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ABSTRACT

THE CORRESPONDENCE BETWEEN GENETIC, MORPHOLOGICAL
AND CLIMATIC VARIATION PATTERNS
IN SCOTCH PINE

by John L. Ruby

Six hundred and eighty-nine cone, seed and leaf specimens of
Scotch pine were collected from 39 stands in 10 regions of Europe
and Asia by cooperators in those countries. Nineteen characters
or ratios were measured on these. The individual tree measurements
were grouped by stand and region, and then were subjected to analyses
of variance.

Computations of the components of variance for the 8 most
definitive characters showed that more than 85 per cent of the
variance was attributable to between-region differences, and less
than 3 per cent to stands-within-region.

Comparisons were made of the regional grouping based on the
parental measurements and a regional grouping based on an associated
122-origin provenance study in a uniform environment in Michigan.
The groupings were nearly identical. In other words, it is possible
to delimit a race or variety nearly as well by studying parental
specimens collected in Europe as by growing their progenies in this
country, However, it was not possible to forecast a race's perform-

ance in Michigan from a study of the parental cones and leaves.
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Character differences in juvenile performance were often re-
lated to the climate of the parent races. The fibrous shallow
roots of the northermmost provenances were associated with an area
where precipitation was not critical, while the tap roots of the
Spanish origins reflected the affects of summer drought and high
temperatures. Similarly the blue-green leaf coloration of the
Spanish seedlings was due to the development of protective waxes
in a dry climate.

The taxonomy of Scotch pine was reviewed for the last 60
years and summarized by geographic areas. The 10 geographic
varieties defined in this study were compared and combined with
other biometric and provenance results of Scotch pine studies and
the varietal descriptions of previous authors and taxonomists.
Based on this combined information 21 varieties of Scotch pine
were named and their geographic location, taxonomic description
and synonymy were detailed.

As regards stands within a region, there was little corre-
spondence between variation patterns exhibited by the parents and
seedlings grown in this country. In other words, two stands which
differed markedly in some cone cr leaf trait might or might not
differ appreciably in some seedling trait. This is thought to be
so because the parental traits are subject to considerable environ-
mental influences. Also it is likely that the genetic factors af-
fecting mature cone or leaf traits and juvenile traits are different.

It was not possible to forecast which of several German-Czecho-

slovakian stands should have the tallest (or greenest or longest
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needled) offspring in Michigan from a study of the microclimates
of the stands in Europe. This general lack of climate-progeny
correlation was also true for the western Germany-eastern France
regions. Apparently micro-evolution lags so that every stand is
not perfectly adapted to its particular local climate,

In seven stands the parental data for growth rate, clear-
stem length, crown size and length, and stem straightness, as
well as for cone and leaf traits, were available for each parent
tree. Two-year performance data for the offspring of those
parents were also available. Coefficients of correlation were
calculated between all parental characters and 20 juvenile
characters in an effort to determine if any parental character
could be used to predict juvenile performance in Michigan. Only
35 correlations were significant at the 5 per cent level out of
a possible 1,260 combinations. There was little consistency
from one stand to the next, The relative absence of correlations
is thought to be due to genotype-environment interactions between
Europe and America, and to the different ages at which parents

and offspring were observed.
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CHAPTER 1
INTRODUCTION

The variation in phenotypic expression within a given species
resulting from the interaction of genetic diversity and environment
is receiving increased attention in studies of the range of vari-
ability within tree species. A thorough knowledge of this variability
is a prerequisite to the intelligent use of tree species in silvi-
cultural practice, The present common practice of utilizing only
local seed sources or those from a narrowly restricted zone of
similar environmental conditions seriously limits the development
of our forest resources.

Scotch pine (Pinus sylvestris L.) is a species widely dis-

tributed throughout Europe and Asia. It has been greatly affected
by the complex pattern of recent glaciation, particularly in Europe.
The relatively recent changes in species distribution and in selec-
tion pressures brought about by glaciation in the northern part of
the northern hemisphere has been described by Hulten (1937, 1949)
and others. Changing environments have resulted in genetic differen-
tiation among continuous populations as well as in the isolated rem-
nant populations of southern Europe and central Asia.

Recently studies have been completed on phenotypic variation in

the following pine species:



Lodgepole pine (Pinus contorta Dougl.), Critchfield
(1957).

Black pine (Pinus nigra Arnold), Vidakovic (1960).

Scotch pine (Pinus sylvestris L.), Staszkiewicz (1960,
1961, 1962).

Jack pine (Pinus banksiana Lamb.), Schoenike et al. (1959),
Rudolph et al. (1957).

Loblolly pine (Pinus taeda L.), Thor (1961), Zobel and
Thorbjornsen (1961).

Virginia Pine (Pinus virginiana Mill.), Thor (1964).

Monterey pine (Pinus radiata D. Don), Fielding (1953).

Coulter pine (Pinus coulteri D. Don), Zobel (1952) (1953).

Sand pine (Pinus clausa (Chapm.) Vasey), Little and Dorman
(1952).

The few studies that have been made of the natural variation
in the genus Pinus have usually been limited in the coverage of the
natural range of the species. Provenance tests to determine genetic
differences in the same parental populations have been rare. Critch-
field (1957) included both parental and seedling provenance studies
in his study of geographic variation in lodgepole pine. The progeny
provenance tests of jack pine made by Schantz-Hansen and Jensen (1954)
were followed by a parental study of the same stands by Schoenike
et al. (1959), and Rudolph et _al. (1959). Rudolph's et al. (1957)
study of jack pine parental variation in Minnesota was followed by
vegetative propagation in a uniform environment. Thor (1964) has
established a seedling provenance test in conjunction with his study

of parental characteristics of Virginia pine.



The genetic variability in pine species has been widely
studied through seedling provenance tests. Receni Scotch pine
studies include those conducted by Weidemann (1930), Langlet
(1934), Veen (1952), Vincent and Polnars (1953), Holst (1953),
Baldwin (1955, 1956), Wright and Baldwin (1957), Rudolf and
Slabaugh (1958), Langlet (1959) comment on Wright and Baldwin,
Bolsinger (1958), Echols (1958), Gerhold (1959), Wettstein (1958,
1959), Sanikov (1959), Bouvarel (1959) comment on Langlet (1959),
Vojcal (1961), Lazarescu et al. (1961), Troeger (1962), Rubner
(1962), Wright (1963), Wright and Bull (1963), Denglei (1938).

Scotch pine is ideally suited to genetic and phenotypic
study because of its great variability. It has been described as
a complex by Semmler and Von Schiller (1927) and Mirov (1961).
The utilization of this variability to improve the characteristics

of stands planted under varying environments is a necessity. A

knowledge of the genetic variability of the species and the parental

phenotypic expression associated with the variability can materially

improve and speed up the utilization of the best adapted races in a
planting program.

The natural distribution of Scotch pine covers a greater area
than that of any other pine. According to Elwes and Henry (1908):

« + o It i8 by preference a tree of siliceous soils, but occurs
on almost all geological formations; and in Scotland, Norway,

and Sweden grows on peat bogs too wet for the spruce to exist on.

The area of distribution includes almost all Europe and
the greater part of Northern Asia. The northerly limit, com-

mencing on the north-west coast of Norway at Alten g?d’ N. lat.),

passes through Lapland, south of the Enara lake (68 50'), and
touches Pasvig Fjord on the arctic sea at 69°30'. Extending



through the Kola peninsula from Kola bay, it crosses the White
sea af 66 45' and in the Petchora territory goes as far north
as 67 15' and crosses the Ural at about 64 . In Siberia it
never reaches quite as far north as the arctic circle, though
it nearly touches it on the Ob and Yenjsei rivers; east of
the Lena river it descends to abouf 64 . It reaches its
extreme easterly point (about 150 E. long.) in the Wercho-
jansk Mountains. The eastern limit descends from there through
the Stanovoi Mountains and the Seja territory to the upper
Amur. According to Komarov (Flora Manshuriae, i. 175 (1901)
it is a scarce tree on the banks of the rivers in Manchuria.
Its southerly limit in Siberia is not well known; but it is
known to occur in the mountains of Dahuria in the territory
around Lake Baikal, and in the Altai Mountains. Its southern
limit in European Russia is a very irregular line, wyhich be-
gins in the Ural south of Orenburg at about lat, 52 , is most
to the north in the government of Tula élat. 54 30'), and
descends from there to Kharkof (lat. 49 ), passing into Ga-
licia about lat, 50 . Far south of this line, and separated
from it by the Russian Steppes, on which no pine trees grow,
occurs an area of distribution, not yet well made out, which
includes the Caucasus, the mountains of the Crimea, Asia Minor,
and Northwest Persia. (P. sylvestris grows on the Armenian
plateau, and has been described in Linnaea, xxii.296 (1849),
as P. armena, Koch; P. kochiana, Klotzsch; and P. pontica,
Koch., Cf. Moniteur Jardin Botanique Tiflis, 1i.26 (1906).
There is also an isolated area, in which the pine is found
growing wild, in Macedonia, on Mount Nidj¢. From Galicia

the southern limit in Europe (exclusive of the last mentioned
area) passes southward to the Transylvanian Alps; thence it
extends along the mountains to Serbia where the tree grows

on the Kopavnik mountain (about lat, 43° ), continues through
the mountains of Bosnia, Dalmatia, Illyria, Venetia, and
through Lombardy to the Ligurian Appennines (about lat. 44 ).
It passes into France, across the Maritime Alps, into the
Cevennes, and reaches the Eastern Pyrenees; in Spain it
descends through the mountains of Catalonia, Aragon, and
Valencia to the Sierra Nevada in Andalusiad which is its
extreme southerly point in Europe (lat. 37 ). The westerly
limit beginning here, stretches northwest through the
mountains of Avila to those of Leon in North Spain, and is
continued through the mountains of Scotland to the north-
west coast of Norway. 1In this vast area the pine is very
irregularly distributed. The largest forests occur in the
Baltic provinces of Russia, in Scandinavia, in Northern
Germany, and in Poland. Towards the south it only occurs

in mountains, and rarely forms pure forests of considerable
extent. According to Huffel (Forets de la Roumanie, 6
(1890), it is rare in Roumania, where he saw it at the




confluence of the Lotru and Oltu rivers at 1700 feet altitude,
and in the valley of Bistritza (only on calcareous soils in
Muscel region), See figures 1 and 2.

Scotch pineihas been widely planted outside of its native
range in Europe and Asia, particularly in the Northeast and North
Central Regions of the United States, where it has propagated
itself and exhibited rapid growth. Unfortunately many of the
planted stands are of poor form, having originated from seed of
doubtful origin or from areas known to produce trees of poor form.,

Scotch pine has been widely planted on relatively sterile
soils in sand dune and soil stabilization projects where its
pioneer qualities of survival and growth under poor conditions
of moisture and soil have been outstanding. Stands of good form

and quality in Michigan attest to the potential of Scotch pine

as a timber source.



Figure l,--Natural distribution of Scotch pine in Europe
(shaded) and provenances included in Wright and Bull (1963)
test (numbered dots),
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Figure 2,--Natural distribution of Scotch pine in Asia
(shaded) and provenances included in Wright and Bull (1963)
test (numbered dots).
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Figure 4.--Seventeen year old Scotch pine 20-25 feet high and

13 year old red pine (Pinus resinosa Ait.) 12-15 feet high in a
wind erosion control plantation in Newaygo County, Michigan, June,

1960.

Figure 5.--Natural reproduction of Scotch pine averaging 18
inches in annual growth from 22 year old parent trees 25-35 feet
high along U.S. Highway 2 near St. Ignace, Michigan.
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Figure 4.




13

Figure 6.--Thirty year old plantation of Scotch pine thinned
in 1960 at Michigan State University's Kellogg Forest, in Kalamazoo
County Michigan.

Figure 7.--General view of seedling beds in Bogue Forest Re-
search Nursery, East Lansing, Michigan, containing four replicates
of the Scotch pine 122 origin provenance test.



 Figure 6.

Figure 7.
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Figure 8.--View across seedling beds in Bogue Forest Research
Nursery, East Lansing, Michigan, showing differences between 1-0
Scotch pine seedlings from Spain and Norway in provenance test in
September, 1959. Each row represents a provenance.

Figure 9.--Scotch pine provenance test outplanting of 2-0 stock
at Michigan State University's Russ Forest in Cass County, Michigan,
one year after establishment in the spring of 196l. This 4 tree plot
10 replicate planting clearly shows color differences, particularly
the winter yellowing of foliage, and height differences.
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Figure 9.
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CHAPTER II

OBJECTIVES

This study is part of a long-range program directed toward
the improvement of Scotch pine plgnted in the north central United
States, The long-range program now includes a series of range-
wide provenance tests to determine the best European origins. It
also includes a series of l-parent progeny tests to determine the
role and the best methods of applying selection for the betterment
of the best natural populations. Ultimately it will include the
establishment of seed orchards and breeding for specified goals.

Broadly speaking, the objective of the present study was
to determine the extent to which the performance of different
Scotch pine genotypes when planted in Michigan could be forecast
from the characteristics of these same genotypes in their native
environments or the characteristics of those native environments.
More specifically the objectives were (1) to determine the cor-
respondence of the juvenile variation pattern found in the Michigan
provenance tests with the temperature, precipitation, and daylength
patterns of the localities of origin, (2) to determine)the corres-
pondence between the juvenile variation pattern found in Michigan
and certain parental charcteristics such as the morphology of cone,
seed, and leaf, (3) to determine the correspondence between juvenile

performance in Michigan of the offspring of single trees and of the
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parents growing in Europe, and (4) to determine the extent to
which genetic variation patterns as studied in uniform-environ-

ment growth tests are correlated with morphological variation

patterns as studies in the field.



CHAPTER III

MATERIALS AND METHODS

Specimen Procurement

Cone and leaf specimens were collected in 1960, 1961,
and 1962 by cooperators in Europe and Asia, Letters requesting
the specimens were sent to forty-four cooperators who had pre-
viously furnished seed for the 122-origin provenance test initi-
ated by Doctor Jonathan W. Wright at Michigan State University
in 1958 (Wright (1963), Wright and Bull (1963)). The requests
were for one cone and one leaf from ten to twenty trees per
stand with sufficient spacing between trees to avoid inbred
parents. The single needle was to be the largest 1960 needle
from the south side of the tree and was to be placed in an
envelope with the largest 1960 cone from the same tree. The
initial request was for collections from open-grown trees 3
to 6 meters high. There was an additional request for speci-
mens from the same trees from which seed had been originally
collected for the provenance test.

Forty stand collections were received including eight
individual tree collections from Norway, Belgium, and Germany
matching those of the individual tree collection reported on by
Wright (1963). The remaining collections were from the same
stands as the original seed collections or from nearby stands.

19
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One collection was too small to analyze so that the data for
thirty-nine stands was used. The locatjion of the stand col-
lections is shown in Figure 3.

The cones and needles were catalogued and stored by
tree and stand as they arrived. They were assigned the same
MSFG (Michigan State Forest Genetics) number given the original
stands that were included in the seed sampling for the provenance

test.

Data Concerning Area of Origin

Meteorological data for the 122 stands represented in
the provenance test of Wright (ibid.) were collected from the
cooperators, weather services of thetlocal governments, the
United States Department of Commerce Weather Bureau, and from
the Great Britain Meteorological Office (1958). The remote
location of many of the stands permitted the collection of
monthly and annual data only for use with the collection as a
whole. 1In some instances, corrections for altitude were applied
where the stands were far removed from the reporting meteorological
stations. These corrections were made by the cooperators or with
their advice,

The original request for specimens also were for data on
the geographic location, politic#l subdivision in which stand
occurred (province, county, or town name), elevation of stand above
sea level, type of soil, age of tree, the size of the collecting
area, the date of collection and shipment, and the name of the

collector.
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Specimen Handling

All cone and needle specimens were packaged and identified
by tree for each stand collection to preserve the identity of
the trees. 1In eight stand collections these numbers also cor-
responded with the individual tree provenance test data (Wright,
1963).

The seeds were extracted and one typical seed with seed
wing was attached to a card representing a stand collection.

The remaining seeds were packaged by tree.
The needles were placed in vials and the cones in com-

partmented egg cartons.

Measurement Methods

Micrometer calipers were used for all length, width, and
thickness measurements on cones, cone scales, and seeds. Needle
length was measured on a flat scale. All measurements were in
the metric scale to the nearest tenth of the unit of measure.

All specimens were stored in a constant environment for
one month before measurement to equalize moisture content.

The open cones were measured for length and width of cone
and length, width, and thickness of apophyses, then soaked in
water for five minutes and placed under a polyethylene sheet
for twenty-four hours before closed cone width was measured.

During the period in which the cones were drying to a con-

stant moisture content they were stored in open egg cartons and

studied for measurable morphological differences. Form factors
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of ratios of measurements were selected which would metrically
describe the variability in shape.

The manner of making specific measurements and of ana-
lysing the data is discussed under the chapters concerned with

the analysis of the data,



CHAPTER IV

VARIATION IN PARENTAL CHARACTERS WITHIN

AND BETWEEN REGIONS

The choice of parental characters used in this study
was influenced by four factors: review of literature, estimated
influence of environment, availability and transportability of
materials, and ease and rapidity of measurements,

Vidakovic (1958, 1960) studied the significance of seed,
cone, and cone scale characters as taxonomic determinants in
European black pine (Pinus nigra Arn.). The characters used were:

1. Seed color.

2. Seed mottliny.

3. Color of scales.
4, Length, width, and thickness of seeds.
5. Length and width of cones.

6. Form of seed and cones.

7. Form of scales.

8. Weight of seed.
He found that the italicized characters, 1, 2, and 6, were most
useful in differentiating between populations.

Staszkiewicz (1960, 1961, 1962) used the following cone
characters in establishing morphologiéal differences between

Scotch pine populations:

23
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1. Length of cones.

2, Width of cone.

3. Number of scales.

4, Length of apophysis.

5. Width of apophysis.

6. Thickness of apophysis.

7. Cone length/width ratio.

8. Relation of length of cone to number of scales.

9. Apophysis length/width ratio.

10. Apophysis length/thickness ratio.
He based his study on cones from Poland, Czechoslovakia, Switzer-
land, France, Scotland, Sweden and Finland., Staszkiewicz
able to divide the materjial into 6 morphological types of cones,
each type distinguished by some characteristic feature.

Renvall (1914) studied the variation in leaf length within
mature individuals of Scotch pine and found that the average
needle length declines with increasing branch order and branch
age.

Gerhold (1959) studied the chloroplast pigments and nutrient
elements in the needles of six geographic origins of Scotch pine
growing in the New Hampshire IUFRO plantings. He found significant
differences in needle color, total chlorophyll, magnesium, nitrogen,
iron and calcium.

Cvrkal (1958) used Sutherland's methods to determine dif-
ferences in the essential oils of Scotch pine from several European
countries and checked the accuracy of the results by infra-red spec-

trums and chromatographic methods.
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Fielding (1953) found distinct differences among three

stands of Monterey pine (Pinus radiata D. Don) in cone and seed

size, seed color, and needles per fascicle.

Critchfield (1957), in his study of geographic variation
in lodgepole pine (P. contorta Dougl.), found that seven cone
and leaf characters tended to follow a regional pattern while
others conformed to elevation gradients. Resin canal number,
leaf width, cone density, cone angle, cone symmetry, cone per-
sistence, and aPophysis form showed regional differences. He
concluded that elevational variation was high in lodgepole pine,
that each character studied had a unique variation pattern, and
that there was no correlation with latitude in any characteristic.

Schoenike et al. (1959) reported in their study of cone

variation in jack pine (P. banksiana Lamb) that cone closure

and symmetry were useful in developing regional patternms.

Thor (1961) studied 18 stand samples from 10 southern and
southeastern states in his investigation of variation patterns
in loblolly pine (P. taeda L.). Within-stand variation accounted
for a large proportion of the total variation. The majority of
the 13 morphological characteristics, including seed-wing length,
seed length, needle length, cone length, and frequency of serrations
on the needle margin, did not show regional trends. However, seed
form, seed coat thickness, cone weight, cotyledon numbers and
stomatal frequencies showed regional trends but no evidence of
discontinuity. Thor (1964) also studied natural variation in the

wood properties of Virginia pine (P. virginiana Mill.). Basing his
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results on 13 stands in Tennessee and Kentucky he found highly
significant differences within stands for radial growth, specific
gravity based on green volume, and specific gravity after removal
of extractives. He found regional differences in length of summer-
wood tracheids of the 10th and 25th year. There was a geographic
pattern to the specific gravity variation if based on fresh wood
but not if based on extracted wood.

Wood characteristics, particularly tracheid length and
specific gravity, have been studied by many researchers including
Zobel (1961), Zobel and Rhodes (1955), Zobel and McElwee (1958),
Zobel et al. (1961), Kramer (1957) and Echols (1958). The earlier
studies in wood properties showed conflicting results. No geo-
graphic trend was found by Zobel and Rhodes in loblolly pine
stands in east Texas, but a northerly and westerly trend was
found by Zobel and McElwee in the southeastern states., In 1961
Zobel et al. reported their findings on the interrelationships of

wood properties in loblolly pine.

Methods
The characters studied in the parental populations (Table 1)
were principally those of the cone and seed because these have
proven to be of value. Needle length and twist were also studied
because they could be studied in the young progenies.
Thirty-nine stands from 13 countries were sampled. 1In each
stand one cone or one needle fascicle was collected from each of a

number of young trees growing in full sunlight. The location of the
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Table 1l.--Description of cone, seed, and leaf characteristics
measured on parental specimens of Scotch pine.

Number Characteristics Unit of Measure
P6 Cone length. cm,
P7 Cone width, closed. cm.,
P8 Cone width, open. cm.
P9 Ratio, cone length/cone width, closed. number
P10 Ratio, cone‘length/cone width, open. number
P11 Basal angle of the open cone. degrees

(0 to 9 =0° to 45)

P12 Length of largest apophysis. mm,
P13 Width of largest apophysis. mm,
Pl4 Thickness of largest apophysis. mm,
P15 Ratio, length/width of largest apophysis. number

P16 Ratio, length/thickness of largest apophysis. number

P17 Thickness of apophysis on opposite side of
cone from largest apophysis. mm,

P18 Asymmetry, ratio, thickness largest/
thickness of opposite apophysis. number

P20 Ratio, cone length/length largest apophysis. number

P28 Seed length. mm,

P29 Seed width mm.

P30 Ratio, seed length/seed width. number

P35 Leaf length., cm.

P38 Leaf twist. grade ( 1 = straight,

17 = 360 degree twist)
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sample on each tree was standardized. The number of trees
sampled per stand was usually 20 trees but in a few cases was
as low as 10 or as high as 34. The period of collection for
all countries except Spain was from August, 1560 to March, 196l.
Spanish collections were made during the period December, 1961
to February, 1962,

The 19 cone, seed, and needle measurements were sub-
jected to analyses of variance using tree means, stand means
and regional means to obtain a measure of variability within
stand, between regions and within regions. The F-ratios are
presented in Table 2, The components of variance are then
determined from the same within-stand, within-region and between-
region variances to determine the percentage of variability due
to these variances. These percentages are shown in Table 3.

The individual tree data for each stand were processed
through "MISTIC," Michigan State University's electronic
computer, to obtain means, standard deviations, and variances.
The combined analyses of variance for each character was com-
pleted by hand reprocessing the tree, stand and regional data
output of MISTIC to obtain within-region and between-region
variances for the species as a whole.

In addition to Tables 2 and 3 the data ara presented
graphically in Figures 11 to 18 for a biometric comparison of

the regions.
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Table 2.--Significance of the variation between stands in the same
region and between regions for various parental characters.

Between Stands within

Character regions regions
P6 Cone length 27.80%* 1.53*
P7 Cone width, closed 15.20%% 2.42%%
P8 Cone width, open 8.30%* 3.70%*%
P9 Cone length/width ratio, closed 3.49%% 1.13
P10 Cone length/width ratio, open 3.87%% 2,51%*
P11 Cone basal angle, open 3.09% 3.26%%
P12 Largest apophysis length 2.10 2,.59%%
P13 Largest apophysis width 9,73%% 2,75%%
P14 Largest apophysis thickness 9.76%%* 1.91%*
P15 Apophysis length/width ratio 6.76%*% 1.85%%
P16 Apophysis length/thickness ratio 6.51%% 2.51%%
P17 Apophysis thickness on concave side 5.09%* 3.96%*%
P18 1Index of cone asymmet:rya 1.96 16.37%*
P20 Ratio, cone length to length of
largest apophysis 21.86%* 13.95%*
P28 Seed length 21.67%% -——-
P29 Seed width 42,09%* -—-
P30 Seed length/width ratio 5.76%% ---
P35 Leaf length 15.00%* 2.59%%
P38 Leaf twist 1.41 ---

a
See Figure 10 for explanation of measurement.

*
Significant at 5 per cent level. Greater than 2.27 or 1.50
for between-region and within-region comparisons respectively.

*k
Significant at 0.1 per cent level. Greater than 3.17 or
1.80 for between-region and within-region comparisons respectively.
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Table 3.--Components of the variance in parental characters supplied
by trees-within-stands, stands-within-region, and regions

of origin.
Per cent of total variance
attributable to
Trees Stands
within within Between
Character stands region regions
P6 Cone length 7.5 .4 92.1
P7 Cone width, closed 8.8 1.2 90.0
P8 Cone width, open 10.7 2.9 86.4
P9 cone length/width ratio, closed 54.0 .7 45.3
P10 Cone length/width ratio, open 30.8 4.7 64.5
P11 Cone basal angle 30.6 6.9 62.5
P12 Largest apophysis length 22.2 3.5 74.3
P13 Largest apophysis width 12.0 2.1 85,9
P14 Largest apophysis thickness 16.5 1.4 82.1
P15 Apophysis length/width ratio 23.4 2.0 74.6
P16 Apophysis length/thickness ratio 18.9 2.9 78.2
P17 Apophysis thickness on concave
side 16.3 4.8 78.9
P18 1Index of cone assymmetry8 13.8 21.3 64.9
P20 Ratio, cone length to length of
largest apophysis 1.1 1.5 97.4
P35 Leaf length 8.4 1.3 90.3

aSee Figure 10 for method of measurement,
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Regional Variation Pattern--Parental Data

Eight of the 19 characters (Table 1) studied proved to be
the most definitive in separating the various stands into natural
groupings. These are:

P6. Cone length

P7. Cone width, closed.

P8. Cone width, open.

P13. Largest apophysis width.

P20. Ratio cone length to length of largest apophysis.
P28. Seed length.

P29. Seed width.

P35, Leaf length.

Only one of six ratios computed was of particular value in
defining differences between stands or regions. In other words,
shape of the organs remained relatively constant. The one ratio
which proved of value was that of cone length to length of the
largest apophysis. This ratio is essentially a measure of the
number of scales per cone and reflects the increased number of
scales per cone from north to south. The ratio of thickness of
the dorsal apophysis to the ventral apophysis was used as a
measure of cone symmetry (Figure 10). It proved to be too vari-
able within stand and within region to be of wvalue.

The F-ratio for between-region variance in seed width was
the largest of all the between-region ratios (F = 42.09, Table 2).
Therefore seed width was one of the most definitive characters in

developing regional patterns.



32

Figure 10.--Cone and cone scale measurements.

Basal
angle

Concave or
ventral side

width
b.
( Lengtn
~_ _
LY
/ \\ Thickness
c. W

The method of measuring cones and cones scales on, a. open cone,
b. closed cone, and c. cone scale. Basal angle is measured perpen-
dicular to the cone axis. The largest apophysis on a reflexed cone is
on the convex side of the cone and the opposite apophysis measured is

on the concave side. The ratio of the two measurements is an index
of asymmetry.
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When seed width and length were plotted by regional group
and latitude (Figurell) there was a clear north to south pattern.
Northern populations had the smallest seeds and the populations
in Spain and Turkey had the largest. The two stands sampled in
Surrey, England (Nos. 269 and 270), did not conform to the general
pattern. They had larger seeds than expected for their latitude.
They are known to be of planted origin. Historical and progeny-
test evidence indicates that the Surrey population is hybrid,
probably between Scottish and German types (Wright and Bull, 1963)
(Edlin, 1962). Possibly the larger seed is a manifestation of
hybrid vigor. The Greek stand, an isolated population, had smaller
seeds than expected for its latitude.

The differences in seed width are sufficient to recognize a
narrow-seeded Scandinavian population, a wide-seeded Spanish-Turkish-
Yugoslavian population, and an intermediate French-German-Czechoslo-
vakian population. Scotland is intermediate between the continental
and Scandinavian groups.

Spain and Turkey are areas of relatively light precipitation,
generally averaging between 30 and 40 millimeters per month on an
annual basis. The precipitation tends to be heavier in the growing
season than in the winter, reaching a high of 40 to 60 millimeters
in four of the five stands sampled in Spain and 74 millimeters in
Turkey. Natural selection would favor the survival of the larger
seeds which would have the germinative capacity to get roots down
deep enough into the soil to survive through the first growing

season and the subsequent dry winter,
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Seed length does not present the same pattern as seed
width., The Scotch, German (No. 253), French, Yugoslavian, and
Greek are different from the Finnish populations, but the East
German (Nos. 525 to 529) are not significantly different from
the Swedish or Norwegian populations. The Spanish seeds are
longer than all other origins and appear to belong to the group
including England, France (No. 239), Yugoslavia, and Turkey.

The patterns for the seed length/width ratio tends to
parallel that for seed length, that is, the long-seeded Spanish
and English samples also had the largest length/width ratios
(Figure 11).

Cone length and width, and length/width ratios are pre-
sented graphically in Figures 12 and 13. Trees from north of
the Arctic Circle had the smallest cones. Only one such stand
was sampled. Hence it is not possible to say whether the nor-
thernmost population differs significantly from the more southerly
ones but that is a possibility.

Also small-coned were the Greek and Yugoslavian parents,
even though other trees from southern Europe (i.e., Turkey,
southern France, and Spain) were large coned. The southern
Scandinavian, German, Czechoslovakian, and Scottish parental
populations were not separable on the basis of cone size.

The two collections made in Surrey, England (Nos. 269 and
270), had the largest cones of all. Those were from planted

stands. As previously mentioned under seed dimensions these
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Figure 1l.--Regional variation pattern in length, width, and
length-width ratio of Scotch pine seed.
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Figure 12.--Regional variation pattern in cone length, width,
and length/width ratio as determined from closed cones.
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Figure 13.--Regional variation pattern in cone length, width,
and length/width ratio as determined from open cones.
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trees may be hybrids and the unusual cone size may be a mani-
festation of hybrid vigor.

A hybrid origin is also a possible explanation for the
unusually long cones from stand 233 in southern Finland. There
is nothing in the origin data to suggest that this is other than
a native stand. But pollination by a planted stand of continental
provenance could have introduced other genes into the native forest.
Th& peculiar nature of stand 233 was also noted in the progeny test.

Large cones can either be an accommodation for more seeds
or for larger seeds. The relatively large cones found in Turkey
and Spain also contain the longest and heaviest seeds so that the
adaptation is for larger seed in this case. Since the larger seeds
have the best potential for survival, particularly in the semi-arid
areas, this trend toward larger cones with larger seed in the Scotch
pine endemic to these areas is possibly an answer to selection pres-
sure,

Cone width was measured in both the open- and closed-cone
condition (compare Figures 12 and 13). Except for the cones from
stand 239 in south central France, the variation pattern was the
same for the two measurement methods. The error variance was least
for the measurements made on closed cones.

The ratio length/width of cone was of little value in the
study of geographic variation. There was a tendency for the longer
cones to be relatively narrower than the short cones.

The apophysis is the raised portion of the cone scale which

is visible when the cone is closed (Figure 10). Within a single
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Scotch pine cone the size and shape of the apophysis varies
within wide limits., It was thought that this measurement

would be most meaningful if confined to the scale with the
largest apophysis in the case of length and width or to the
scale with the thickest apophysis in the case of thickness.

Among stands within the same region there were differences
in apophysis length. But this character was of little value in
identifying the region of origin of a sample (Tables 2 and 3,
Figure 14).

The longer apophysis could be an indication of fewer
seeds per cone if associated with greater apophysis width and
short cones., However, apophysis length does not appear closely
related to cone length or apophysis width throughout the range,
suggesting a more ccmplex evolutionary pattern for the apcphyses
from unknown factors, particularly in the highly variable southern
limits of Scotch pine distribution. This may account for the
lack of significance in the length of the apophysis when studied
as a single factor.

The ratio of cone length/length of largest apophysis was,
however, of geographic significance (Table 2). Of all the
characters studied, the percentage of the total variance attri-
butable to between-region differences was highest for the ratio
(Table 3). It is an indirect measure of the number of scales
per cone,--the higher the ratio the higher the number of scales
per cone. When the regional means are plotted by latitude, as

in Figure 15, the ratio is seen to increase from north to south
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Figure 14,--Regional variation pattern in length and width of
largest apophysis and the length,;width ratic of the largest apophysis.
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to a maximum in southern central France (Figure 15). Then it
decreases and the southern populations (Spain, Turkey, Yugo-
slavia, and Greece) have values similar to those from Germany

and Czechoslovakia; The major exceptions to the general lati-
tudinal trends were furnished by the English (larger than expected
ratio), Yugoslav (smaller than expected ratio), and Spanish
(larger than expected ratio) populations. Also, the previously
mentioned Finnish sample from stand number 233 had an abnormally
high ratio for its geographic location.

The higher ratio of cone length to apophysis length would
indicate that greater numbers of seed would be produced in Eng-
land, West Germany, and France. This is an area of better soils
and adequate moisture where survival of seedlings is not a problem
but competition could be serious. Therefore greater seed quan-
tities may be required. The decrease in the number of scales
farther south would indicate more critical site conditionms.

In contrast to apophysis length, apophysis width had geo-
graphic significance. So also did the length/width ratio for
the apophyses. In neither trait, however, were there clear lati-
tudinal or east-west trends. Perhaps the most noteworthy feature
of the ratio was its small size for the south central French stand
number 239, which had almost the widest apophysis of any sample.

Thickness of the apophysis is of evolutionary significance
in the genus Pinus according to Shaw (1914). He considered species
with thick apophyses to be more advanced. Within the single species,

Scotch pine, howeviy, this characteristic had less geographic
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Figure 15.--Regional variation pattern in the cone length/
length of largest apophysis ratio.
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significance than did cone or seed size (Tables 2 and 3).

There was a noticeable tendency for this trait to paraliel cone
width; that is, for wide cones to have thick apophyses (Figure
16).

Increased cone width and apophysis thickness could be a
protective device that has developed in areas of more rigorous
environments for Scotch pine.

When the thickness of the largest apophysis was measured,
an additional measurement was made of the thickness of the apophyses
on the opposite side of the cone (character P17, thickness of ‘op-
posite apophyses, Figure 10). This gave a ratio which was a
measure of asymmetry (character P18). Thickness of the opposite
apophyses, however, closely follows the pattern of thickness of
the largest apophyses (Figure 16) and the ratio of the two measures
showed that there were no significant differences in asymmetry
(character P18, Table 2).

Another attempt to show cone scale variants was the use of
the ratio of length of the largest apophyses over the thickness of
the largest apophyses (Figure 17). Significant differences were
obtained (Table 2). Shorter and thicker scales were found in the
French, Turkish, and Spanish than in the other populations.

The basal angle of the open cones (character Pll, Figure 17)
closely approximated the pattern of the ratio of length to thickness
of the largest apophyses. There was a tendency for the trees with
large basal angles to have short, thick cone scales. The Scandi-
navian, Scotch, and Greek populations had the smallest basal angle

and the Spanish and Turkish the largest.
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Figure 16.--Regional variation pattern in thickness of the

largest apophysis, thickness of the opposite apophysis (see Figure
10), and width of the open cone.
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Figure 17.--Regional variation pattern in the basal angle of
the cone, and the length/thickness ratio of the largest apophysis.
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In extracting seed from the cones it was quite noticeable
that the cones which opened the widest (small basal angle) also
permitted the seed to be extracted more easily and quickl&. Cones
with large basal angles retained the seed in the lower half of
the cone. The heavier scale and larger cone with the greater
opening of the scales was more efficient in seed dispersal. This
condition coincides with less favorable environmental conditions
for seedling development. Shaw (1914) states that the heavier
cone and scale is a higher evolutionafy development. However,
it was also noted in some of the northern stands, particularly
in Norway, that there was an occasional serotinous or partially
serotinous cone, also an indication of a higher development.

Leaf length (character P35, Figure 18) increased from the
Arctic Circle to England, West Germany, and eastern France.

Then it decreased and was short in trees from Greece and south
central France.

Stover (1944) stated that leaf length in conifers was
longest under mesic habitat and shortest under xeric conditions.
Since growth would also be greatest under mesic conditions leaf
length should be a measure of growth réte of the tree. The gen-
eral pattern of leaf length does follow the growth rate of
Scotch pine. The Scotch pine of the palatinate region of Ger-
many has been noted for the quantity of wood which it produces.
The English population is the result of natural reseeding by
what appears to be hybrids showing hybrid vigor. If the above

premise is correct, the English population should also have a
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Figure 18.--Regional variation pattern in leaf length and twist.
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high growth rate in comparison to other geographical races of
Scotch pine.

The measurement of leaf twist (character P38, Figure 18)
proved to be of little value except to indicate that leaves
from English and Turkish populations have less twist per unit

length than other populations.

The Naturalness of the Regional Grouping

One of the initial objectives of the study of parental
characteristics was to determine if population discontinuities
existed, where they occurred, and which characters would
prove most valuable in defining populations.

The original parental data were grouped by natural region
of origin in such a manner that the regions were as homogeneous
as possible with regard to morphological characteristics. The
final grouping is very similar to that used by Wright and Bull
(1963) for progeny test data, the major exceptions being the
separation of the Czechoslovakian from the German and the Turkish
from the Greek populations. For the analysis of variance the
data for stand 226 in Finland (region A) and stand 271 in Greece
(region K) were discarded because there was only one stand per
region, Data from 10 trees in each stand were used. The degrees
of freedom for the analyses were as follows: between regions--8,
between stands within regions--30, between trees within stands--

351, total--389.
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When grouped in this manner, between-region variances
accounted for 62 to 97 per cent of the total variances in the
various characteristics. Stands-within-region variances gen-
erally accounted for less than 5 per cent of the total vari-
ances, the exception being the index of cone symmetry (charac-
ter P18 in Tables 1, 2, and 3).

The large between-region differences indicate that the
regional grouping was natural. Furthermore, they indicate that
it is possible to tell the region of origin from cone and leaf
specimens. Perhaps the variation is too great to permit this
on the basis of cones or needles from a single tree, such as
might be found on an ordinary herbarium specimen. But, if mass
collections are made from several trees in a stand, the stand
as a whole can be characterized sufficiently to identify its
place of origin.

Turesson (1922) stated that an ecotype is one of a series
of relatively discrete, genetically differentiated, natural enti-
ties whose limits coincide with the distribution of some environ-
mental effect. Huxley (1939) said that a cline is a geographical
gradient in a phenotypic character with continuity and a genetic
gradient implied. Langlet (1959) reviewed the concept of con-
tinuous variability in his discussion of Wright and Baldwin's
(1957) report on New Hampshire plantings of the 1938 IUFRO Scotch
pine provenance test., He stated that '"Discontinuity may thus very
well occur--where the conditional ecological factors vary discon-

tinuously."
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Stebbins (1950) in discussing geographical races stated
"There is no doubt that in plants, as in animals, many species
ﬁay be divided into races or groups of genetic types which are
adapted to the different parts of their ranges, and that these
sub-divisions are separated from each other by partial discon-
tinuities in the variation pattern."

Mayr (1942) was less flexible in his definition of a
geographical race stating that such a race was "A complex of
interbreeding and completely fertile individuals which are
morphologically identical or vary only within the limits of
individual ecological and seasonal variability. The typical
characters of this group are genetically fixed and no other
geographical race of the same species occurs within the range."

The analyses of variance based on the sample of 39 stands
indicates that regional discontinuities exist after removal of
the within-stand or within-region variability. The use of the
word ecotype has been avoided as being applicable to a certain
situation and the term geographical variety has been used to
describe a population which is different although there may be
a continuity in the characteristic as it merges with another
geographical area. Ecotypes, as defined by Turesson, do exist
in Scotch pine where there are sharp breaks in the factors
which have produced them. Glaciation disrupted the original
continuity of Scotch pine during the complex patterns of glaci-
ation in Europe and Asia according to Hulten (1937, 1949). The

movement of Scotch pine back into areas of original distribution

-
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following the shrinking of the glaciers once more established
continuity in distribution but not genetic continuity. Certain
populations have remained isolated, particularly along the south
and east of the area of distribution of Scotch pine.

Langlet's insistence that the variability of Scotch pine
can be called only clinal is well authenticated by other authors
who have studied the species. The concept of continuity is not
disputed in the case of continuous populations under continuous
meteorological or edaphic conditions. The sampling upon which
this study is based is too meager to prove discontinuities over
such a wide range as that covered by Scotch pine. It does prove
that if population samples are taken at discrete locations within
the range that there are identifiable geographic races which pre-
dominate at the location that also are genetically different
from other samples taken at other locales.

The range of Scotch pine covers a wide area of complex
geographical and meteorological conditions that are often quite
well defined. Even in the less well defined and less abrupt
gradients differences have been found between populations which
are of significant importance to a tree breeder, much as a
superior tree within a given stand. However, there is an im-
portant difference, a superior tree in a stand represents an
improvement in some desirable character or combination of
characters that are identified with an individual tree, an

ideal situation only if vegetative propagation is planned.
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Selection of a segment of a population permits the acquisition
of sufficient breeding material without seriously restricting
the gene pool required for a breeding program.

Many authors who have reported their observations of
Scotch pine have pointed out that although there are recognizably
different varieties of Scotch pine these are contained in highly
variable populations in which they predominate. In this meaning,
a geographical variety is recognized here by the predominance of
a characteristic which arose in answer to selection pressures
based on local environmental conditions.

The between-region differences have been summarized by
character in Table 4.

Finland north of the Arctic Circle (region A) is repre-
sented by a single stand which is significantly different at
the one per cent level from the southern Finland, Sweden, and
Norway population (region C) in open-cone width, and seed and
leaf length. The regions are significantly different at the
five per cent level in cone length, and the cone length/length
of largest apophysis ratio.

Southern Finland, Sweden, and Norway are significantly
different from the population of Scotland (region L) at the
one per cent level in the open cone length/cone width ratio,
width of the largest apophysis, and the length and width of
seed. The regions are significantly different at the five
per cent level in cone length and the cone length/length of

largest apophysis ratio.
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Table &.--Summary of significant parental character differences between regions.
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Scotland is significanﬁly different from the East German--
Czechoslovakian population (region G) at the one per cent level
in the open-cone length/width ratio,‘basal angle of the open
cone, width of the largest apophysis, asymmetry, and the seed
length/width ratio. These regions are significantly different
at the five per cent level in cone length, thickness of opposite
apophysis, and the cone length/length of largest apophysis ratio.
The Scottish population is intermediate between regions C and G
but not different in cone width, leaf length, and leaf twist.

The cones, leaves, and seed of the Surrey, England, popu-
lation (region I) exceeded the length of all others except for
the Spanish seed. The English population was significantly
different from that of the East Germany and Czechoslovakia in
13 characters and from the West German, eastern France in 10
characters.

The population in eastern France and West Germany (region
H) differed significantly from that in East Germany and Czecho-
slovakia in 10 characters and from the Central Massif of France
in 4 characters, all at the one per cent level of significance.

Region M, the Central Massif of France, represented by a
single stand, differed from the Spanish (region N) population
in the open cone length/width ratio, width of the largest apophysis,
and the cone length/length of largest apophysis ratio at the omne
per cent level of significance, and in seed length and width at

the five per cent level.
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The Greek population, represented by a single stand in
the mountains northeast of Drama near the Bulgarian border,
was different from the Turkish population, represented by two
stands from the mountains of north central Turkey near the
Black Sea, in 12 characters, and from the Yugoslavian popu-
lation represented by two stands, in 7 characters. The
Greek population, however, differed in only two characters,
cone length/length of largest apophysis ratio and leaf length,
from the East German, Czechoslovakian. The Greek stand dif-
fered in only four characters from region C and L, and in
three characters from region A.

The differences between regions outlined in Table 4,
combined with the data presented in Figures 1l to 18, not
only define the variability of the Scotch pine in Europe and
Asia Minor, but permits comparative analysis of herbarium
specimens and placement in the region of origin. The eleven
regions defined are all separated by significant differences
in their cones, seeds, and leaves except for regions C, L,
and G, where there were no differences in leaf length. The
parental data supports the regional patterns based on total
similarities in juvenile characters reported by Wright and
Bull (1963) except for the Turkish population. However, the
data presented by Wright and Bull in their table of similarities
and differences for region K does indicate a possible separation

of the Turkish-Georgian populations from that of Greece.
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Staszkiewicz (1960, 1961, 1962) studied the cones of
Scotch pine populations from Finland, Sweden, Scotland, Czecho-
slavakia, Hungary, Poland, Switzerland, and the Central Massif
of France. He separated the populations on the basis of ten
cone measurements into seven regional varieties having different
types of cones as following:

var. lapponica, northern Finland.

var. suecica, Sweden.

var. scotica, Scotland.

var. polonica, Poland.

var. subcarpatica, northeastern Czechoslovakia.

var. meridionalis, Czechoslovakia, Switzerland, and
Central Massif of France.

Comparisons between his and my data show general agreement
with regard to the first five varieties. They are separable in
both cases. On the other hand, the population which he regards

as var, meridionalis and as homogeneous, is very heterogeneous

according to the present study.
In a later chapter, these data on phenotypic varability
patterns will be coordinated with past taxonomic treatments to

give a recommended series of varietal names.

Sample Size

The specific question of how small a sample can be measured
without appreciably changing the results is important. Staszkiewicz
(1960) reported that his original sample size was 100 cones picked

under 100 trees, or one cone per tree from 100 trees per stand. 1In
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some instances he collected 2 cones per tree. Since the measure-
ment of so many samples was laborious he halved some of his
samples and found that the data obtained from sample sizes of

50 did not exceed the permissible error. Critchfield (1957)

used a sample size of 5 cones and 5 needles per tree for 12

trees per stand. Thor (1961) used 20 sound and mature cones

and 5 twigs from 15 trees in his study of variation patterns

in natural stands of loblolly pine. Thor (1964) took two core
samples from each of 15 trees per stand in his wood property
study in Virginia pine.

In the course of analysing the 19 characters utilized in
this study correlations were run between the standard deviations
of each sample and the size of that sample. The samples ranged
in size from 10 to 34 cones (1 cone per tree). There was no
correlation between size of sample and of the standard deviations.
This shows that the disparity in sample sizes was unimportant and
that one cone per tree from each of 10 trees would have been suf-
ficient.

If, in the present study, cone length and needle length
are used to determine the actual size of an acceptable sample,
the following procedure can be used: Stand 226 (Finland) was
represented by a collection of 29 cones taken from 29 different
trees. The analysis of variance for cone length produced the
following information:

X =3.567 centimeters (cone length)

s?a .268
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S = .517

Sx = .096

The 95% confidence interval for the mean= + (t 95) (S)
’ X
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