
vide for variation among the regions that was unexplained
by regression on the quantitative data. The last three
variables should provide a means to (a) estimate the effect
of the regions in comparison to the quantitative data alone,

and (b) to study the additional fit due to including the re-
gional membership after various subsets of quantitative
variables have been accounted for. For instance, figure 1
suggests that latitude, longitude and their product may
describe the region membership of an origin. Another
question is whether these variables yield the same degree
of determination if one attempts to explain the variation
among provenances derived from these regions. Regres-
sion models were fitted to the provenance means in all of
the 16 traits assessed in experiment no. 3.

To avoid confusion by discussing only selected results the
essential parts of tables 3 and 4 are first summarized. Ta-
ble 3 lists the regressor variables that entered the com-
plete model (0) and 23 partial models. The degrees of de-
termination (R2?) of these various models are reported in
table 4. Normality tests were made only after fitting the
complete models. They generally did not yield deviations
in the distribution of the residuals from normal distribu-
tion. However, an a priori risk of one chance significance
still exists. The following points summarize the results:

1) There are no striking differences in the fit of the com-
plete models. Estimates of R? are similar for the measure-
ments of height growth and winter frost but vary consider-
ably for the other frost data. Mortality in 1968 (age 7) dis-
plays an interruption of the general trend which was due
to regarding a few too many trees as dead or missing (mor-
talities are estimated on the basis of only 64 trees).

2) Models (1), (2) and (3) are the simple linear regressions
on variables that are conventially used to describe the
geographic variation pattern. Besides the (positive) rela-
tion between winter frost damage and longitude there is
not much to observe. In the late frost data, there is how-
ever a notable variation observations in the three succes-
sive years. Regressing the provenance means on all three
variables simultaneously in model (10) means a large in-
crease in R2. In the winter frost data the degrees of de-

Table 3. — Variables that entered the regression models.

memTees®e Y RSN ARNNSYRRRERR2HEI8 8583
Prprirr oRESEEARAESEiEEdEREE s

Model  df. SoAESES ISAEAEE 353393333344 EESSERERE
) 39 XXX XXX XX XXX XXX X XXX XXX XXX XXX X XXX XXX XX XXX
o) 1 X
@ 1 X
@) 1 X
@ 1 X
®) 1 X
®) 1 X
0! 1 X
®) 7 X X XX X X X
©) 4 X X X X
10) 3 X X X
a1 6 X X X X X X
(12) 9 X X X X X X X X X
13) 3 X X X
(14) 14 XXX X XXX X XX X X X X
@15) 28 X XXX X X X XX XX XXX X XXX XXX X XXX XXX
(16) 28 XXX XX XX XXXXXXXXXXXXXXXXXX XXX
an 35 XX XX XXX XX XX XXX X XXX XXX XXXXXXXXXXXXX X
(18) 36 XXX X XXX XXX XXXXXXXXXXXXXXXXXX XXXXXXX X
19 10 X X X X X X X X X X
20) 17 XX XXX XX X XXX X X X X X X
(21) 31 X X X X X X X XX XX XXX XXXXXXXXXXX XXX XXX
(22) 31 XX XX XXX XXXXXXXXXXXXXXXXXXXXX XXX
@3) 38 XXXXXXXXXXXXXKX XXXXXXXXXXXKXKXXXXXXXX XXX
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0.05) are entered in the

Table 4. — Degrees of determination (R?, multiplied by 1,000) estimated in the various models listed in table 3. Least significant estimates (a

bottom line.

Model no.

11 12 13 14 15 16 17 18 19 20 21 22 23

10

age

Trait

- termination already approach those of the full model.

B2 $85F 888 =20 288 kL] 8 X : : A . .

x® XHP ©r-H Eod wbwE~ | @ 3) Minor increases in R? following augmentation by the
squares of the geographic variables in model (11) and their

28 5288 F5R 288 28288 |2 : ial i

&8 38 B8 B8 BFTEER| B cross-products in model (12) show that the essential infor-
mation is already contained in the three original variables

2B B5F 935 8588 s28881) 8

8L 335 BB LS TISTERR] B of model (10).

4) Under the following models the prediction of the

8% 282 2838 $88 Reazgg|a provenance means was based solely on the climatic data.
Models (4), (5), (6) and (7) have all low estimates of R2? like

SE FE® 888 232 ¥ BES3| S models (1), (2), and (3). The exception again is winter frost

©0 © ©® o © ™ W I~ 1 © K~ MmN M W ] . .
damage that could be predicted from HA alone with de-

T8 22 338 e ggzeEegl grees of determination of about .6.

o:g @D o> n - I~ & & 0 1N 1 O~ o~ = . . .

In model (9) the four climatic data are combined result-
¥8 9% S R% yue ngcga|s ing in R? in the average being only slightly smaller than
-] D D 0w = ~- & [T=I TR S S ©o . . . PO .

in the respective geographic data model (10). This indicates
v 23z 283 255 ansaa|e that the use of such maps has not a priori to be disapproved
@ [~ T~ ) s W o~ w R R LU TN S o n of.
N o MRS ma®m mownon|o 5) Model (8) combines models (9) and (10) and it contains
83 388 TSR BRE2 FSETR|B - : 2 i

the seven original variables. R? is around .5 and is much
58 m2e B8R NS5 snozh|se superior to either (9) or (10).
SE BXR SEE SOE AANSW | B 6) Adding the squares of variables x; through x; leads

s R R .

o8 noo ney 558 zaesa|e Fo model ('14) which 1r§ ’.che ayeragfz increases R? by 1 Th.IS
TF XX®® ASE wEE daSHAoa ]S is due mainly to curvilinearity with regard to the climatic

variables. The increase in R? is most striking in the group
93 I8 KRS 228 83283 ] 8 : :
T8 838 {9R BE8F BIJIIIF| of observations on mortality.

The further externision of the model by the 21 cross-
b o S R - 00 & @w a 0 -0 O N = © . . . .
23 88Z IBR SR8 §ERSEB| 32 products clearly increases the degree of determination (it

averages .1 more in model (17)). The accounting for the
88 858 288 288 8283 )¢ cubic term x4, in model (18) just appears not to be worth-
wile.
88 288 @ § Z 858 283E3|§ 7) Neglecting all informations on the origins except the
fact that they are located in one of the four regions simply
22 858 538 EBL 828R |8 means putting the analyses of variance of the fore'going
chapter another way. Model (13) has only three variables
$% gg% s8g gz eexzg |8 but the average R2-value is only about .1 smaller than the
value after fitting the former model (14) which contains as
L g3k vgy 99 ey ly many as 14 variables. Table 5 shows two examples of
ae eas = o standard deviations after the fitting of these two models,
M e ® o @@m HNB®oL | o both are close to the order of magnitude required for prac-
2 2 3 &-94 - © :l: @ < o o~ - N n . . .
tical application.
§% 858 °82 58 2°°~°|a 8) Fitting the contrasts among regions in addition to
model (8) is about as efficient as fitting them in addition to
tw ow® S WO ELw®No | o model (14). Models (19) and (20) also have similar R2-
28 88W XN AZQR ewEga |6
values.
35 3 § 8 -8B 258 8 =23 gs| = Fitting models (15)‘ant‘1 (16) y%elded the fol'lowing ir'lfor—
mation: Tests for reduction of fit after omitting the linear
2% S35 89S 282 ~Inee|q and square components of the seven basic variables in-
o mE dicated that the presence of the cross-products makes them
g 229 Sge 99y gewszle dispensable. Even in the absence of the regions from the
PR e ES FRe Ve @ model, these cross-products apparently express the inter-
action of climatic factors that possibly have an impact on
©® EOD MmO D O®D ©M- DR the genetic variation pattern.
bl
9) The reduction of unexplained variation, due to fitting
the regional in addition to the seven basic variables with or
i §’ without certain transformations, i.e. models (14) through
S = c e
© E, ;E - g o - \;_“3 8 (17), was not significant. Models (20) through (23) have only
u Q d X . .
8T g8 B2 B®E§ & & slightly larger estimates of R2 The better fit of model (19)
Table 5. — Standard deviations about regression.
model (13) model (14)
Trait age mean T ondard dev. R standard dev. R
damage by winter frost 8 1.65 .47 .803 .50 .860
height growth 8 77T em 19 cm .402 13 cm .7185
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relative to model (13) was however significant in some
traits such as height growth. This clearly is an indication
that the climatic variation within the regions does have
impact on some traits. Also, the elevations of origins with-
in a region shows considerable variation (cf. the average
elevation of origins in region 1 west and east of the Cascade
ridge).

3.3 Consistency of regressions among regions

In describing the variation pattern among stand or single
tree progenies by regression on geographic data an im-
plicit assumption is the validity of this regression in all
parts of the distribution range.

The general experience with regressions of height growth
on elevation is a decrease in tree height with increasing
elevation. This is true for almost any study of this kind
provided that the experimental site has lower elevation
than most of the origins. However, the question in the
present study is whether a given elevation is representative
of a particular set of environmental factors regardless of
the geographic position. In region 1, elevations range from
20 m to about 1,500 m above sea level; in region 2, they
range from 610 m to 1,980 m; finally in region 4 the range
is between 1,680 m and 2,640 m. Can we expect that regres-
sions are parallel among samples having such different
average elevations, and does an increase in elevation re-
present the same change in environmental factors in the
northwestern part of the distribution range as 10 degrees
of latitude further south?

Figure 2 shows the provenance means in some selected
traits plotted against the elevation of the origin. The prove-
nances represented are the 74 entries of experiment no. 3
that were also used in the regression studies of the fore-
going paragraph. The symbols used in these plots are the
same as in figure 1. For convenience elevation was selected
as an “independent” variable (latitude or any of the climatic
variables might have served just as well for demonstra-
tion).

Under ideal conditions the general regression lines for
winter frost damage on elevation (with degrees of deter-
mination of approximately .25) could be elongated from
close to sea level up to 2,600 m above sea level. The plots
in figure 2 at first do not reveal this condition. There are
not even parallel regression lines with varying distance to
the axis in the various regions. The variation among the
regions is such that regions 1 and 2 hardly overlap at 7, 8,
and 9 year of age. The data on late frost damage does not
show a clear relationship and the pattern of differentiation
among and within the regions varies greatly from year to
year.

The last two plots of figure 2 referring to height growth
show the regression lines themselves. In the first two re-
gions these regressions were significant. In regions 3 and
4 the positive slopes were not always significantly different
from zero. They were however always significantly dif-
ferent from the negative slopes in regions 1 and 2. This is
one of the cases of heterogeneity among the individual
slopes within the separate regions. High-elevation prove-
nances from the southern part of the distribution range
thus are not inferior in early height growth, instead, they
grow faster than the low-elevation sources. WricHr et al.
(1971) did not detect any elevational trends in height
growth.

This may be difficult to interpret biologically but one
safe statement may be made: elevation as such cannot truly
be representative of a set of environmental factors. The
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regression on elevation thus cannot be regarded as an esti-
mate of an absolute relationship but has to take account of
other factors such as the geographic latitude and/or re-
gion. This regression does not measure an elevational cline
since the samples were not taken along a transect mini-
mizing the simultaneous effects of other correlated environ-
mental variables. MorGeNsTERN (1969) has presented the re-
sults of such a designed sampling in another context.

Practically, the heterogeneity of regressions has a two-
fold impact. First, it means a lower estimate of the degree
of determination or reduced efficiency of description and
prediction. Secondly, predictions possess low validity in
spite of a given estimate of determination. The uncritical
application of a statistical formalism may distort the true
relations, whereas a more detailed study of these regres-
sions may show that a considerable part of the regression
sums of squares is due to the heterogeneity among regions.

A large number of such regression analyses (GULLIKSEN
and Wiks 1950) were run in order to find out whether the
various traits measured have any peculiarities in this re-
spect. A maximum of three regressores could be used
owing to the small number of sources within regions 3
and 4. The determination generally was rather low and
there was an erratic pattern among traits (dependent vari-
ables) and combinations of regressor variables with regard
to a detectable heterogeneity.

3.4 Combined analysis of two parallel tests

As stated above, experiment no. 4 contains 56 out of the
74 sources of experiment no. 3. This set of 56 provenances
was planted in two locations containing four replications
each. The set of provenances in this rudimentary series of
field trials is identical with the one in experiment 4 (re-
presentation of the regions is given in table 2). The com-
bined analysis of these data may yield some further infor-
mation on the reliability of conclusions drawn from ex-
periments with small plots. Table 6 summarizes this infor-
mation.

After computing the averages over the two locations
there still exists a wide range of variation among the
provenance means. The difference in height growth be-
tween the shortest and the tallest provenance is still more
than 1 m at the age of 8 years. The similarity of the means
estimated in the two locations is measured by correlation
coefficients above .9 and low percentages of the variance
components due to interaction between all provenances (re-
gions disregarded) and planting sites. A large amount of
interaction variance in this case should decrease the corre-
lations between means in the two tests. The research find-
ings on winter frost damage are similar in that the corre-
lation is close and the interaction variance, though signifi-
cant as in all other instances, is small. The two locations
have a similar macroclimate and a similar regime of soil
factors responsible for provenance differentiation in tree
height and winter frost damage. Hence they may be re-
garded as additional replications of the same environment.

The situation is different in the other traits. Despite a
wide range in the percentage of trees with terminal buds
killed by winter frost there is much more interaction. In
two of the three years during the observation period the
variance between sources is not significant, the correlation
being very low. It has to be kept in mind that r = .31 means
that one experiment yields less than 10 per cent of the in-
formation on provenance means estimated in the other ex-
periment. It seems that this particular aspect of frost
damage is greatly influenced by the “local” environment.
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Figure 2. — Provenance means estimated in experiment no. 3 plotted against elevation of origin. The symbols used are the same as in

fig. 1, i.e. A for provenances from region 1,  region 2, Xregion 3 and 0 region 4.
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Table 6. — Summary of information from combined analyses of experiments no. 3 and 4.
The variance components are expressed as percentages of their respective sums.

range of correlation variance components
Trait age provenance means coefficient provenances interaction err:ln;
min, max. 54 d.f. 55 d.f. 55 d.f. 330 d.f.
tree 6 25 101 LQ5HE* 85*** R kb 13
height (cm) 8 48 163 J94%xs kt:iidd 2% 20
winter 7 .1 3.4 J94%ex 8O*+* 2% 18
frost 8 2 2.4 .94%x 754+ 2% 23
9 2 2.7 91%** T2%%% i 20
terminal 7 40 89 31* 10 42%%* 48
bud 8 7 36 .04 2 20%** 79
9 27 86 JSTgHE 51%%* 6* 44
late 7 1.9 5.6 T3**x 52%* 10%** 38
frost 3 .1 1.9 42%* 6 S4¥** 41
9 6 5.9 .80%»* 54*** 18%%* 28
mortality [} 0 15 14 7 22%%% 72
7 1 24 .04 2 23%** 5
8 1 23 13 5 19%** 76
9 1 33 .26* 10 22%%% 68

The same is true with late frost damage: the response of
the provenances to late frost is peculiar to a given planta-
tion and a given year.

Though mortality shows a wide range from practically
zero up to one fifth (age 8) and to one third (age 9), a large
portion of variance is due to pooled error. Furthermore,
the means in the two locations have little relationship with
each other. However, due to the large experimental error
involved, it can not be decided at this point whether dif-
ferential mortality in the two tests is the consequence of
the provenances getting adapted to the “local’ conditions.

The existence of interactions reduces the general validity
of the regression approach to locate the “best” prove-
nances. Such predictions have then to be detailed to pos-
sibly small parts of the area where the species is to be
grown in the future.

3.5 Correlations among the provenance means of various
traits assessed

The regression approach taken above has some more
practical disadvantages. Means of a given trait computed
for each year allow detailed inferences but do not indicate
the variation pattern of the average scores over a sample
of successive years. However, this can be determined with
additional computations. A more severe problem is the
separate analysis of the various traits that may be closely
correlated. In experiments far outside the natural range
the correlations among the traits gain importance. The
structure of the data in the present study prevents a multi-
variate analysis that would allow some further genetic
interpretation of the multiple observations.

The correlations are more closely examined in a cor-
relation matrix (table 7) which was estimated from the
74 provenance means in experiment no. 3. Another ob-
servation of winter frost damage was based on a plot-wise
assessment made by Stern after the winter following plant-
ing.

The correlations among the two height measurements is
almost complete. This coefficient was expected to be the
largest since the 8-year height of trees, to a large portion,
consists of the 6-year height. Besides errors of measure-
ment the correlation is reduced only by differential mor-
tality and differential height increment. Frost damage did
not necessarily lead to loss of the leader. Another group
of traits with close intercorrelations are the mortality as-
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sessments. The difference to unity in these coefficients is
due only to minor errors of counting and to differential
loss of trees in the intermittent periods. Typically, the cor-
relations among successive years are stronger than if there
are two years intervals.

In the three other groups of traits, the correlations esti-
mate the similarity in response to the annually renewed
atmospheric effects. The winter frost data are very closely
correlated. Only the earliest assessment is an exception
which may reflect some response to transplanting or late
effects of the nursery where the planting stock was raised
without replication. The negative sign of these coefficients
is most remarkable. The various assessments of the loss of
the terminal bud and damage due to spring frost are only
loosely correlated and show considerable variation in mag-
nitude. This could be inferred from the actual nature of
these damages and from other aspects of the experimental
results reported above.

There is no clear pattern of correlations between the
three groups of data on frost damage. The coefficents be-
tween winterfrost and late frost have the same sign if one
disregards the results of the earliest assessment of winter
frost. Thus it is usually the same provenances that suffer,
to a similar extent, from both winter and spring frosts.
The loss of the terminal bud in some years is correlated to
late frost and winter frost, in other years it is not. This is
in line with the large experimental error of this trait which
therefore looses much of its biological significance.

The data on winter frost damage are very loosely cor-
related to observations reported by GeruorLp (1965) on
provenances included in both his and the present tests. A
trait like winter frost damage may have been obscured by
snow. If there are provenances with height growth below
the thickness of the snow cover they should have suffered
less from winter frost. The plot diagrams of the provenance
means in these traits studied on a display terminal did not
indicate such a condition. The same was true for the cor-
relation with Geruorp’s data.

The most recent mortality data show the closest correla-
tions with the frost damage data so that sensitivity to frost
offers itself as a cause of mortality. A clear interpretat-
tion, however, is not possible since it is unknown whether
it really was the most sensitive trees that died. The cor-
relation among the means should change due to the mor-



Table 7. — Correlations among provenance means in experiment no. 3 (72 d.f.)

terminal bud late frost mortality

winter-frost

tree
height

trait
age

.01
—.06

—.08

—.13

—.18
—.21

.62

.39

.62
.55

.60

—.32
—.43

—.07 5 .66 57 .23
.56 .46

—.15

.98

tree

.53

27

.50

14

.67

height

—.25 —.18

—.25

—.17

.02

.08
72

45
—.20

.08
.34

11 —.14

—.20

winter
frost

.50

.33

19

.18
.26
14

.28 .83

43

.64

91

91

.57
.65

.32
41
21

.85

.67
.69

.82

.02
—.04
38

.95

.32
.15
37

91
.49
.08
.87

35
53

.56
.02

.82
.55
11

.43

terminal
bud

A1
.21

a1
11

.47
.62

«©

.82

.28
.03
.49

.15
.14
.29

.00
21

.83
44

.55

late

frost

14

.16
83

.92

mortality

tality itself. A further explanation of this is made in the
following section.

Finally, height growth and mortality are uncorrelated.
The moderate positive correlations among height growth
and frost damage may be interpreted in two ways: either
the faster the growth of a provenance the more liable it
is to frost or, conversely, the more sensitive a provenance
the faster its growth in spite of its sensitivity. The results
of this study indicate that the latter is a reasonable ex-
planation of this condition. A causal interpretation of the
relations among height growth, mortality and frost damage
are possible only if the records of the single trees are
studied in detail. However, this has little to do with the
present problem of provenance variation. It must be re-
membered that many such correlations are due to the fact
that the provenances that enter such an experiment rarely
can be looked upon as a random sample of subpopulations
in the strict sense of the word. Correlations then may be a
consequence of conditions peculiar to a nonrandom sample.
SterN and RocHE (1974, loco citato p. 114 ff.) discuss genetic
theories on the basis of such correlations among quantita-
tive characters in provenance studies.

3.6 Environmental correlations

A matter that does have some bearing on the experi-
mental procedure and on the interpretation of the results
is the environmental correlations among the traits. They
were estimated from experiment no. 3 with 218 degrees of
freedom after computing the error deviations of the plot
means. Rather than reporting the complete correlation
matrix only an outline is presented. Table 8 gives the coef-
ficient averages for the various groups of measurements.
The largest coefficients occur on the main diagonal. The
correlation between the two measurements of height
growth ist .86, the average of the 10 correlation coefficients
among the 5 assessments of mortality is .60; these coeffi-
cients were expected to be large since both height growth
and mortality are cumulative processes. The incidence of a
certain degree of winter frost damage in a given plot in a
given year is however almost independent of the conditions
in other years. This independence is even more pronounced
with the loss of the terminal bud, where the average coef-
ficient is only .05. This means that the plots as parts of the
test site do not show the tendency to be more liable to frost
in successive years. In other words, the sole causative
agents appear to be the effects of the provenance (which
at this point was corrected for) and the weather condi-
tions that are common to all parts of the test site. In ad-
dition, trees having suffered from winter frost or having
lost their terminal bud are not necessarily preconditioned
to be damaged the following year. Late frost, however, does
appear to be influenced by features of the individual plots
like the occurrence of grass cover or minor variations in
the level of the soil surface. The average of the three coef-
ficients among the three successive measurements is slight-
ly larger and equals .31. In this study coefficients bearing
different signs did not compensate each other, but the aver-
ages of the absolute values of the coefficients are similar.

Correlations between groups of measurements are all
rather weak except between late frost and the two other
forms of frost damage. The present analysis does not allow
decisions whether these correlations are due to mutual con-
ditioning or other causes. Height growth and mortality
show little correlation with any of the other measurements
so that reduced height growth or increased mortality are
hardly the consequence of frost damage.
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Table 8. — Summary of error correlations.
tree winter terminal late mortality
height frost bud frost
tree .86 —.05 —.13 —.02 —.19
height
winter .19 A1 .32 .05
frost
terminal .05 .23 .05
bud
late .31 —.01
frost
mortality .60

The results of the correlation analyses suggest that ob-
serving frost damage in a sample of years yields additional
information on the behavior of the provenances. This is al-
so true with winter frost since in other parts of central
Europe there existed cases of severe winter frost leading
to loss of essential parts of the experimental material. This
risk has to be studied before provenances or groups of
provenances can be recommended for mass-growing.
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Summary

Traits observed in tree field tests were growth, damage
by winter frost and late frost, loss of the terminal bud, and
mortality. Data on the various types of frost damage were
collected during three successive years. The provenances
represented four geographic regions.

Analyses of variance yielded estimates of variance com-
ponents between regions and between provenances within
regions. The former components were mostly significant
and larger than the latter.

Three geographic and four climatic data of the origins
contained less information on the provenances than their
region membership. Simple analysis of variance thus was
superior to a multiple regression model in describing the
variation pattern of all provenance means.

Regressions of provenance means on both geographic and
climatic data within regions were mostly not significant.
The greater part of the estimates of regression coefficients
were not consistent among regions.

Two field tests having 56 provenances in common gave
similar results on tree height and winter frost damage. Re-
sults on mortality were uncorrelated. The correlations of
terminal bud loss and late frost damage varied greatly
from year to year.

In some traits the correlations among provenance means
computed in three subsequent years varied greatly. It can
be inferred that repeating observations of frost damage
over a sample of years considerably increases the amount
of information on provenances. The correlations between
the three observations of late frost damage had a moderate
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environmental component. The closest correlations occur-
red between tree height, mortality and frost damage.

(Mirs.) Franco, Field tests,
Growth, Frost

Key words: Pseudotsuga menziesti
Provenances, Analyses of variance,
damage, Mortality.

Zusammenfassung

In drei Herkunftsversuchen mit Douglasie wurden das
Hoéhenwachstum, Schiden durch Winter- und Spétfrost,
der Verlust der Gipfelknospe im Winter sowie die Morta-
litdt beobachtet. Frostschiden wurden wahrend dreier auf-
einanderfolgender Jahre aufgenommen.

Varianzanalysen erbrachten Schitzungen von Varianz-
komponenten fiir Unterschiede zwischen Regionen des Ver-
breitungsgebiets und zwischen Bestdnden innerhalb der
Regionen. Erstere waren meist signifikant und gréBer als
die letzteren.

Die Regionszugehorigkeit enthielt mehr Information Uber
die Herklinfte als drei geographische und vier klimatische
Angaben {liber die Herkunftsorte. Zur statistischen Be-
schreibung des Variationsmusters zwischen allen Herkinf-
ten eignete sich daher die einfache Varianzanalyse besser
als ein multiples Regressionsmodell.

Regressionen der Herkunftsmittel auf geographische und
klimatische Angaben der Herkunftsorte innerhalb einzel-
ner Regionen waren im allgemeinen nicht signifikant. Der
Grofteil dieser Regressionskoeffizienten war zudem re-
gionsweise verschieden.

Zwei Feldversuche mit 56 gemeinsamen Herkiinften er-
brachten &hnliche Ergebnisse lber Hoéhenwachstum und
Winterfrostschiden. Die Ergebnisse tiber die Mortalitat
waren unkorreliert.

Bei einigen Merkmalen wechselten die Korrelationen
zwischen den jahrlich erhobenen Mittelwerten sehr. Man
mufB3 den Schluf3 ziehen, daBl die mehrfache Aufnahme der
Frostschdden in aufeinanderfolgenden Jahren einen erheb-
lichen Informationszuwachs Uber die Herkunftsmittel be-
deutet. Die Korrelationen zwischen den Spéatfrostschiaden in
drei Jahren hatten eine spiirbare Umweltkomponente. Die
engsten Korrelationen bestanden zwischen Hohenwachs-
tum, Winterfrostschaden und Mortalitét.
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