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ABSTRACT

PATTERNS OF VARIATION IN
ROOT SYSTEMS OF SCOTCH PINE PROVENANCES

by James H. Brown

Root development of nursery and greenhouse grown seedlings of

Scotch pine (Pinus sylvestris L.) provenances from throughout the

range of the species was studied. Significant differences were found
between origins in type of root system, rate of growth, root regener-
ation potential and growth at different moisture-fertility combina-
tions.

Root systems of 45 origins that had been grown in the greenhouse
for periods of four and eight months were analyzed. Northern origins
were distinctly tap-rooted, with lateral rooting confined to branching
from upper portions of the tap root. Root length was well correlated
with average annual temperature of the area of seed collection. Cen-
tral European provenances had more moderate expression of the tap root
character. Laterals were long, much branched, and occurred along most
of the tap root. Differences in root characteristics could not te
correlated with clinate.

Sources from isolated, southern portions of the range were dis-
tinetly tap-rooted. Braaching of laterals was low. There was con-
siderable variation in other characters and individual root types ap-
rarently developed in respouse to differences in precipitation and
pPast evolutionary history. Provenances from southern France had root

types similar to those of northern origins. Iateral rooting was
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confined to branching from upper portions of the tap root. Root sys-
tems of Spanish origins had a narrow, columnar appearance. Tap roots
vere long and laterals were short and extended from along most of the
tap root. Greek origins from cool, moist climates had root types in-
termediate between those of other southern origins and those of cen-
tral Buropean sources. Provenances from Turkey and the Georgian SSR
were deeply tap-rooted and individual laterals were longer than on

Spanish provenances.

Lates cof rcot zrowth during the first 80 days after germina-
tion were studied for greenhouse grown seedlings of eight origins.
Differences were related to temperature and precipitation of areas of
seed collection. Initial root growth was confined to tap root elon-
gation. Jateral growth was not pronounced until after tap root growth
began to decline. Rate of root growth was most rapid for northern
sources from areas having short growing seasons and was slowest for
southern origins from moist climates.

Five nursery grown provenances were transplanted at monthly in-
tervals during the first growing season and survival, root growth and
root regeneration were studied. Results varied with time of trans-
rlanting, seed source and intensity of root pruning. Survival was
closely correlated with amount of roots present at transplanting and
grovwth of new roots after transplanting. Root growth and root re-
generation were slight while top growth was active. Survival of trees
transplanted during this period was very low. Root growth and regen-
eration increased significantly after top growth stopped. Survival
wes nearly 100 percent for trees transplanted after this time. Var-

iations in seasonal patterns of root growth and survival were correlated
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with growth patterns of origins used.

There were differences between provenances in root reveneration
potential. It was highest for south-Swedish, south-French and 3jpan-
ish origins and lowest for north-Swedish and German sources. Inten-
sity of root pruning also affected survivael and root regeneration.
Survival was lowest for fully root-pruned trees and approximately
the same for no and half root-pruned trees. Trees with half root
pruning produced the greatest amount of new roots after transplantin;.

Three provenances were grown in the greenhouse for 90 days under
different moisture-fertility treatment combinations. There were dif-
ferences between origins in optimums for growth and in requirements
for shoot and root growth. Sources from Germany and Sweden showed
similar reactions to different treatment combinations. The Spanish
origin reacted differently and had lower fertility and higher mois-
ture requirements. Fertility levels for best root growth were lower

than those for best shoot growth.



PATTERNS OF VARIATION IN

ROOT SYSTEMS OF SCOTCH PINE PROVENANCES

By
A
}(O‘
James H. Brown

A THESIS
Submitted to
Michigan State University

in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Forestry
1967



ACICIOWLEDGEMENTS

The author wishes to acknowledze the assistance of the guidance
comnittee: Drs. Jonathen W. Wright, Donald P. White, Gerhardt
Schneider, Boyd Ge. Ellis, and Stanley K. Ries.

The study was financed in part by funds from the Cooperative
State Research Service of the U. S. Department of Agriculture as
part of regional projcct NC=S1 entitled "Tree Improvement through
Selection and Breeding." This project involves active cooperation
of mmerous federal, state, and private agencles in the North Cen-

tral United States,



TABLE OF CONTENTS

Page
ACKNOWLEDGEMII\ITS.il
LISTOFTA.BLFS........................ v
LISTOFILWSTMTIOIJS....................Vii
CHAPTERS

I. INTRODUCTION & & v & v 4 v o v v o v o o o o o o v . 1
II. OBJECTIVES & & v v v v o v ¢ v o o o o o o o o o . 3

III. VARTATION IN ROOTS OF GREENHOUSE GROWN SEEDLINGS
OF DIFFERENT SCOTCH PINE PROVENANCES + o o o « o . L

Procedure

Results
The Northern Varieties
The Central Buropean Varieties
The Southern Varieties

Evolutionary Development of Root Systems

IV. EARLY ROOT DEVELOPMENT PATTERNS OF SCOTCH PINE
PROVINAICES o o « o o o o o o o o o o o o o o o« o« 48

Procedure

Root Development Patterns
Northern Provenances
Central Buropean Provenances

Southern Provenainces

Relation of Root Types and Growth Patterns to
Climate of Area of Orizin

V. EFFECT OT AGE AND ROOT PRULING ON ROOT DEVELOPMET
OF SCOTCH FINE SEEDLINGS OF DIFFERENT PROVEIANCES . T

Procedure
Results



CHAPTER Pave
V. COI'TINUED

Survival
Top Guowtn
Toccl Lateral Root Length
Absorbing Lateral Length
Absorbing Root Length
Ratio: — T moct Tength
Root-Shoot Ratios
Relation c¢f Top to Root Growth
Relation of Survival to Root Growth and
Root-Shoot Ratios

VI. SHOOT AND ROOT GROWTH OF DIFFERENT SCOTCH PINE
PROVENANCES AT VARYING MOISTURE-FERTILITY

mm@s L] L] L] L] L ] . L] [ ] [ ] L] o L] L] L ] . L ] L] . L] . 112
Procedure
Results

Top Growth

Root Growth

Shoot-Root Ratios

Relation of Moisture and Fertility Requirements
to Climate, Soils and Evolutionary History of

Area of Origin

LImAmRE CITED . L] L] . . . . L L] L L] . L L d L] . L] L] . L] . . . lsh
e« o . 160

vITA ® & 0 0 © o 0 o 0 o ¢ o6 ¢ 0 0 o o ® ©® o o6 o o o o

APPINDIXs LIST OF COMMON AND SCIENTIFIC NAMES OF FCREST TREE

Spmm ..0.'............0..0..... 161

iv



Table

10.

11.

13.

LIST OF TASLES

Location and climate at place of origin of Scotch pine
provenances used in the study of differences in root
LYPEB ¢ o ¢ ¢ ¢ o o ¢ s 4 o 6 4 s s s e 8 o e 4 s s . e .

Summary of analyses of variance for top and roct growth
factors studied in sampling Scotch pine provenances after
four and eignt months growth in the greenhouse. . . . . .

Shoot and root development of Scotch pine provenances
grown four months in a greenlicuse. « « « « + ¢ ¢ ¢ o « &

Shoot and root development of Scotch pine provenances
grown eizht months in a greenhouse. . « ¢ o ¢ o o ¢ + o &

Growth data for Scotch pine provenances grown in the
greenhouse for four and eight months, summarized by
variety « « ¢ ¢ ¢ o 4 0 4 e e e s s e s e e s e s e s e

Number of lateral roots per tree and proportion of lat-
eral roots having no, one, two, three and four branches
of Scotch pine at ases four and eight months. . « « « «

Location and climate at place of origin of Scotch pine
seed sources used in study of root development patterns .

Analyses of variance for root growth of Scotch pine
progenies sampled at lhk-day intervals . « « « o ¢ o o « -«

Root lengths of Scotch pine provenances measured at
lu-day intemls L] L] L] L) L] L] L] L] . L] L] . L] L] L] L] L] L] L] L] L]

Dry weights of roots and relative dry weights of tap
roots of Scotch pine provenances measured at 14-day
1ntervals L] L] L] L ] [ ] . L] L] [ ] L] L] . L] . L] . L[] L] L] . L] L] . L]

Percentages of maximum (80-day) tap root and lateral
root lensth attained at l4-day intervals in eight seed
souces Of Scotch pine. (] L] L] . L] . L] [ [ ] o L ] [ ] L[] L] . L] .

Number of lateral roots per tree and proportion of lat-
eral roots branched once oOr twice. o « ¢ o o o o o o o ©

Location and climate at place of origin of Scotch pine
seed sources used in transplanting study. « « « « ¢ ¢ «

Page

13

16

20

34

50

52

5k

5T

29

63

T6



Table
14, survival and height growth of Scoten pine seed sources
one monti: aiter trausplanting with varicus intensities

of root pruning « + . . . . . . N < (¢

Analyses of wvariance for survival, hei;ht, and lensta

15.
of avscrbing portions of latercl roots of Scotch pine
seed sources one month after t{ransrlanting with varicus
intensities Of YOOt Pruning « « « + o o v o o o o o o o« » 02
16, Percentage of end-of-season growth attained at various
measurenent dates (30 days efter liftins detes) . . . . . « 86

17. Lateral root lensth of Sccheh pine seea sources one
month after transplanting with various inteunsities of

I'OOt pmll’li.'lg . . . ] o . . . 3 . [ . . .

18. Analyses of variance-fog,total lengta of lateral roots
] . ausoroing , :
and for the ratio —gzpzT— lateral root length of

Scoteh pine seed sources measured cne month after trans-
planting at various dates . . . e e s e e o« 90

.28

Root-shoot ratios of Scotch pine seed sources after
transplanting with various intensities of root pruning. . 101

Analyses of variance for root-si:.oot ratios of Scotch
pine seed sources one month after transplanting with
. L] L ] tloz

various intensities of root pruning . « « . « . . .

21. Location and climate at place of origin of Scotch pine
pine seed sources used in moisture-fertility study. . . . .115

Analyses of variance for top and root growth of three

22.
origins of Scotch pine grown at nine moisture-fertility
treatment combinatlons. « « o ¢ ¢ « o o o o o o o o s+ « 2120
23. Top and root Jrowth of three seed sources of Scotch
. .12k

pine grown at different moisture-fertility treatments .

24k, 1ateral roots rer tree, proportion of branched lateral
roots and shoot-root ratios of three origins of Scotch
pine grown at different moisture-fertility treatments . . .14O



LIST OF ILLUSTRATIONS

Figure Page
1. Natural distribution of Scotch pine and provenances
included in the study of differences in root types. . . . 10
2. Seedling of MSFG 254, a seed source of var. mongolica
23

in northeastern Siberia, after four months growth . . . .

3. Relationship between eizht month growth of seedlings
of Scandinavian origin and average annual temperature
of the area from which seed was collected « « . « » « . . 26

L. seedling of MSFG 549, a seed source of var. lapponica
in northern Swveden, after four months growthe « « « « « o 27

5. Seedling of MSIG Skl, a seed source of var. rigensis
in south-central Sweden, after four mouths growth . . . . 28

6. Seedlings of MSFG 550, a seed source of var. rigensis
from the southern tip of Sweden, after four and eight
.« . 23

months growth . . . . o« o .

(] . . o e L] e o o * ] .

7. Seedling of MSFG 234, a seed source of var. altaica
in central Siberia, after four months growth. « « « « « . 31
8. Seedlings of MSFG 530, a seed source of var. haguen-
35

ensis in Belgium, after four and eight months growth. . .

9. Seedlings of MSFG 5kl, a seed source of var. haguen-
ensis in northeastern France, after four and eight
36

mnths growbh o . L) L] L] L] L] L] L] . L L] L] L] L] L - . L] e . L]

10. Seedlings of MSFG 204, a seed source of var. hercynica

from Germany, after four and eight months growth. . . . . 37
11. Seedlings of MSFG 240, a seed source of var. aquitana

in southern France, after four and eight months growth. . 40
12. Seedlings of MSFG 218, a seed source of var. iberica

in Spein, after four and eight months growth. . . . . . . L2
13. Seedlinz of MSFG 263, a seed source of var. armena

in the Georgian SSR, after four months growth . . . . . . Uk
14. Root growth of elght seed sources of Scotch pine grown

56

€0 days in the greenhoUSe « « « « « « « o « o o « o o « &



Ficure Pase
15. Root development of seedliags of NMSFG 547 from north-
Central SWEdel « « o v 4 o ¢ 4 4 o s o o o e s e o e e . 60
16. Root development of seedlings of MSFG S43 from south-
central SVEdCNl « « « « o ¢ o o o 4 4 o e e s e e e . 61
17. Root development of seedlings of MSFG 256 from central
Siberia' * [ ] L] . L] L ] L] 1 ] L ] . L] . L] L] L] . . . L] L] L] . L ] ] L] 62
18. Root development of seedlings of MSFG 307 from Czech-
OBLOVAXIA: & o o v o o + o o o o o o 4 o o 4 o 0 e ... b4
19. Root development of seedlings of MSFG 253 from western
WESBt GEITIANY « + « o o o o « o o o o o o o o o o o o s s+ 65
20. Root development of seedlings of MSFG 239 from the Cen-
tral Massif OFf FrEGNnCe. v o« « o o o o o o o o o o o « o « « 6T
21. Root development of seedlings of MSFG 245 from the
68

e e o o o s e e o e . . L]

mountains of Spain « + « ¢« . . .

22. Root development of seedlings of MSFG 243 from the
mountains Of Greece L] . L ] . L] L ] L] L] L] . [ ] L ) L] L] L] e . . L] . TO

23. Height and total lateral root length for five seed
sources of Scotch pine transplanted with no root prun-
85

ing at five different times. . « ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o &

2k. Length of absorbing (white) roots of Scotch pine as
affected by date of transplanting, intensity of root
pruning at transplanting time and seed source. . . . « « « 93

Absorbing
25. Ratio of ~Total  lateral root length of Scotch pine
transplanteaofrom September through November and sub-
jected to no or one-half root pruning. « ¢« « « ¢ ¢« « - . « 99

26. Root-shoot ratios of five seed sources of Scotch pine
as affected by transplanting date and intensity of
root pruning o « o o o ¢ o o o S [}

. . . L] [ 2 . L4 . L4 .

27. Moisture loss from potting mixture consisting of 98
percent (by weight) coarse, quartz sand and 2 percent

organi c mttel‘ L] * L [ ] [ ] ® L ] L] L] L) L] [ ] e [ ] L ] L] L] ® L] L] L] L] 11.8
28. Top growth of three seed sources of Scotch pine at
nine moisture-fertility treatment combinations . . . . . . 126
29. Tap root growth of three seed sources of Scotch pine
. 131

at nine moisture-fertility treatment combinations. . . .

viii



. ra




Figure

300

31.

33.

3k,

Tage

Lateral root gsrowth of three cseed sources of Scotch
pine at nine moisture-fertility treatment combinations. . 133

Growth of Spanish MSFG 219 at two noisture-fertility
combinations: low moisture-hi~h fertility and hish
moisture-low fertility. o« o o o + ¢« o « o o o o o« o ¢« o o 135

Growtiy of German MSFG 293 at two molsture-fertility
combiliwrtions: low moisture-ni -1 fertility and hi:n
Noisture-10ow 1ertilitye. o o o « o o o o 2 o o o o o o o . 136

Growth of Swedish MSFG 543 at two mcisture-fertility
combinations: low moisture-high fertility and high
moiscure-low fertility. + « ¢« v o o o o ¢ o o o o o o o o 137
Shoot-root ratios of three seed scurces of Scotch pine

grown at nine moisture-fertility treatment combina-

BIOMS o v o o 4 v o o o o o o o o 4 s 4 e o e e e e .. 13



wian

[y

-
I
&

o

[Y
il

v,




CHAPTER I
INTRODUCTION

Scotch pine (Pimus sylvestris L.) is native over a wide geogra-

phic area in Europe and Asia. Its range reaches from above the Arc-
tic Circle in northern Scandinavia to Spain and Turkey in the south
and from Scotland in the west to mortheastern Siberia ncar the Pa=-
cific Ocesn in the east. In southern and western BEurope the range

is discontimous. In other areas it is gencrally continuous over
large areas (Figure 1). Scotch pine has also been introduced exten-
sively outside its native range. It is now the most commonly planted
species for Christmas tree use in the United States. Many trees are
also planted for reclamation, stabilization and wood production.

Within its natural range Scotch pine shows wide variability.
This variation has been the subject of a mmmber of provenance stu-
dies (reviewed by Wright and Bull, 1963 and Ruby, 1964). Ruby (1964)
recognized at least 21 geographic verieties of the species,

In the late 1950's an intensive provenance study of Scotch pine
was initiated at Michigan State University as part of the NC-51 pro-
Ject, "Porest Tree Improvement through Selection and Breeding." With
the cooperation of rescarchers and seed dealers in Europe, lots of
Scotch pine seed were collected from 186 stands throughout the range
of the species. These were sown in the Bogue Forest Research Nur-
sery on the Michigan State University campus in the springé of 1959
and 1961. Five replicates were used. The first four of these com-
prised a randomized complete block experimental design. These were

used to study characteristics of seedlings of different origin in
1
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2
the mursery. Results of this study were published by Wright and Bull
in 1963. The rifth replicate provided seedlings for field planta-
tions. These replicated plantings were made at 33 permanent loca-
tions in eight north central states, plus New York and Maryland.
Initial results from these plantings were reported by Wright et al.
in 1966.

Measurements made in the nursery and outplantings revealed sig-
nificant differences between provenances in & mumber of shoot charac-
teristics. These generally showed definite geographic trends. 1In
most instances there was little interaction between seedlot and lo-
cation of test plantation, despite the wide variety of sites on
which plantations were established (King, 1965a and 1965b; Wright
et al., 1966).

When seedlings were lifted from the mursery for outplanting
there seemed to be distinct differences in root types. These also
appeared to exhibit geographic trends, although this was not substan-
tiated by detailed studies. In general, southern origins appeared
to be more tap-rooted than those from further north. In lifting half
or more of the tap root and most of the lateral roots were often lost
on southern origins. On more northerly origins less of the root sys-
tem was damaged or lost in lifting. In subsequent outplantings, how=
ever, there was no apparent correlation between damage to root sys-
tems during lifting and survivel. It was generally best for southern

provenances and poorest for northern ones.

=1



CHAPTER II
OBJECTIVES

The general objective of the studies reported here was to inves-
tigate variations in root types of different geographic origins of
Scotch pine in an effort to help explain differences in top growth
and survival after outplanting. Specific objectives were:

(1) To classify the root systems of Scotch pine provenances
and to relate differences to the climate of place of origin.

(2) To study the pattern of root development of different Scotch
pine origins for the first twelve weeks after seed germination and
to relate these patterns to differences in the climate of place of
origin.

(3) To determine the survival, root growth and root regeneration
potential of Scotch pine of different origins when transplanted at
different times of the year.

(4) To study the growth of Scotch pine from widely separated
portions of the species range when grown at varying moisture and fer-

tility levels.



CHAPTER III

VARIATION IN ROOTS OF GREELIIOUSE GROWN SEEDLINGS

OF DIFFERENT SCOTCH PINE PROVENANCES

There have been numerous studies of variations in root systeus
of different tree species. Touuney (1¢29) classifieu the root types
of tree species into two general pgroups: those with tap roots wiich
grew rapidly iowaward and penetratel ceerly; and those with slowly
Jrowing primary roots and extensive, rapldly growiay lateral roots.
Holch (1931), found that each of the several tcpecles of tree seeili.. s
which he studiel had its cwn characteristic root tyte.

Studies have showm pronounced differences 'n root types ot v..i-
ous conifer species. These 1lunciuae investigations of Corsican pine
(Aldrich-Blake, 1930), Douwzlas-fir (McMina, 1963), jack pine (Cneney,
1932; Day, 194>, Koufren, 19%5), loblolly pine (Gruschow, 16.9),
lolgepole pine (Preston, 1942), longleaf pire (Heyward, 1933; Lenuart,
1934; Pessin, 1933), ritch pine (McQuilken, 1935), pondierosa pine
(Curtis, 1954), red pire (Day, 1941), shortleaf pine (Turner, 1537;
Reed, 1939), and white pine (Stevens, 1931).

There has been only limited study, lhowever, of racial variation
in the root systeﬁs of forest tree species. Snyder (1961) found t.at
roots of longleaf pine from southeastern Georgia appeared to be ore
fibrous than those of seedlings from farther west in the ranze of the
Species. He theorizeu that the wore fibrous root types had evolve:i
in response to wetter sumners and falls which prevail in the eastern
part of the species ranzse. Ieibunigut and D=Ilis (1962) observei

differences in root types and exteants of four provenances of Eurcrean

L
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larch. Some differcnces hove «ln Y oon noted for Scoteh pine.
Leitakari (1927) excavated roots in native Scotch pine stands in
central and southerm Finland end found differcnces in Loth type
and extent of root systems. The study of Leibundgut and Dofis (1S4'+)
with four central Europcan provenances showed variations in dry
weizhts and ciemeter distribution of roosts. Bibleriether (1904)
woried with a nwaiber of German provenances o1 Scotch pine vhich hnd
been plented in 1930 and found thot tap roots of sources from the
Bast Prussian area were nore clearly defired, decper and less bronched

than those of provencnces from west-certrol Germany.



6

PROCEDURE

For this study 45 seed sources of Scotch pine were selected from
throughout the range of the species. The seed was originally collected
for a provenance study conducted by Wright and Bull (1963). Each
seedlot was gathered by cooperators in Burope and Asia from ten or
more average trees in stands of several acres (Table 1, Figure 1).
The climatic data were compiled by John L. Ruby (196k4) and are from
weather stations located as closely as possible to the stands from
which the seeds were collected. In most cases the data apply to the
area of collection; in a few cases to stations some miles from Zoca-
tions of collection. An "Index of Aridity" was calculated using De-
Martonne's (1926) formula: Index = precipitation in mm. , mhe

temp. in C, + 10
smaller the index value, the drier the climate.

Seedlings were grown in the greenhouse for periods of four and
eight months using a randomized complete block design with four rep-
lications amd two trees (containers) per plot. Seed was sown in Jan-
uary 1965 in individual containers, with five seed per container.

The containers were epproximately 8 inches deep and 4 inches square.
Germination began nine days after sowing and was completed eight days
later. Two weeks after germination the seedlings were thinned to

one per container. The potting mixture consisted of one-third (by
volume ) each of builders sand, peat moss, and a sandy loam nursery
soil. A complete fertilizer had been added to the mixture to give
the equivalent of approximately 50 ppm each of N, P205, and K50. This
coarse, morcus nixture permitted wunrestricted rooting and recovery

of the root systems with a minimum of damage.

The seedlings were watered at intervals to kecp the moisture



Table 1. Location and climnate at place of orizin of Scoich pine

provenances used in the study of differences in root tyTres.




8

WS Yo., Yat. long. Eev. Temperature Precipitation  Index of
country (a) » B m\n;ﬁ April= Annusl April- _Artdity jb;
Bept. Sept. Anaual April-
Sept.
° ° Teel OF ¢ millimeters nunber
var. -oxonet .
25k s1B 60.8 131.6 2500 -11.6 8.1 188 1ks 188+ 8.0
255 EIB s2.8  117.7 2000 - 3.3 11.3 37T W2 28.8 16.1
var. lumucn
sk9 SWE 6h.5 18.7 800 0.6 8.0 k93 310 8.7 17.2
548 sSwE 63.5 18.7 1700 2.0 8.5 568 299 k7.3 16.2
SkT SWE 62.5 15.7 700 2.9 9.1 525 332 0.7 1T.M
Sk6 SWE 60.9 13.4 1500 1.2 8.6 617 383 55.1 20.6
var. septeatrionalis
523 SWE 16.0 700 4.8 1.3 557 354 37.6 16.6
Skl SWR 60.8 14.9 800 6.2 12.6 630 3T 38.9 15.%
222 swWE 60.2 15.0 800 4.8 1.3 557 354 37.6 16.6
543 SWE 59.9 12.0 700 6.2 12.6 630  3MT 38.9 15.h
273 swe 59.7 9.5 600 3.2 10.0 811 k82 61.% 2h.1
var. rlgeul-
542 SWE 58.8 1k.3 koo 6.2 12.6 630 T 38.9 15.h
skl SWE 57.0 15.6 500 6.2 11.8 533 334 32.9 15.3
550 SWE 55.9  1s.1 100 6.9 12.0 M8 266 27.7 1.1
var. altaica
256 8T8 56.T 96.3 1300 1.8 9.3 249 191 21.1 9.9
234 sIB 56.0 95.0 600 1.8 9.3 249 191 21,1 9.9
var. ElOIlcl
317 POL 53.7 20.5 500 7.1 13.6 568 312 33.2 15.8
var. hercynica
204 GER L_So.a 9.7 1300 8.6 1k.1 592 337 31.8 1k.0
527 GER 50.8 13.7 1800 7.5 13.1 86  &29 k2.6 18.6
528 GER 50.6 12.0 1500 7.7 13.4 608 388 W.b 16.6
311 czE 50.5 1k.7T 1000 9.0 15.6 k9o 335 25.8 13.1
526 GER 50.h  12.2 1700 6.2 11.9 762 M7.0 20.3
307 CczE 9.9 17.9 800 8.8 15.5 630 hoT 33.5 16.0
306 CZB 9.2 1.0 1500 8.2 1h.1 606 M2k 33.3 17.6
var. h enensis
318 BEL (¢ .2 5.5 - 9.3 13.8 825 k16 k2.7 17.5
530 BEL sc; 50.0 5.0 - 7.4 1.9 1251 570 71.9 26.0
241 yRA k9.1 7.4 800 9.2 1.7 T3 38k 38.2 15.5
251 GER k9.1 8.1 500 9.9 15.5 536 305 26.9 12.0
253 GER 9.1 7.8 1300 9.5 15.0 612 338 31.8  13.5
237 FRA 48.8 7.8 500 9.8 15.7 T (193 39.2 1T.2
var. illyrica
22 Y0 83.9  19.h 1300 9.5 16.0 791 M1 k0.6 17.0
var. rhodo
243 GRE k1.5 24,2 5600 7.0 12,7 2860 1190 BUS TR S
$51 GRE k1.3 23.4 5000 7.k 12.7 260 1190 W1k S52.h
VaAr. arsena
221 TUR k0.5 32.7 5000 11.6 1T.T s 1eT 16.0 5.3
263 GO 41.8 k3.b Bhoo 12.2 19.1 533 357 2k.0 12.3
26 GBO h1.7 k3.5 booo 12,2 19.1 533 357 2.0 12.3
261 GEO b1.6 k2,6 300 12.2 19.1 533 357 24.0 12.3
var. aquitasa
235 FRA .2 7.2 2200 8.9 1k.5 13712 699 T2.6 28.5
239 FRA h5.3 3.7 3100 9.0 13.9 T80 503 M. 21,0
316 FRA k5.1 3.5 3200 9.0 13.9 T80 503 k1.1 21.0
320 FRA k5.0 4.0 3000 9.0 13.9 T80 503 M.l 21.0
238 FRA (1'% ¢ 3.8 2900¢ 9.0 13.9 858 (Y33 hs5.2 18.6
2k0 FRA 2.6 2.1 h700 5.9 9.9 799 M2 50.3 20.T
var. idberica
25 PR 40.7  -b.2 h900 11.9 17.5 508 26k 23.2 9.6
218 sPA 40.0 -5.3 3700 10.0 15.3 366 1Th 18.3 6.9
) s are se » chigan Test Gewetic accessiea

record. The ceuatries are BEIgium, CZEchoslevakia, FRAmce, GNOTgiaa 8SR,
GERmany, GREece, NORvay, SIBeria, SPAin, SWEden, TURkey, YUOeslavia.

(b) Index of artasey « Frecipitation ia aillimeters
23 % a X4

(c) Beed sdbtained frem plantatiea.



Figure 1. Tatural distribution of Scotch pine (shaded) end pro-

venances included (numbered dots) in the study of differences in roo:

types. In addition to those provenances shown, four additionazl sowrces

from the eastern portion of the range (MSFG 23k, 254, 255, 255) werc
also used.
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level near ficld capacity. AL the end ol the growing periods, con-
tainers were taken from the greenhouse, dw.ped and the root systems

he trees were measured immediately.

carefully washe .

A1l analyses of variance were conducted by using means of the

2-tree plots as items. Provzasnce me.n: were used &S tems in cor-

relation calculations.
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RESULTS

The data were grouped by the geographic varieties proposed by
Ruby (1964). The patterns of root development generally followed
Ruby's varietal patterns based on seed and 2-year growth character-
istics and 5- to T-year growth in NC-51 plantations (Wright et al.,
1966). Departures from Ruby's groupings are discussed whenever appro-
priate. Sumaries of analyses of variance are given in Table 2.

Results obtained at four and eight months were similar. Corre-
lation coefficients between measurements made at the end of the two
sampling periods ranged from 0.856 for tap root lengths to 0.988 for

height (significant at 1 percent level with 43 d. f£.). In geperal the

amount of growth during the second four-month period was considerably
less than during the first four-month period (Tables 3,4,5). Top
growth, in terms of both length and weight, was very slight, ranging
from O to approximately 15 percent. Tap root growth was also rela-
tively slight, the second four-month increase in length varying from
6 to 22 percent; in weight from O to 30 percent. lateral growth dur-
ing the second four-month period was greater; increases in length
varied from 10 to 7O percent and increases in weight from 25 to 75 per-
cent. The percentage increase between the fourth and eighth month was
not correlated with location or climate at place or origin (Table 1).
There were decided differences in root characteristics of seed-
lings from different origins. Many were adaptive characters which
could be correlated with environmental conditions in the areas from
vhich seed was collected. Some could not be correlated. Seedlings

of all provenances were tap-rooted. The degree to which this
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Teble 2. Swmary of analyses of variance for top and root growth

factors studied in sampling Scotch pine provenances efter four and

eight months growth in the greenhouse.




1,

F ratios for sampling at

Factor

Four Months Eight Months
Top Length T . Q2% 2T L25%¥*#
Tap Root Length 14, 220# 18, 08***
Lateral Root Length 8.g2mx 13 . 40w
Top Weight 20.33%% 23.2Lxe
Tap Root Weight L6 66w 59.33%%*
Latersl Root Weight 8.62mx 14, 5k
Tap Root Weight/Unit Length 22.19%%% 27 . 18%
Top Length
Total Root Length 3.5 9 55%F¥

Weight
Total Root Weight L. 20mex 5. 997
Total Lateral Root Le
Taproot Length e b 25w 5.6uxes
Longest Lateral Root Length GG
Taproot Length 5455 4.
Lateral Root Weight
No.: Total Lateral Roots 9. 20mnn 15.68%*
No.: Lateral Roots, Upbranched 9. 15%% 15 . hGrnx
No.: Lateral Roots, 1 branch 8.68% % 10, 38w
No.: Lateral Roots, 2 branches 9. ToH** 10.90%*#
No.: Lateral Roots, 3 branches 5 498 11, howws
None 2,85%%

No.: Lateral Roots, 4 branches

es of freedom in treatment (seed source ) mean square

(a) with 4b degre
freedom for error mean sSquare.

and 132 degrees of

#% Significant at 0.l percent level.
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Table 3. Shoot and root developrient of Scotch pine provenances

grown four months in the greenhouse.

A
wt §
e



m. ;' Tength of of p !o)-koot Rauoc Root Ratios
mtlrﬁr, m'%—ur Welght
origia Root Roos Root ch Weight 'sm!‘m E!Zg!
Fﬁ'—i. Er‘%r lateral [Lateral Roo
uuth Length _Weight Faproot Teproot Teproot
=, om.  om. ecomllligrams=s-- mng./cm. o
a 13 & .3 T 16 .23 .036 1.03 6.1 1.16 2.3
255 sn 2 102 W 20 85 .6 029 1.15 5.0 I 2.6
var. la ca
5h9 30 18 & 16 7 15 .38 .29 .75 5.0 0 2.6
5h8 BwE M 19 12h 25 7 2 .3 .28 .88 6.5 90 3.3
ShT SWE &0 20 116 25 8. 2ob A3 .030 .78 6.0 .80 2.9
Sk6 SWE 37 19 R 2h T 20 . .033 .89 k9 67 2.8
var. seteatrionalis
523 SVE 2 126 31 10 21T .M .029 .87 5.6 73 2.7
Shh SWE 3] 23 127 28 12 29 .52 .031 <G 5.4 .81 2.4
222 sve (¥ 21 15 30 9 32 .3 .03 .93 5.4 .63 2.6
Sk3 SWE &2 24 ur 32 1 33 .51 .030 .95 E.b T 2.2
273 MR 35 2 9 2T 12 22 .51 .029 .80 . J9 1.9
var. riuio
5h2 SWE 2 2 17 32 9 25 N3 .030 G 5.3 .80 2.9
Skl SWE b3 21 133 3 9 25 A2 .028 .78 6.3 .95 2.8
550 SWE L 1Y 8 1k2 31 - 12 28 .51 .07 .93 5.9 .83 2.3
var, altaica
256 618 M2 2k 159 39 11 3k .hS 023 .86 6.6 .78 g.z
23 81B a3 2k 150 37 9 3B .3 .025 .79 6.3 .89 .2
var. polonica )
317 FOL 1) 24 187 55 DUSE 7] .57 .023 1.02 7.6 1.00 2.9
var. herc ca
204 am—&"b'r 28 156 A9 18 36 .ST .026 .99 6.6 T8 2.6
527 GER 134 2k 161 2 12 32 9 026 .96 6.8 .84 2.9
528 GER k9 21 161 M 12 31 A3 .07 1.0 5.9 G 2.6
311 cze 173 26 1k M 11 29 b .028 1.1 5.6 .68 2.5
526 GER bh 2 1 b1 11 29 b9 .07 1.04 6.3 .T8 e.s
307 czB 48 26 158 K0 12 29 W7 026 97 6.1 19 2.
306 czx (VY 26 10 M3 12 28 M6 .07 1.08 5.k .53 2.3
var. is
8 nu.! m@ 25 173 M 13 36 .53 025 1.00 T .89 2.7
530 BEL 55 30 276 79 1T 56 .56 .018 1.09 9.k .90 3.k
2h1 yRA 51 2 222 sh 13 39 M5 .020 1.01 6.9 59 2.7
251 O 51 2k 179 58 12 32 .8 025 1.3 1.5 1.02 z.z
253 OR Sk 25 230 59 1k 51 .58 .01 91 9.3 K- 3.
23T 53 25 1% 83 v 21 Sk .02k 1.09 1.9 81 2.0
illyrica
242 Yoo k9 23 187 s9 18 SL .79 .02k .86 8.2 .95 2.8
var. rhod
243 GRE 9 21 201 61 16 k2 .60 022 1.20 T.h 99 2.6
551 GRE 50 26 162 59 16 W .60 026 1.20 6.3 97 2.2
var. armena '
221 TR AT 30 166 65 21 k3 .2 .06 1.02 5.2 .7§ :.g
263 om0 I} 28 159 66 21 k2 .13 .026 .99 5.8 1.30 2.0
26k gm0 k9 26 198 ™ 23 59 .9 022 'ﬁ 2'1 o i
261 om0 AT 25 T 61 20 3B .82 7T 1. . . .
var. 5\1‘“&‘
235 FRA [V 25 148 3 12 29 .50 .026 1.05 2.0 91 ::
239 yRA (1Y 2k 16k 58 17 k0 .TO .02 1.03 6'3 % 2.3
316 FRA 83 25 157 k9 15 35 .6l .026 -9 e moo17
320 FRA bh 23 1k s 17 28 .T2 .27 1.; é-0 oo
238 ra 2 23 1\ so 16 31 T 025 -2 -2 85 2.3
2k0 FRA 82 25 13 ks 22 29 . 027 .87 5. . 3
var. iberica ' T .36 .9
25 50 36 168 80 M b3 1.3 .025 .88 .
218 sp 52 2 I 89 &5 M 1.09 026 95 ,.2 21 1.0
. . .16 «55
18D 30 31 28 29 9 27 8 .03 002 -:; i; o e
LBD o5 2.7 ee zs 0 33 9 - . mg ‘22 ¥4 ‘26 e
18D o) 9 b &7 M3 12 .05 . y _
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Table 4. Shoot and root development of Scotch pine provenances

grown cight months in the greenhousc.




18
W53 Vo, Yength of — Welght of —_Top-Root Ratlos Root Ratlos
Coustry'of oot Tap T Bt hp BT moot ks

o

; Top Tength Velght
Origin Root Root Root Moot Wt./  Length _Weight To Longest Tate
Unit « Rt. Tot. Rte latersl lateral Roct
length Length Weight  Taproot Teproot Teproot
TN Jcm, ==ee-
ok ongolica
25h 515 32 15 90 25 8 2 s .20 .86 5.8 16 2.9
255 sm b 2 1) Moo 29 ks 028  1.02 b9 .86 2.7
var, 1‘!&1“
549 SVE 2 2 105 18 9 2 .48 .026 .58 5.4 J5 2.3
548 swe o 21 13 26 8 = .39 .026 .66 6.4 1.02 3.9
AT swE s 21 a1 26 10 ko .k .22 .53 8.3 1.05 k.2
546 v M 20 18 33 7 .36 29 .9 6.0 1.03 3.9
Var. septeatrionalis
223 ovE B 25 158 * 10 35 23 .75 6. .90 3.7
s S ¥ 25 180 B 13 M s @3 12 72 1.03 31
Py SvE A3 2 1n 35 10 k2 .6 .23 .68 7.8 1.00 k.
3 svg M3 26 ae7 I 35 ey .02l .68 1.2 1.05 2.6
273 woR 3B 25 156 30 13 3N .5 .21 .70 6.3 91 2.4
Var. rigensis
MEE 39 21 ars M I M A8 .20 .58 6.8 2 37
M swe 2 a7 3 U %k e .22 .70 7.2 88 3.3
550 swe M 28 195 M 12 k9 ks .021 .68 1.2 99 b1
var. altajca
256 813 o 25 206 83 12 A9 A7 .019 .72 8.1 1.07  h.2
23 s 83 26 191 ML 9 A3 . 031 .81 74 87 M9
var, Elonle.
A7 L 50 268 8 1h 6 .53 .08 .78 9.8 1.08 k.2
Yar, hercynica
204 9 28 202 2 1k M .59 22 .87 1.3 108 2.7
527 GER b 28 au7 MO15 6 .53 .018 .66 8.8 1.08 3.7
528 om 52 28 265 M 13 59 LS .018 .66 9.3 95 k.6
31 cze k9 28 23 M 12 62 A3 .019 62 8.4 .00 5.
526 GER 48 26 242 53 15 52 .56 .018 .81 9.3 1.16 3.7
307 cze 50 26 195 A5 13 0 36 . he .023 .95 T8 .83 2.8
306 cze A8 o7 198 8 1 38 .021 .89 7.3 81 3.2
var. nensis :
60 .56 .016 <75 11.6 1.10 k.0
%g e 58 §I 3321.8 B B & % o5 .82 1.6 1.09 A
2k 12 M Ak 6T s .015 .60 9.8 .88 4.5
251 gl;i ;2 233 396 64 1k 68 .50 017 .T8 10.2 1.16 [ 9% 4
6 328 60 16 710 .60 .015 .70 12.6 1.26  &.5
253 om 3 2 2 020 T8 10.3 1.08 3.1
237 ST 26 276 AT 15 AT .57 . . .
var. nlEsc. . .
242 YUO 53 29 2u8 69 18 61 .66 .019 .87 8.8 93 3.3
var, rhodo . 8.5 86 2.7
8 50 .5T 017  1.00
243 GRE so 2 270 69 1 2 018 .88 8.5 0 2.6
551 GRE 51 30 259 62 20 52 7
var. armens . .016 .62 8.5 1.1k 2.6
20TR % ¥ 06 moo2 52 Ty g 8.1 By 2.7
263 o sk B 218 81 08 .81 9.5 1.05 3.3
3¢ o 28 B 25 19 . s 85 128 2.2
264 B0 3B o5 70 29 63 .9 or .
261 6B0 52 3
! . 7.2 1.20 3.5
var. aquitanh 28 202 B 1 b .50 -5 g-? 8.8 1.28 3.4
b6 60 .63 .017
235 FRA I s9 18 58 8.7 119 3.6
239 FRA w B 20 5 19 0 .6 o6 .58 8k o1 2
b 3 269 19 ¢ kb .69 019 .7 .

316 FRA 21 28 b 19 P RSCEN 8.9 100 2.7
320 FRA L8 38 s6 18 50 . 016 .56 7.8 93 2.7
B FRA Ak 28 262 k9 28 6 T . :
:uo TRA * * 6 6.9 61 1.5
var. iberics s 312 81 21 zg i'g gg :19 5:2 :51 1.4

O — 5~ ” 9 .
Datm B M o o 16 a1 1
. .. 8 27 w0 .08 ‘003 .Ob 2.0 21 8
- 28 30 M 0 33 12 % 0% .06 2.6 28 14
18D,10 3.3 3-: Py 13 k.3 X .
18D, 05 3 M
18D, 01

R
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Table 5. Growth data for Scotch pine provenances grown in the

greenhouse for Tour and eight months, swmarized by variety.

Weliaht

S A D S TN KAL)
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characteristic was expressed, particularly in relation to the type and
extent of lateral root development, varied greatly between individual

sources and between different varieties.
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The Northern Varieties

These varieties cover the more northerly and colder portions of
the Scotch pine range and include the following, as designated by

Ruby (1964): mongolica from northern Siberia; lapponica from north-

central Scandinavia 5 Beptentrionalis from southern Norway, south-
central Sweden, southern Finland and adjacent parts of the USSR;
rigensis from southern Sweden, Iativia, and adjacent parts of the

USSR; and altaica from southern Siberia. All northern varieties

vere characterized by distinct tap root development, with lateral

root extension generally restricted to branching from the upper por-

tions of the tap root. There was very limited lateral extension from

the lower portions of the tap root (Figures 2, 4, 5, 6, and T).

One source of var. mongolica, MSFG 254 from northeastern Siberia,
¥as distinct in a number of ways (Figure 2). It was the smallest of
all seed sources in all aspects of top and root development. Depth
of tap root was limited, more so than lateral root extension, 80 that
the length ratio of longest lateral to tap root was high for this
source (Tables 3, 4, 5). The area from which seed of MSFG 254 was
collected has a very severe climate (Table 1). The average annual

temperature is extremely low (-11.6° C), the groving-season temperature

o 1 is extremely low (145 milli-
18 relatively warm (8.1 c), and rainfal

t ) It appears that root systems of this source are adapted to
meters).

depth of rooting is probably an
this combination of factors. Shallow dep
ter correlated with permafrost at a shallow depth in
ve charac
e jon. The growing season aridity index for the
of the region-

the soils o vas collected is low and the large lateral

ures from which MSFG 2
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Figure 2. Seedling of MSFG 254, a seed source of var. mongolica

in northeastern Siberia, after four months growth.
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root extension in relaticn vo tap root lengtii may Le a resconse to e
iry growing season.

Root characterisiics of tihe Scandinavian varieties geaerally
varied on a north-south gradient. Ilowever, MSFG 545 amd 273 had wmcu
less lateral root srowth than did many sources from further north.
Root development (in terms of both depth of rooting and lateral ex-
tension) and top growth were better correleted with annual tempera-
ture than with latitude of origin (Figure 3). First year height srowta
data for seedlings of the same sources grown in the nursery (from
Wright and Bull's data) also showed correlation at the one percent
level with average annual temperatures (r = 0.86).

Lateral root development of seedlings of north-Swedish MSFG 549
was similar to that of Siberian 254. However, tap roots were much
longer in 549 than 25&, possibly because average annual temperature
was much higher (0.60 C) in northern Sweden than in northeastern
Siberia (-11.6° C). Permafrost, if present, was probably deeper in
the soils of the area from which MSFG 549 was collected. This same
characteristic of relatively greater tap root lengths in relation to
lateral extension which was shown by MSFG 549 was common to all of
the Scandinavian sources. Maximum tap and lateral root growth of the
Scandinavian sources was shown by MSFG 550, the provenance from the
most southern -- and warmest -- area from which seed was collected.
Root development of three Swedish sources (MSFG 549, Skl and 550)
is illustrated in Figures 4, 5, and 6.

Attempts to correlate root development of Scandinavian sources
with annual or growing season precipitation failed, possibly because

moisture is not a critical factor in Scandinavia. (Notice the



Figure 7. ifelotionship batween cight monil growoh of se2llings

< Q3
o)

candinoviun origin end sverage ennual temperatwre ol the area

fron which seed was collected.
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Figure 4. Seedling of MSFG 549, a seed source of var. lapponica

in northern Sweden, after four months growth.
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Figure 5. Seedling of MSFG 541, a seed source of var. rigensis

in south-central Sweden, after four months growth.

S4f
SWi
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Figure 6. Seedlings of MSFG 550, a seed source of var. rigensis
from the southern tip of Sweden, after four (top) and eight (bottom)

months growth.
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uniformly high aridity index wvalues for Scandinavian provenances in
Table 1).

Ruby recognized two varieties of Scotch pine in central and
eastern Siberia -- var. mongolica (254, 255) in the north and east
and var. altaica (234, 256) in the Altai Mountain region of central
Siberia. In doing this he used previous varietal descriptions pub-
lished by the Russians, while recognizing the possibility that
recognition of more taxonomic entities might be warranted. In my
work, the two seedlots of var. altaica were similar to each other
and similar to seedlings of var. rigensis from southern Sweden,
despite the fact that the Siberian climate is much more rigorous
than that of southern Sweden (Table 1).

The two seedlots of var. mongolica differed markedly, as they
did in Wright and Bull's (1963) earlier study. MSFG 254, from the
far north, had very slow top growth, a short tap root, and a high
ratio of lateral to tap root length. MSFG 255, from southeastern
Siberia, had faster top growth and a moderate ratio of lateral to
tap root length. Root characteristics of MSFG 255 were very similar

to those of the central Scandinavian var. septentrionalis.
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Figure 7. Seedling of MSFG 234, a seed source of var. altaica

in central Siberia, after four months growth.
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The Central European Varieties

Origins from the following varieties from the central European
area were used in the study: polonica from northeastern Poland;
hercynica from Germany and Czechoslovaekia; haguenensis from Belgium,
northeastern France (Vosges Mountains), and western West Germany;
and 1llxzica from Yugoslavia. Root characteristics of seedlings
from central Europe were distinctly different from those of Scandi-
navian sources. (Central European sources had more moderate expres-
sion of t%e tap root characteristic and more extensive lateral root
extension along the major portion of the tap root than did origins

from further north (Figures 8, 9, 10).

Varieties haguenensis and polonlca were similar in root charac-

teristics, but were different from other central European types. Seed-
lings from these varieties had much longer lateral roots than did
provenances from almost any other portion of the species range. Bel-
glan seedlings (MSFG 530) of var. haguenensis had the greatest lateral
length of all. Because of the extensive lateral lengths, origins

from these varieties had the most favorable balance between top length
and lateral root length. In some cases side extension of lateral
roots was very great in relation to depth of rooting (Figure 8). In
other cases, lateral roots were concentrated in & columnar area close
to the main tap root (Figure 9).

The origins from varieties polonica and haguenensis were also
more branched than those from other portions of the species range
(Table 6).

Wright and Bull (1963), Wright and Baldwin (1957), and Wright



Table 6. Iuuber of lateral roots per tree and proportion of
lateral roots having no, one, two, three or four branches of Scotch

pine at eges four and cight months.
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Figure 8. Seedlings of MSFG 530, a seed source of var. haguenensis

in Belgium, after four (top) and eight (bottom) months growth.
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Figure 9. Seedlings of MSFG 241, a seed source of var. nensis

in northeastern France, after four (top) and eight (bottom) months growth.

( . %
: e
e B
- "; —;:_“‘“



37

Pigure 10. Seedlings of MSFG 204, a seed source of var. hercynica
from Germany, after four (top) and eight (bottom) momths growth.
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et al. (1966) found that the fastest growing provenances of Scotch pine
came from varieties polonica and haguenensis. It seems probable that
the rapid growth of these varieties is associated with the extensive
lateral lengths and branching of the root systems. Roots of these
seedlings occupy very completely the volume of soil in which they

are growing, making maximum use of soil moisture and nutrients in the
rooting zone.

The sources from variety herecynica were similar to those of var.
haguenensis except that they had consistently smaller lateral root
lengths and they were less branched (Figure 10). MSFG 242 from
Yugoslavia (var. ilézzica) had root characteristics unlike those
of other central European provenances to which it is similar in
foliage and growth. This source, from an isolated portion of the
range to the south of the continuous range common to the central
Buropean types, had roots similar to some of the southern varieties.

Unlike the Scandipnavian sources, root characteristics of central
European sources, were not correlated closely with climate at place
of origin. This is possibly the result of free interchange of genes
in the more or less continuous population and climatic fluctuations
in post-Pleistocene time. There is usually a lag between climatic
change and evolutionary response to that change so that one need not

expect perfect adaptation of modern genotypes to their perticular

microenvironments.
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Tne Southern Varieties

These varieties cover the discontinuous southerly portiouns of
the Scotch pine range and include the following varieties: var.
aguitana from the Central Massif of France; var. iberica from Spain;
var. rhodopaea from Greece; and var. armena from Turkey and the
Georgian SSR. As a group these varietles differed from those of
northern and central Europe. In many characteristics the southern
varieties also varied from each other.

All southern origins were tap rooted. This was expressed in
general appearance and high weight per unit length of the roots. They
also had less branching of the lateral root systems (Table 6).
Tops of southern seedlings were heavier per unit length than those
from northern and central Buropean varieties (Tables 3, 4, 5).

Seedlings from the Central Massif of France (var. aquitana) had
root systems similar in appearance to those of northern varieties.
They were tap-rooted and the majority of lateral roots grew from the
upper portions of the tap root (Figure 11). ILateral root lengths
for this variety were generally longer than those of the northern
varieties and were comparable to those of central European var.
hercynica. Root systems of var. aquitana were less branched than
in var. hercynica however (Table 6). Top weight per unit length
was also higher for var. gguitana than for central European or northern
origins.

Root length was not correlated with climate at place of origin
within var. aquitana. Neither could the similarities in root types

between these sources and northern ones be explained on the basis
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Figure 11. Seedlings of MSFG 240, a seed source of var. aquitana

in southern France, after four (top) and eight (bottom) months growth.
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of climate. Temperatures in the central Massif are generally much
higher than in northern Sweden and Siberia. It is possible that
this root type may reflect an evolutionary response to weather con-
ditions during Pleistocene glaciation. At that time, prevailing
temperatures in the Central Massif would have been much colder than
at present. This might have favored the development of types having
lateral rooting near the surface areas, just as in present northern
varieties.

The two sources from Spain (var. iberica) had the most dis=-
tinctive root systems of all sources investigated (Figure 12). They
had significantly longer tap roots than all other origins. Weight
per unit length of the tap root was also significantly greater than
in any other source, northern or southern. Lateral roots were
generally short, but numerous and extended from along most of the tap
root length. As a result the root systems had a narrow, columnar
appearance, with the highest percentage of total root weight in the
tap-root. Lateral roots of var. iberica had the fewest branches
per unit of length of all sources.

The tops of Spanish seedlings were also significantly heavier
in relation to their length than in other origins. This was not
due to greater number or weight of needles, but to diameter (and
pPossibly density) of the stem. The strong tap roots of Spanish
origins appear to be adaptive to Spanish climatic conditions (Table
1). Tenperatures there are relatively high and precipitation is low.
Effective precipitation is very low, as indicated by the small aridity

index values. There are periods during mid-summer when precipitation



L2

Figure 12. Seedlings of MSFG 218, a seed eource of var. iberica
in Spain, after four (top) and eight (bottom) months growth.
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is only 10 to 20 millimeters per month. Under these conditions seed-
lings having a deep tap root with laterals concentrated alonz its
length have a decided advantage in withstanding soil moisture deple-
tion and drought conditions in the surface layers.

The seedlings of var. armena and var. rhodopaea came from three
isolated areas in southern portions of the Scotch pine range -- from
Greece, Turkey and the Gerogian SSR (Figure l). All of these sources
exhibited less branching than sources from further north, but none
had the narrow, columnar root type of var. iberica nor lateral root-
ing confined to the upper portion of the tap root as in var aquitana
(Central Massif of France).

Greek origins (var. rhodopsea) were characterized by less pro-
nounced tap root development than those from Georgia and Turkey (var.
gzgggg). The Greek provenances exhibited lower weights per unit
length and more branching of lateral roots than did seedlings of var.
armena. The Turkish and Georgian sources (Figure 13) were nearly
alike except that the Turkish origin had deeper tap roots.

Differences between var. armena and var. rhodopaea are probably
assoclated with climatic differences. The Greek provenances were
collected from areas with very high rainfall and comparatively low
temperatures, resulting in very high aridity index values. T
Turkish and Georgian seed, on the other hand, were collected in areas
of limited precipitation and comparatively high temperatures, re-
sulting in very low effective precipitation. The lower weight per
unit length of tops and root systems of the Greek sources was appar-
ently a reflection of the more moist conditions under which they

grow naturally. In this respect the Greek and south French sources



Figure 13. Seedling of MSFG 263, a seed source of var. armena

in the Georgian SSR, after four months growth.




are similar.

The distinct differences between the G20rgian-Turkish and Greek
populations may be explained by the migration barrier between the two,
and the relatively slicht differences between Turkish and Georgian

sources to the absence of a distinct migration barrier.
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Evolutionary Development of Root Systems

The root characteristics of different geozraphic origins of
Scotch pine are as distinct in many ways as the top characteristics
described by Wright and Bull and Ruby for the same seed origins.
In most cases the variation in root type coincided with the varia-
tion in top characteristics. Ian a few, however, variations in root
type should be used as the basis for modification of the described
varieties.

Evolution of root systems appears to reflect the degree of
isolation, Pleistocene history, and prevailing climatic conditions
in the area of seed collection. In southern areas the trees grow
in more or less isolated stands located at high elevations. These
forests were south of the polar ice cap during Pleistocene times.
Evolution has probably proceeded uninterrupted for a much longer
time than in central or northern Europe where the species was oblit-
erated during glaciatlon except for remnants in some of the higher
mountainous areas. Exchange of genetic material between the Central
Massif of France, Spain, Greece, Turkey, the Georglan SSR, and pos-
8ibly Yugoslavia was limited. The distinct root types are apparently
a reflection of this isolation. Turkish, Georgian and Spanish origins
show adaptation to the warm, dry climete which prevails while Greek
origins reflect the more moist climate of the area from which seed
was collected. In the Central Massif of France, isolation has appar-
ently contributed to a distinct gemetic lag between root types and
brevailing weather conditions. Seedlings from this area have root

8ystems which appear to have developed in response to Pleistocene
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climatic conditions.

During Pleistocene glaciation, most of the range of Scotch pine
in northern FPurope and Asia was obliterated. The surviving remnants,
probably in the Scandinavian highlands, the Ural Mountains or a part
of Siberia, were well differentiated prior to glaciation. Reintro-
duction of the species occurred from these well-differentiated remn-

nants and extensive and more or less continuously forested areas

were eventually formed. Exchange of genetic material has probably

been quite free over large regions. Root types within regions ap-
parently developed in response to selection pressures operative in
particular areas, although it is also probable that sources still
reflect their pre-Pleistocene ancestry to a considerable extent.
Temperature variations appear to have been the principal factors af-
fecting differentiation in the northern areas.

The central European region had a different evolutionary his-
tory. Most of the region was covered by Pleistocene glaciation.
Repopulation probably occurred from the north and south - from
the Scandinavian highlands and possibly the Urals in the north and
from the Alps and Carpathian Mountains in the south. This rein-
vasion from well differentiated pre-Pleistocene remnants eventually
formed extensive and nearly continuous stands. This provided for a
free interchange of genes in most areas. Because of the diversity
of pre-Pleistocene remnants, the genetic base from which the modern
central Buropean populations evolved was probably much greater than
in the northern or southern portions of the Scotch pine range. Root

types of provenances from the central Buropean area appear to re-

flect this free interchange of genetic material and diverse gene pool.



CHAPTER IV

EARLY ROOT DoVsLORPIEND PATTERIS

OF SCOZCIH PLE PROVEIANCES

A number of investigators have studied the seasonal patterns ol
root growth of different tree species. As reviewed by Kramer (1943)
and Kramer and Kozlowski (1960), these studies have generally demon-
strated large differences betwecen species in such factors as rate of
growth, totel wsmount of growth, length of the growing season, cyclic
noture of growth periods and optimum growth requirements.

There has teen little work, however, relating differences in
root development for provenances of the sume species. Leibundgut
and Dafis (1902 and 1964) found veriations in rates, duration and
totel amount of root growth of different central European origins
of Scotch pine and European larch. They noted differences in time
of completion of the grand period of root growth, but not in the
time when growth started.

Differences in root elongation might also be implied from dif-
ferences in top growth patterns. Wright and Bull (1963) reported
variation of over two months in date of first-year bud set between
the most northerly and southerly provenances of Scotch pine used in
their study. Brown (1967) found differences in seasonal rate of
top growth and length of the growth period for five provenances of

Scotch pine from western Europe.
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PROCEDURE

Eizht sced sources of Scotch pine were selected representing a
north-south transect through western Lurope, plus one source from the
southeastern part of the range and one from central Siberia (Table T).
Each seedlot was originally gathered Ly cooperators in Europe and Asia
for use in the Scotch pine provenance study conducted by Wright and
Bull (1963). Seed collections were made from ten or more average trees,
usually in stands of several acres in size. The climatic data were
compiled by John L. Ruby (1964) and are from weather stations located
as closely as possible to the stands from which the seeds were col-
lected. 1In most cases the data apply to the area of collection; in
some to stations some miles from locations of collection. An "Index
of Aridity" was calculated using DeMartonne's (1926) formula: Index =
precipitation in mm. — qne smaller the index value, the drier the

temp. in OC. + 10
climate,

Seed was sown in individual containers in the greenhouse in Jan-
uary 1965, with five seed per container. The containers were approxi-
mately 8 inches deep and 4 inches square. Five replicates, with two
tree plots, were used and the two trees in each plot were located in
adjacent containers on the greenhouse benches., Germination bezan nine
days after sowing. Five days later the seedlings were thinned to one
per container. The seedlings were two days old and still retained
their seed coats.

The potting mixture used consisted of one-third (by volume) each
of builders sand, peat moss, and & sandy loam mursery soil. A complete
fertilizer was added to this mixture to provide approximately 50 ppn

each of N, Pp05, and KpO. This medium provided conditions for
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unrestricted rooting and recovery of root systems with a minimum of

damace. The scedlings were weatered at intervals to keep moisture

near fileld capacity.

Ten days after germination the first lct of containers was

taken from the greenhouse and the root systems were carefully washed

and measured. This procedure was repeated five more times at two

week intervels, giving a sequence at ages 10, 24, 33, 52, 65, and GO

days after germinastion. Data for each individual sampling were ana-

lyzed separately by analysis of variance using means of the 2-tree
plots as items (Table 8).



<ble 3. Analyses of variance for root growth of Scotch pine

progenies sampled at lb-day intervals (a).

Factor F ratio at ages
10 2k 38 52 To 80

days days days days days days
Tap root length 3. 5 3 14 100 1] 500k B TR T, 306k
Lateral root length 2.6% 2.2 S lxer 6 1%kk 6, B¥xk 13, 2%k
Tap root welght - - - 28,9k 19, 00Kk 52, O*
Lateral root weight - -- -- 11T 8 3%xx 8 Gwnx
Total root weight 11,736 1L 200 2L Gk 22 30k 15,00 D] Ok
Tap root weight per

unit length - -

- 12,3%% 10,006k 17,00

No.: Total Lateral Roots 2.3%  1h4,2%x% 2 8wex 3 3% 8,08 12, 5%x
No.: Lateral Roots, 2.8 2.1 2.7% 3.3% 8o5%xx 12, 13%
Unbranched
No.: Leteral roots,
1 branch -

- 2.9% 5.5k 5 3k 6, SHKH
No.: Leteral roots,

2 branches -- -- -~ - 3.5%% 12 O
Lateral Root Length 2.6 Looee  LoLaek L 3k L O%% 6 Gxe
Tap Root Length

(a) With T degrees of freedom in treatment (seed source) mean square and
28 degrees of freedom for error mean squere.

* Significant at 5 percent level.
** Significant at 1 percent level.
*# Significant at 0.1 percent level.
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ROOT DEVELOPMENRT FATTERNS

All sources exhitited distinct tap root development throughout

the eighty-day sampling period. The lenyths of the tap and lateral

roots varied considerably among sources however.

Initial root development of all origins was confined exclusively
to tap root extension (Table 9, Figures 15-22). At ten days a few
sources showed traces of lateral root formation, but there were no
appreciable number of laterals until 38 days after germination. In

general, lateral root length did not exceed tap root length until

52 days after germination.

The rate of tap root elongation remsined nearly constant for the

first 24 to 38 days, depending on seed source. Then the rate generally

declined. Iateral root elongation showed an opposite type of de-

velopment. It was very slow during the time when tap root growth
was greatest. After tap root elongation declined, lateral length

increased rapidly in each successive lh-day period (Figure 14, Table
9).

Northern Provenances. The northern origins were MSFG 547 and
543 from Sweden and MSFG 256 from central Siberia. They had some
charécteristics in common to distinguish them from more southern
origins. Early tap root elongation was more rapid than in more
southern provenances. This was particularly so in Siberian 256.
At each of the first five samplings, seedlings of this provenance

attained the highest proportion of total tap root elongation of all

sources. They completed over 90 percent of 80-day tap root extension

by the 52nd day (Table 11).
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Figure l4. Root growth of eight seecd sources of Scotch pine

grown 80 days in the greenhouse.
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Table 10. Dry weight of roots and relative dry weights of tap roots

of Scotch pine provenances measured at ll-day intervals (a).

Seedlot, Total Root Weight at Age Tap Root Weight Tap Root Weight
Country of 10 24 38 52 66 080 as percent of per unit of

Origin(b) days days days days days days total root length at day:

weight at Qa%: 52 66 80
52

-------- ~milligramg-=eeeeesee ==} of totale~ --mg./meter---
Northern Origins
SET SWE 1 3
543 SWE 1 3
256 SIB 1 3 1

4y 8 10 15 69 43 Lo 36 3% 34
T 12 14 22 61 41 Lo 38 34 42
0O 15 21 29 53 43 37 38 Lo W

Central European Origins

307 CZB I 3 7 1 16 26 60 51 43 33 42 48
253 GER 1 3 T 1% 22 31 61 46 38 b 4 48
Southern Origins

239 FRA 1 3 8 12 15 25 68 58 43 Lo 40 53
243 GRE 1 b 9 15 19 31 60 S8 MW b2 41 50
24s spA 2 T 1T 25 32 Wb 5 60 S8 ™ T7 88
LSD o5 3 1. 2.2 3.0 k7 5.3 8 16 15 b 10 n
LSD ) 4 1.5 3.0 40 6.3 7.2 12 21 18 5 1% 15

(a) Tap roots and lateral roots were not separated during weighings at
days 10, 24, and 38.

(b) SwEden, SIBeria, CZEchoslovekia, GERmany, FRAnce, GREece, SPAin.
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Lateral root elongation also started early in the northern
origins. They exihibited the highest percentages of maximum lateral
elongation at ages 24 to 56 days (Tables 2, 11). This characteristic
was also very pronounced in MSFG 256.

The northern rrovenances had another distinctive trait. Most
of the lateral roots grew from the upper portions of the tap root
(Figures 15 - 17).

Central European Provenances. The central European provenances

used were MSFG 253 from western West Germany and MSFG 307 from Czech-
oslovekia. Their rates of tap root and lateral root growth (expressec
as a percent of the maximum attained durins the study) were consis-
tently less than those of northern sources. However, the ultimate
lengths attained were greater for central Eurcpean then for northern
provenances.

The Cerman and Czech origins had two characteristics in common
to distinguish them from other sources. These were: the lateral
roots were more branched than those of other sources (Table 12); and
lateral roots grew from the entire tap root. Seedlings of MSFG 253
had the longest lateral roots, but only moderately long tap roots.
The ratio of lateral to tap root length was greatest for seedlings
of this source. The number of branched lateral roots in 80-day
seedlings was significantly greater for this than for any other
provenance.

The lateral roots of MSFG 307 were not so extensive as those
of MSFG 253. The ratio of lateral to tap root length was approxi-
mately the same in the Czech source as in MSFG 243 from Greece and

MSFG 256 from Siberia.
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Table 11. Percentages of maximum (80-day) tep root and lateral
root length attained at lh=day intervals in eight seed sources of

Scotch pine.

Seedlot, Percent of maximum tap root  Percent of maximum lateral

Country of length at age of root length at age of

origin(a) 10 2 38 52 66 B0 10 24 38 527 66 8o
days days days days days days days days days days days days

Northern Origins
SLT SWE 23 48 73 87 98 100 .1 6 23 42 60 100
543 SWE 20 4 71 87 92 100 .2 6 21 4 62 100
256 SIB 23 47 75 93 100 100 .3 5 26 43 67 100

Central European Origins
307 CZE 1 8 87 100 .2 4L 18 31 54 100

253 GER 19 4 67 82 83 100 .1 3 19 31 48 100

Southern Origins

239 FRA 17 41 64 82 86 100 .1
243 GRE 19 45 70 81 85 100 Trace
245 SpA 18 L4 67 81 90 100 Trace

19 35 53 100
12 31 46 2100
19 35 56 100

v o w

(a) SWEden, SIBeria, CZEchoslovakia, GERmany, FRAnce, GREece, SPAin.
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Table 12. Number of lateral roots per tree and proportion of

lateral roots branched once or twice(a).

Seedlot, feral roots per tree at oy Proportion of latcicl: trenched
Country of 10 24 38 52 oo 00 Once Tvice

Origin(b) days days days days days days 38 52 66 80 50 80

deys days days days davs days

mmmemccmc e MWD O~ e - - - percenteeeee- -percent-

Northern Origins

5LT SWE 1 20 53 102 136 192 6 6 5 5 0 1
543 SWE 2 22 T1 150 206 288 T L 5 5 0 1
256 SIB 3 25 94 155 231 329 8 5 5 5 Trace 1
Central European Origins

307 CZE 2 2k 75 136 216 305 6 6 6 5  Trace 2
253 GER 2 28 83 166 258 395 6 T 6 5 1 2

Southern Origins

239 FRA 1 21 68 131 197 266 8 7 5 5 0 Trace
243 GRE 1 19 T1 138 202 325 6 6 6 5 Trace 1
245 SPA Trace 17 88 134 176 263 5 8 T 7 0 1
LSD, 05 1.6 7.3 22 31 34 b - - - -
LSD o) 2.3 9.8 30 L4 U 65 - - - -

(a) Through the 24th day all laterals were unbranched. Remainder of
lateral roots (to total of 100 percent) were unbranched.

(b) SwEden, SIBeria, CZEchoslovekia, GERmany, FRAnce, GREece, SPAin.
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Southern Frovenances. The three southern provenances were col-

lected from stands in isolated portions of the Scotch pine range.
MSFG 239 came from the Central Massif of France; 245 from the moun-
tains of Spain; and 243 from the mountains of Greece. 1In type of
root system these origins varied from more northern sources and from
each other. They had three characteristics in common: long tap roots;
relatively little branched lateral root systems (Table 12); and a
significantly low ratio of lateral root to tap root length (Table ).

Seedlings of MSFG 239 resembled northern trees in some ways.
Tap roots were pronounced and laterals confined principally to the
upper portion of the tap root (Figure 20). Rate of growth of tap
and lateral roots (as a percent of the maximum) was slower than for
northern origins. In fact, tap root development was slower for 230
than for any other source up until the 52nd day.

Seedlings of MSFG 245 had the longest and heaviest tap roots
of all sources. This was true at all sampling times. Rate of tap
root extension (as a percent of the mexirum) was approximately the
same as for the Greek, German and Czech sources, but was slower than
that for the northern origins (Table 11). The weight per unit len:th
of the tap roots of MSFG 245 was nearly double that of any of the
other seven provenances (Table 10). ILateral root lengths of seedlings
of MSFG 245 was moderate and occurred as relatively short extensions
along much of the tap root. The root systems of Spanish No. 245
assumed a narrow, columnar appearance (Figure 21).

Rate of lateral root growth was slower for Greek MSFG 243 than
any other origin despite the fact that total lateral length after 80

days was the second longest of all origins. Lateral extension occurred
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along much of the tap root of seedlinzs of 243 and individual lateral
roots were not so restricted in length as in MSFG 245 (Figure 22).
The rate of tap root growth of 243 was not so slow as that for lateral
root growth. It was approximately the same as that of the Spanish,
German and Czech origins, but was slower than that of the northern

provenances.
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REIATION OF ROOT TYPES AND GROWTH PATTERNS TO

CLIMATE OF AREA OF ORIGIN

The rapid rate of root elongation of the morthern provenances is
probably related to low temperatures in the areas of seed collec-
tion. Temperatures were lower for the three northern areas than those
of the locations from which the other five seed sources were col-
lected (Table7 ). The length of time during which growth would
occur in the northern areas was also less than that for the other
regions. Average monthly temperatures were above freezing for five,
seven, and eight months, respectively, in the areas of origin of
256, S4T, and S543; they were above 6° c. for five, five, and six
months, respectively. The rapid rate of root growth of the nor-
thern origins would enable seedlings to make maximum use of the
limited period when temperatures would be favorable for growth.

variations in rates of root growth of the three northern
provenances seem to further substantiate this conclusion. Per-
centage rates of root extension were greatest for the Siberian
provenance. The area from which this seed was collected also had

the lowest average annual temperature and the shortest period when

temperatures were above freezing. MSFG 547 had the second fastest

rate of root growth and was collected from the area having the
second coldest climate. MSFG 543, with the third fastest growth rate,
came from the third coldest area of seed collection.

Root types of northern origins also appear to reflect the cold

environments in which they evolved. ILateral root extension was con-

centrated near the top of the tap root. This could be an adaptive
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character related to permafrost or relatively low temperatures at
shallow depths in the soils of the areas of seed collection.

Root development of seedlings of Spanish 245 also appear to be
related to climatic factors in the area of seed collection. Mois-
ture, rather than temperature, was probably the factor governing
development of the distinctive root type of this provenance. The
region of origin is relatively dry and warm (Table 7). Total precipi-
tation during the year averages slightly over 500 millimeters and
growing season rainfall is only about half this amount. Precipitation
during the growing season (April-September) is low and in August it
averages less than 20 millimeters. Temperatures were the highest of
all areas of seed collection. The growing-season aridity index, which
is a measure of effective precipitation, is lowest in Spain. Soil
moisture loss would be great under such conditions. Rapid and deep
Penetration of the tap root, with extension of laterals along much
of its length, would be particularly beneficial adaptive characters
for the establishment, survival and growth of seedlings.

Root development of the other four provenances could not be cor-
related with climatic data for the regions of seed collection. This
Possibly indicates that climate 1s not particularly critical. Aver-
age temperatures were not extreme: average annual temperatures ranged
from T.ho C. for the Greek provenance to 9.5° C. for the West German
area and growing season temperatures ranged from 12.7° C. to 15.5° C.
Precipitation did not appear to be limiting either. Growing season
rainfall ranged from 338 millimeters for the West German source to
nearly 1200 millimeters for the Greek origin. There were no months

when precipitation was critically low and averages were generally
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50 millimeters or greater per month. Aridity index values appeared
to be favorable for all sources.

No clues could be found in the weather data as to why percent-
age rates of root elongation were unusually low for tap roots of
French 239 and lateral roots of Greek 243. Precipitation-tempera-
ture data for the areas indicate very moist conditions. The aridity
index for the Greek area was the highest of all areas of seed col-

lection and that for the French area was second.



CHAPTER V

EFFECT OF AGE AID ROOT PRUNING
ON ROOT DEVELOPMENT

OF SCOTCH PINE SEEDLINGS OF DIFFERENT PROVENANCES

Numerous studies have noted variations in survival of tree spe-
cies when transplanted at different times of the year. 1In general,
these have shown that survival is lowest when transplanting 1s done
during the period when top growth is mnost active. Drought has been
given as thé major cause of seedling mortality and this has been re-
lated to the inability of seedling root systems to supply moisture as
rapidly as it is lost from the tops. This is caused, in part, by
greater use aund loss of water during the period wh;n height growth is
most active (Kramer, 1932 and 1943; Kozlowski, 1943; Gibbs, 1958).

It has also been shown that rezeneration of new roots following
transplanting varies with time of year. It is apparently greatest in
late fall after top growth is completed and in early spring before
top growth commences and is lowest during the spring and summer months
when top growth is taking place (Neff and O'Rourke, 1951; Wilcox,

1955; Stone, 1955; Stone et al., 19592, 1959b, 1962, 1963).

Th
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PROCEDURE

For this study, five seed sources of Scotch pine were selected,
representing a north-south gradient throuch western Europe (Table 13).
These sources are identical with those of the same MSFG mumber re-
ported by Bull, Ruby, Wright, King, and various other IC=51 members
(Wright and Bull, 1963; Ruby, 1954; King, 1955a and 19u5b; Wright
et al., 19G5). Seed was sown in the Michigan State University Forest
Research Center Nursery at Bast Lansing, Michigan in May 1905 using
a randomized complete block design with four replications.

On July 20, approximately one month after germination, six seed-
lings from each seed source in each replicate were lifted from the
nmursery beds without visible damage to any roots. Two seedlings from
each seed source and replicate were then subjected to one of three
intensities of root pruning. These three were: removal of all lat-
eral roots over three millimeters in length; removal of half of the
lateral root system; and removal of no roots.

After root-pruning, each seedling was transplanted into an in-
dividusl conteiner and the roots were covered with a potting mixture
consisting of two-thirds (by volume) 20 to LO mesh quartz sand and
one=-third shredded peat moss. This mixture contained complete fer-
tilizer sufficient to provide 50ppm each of N, P205, and K;0. The
seedlings were then placed in a greenhouse in the same order as in
the nursery beds.

The seedlings were grown in the greenhouse for 30 days. They
were wetered at intervals to maintain moisture at a level slightly

below field cepecitr. The trees were then rcmoved from the pots and
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Table 13. Location and climate at place of origin of Scotch pine

seed sources used in transplanting study.

MSFG Ro. and Location Average Months Annual
Country of Lat,. Long. Eleve Anmual Above Precip.
Origin (a) N E Temp. 69 C.

o o] feet oCe No. mm.
218 SPAin Lo.o -5.3 3700 10.0 7 366
240 FRAnce 42.6 2.1 4700 5.9 6 799
251 GERmany 49,1 8.1 500 9.9 T 536
550 SWEden 55.9 1kl 100 6.9 6 463
548 SWEden 63.5 18.7 T00 2.0 L 568

(a) Kumbers are those used in the Michigan State Porest Genetics
accession record.
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the root sy steris were careiully washed. Measurements were then nade
on survival, top length, total lateral root length, and absorbing
lateral root length (Tables 14 and 17). The lotter was Cefin.d =s
the white or unsuberized poerticn of the lateral root system and was
also espproximately equal to the amount of root elongation which oc-
curred during the 30 day period when seedlings were in the greenhouse.

This procedure was repeated at monthly intervals until November
20, when the final (fifth) transplanting was made. The entire study
therefore used a split-split plot experimental design, with time of
transplanting as the main effect, the seed sources as the sub-plot
effect, and intensity of root pruning as the sub-sub-plot effect,
with 2-tree plots replicated four times.

Two variables, survival and absorbing lateral length, were cone
sidered of primary importance because they were affected most by the
transplanting. The other two factors, total lateral root length and
top length, were measured UbLecause they indicated staze of seedling
developuent at time of transplanting.

Complete statistical analyses were made for three of the vari-
ables measured, survival, top length, and absorbing lateral root
lenzth (Table 15). Analyses of total lateral root length were made
only for seedlings transplanted in September, October and November
with no root-pruning (Table 18). High mortality after July and Aug-

ust transplantings resulted in many missing plots. Statistical analy-

ses of the fifth variable studied (icngth of absorbing lateral roots)
total lateral root length

were confined to seedlings which had received no or half root pruning

and which had been transplanted in September or later (Table 18).

Analyses of root-shoot ratios were made for totel lateral length
shoot length
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absorbing lateral length
shoot lengt

for trees with no, half and full root prunin; (Table 20).

for trees with rno »ooi pruning and Tor
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RESULTS

Survival

Survival varied significantly due to time of transplanting, seed
source, and treatment (Tables 14, 15). Survival was low for all trees
transplanted in mid-summer, especially for those which suffered the
most drastic root pruning. It was moderately high for trees trans-
planted in September and nearly 100 percent for trees transplanted
later. The differences between August, September, and October trans-
plantings were statistically significant (1 percent level).

There were significant (1 percent level) time-seed source inter-
actions. The three most southerly orizins (MSFG 218, 240 and 251) had
very low survival after transplantings in July and August and achieved
100 percent survival only after November transplantings. The two Swe-
dish origins (MSFG 548 and 550) had appreciably better survival in
midsummer and reached 100 percent survival after October lifting.

When seed sources were considered independently of time of trans-
planting, MSFG 548 had significantly more (67 percent) living trees
than other sources. MSFG 550, also from Sweden, had the next highest
survival (57 percent). Average survival of the three southern sources
was 46 to 4T percent.

The effects of transplanting on survival also varied with inten-
8ity of root pruning. Removal of all the lateral roots gave signifi-
cantly lower survival than did treatments which removed none and one-
half of the lateral root systems. Treatment-seed source interactions
were not significant, but treatment-time interactions were. Trees hav-

ing no or one-half root removal had low survival from July and August
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Table 14, Survival and height of Scotch pinc seed sources one

month after transplanting with various intensities of root pruning.

Date of MSFG Survival after removal Height(b)
Lifting No. (a) of the following portion of
lateral roots present at the
time of lifting

None Half All

---------Ercent---------- g:_n_:

July 20 218 SPA 12 12 0 31
240 FRA 12 12 0 26

251 GER o] 12 0 31

550 SWE 25 12 0 30

548 SWE 25 12 0 29

Aug. 20 218 SpPA 12 12 0 55
240 FRA 0 12 0 L7

251 GER 12 o] 0 63

550 SWE 38 25 0 54

548 SWE 50 38 12 Ly

Sept. 20 218 SPA 62 75 0 T2
240 FRA 50 62 0 60

251 GER 50 62 0 101

550 SWE 5 75 0 T0

548 SWE 100 100 62 53

Oct. 20 218 spA 100 100 25 70
240 FRA 100 100 50 61

251 GER 100 100 62 100

550 SWE 100 100 100 T

548 SWE 100 100 100 51

Nov. 20 218 SPA 100 100 88 1
240 FRA 100 100 100 62

251 GER 100 100 100 100

550 SWE 100 100 100 70

548 SWE 100 100 100 53

(a) SPAin, FRAnce, GERmany, SWEden

(v) Amount of root pruning did not affect height growth signifi-
cantly.
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transyplantings. In later liftiangs the number of living trees in-
creased, reaching 100 percent in October and November. For trees
having full root pruning, there was no survival (except for MSFG

548) until after the October transplanting.
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Table 15. Analyses of variance for survival, height, and length
of absorbing portions of lateral roots of Scotch pine seed sources

one month after transplanting with various intensitles of root pruning.

Source of variation Degrees of F ratios for
freedom Survival Height Length of
absorbing
lateral
roots
Replication 3 -- - -
Date of lifting L ST2. 0% 370.6%%% 394 19
Error a 12 - - -
Seed Source L 13.80%% 409 , 3w 1L41 ,Ox
Source x Date 16 3 O 32,9 45 5
Error b 60 -- - --
Treatment 2 59 . §x 2.9 355 . 5%%%
Treatment x Date 8 T % .5 TO . 2%¥%
Treatment X Source 8 1.6 2 21 , G
Treatment x Date X L
Source 32 1.4 oAb 6. THHH*
Error ¢ 150 - -- --

% Significant at O.1 percent level.
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Top GrowEE

Most top growth occurred before transplanting. Therefore, it
was affected significantly by time of measurement, seed source, and
time-seed source interaction, but not by intensity of root pruning
(Tables 1%, 15).

In all five seed sources top growtih was completed by September
20. As shown in Fizure 23 and Table 14, MSFG 251 from Germany had a
relatively rapid and constant growth rate throughout the growth per-
iod. Approximately one-third of the total elongation occurred be-
tween June and July, July and August, and August and September. MSFG
548 from northern Sweden had a decidedly different pattern. Over one-
half of the total growth was completed by July 20 and over 80 percent
was completed by August 20. Growth patterns of the other three
sources were similar, with 43 percent of total elongation completed
by July 20 and approximately 75 percent completed by August 20.

Seedlings of German 251 grew 100 mm. tall, nearly 30 mm. more
than the next best sources, Spanish 218 and south-Swedish 550. Total
top growth for south-French 240 was about 60 mm., while the maximum

attained by north-Swedish 548 was & little over 50 mm..
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Figure 23. Height and total lateral root length for five seed
sources of Scotch pine transplanted with no root pruning at five dif-

ferent times.
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Teble 16. Percentage of end-of-season growth attained &t various

measureuent dates (30 days efter 1ifting dates).

MSFG Lifting Height Total length Length of absorbing
No. (a) Date of lateral roots after removal
roots of following portion

(Applies to trees of lateral roots at

with no lateral lifting time

roots removed) None Half All
~==--=Percent of end-of-season growthe-eceew-

218 spA July 20 L3 1 1 2 --

Aug. 20 76 5 9 6 -

Sept. 20 100 26 39 60 -

Oct. 20 100 95 100 100 9k

Nove. 20 100 100 100 100 100

240 FRA July 20 43 1 L o] --

Aug. 20 76 -- - 6 -

Sept. 20 100 31 36 L7 -

Oct. 20 100 89 88 90 86

Nov. 20 100 100 100 100 100

251 GER July 20 31 -- -- 1 -

Aug. 20 63 6 6 - —-—

Sept. 20 100 23 33 22 -

Oct. 20 100 97 100 96 100

Nov. 20 100 100 100 100 100

550 SWE July 20 43 5 I 1 -

Au.g- 20 78 7 7 S ek

Sept. 20 100 7 34 37 -

Oct, 20 100 9l 98 98 100

Nov. 20 100 100 100 100 100

SL8 SWE July 20 53 13 15 13 -

Aug. 20 83 18 31 25 38

Sept. 20 100 41 52 50 82

Oct. 20 100 89 98 98 100

Nov. 20 100 100 100 100 100

(a) SPAin, FRAnce, GERmany, SWEden.
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Total Lateral Rcot Length

Only data for those trees which received no root-pruning and
were transplanted fram September to November were analyzed statis-
tically. Differences due to time of transplanting, seed source, and
time-seed source interaction were significant. The growth pattern
wvas very different from that for top growth. Root growth was very
slow during early- to mid-summer when top growth was greatest, but
root growth continued much later than did top growth (Tables 17, 13).

Although data for July and August transplantings were not ana-
lyzed statistically, there were probably time-seed source interactions.
After the first transplanting the two Swedish sources had the great-
est total lateral root lengths. By the time of the August trans-
planting, the laterals on German 251 were about as long as on MSFG
548. After that the German source was constantly ahead. Spanish
and French trees produced few lateral roots in the early months and
did not catch up to the north Swedish trees until October.

The German seed source, MSFG 251, had a maximum total lateral
root length of over 1100 cm., nearly 7O percent more than for Swedish
550, the source with the next longest lateral root length. MSFG 218
and 240 nad total lateral lengths of about 400 cm., while trees of
Swedish 548 attained a maximmm lateral extent of 340 cm.

The significant time-seed source interaction can be attributed
mainly to differences between September transplanted trees and those
transplanted later (Tables 16, 18). Of trees transplanted in Septenm-
ber, MSFG 251 had only about twice as long a lateral root system as

MSFG 548. 1In contrast, after October and November transplantings
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Table 17. Lateral root length of Scotch pine seed sources one

month after transplanting with various intensities of root pruning.

Date of MSFG Lateral roots one month Ratio:
lifting No.(a) after removal of the fol- Absorbing
lowving portions of laterals: Total

Total Length  Absorb. Length Roots Removed
None Half All None Half All None Helf All

cncnanans centimeterseececcece- me=Umber=e=-

July 20 218 SPA L 6 == 2 3 -- .38 .50 --
240 FRA 5 1 == 5 1 -- 1.00 1.00 --

251 GER -- 4y w- - 2 - .= .50 o=

550 SWE 32 2 -- 8 2 - 25 1.00 ==

548 SWE W 21 -- 10 13 == 22 62 --

Aug. 20 218 SPA 21 17 -- 8 10 -- L0 .59 --
240 FRA -~ 19 a- - 10 == -= .50 ==

251 GER 65 .= a- 15 o= == - S —

550 SWE L 19 -- 14 14 - 29 Tl --
543 SWE 63 38 15 20 24 15 .31 .63 1.00

Sept. 20 218 SPA 108 146 -- 38 100 -- 36 69 -
240 FrRA 125 115 == b9 80 -- 39 .70 -

251 GER 264 149 - 88 89 == 33 59 --

550 SWE 188 158 -- 62 107 == 34 .68 --

548 SWE 2 82 27 32 48 26 .23 .59 .98

Oct. 20 218 SPA 393 360 30 100 168 27 26 4T .90
240 FRA 362 319 50 92 152 43 25 48 .36

251 GER 1125 878 98 265 390 90 24 Wy g2

550 SWE 642 599 59 1786 282 55 28 4T .03
548 SWE 308 228 44 60 95 40 .20 k2 .98

Nov. 20 218 SPA 44 332 50 98 155 46 24 48 92
240 FRA 4o8 338 3% 103 170 50 25 .50 .93
251 GER 1162 900 90 256 Lo5 86 22 .50 .95
550 SWE 635 580 S8 181 288 53 26 .50 .92
548 SWE 345 226 WO 62 97 38 18 43 .93

(a) SPAin, FRAnce, GERmeny, SWEden
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MSFG 251 had nearly four times as long lateral roots as did MSFG S48.
The roots of October transplanted trees of all seed sources were 90
to 97 percent as long as on November-transplanted ones; there were no
significant time-seed source interactions for these months. For
individual months, ranking of total lateral lengths remained rela-

tively constant for the different seed sources.
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Table 18. Analyses of variance for total length of lateral roots
and for the ratio %i-% lateral root length of Scotch pine seed

sources measured one month after transplanting at various dates (a).

Source of variation Degrees of Total length . Ratio of
freedom of lateral Absorbing
roots Total
lateral root
length
Replication 3 - -
Date of lifting 2 105, 3% 207 . 2%%%
Error a 6 - -
Seed Source L 89, 33 8. Lwwxn
Source x Date 8 12, 6% .3
Error b 36 -- --
Treatment 1 -- 410, 0%
Treatment x Date 2 - T . OF¥x%
Treatment x Source N -- b
Treatment x Date X Source 8 - .1
Error c L5 -- ==

(a) Due to high mortality after the July and August transplantings
these variables were analyzed for only a portion of the data.

#¥%  Significat at the 0.1 percent level.
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Absorbing lateral Length

The "absorbing" (white) lateral roots were approximately equal
to the amount of lateral root growth which took place during the 30
day period when seedlings were in the greenhouse. This new lateral
growth originated from two sources: new growth on the tips of exist-
ing laterals present at the time of transplanting and new roots which
originated near the ends of cut laterals. The majority of new growth
on trees which received no root pruning was of the first type. Essen-
tially all new root growth on root-pruned trees was of the second
type.

There were significant differences in length of absorbing lat-
eral roots due to date, seed source, and treatment (Figure 24). Also,
all second- and third-order interactions were significant. There
was very little new lateral root elongation on any source trans-
planted in July and August. Progressively greater amounts of new
growth were associated with September and October transplanting.
There was than a leveling off, with essentially the same amount of
new growth after November transplantings as after those made in
October. All monthly differences except the July-August and Octover-
November comparisons were significant.

There were pronounced differences among sources in the total
length of absorbing laterals produced by the end of the season (Hoven-
ber). The German source, MSFG 251, had the greatest absorbing lateral
root extent. South Swedish 550 had the next greatest amount and
north Swedish 548 the least. For trees with no root rruning, MSFG

251 reached a maximum of approximately 270 cm. of absorbing lateral



Figure 2k. Length of absorbing (white) roots of Scotch pine as
affected by date of transplanting, intensity of root pruning at trans-

planting time and seed source.
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length after October and November tranzplantings, coupared with 130
cm. for MSFG 550, approximately 90 cm. for MSFG 240 and 218 and only
about 50 cm. for MSFG 548. Averages for trees receiving half or full
root pruning were different from these values, but ranking of seed
sources was the same.

The ranking of seed sources also varied with transplanting date.
North-Swedish 543 had the longest absorbing laterals after the July
and August transplantings although it had the least amount of ab-
sorbing laterals from September on. Conversely, German 251 had
intermediate absorbing lateral lengths after the first two trans-
plantings, but had the greatest amount when trees were transplanted
in September or later.

The pattern for absorbing lateral root length at different inten-
slties of root pruning was very different from that describved for sur-
vival. Whereas survival wes appro:imately the same for trees with
no or half root pruning, average lenith of absorbing laterals was
significantly greater on trees having halfl root pruning. There were
also noticeable differences in amount of new absorbing laterals as-
sociated with treatment after various transplanting dates. For trees
transplented in July and August, the length of absorbing laterals
was nearly the same for trees which had lost half their laterals as
for trees which had not been root-pruned. For trees transplanted
in October and November, the length of absorbing laterals was anpro:i-
imately 50 percent greater if the trees had lost half their laterals
than if no root pruning had been done. Another dissimilarity between
absorbing lateral length and survival was in the size of the treat-

nent-seed source interaction. The average absorbing lateral root



%5

length for half root-pruned trees of MSFG 251 and 548 was U4S percent

greater than for unpruned trees. For MSFG 24C and 218 removal of

half the laterals caused an increase of 75 percent in the amount of
absorbing lateral length; for MSFG 550 the corresponding increase

was 00O percent. (Conversely, the reductions in absorbing lateral

roots associated with complete removal of laterals was greatest

for sources MSFG 218, 251 and 550 (75 percent), intermediate for

MSFG 240 (£0 percent) and least for MSFG 548 (LO percent).
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s Absorbing Root Lensth
Retio: Total Root Len;th

If the amount of new root development, or absorbing lateral
length, which develops after transplanting is examined as a pro-
portion of the total lateral root length, results are different than
for the two variables considered indeprendently. Although German
251 had the greatest absolute lengths for both total and absorbing
laterals, this seed source produced significahtly less relative
absorbing surface than did MSFG 218, 240 and 550. MSFG 548, on the
other hand, the source with the least total and absorbing lateral
lengths, had the lowest relative absorbing lateral root surface.
Although Swedish 550 had mich greater total and absorbing lateral

root lengths than MSFG 218 and 240, all three seed sources had

absorbing length ratios.
total length

Also, the proportion of relative absorbing surface decreased

nearly the same

constantly btetween the third transplanting ian September and the fourth
in October, despite the fact that absolute amounts of both total and
absorbing lateral root lengths increased significantly during the sane
Period. In other words, the amount of absorbing surface did not
increase as fast as did total length. This pattern was similar for
all sources and the time-seed source interaction was not significant

(Figure 25, Table 17).

The effects of root pruning were also significant. Those trees
th
which were half root-pruned had greater total length ratios than
did unpruned trees. Of course, practically all roots were white

and apparently absorbing on trees from which all original roots

wvere removed.
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There was a sicnificant date-treatment interaction. The de-

absorbing length
crease in relative totaIp%engtg ratio from September to Octo-

ber transplantings was greater for half-pruned than for unpruned
trees (Figure 25). This decrease in relative absorbing surface con-
tinued slightly from October to November for half-pruned trees, but

unpruned trees retained about the same ratio.



Figure 25.
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Root-Shoot Ratios

There were significant differences in root-shoot ratios due
to date of transplanting, seed source and intensity of root pruning
(Tables 19 and 20 and Figure 26). All second- and third-order inter-
actions were also significant. Root-shoot ratios were low for all
origins transplanted in July and August. There were then signifi-
cant increases in root-shoot ratios after September and October
transplantings, followed by a leveling off of ratios for seedlings
which were transplanted in November.

The ranking of seed sources varied considerably with transplant-
ing date. North Swedish MSFG 548 had the highest (most favorable)
root-shoot ratios after July and August transplantings. By the tine
of the September lifting, ratios for the other sources generally
equalled or exceeded those of MSFG 548. After October and November
transplantings only those ratios for Spanish MSFG 218 which hai been
calculated using Inialb%ggsfgﬁg%ﬁnzih were lower than the root-
shoot ratios for MSFG 5u48.

There were pronounced differences among seed sources in root-
shoot ratios at the last transplanting in November. Zased on ratios

total lateral lensth

of Top Tengtn German MSFG 291 had ratios which were nearly

20 percent greater than those of south-Swedish 550 and which were
about twice as large as those for MSK: 2&0, 218 and Sk8. Final roo.-
shoot ratios baced on absorbing lateral lengths were somewhwt 2if-
ferent from those based on total lateral root lengiihis. MSFG 251

and 550 had rotios which were about equal and the ratios for tl.ese

two sources were 1.0 to 225 percent creater than those for the otiier
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Table 19. Root-shoot ratios of Scotch pine seed sources after

transplanting with various intensities of root pruning.

Date of MSFG Root-Shoot Ratlio
Lifting No. (a) Tot. Lat. Length Absorbing Lateral Length
Shoot Length Shoot Length
(No root No Root Half Root Full Root
 pruning) Pruning Pruning Pruning
July 20 218 SPA 1.33 0.50 0.92 --
240 FRA 1.89 1.13 0.19 --
251 GER - - 0.65 -
550 SWE 9.64 2.4 0.36 -
548 SWE 15.27 3.30 L.51 --
Aug. 20 218 SPA 3.85 1.56 1.75 -
240 FRA -- -- 2.01 -
251 GER 10.13 2.34 - -
550 SWE 8.14 2.40 2.59 -
548 SWE 13.76 L.26 5.24 3.80
Sept. 20 218 SpA 14.75 5.20 13.85 -—
240 FRA 20.T7 8.13 13.29 -
251 GER 26.14 8.66 8.86 -~
550 SWE 27.72 9.22 14.81 -
548 SWE 25.73 5.91 9.27 5.18
Oct. 20 218 SPA 55.51 14.12 23.76 3.87
240 FRA 60.62 15.30 2hk.21 T.41
251 GER 111.39 26.23 38.42 9.14
550 SWE 89.48 24,72 ho.24 .11
548 SWE 59.T1 11.75 18.55 7.78
Nov. 20 218 SPA 58.47 13.77 21.59 6.52
240 FRA 65 .63 16.56 27.20 8.04
251 GER 118.02 25.99 40.10 8.57
550 SWE 98.14 25.93 L0.61 7.57
548 SWE - 64.84 11.65 18.03 T.01

(a) SPAin, FRince, GERmany, SWEden
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Table 20. Analyses of variance for root-shoot ratios of Seotch

pine seed sources one month after transplanting with various intensi-

ties of root pruning.

Source of variation Degrees of F ratios for:
freedom Tot. Lat. Length Absorb. Lat. Length
Shoot Length(a) Shoot Length
Replication 3 - -
Date of Lifting L 205 .9 60T o 3%
Error a 12 - -
Seed Source 4 35 ¢ 5%k LO , L
Source x Date 16 10. lxex 16, Tex
Error b 60 - -
Treatment 2 - 3hh, Bxxx
Treatment x Date 8 -- Bly, 3xwx
Treatment x Source 8 -- 9.6%%%
Treatment x Source x
Date 32 -- 3. Lo
Lrror ¢ 150 - -

(&) Root-shoot ratios calculated using total lateral root lengths were
analyzed only for those trees with no root pruning.

% Significant at the 0.1l percent level.
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25. RO0t-shoot ratioss of Tive seed sources of Scotch pi

by transplanting cate and intensity of root pruning.

ne

pes




1ok

. 4 . h n
*AON °300 *deg *Bay ATnL +AoN *390 deg -my ATnL *AON *300 *des °Smy ATAL “AoN *390 das w=< ™

ONTINVIISNVEL JO HINOW

\1‘

12 ! ' -

-----------

wﬁﬁbomg.m

GZH.RDE Boomkﬁﬁuﬂzo P

Oy.ﬁz:mn.m .H.oo.m ON °q

L

- HG eveeninenns .
086 - — — — =
168 ———————
O.:N - - ¢ — o= w———
QI ---=--==----=
s
y33ue] doy, yasuay dog y33uay dog y3Bua] dog,
Y3T0T TeIe3¥] BurqIosqy | G3Bus] TeIe3w]l JUTqIosqV | U3due] TeXeqvl PUIGIOSqY y33u¥] 3008 1830L
e &1: ‘0T38Yy

. o.ymmgmm JOoH oz“

OILLVY JOOHS = LOOY



105

three orizins. .
Differeut inteusities of root jpruinz also »roduced significontd

sorbing lateral length fter riideswi-

R ab
n ratios of
differences in ratios o ST TS T

mer traasplactings, those ratios for trees with no and half roct
pruninyg were approximately the same. At the time cf the Septemrer
traasplanting, ratios for half-root-wmruned trees were higher and 2fter
October and November liftings root-shoot ratios for halferoot-piuned
trees were 55 to 50 percent greater than thcse of trees with no roct
pruain:. Trees with full root pruning had root-shoot ratios whica
were significantly lower taan for no and half-root-pruned trees.

All sources with full root yruainz hod ratios which were about equal

at the time of the last transplanting.
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Relation of Top to Root Growth

During the period of most active height growth (July-September)
root growth was relatively slight. It was not until after termiunal
shoot growth had slowed down or was completed that the majority of
the root growth took place (Figure 23). Nearly half the total root
elongation occurred during September and October on seedlings of
MSFG 548. During that same period the proportion of total root
growth achieved was approximately 60, 66, and TO percent, respectively,
for MSFG 240, 550 and 218. Fast growing German 251 had the highest
percentage of total root growth during this interval; 72 percent of
root elongation took place after the completion of height growth in
September. These relationships can be stated statistically by cor-
relations based on date-seedlot-treatment means for all five trans-
Planting periods as items. The correlation coefficient between
height and total lateral root length (for trees with no root prun-
ing) was -0.87. Those between height and absorbing lateral roots
were -0.85 and -0.82, respectively, for trees with no and half root
pruning.

Similar trends in shoot versus root growth have been found in
citrus and other fruit trees; Norway and Sitka spruce; Buropean larch;
red, white, Scotch, longleaf, slash, loblolly and shortleaf pines
(Harris, 1929; Stevens, 1931; Laing, 1932; Kienholz, 1934; Turner,
1936; Huberman, 19%0; Marloth, 1949; Reed and MacDou:zl, 1937).
This inverse correlation between periods of active height and root
growth is apparently associated with availability of manufactured

carbohydrates. Growth of the Scotch plne seedlings used in this
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study was dependent initially on food materials stored in-the seed,
then on currently manufactured photosynthate, with little or none
available for storage. Initially this photosynthate was used pri-
marily for top growth. Kramer and Kozlowski (1960), reviewing ear-
lier work, reported a tendency toward polarity in translocation of
food in plants. Carbohydrates and other metabolites tend to move
toward actively growing regions at the expense of more slowly grow=-
ing regions, including root systems.

The cause of this apparent polarity in translocation is not
fully understood. Kramer and Kozlowski felt that the level of aw:in
production partly controls the direction of translocation througsh

its effects on metabolic activity.
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Relation of Survival to Root Growth 2ul RKoot-3hoot Ratios

Survival was closely correlated with the amount of roots rresent
at transplanting, the growth of new roots after transplanting, and
with root-shoot ratios of the seedling:s. During the early part of
the growiné season root-shoot ratios were very low and neither the
amount of roots present at transplanti:iz nor the new growth after
transplantinz was sufficient to supply Lhe moisture needed by the
actively growing trees. Of the five seedlots transplanted during
July and Auzust only S48 from northern Sweden survived even moder-
ately well and that wvas the origin with the largest root system at
time of transplanting;, the most root growth during the subsequeat
months and the most favorable root-shioot ratios (Tables 17 and 1C).

Of the trees transplanted durin; September, those with half
their root systems removed actually produced more absorbing roots
during the subsequent month than did unpruned trees. Root-shoot
ratios hased on abscrbing lateral len;ths were hizher for these half
pruied trees taan for those with no root pruning end they geaerally
survived a little better. As transplanting was done later in tie
fall, the amount of lateral growth increaseld, height growth de-
creased and root-shoot ratios increased (Fisures 23 and 20). Sur-
vival of trees transplanted in October and November was 100 perce:nt
for all trees wiiich had no or half root pruning, althougn tilere was
considerable varintion ia root-shoot ratios of seeldlings. Trees with
all laterals reuoved at transplanting time could produce relatively
few new roots ia the subsequent month and Cid anot survive well excert

after the last transplanting.
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Time of completion of height growth also apparently afrlfected
survival. Seedlot 548 from northern Sweden survived as well or better
than all other sources after all treatments and times of trans-
plantings although it had the most lateral roots and most favorable
root-shoot ratios only during the early part of the season. The
early completion of height growth of this source may have accounted
for i1ts good survival after later transplantings. Studies on other
trees (reviewed by Kramer and Kozlowski, 1950) have shown that water
metabolism and transpirational losses are greatest during the season
of active height c¢rowth. This reduced water use and loss for MSFG
548 apparently counterbalanced its lower root-shoot ratios.

The same sources used in this study (and 103 others) were field
rlanted during 1551 and 1952 at 31 locations in the north-central
states as part of the NC 51 project (Wright et al., 1950). Two-year-
0ld seedlings were used. Tae survival pattern differed somewhat
from that reported here. Survivel waes poorest in sources from nor-
thern Scandinavian var. lapponica {includes MSFG 54E) and was best
for var. iberica from Spain (includes MSFG 218), var. aquitana frcu
southern France (includes MSFG 240), and var. rigensis from southern
Sweden (includes MSFG 55C). Survival of sources from ceatral Rucpe,
including var. hnguenensis (iacludes MSFG 231),was also rather low.
Differences in results between the tirc studies seem to te relateld
to root-top ratios and to differences tetween field and greenhouse
conditions.

In the earlier study north-Swedish seedlings had excellent but
short root systeiis which apparently were iiucapable of penetratiug the

s8oil fast enough to keep ahead of surface dryinc which takes place
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in the open during the summer. Results from the study reported here
also indicate that root-top balance of north-Swedish seedlings is
unfavorable. After October and November transplanting, MSFG 548

had the lowest ratio of absorbing lateral root length to top length
of the five origzins used. It is also probable that 1f the seedlings
used in the older study had been transplanted to greenhouse conditions
where the soll was constantly moist that they would have shown very
little transplanting shock and survival would have been good.

In the earlier study poor survival of 2-0 seedlings of central
European origin was apparently related to unfavorable root-shoot
balance of seedlings which had been zrown in crowded nursery beds.
Excellent survival was obtained from plantings of 2-1 seedlings of
central European origin planted in Minnesota. The study reportecd here
showed that seedlinzs of German 251 grown in uncrowded beds had ex-
cellent root-shoot ratios. This study also showed that root-shoot
balance was very hi-h for seedlings of south-Swedish 550. The hiczh
fleld survivel of the Spanish trees was somewhat surprising in view
of the low root regenerating ability and low root-shoot ratios showm
by seedlings in my study..

E. C. Stone and his essociates (Stone, 1955; Stone et 2l., 12792,
165%%, 1952 and 1953) have studied seasonal variatioa in root recener-
ation of ponderosa pine and Douglas-fir. Trees transplanted in lote
spring and early swmer had the lowest root regenerating potential
and survival rates. Both increased gradually in early fall, sharply
in late fall, and stayed constant uatil early spring. There were

genetic differences in ponderosa pine, with high elevation sources
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having the most rapid rate of increase in root regeneration potential
and survival percent in the autumn. This is similar to the trend
found in my study in which seedlots from the coolest climates de-
veloped the highest survival potential earliest in the season.
Nurserymen have practiced partial root pruning for many years,
usually doing this one year prior to field planting on the theory
that new laterals would develop during the ensuing season. This
is undoubtedly good practice. Extensive root pruning at the time
of field planting has not been generally recommended unless root
systems are unusually large and can not be planted conveniently.
However, my results indicate that partial root pruning at the time
of transplanting could be very beneficial in stimulating more new
absorbing roots than might grow on the intact root system. The
desirability of removing as much as one-half of the root system
would be questionable. A number of studles have shown that although
the rate of water and nutrient absorption is greatest through the
unsuberized, white area of the root systems, considerable quantities
of these materials can move through suberized roots as well (Kramer,
1949). The best root-pruning treatment would probably be one that
provided a large number of severed lateral root tips without

appreciably reducing the total length of the lateral root systen.



CHAPTER VI

SHOOT AND ROOT CROWTH
OF DIFFERENT SCOTCH PINE PROVENALCES

AT VARYING MOISTURE-FERTILITY TREATMENTS

There has been considerable wori: relating differences in fertility
requirements of different species of forest trees. Wilde (1933 and
1658) reported lar;ie differences in nursery soil requirements of 1if-
fereut species. Rennie (1955) showed that forest trees generall:
have lowver fertility requirewents than do airicultural crops. Others,
iacluding those of Reunie (1955), Leytou (1S57) and Ovinton (1955
and 1956b), have shown that hardwood species generally have hisher
fertility requirements than do ccnifers. The studies of Mitchell
and Chandler (123¢) with hardwoods and cf Heiber=z and White (1951)
with conifers also indicate consideralble 1ifTerences in uubrie:t re-
guirewents within the broad groupings of hardwoods and conifers.

A number of greenhouse studies have also shown differences in opti-
mun fertility requirements for different species, including those
of Mitchell (1934) with white and Scotch pines, Fowells and Krauss
(1959) with loblolly and Virginia pines, Ingsted (1957, 1959, and
1960) with birch, spruce and pines, and Sucoff (1961) with loblolly
and Virginia pines.

Variations in optimum fertility levels for growth of different
varieties or origins of the same species have been noted for a num-
ber of agricultural and horticultural species. Studies with peaches
(Hayward et al., 1946) and citrus (Haas, 1945a and 1945b; Smith,

1949; Jones, 1957) showed that variety of rootstock used in grafting

112
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caused differences in mineral nutrient requirements and growth of
scions. Haas (1447) found differences in nutrient requirements of
different varieties of date palm and Borden (1935) noted significant
variations in growth of three varieties of sugar cane on the same
soils.

There has been only a limited number of studies, however, which
have been concerned with differences in nutrient requirements of dif-
ferent varieties, origins or clones of the same species of forest
trees. Some work has been done with seed orchards and in tree im-
provement research programs. Studies with poplars (Mayer-Krapoll,
1952; Muller and Mayer-Krapoll, 1953) and slash pine (Goddard and
Strickland, 1906) showed significant differences in the fertility

requirements of different clones of the species concerned.
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PROCEDURE

For this study, three origins of Scotch pine were selected:
MSFG 543 from south-central Sweden; MSFG 253 from Germany; and MSFG
219 from Spain (Table 21). Earlier studies had shown that their
top growth rates were very different (Wright and Bull, 1963) and
that root systems of seedlings from the three areas were differentc
in both type and extent (Chapter 1II;. Seed was originally collected
for use in the Scotch pine provenance study conducted by Wright and
Bull (1963).

Seedlings were grown in the greenhouse for a period of 90 days
under three levels of moisture and three levels of fertility, using
a factorial desipgn with four replications and 2-tree plots.

One-gallon glazed pots were filled with 4000 grams of a mixture
consisting of 98 percent (by weight) of an inert, coarse (20 to 50
mesh) silica sand and two percent organic matter. The organic matter
was added to increase the water holding capacity of the potting med-
iun. One of three levels of a 20=-10-20 fertilizer were mixed thor-
oughly with the potting mixture: (1) 250 milligrems to give approxi-
metely 10 ppm N, 5 ppm P05, and 10 ppm K,0; (2) 1250 milligrams to
give approximately 60 ppm N, 30 ppm P205, and 60 ppm K;0; and (3)
2250 milligrams to give approximately 11C ppm N, 55 ppm Pp05 and
110 ppm xeo. The middle level of these three approximates the opti-
mum range reported by Wilde (1938 and 1958) for growth of Scotch pine
seedlings in the nursery.

Five of the pots which had been prepared as described above were

selected at random. They were saturated with water and weighed. Over
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Table 21. Location and climete at place of origin of Scotch pine

seed sources used in nmoisture=-fertility study.

MSFG No., Lat. Long. Elev. _Temperature Precipitation Aridity Index(b)

Country of N. E. Annual April- Annual April- Annual April=-
Origin(a) Sept. Sept. Sept
o o feet Sc. C. =millimeterse ==-number=--=

219 SPA 4.8 -4.,0 L4900 6.8 11.8 1097 46k 65 21
253 GER ko9.1 7.8 1300 6.5 15.0 612 338 32 14
543 SWE 60.0 12.9 625 6.2 12.6 630 350 39 15

(a) Numbers are those used in the Michigan State Forest Genetics access-
ion record. The countries are SPAin, GERmany, and SWEden.

b) Aridit x: (DeMerto 1926) Tndex = frecipitation in mm.
(v) y Inde (DeMortonne, 1920) Temperature in 9C. + 10
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a four-day period tiie jcts were rewel:uned at intervals and percent
moisture was calculated for eacn time of weizhing. All values were
plotted on a noisture depletion curve (Figure 27). Field capacity
of the mixture was taken as that moisture content where the loss of
water had essentially ceased and the weight of the pot and contents
had become stable. The value used was 20 percent, by weight.

Pots were regulated to one of three ranges of moisture during the
study: (1) between field capacity and 75 percent of field capacity;
(2) between field capacity and 50 percent of field capacity; and (3)
between field capecity and 25 percent of field capacity. Each indi-
vidual pot was marked with the level which it was to receive and the
container and dry potting mixture were weighed. The weight at field
capacity was calculated and this value recorded on the side of the
pot. (Weight at field capacity = weight of pot + 4000 grams +
L4000 x 0.2.) The weight at the lower moisture limit was calculated
and this value was also recorded on the side of the container. (For
example, pots receiving the middle moisture treatment would have a
lower limit of: Weight at 50 percent of field capacity = weight of
pot + LOOO grams + LOOO x 0.1.) During the study moisture levels
in individual pots were regulated by placing each container on a
platform scale. If the weight was at or below the lower moisture
limit, water was added to bring the weight up to the upper recorded
level. If the weight was above the lower recorded limit, no water
was added. Demineralized water was used to avoid the addition of
unéqnal amounts of dissolved bases and other impurities present in
tap water.

Seed was first sown in flats filled with the sand described
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Figure 27. Moisture loss from potting wixtwre consisting of
¢3 percent (by weight) coarse, quartz sand and 2 percent organic

natter.




el

9s

samoy ‘(NOIIVIALYS TVILIIL HEIIV) ML

gh

of

43

2

e

82

UBTem Aq ‘TUNISTOW LITEOUAd



119

previously (with no organic additive or fertilizer). One week after
seed germination, seedlings were transplanted to the 108 individual
pots used (3 sources x 3 moisture levels x 3 fertility levels x 4
replications), with two seedlings in each pot (two tree plots). Seed-
lings were grown for a 90-day period in the greenhouse, maintaining
moisture at desired levels during this period. After 90 days, pots
were taken from the greenhouse and the potting mixture was carefully
waghed from the root systems. Top and root measurements were made
immediately on all seedlings (Tables 23, 24). Analyses of variance
for a factorial design with 27 treatment combinations were made using
means of the 2-tree plots as items (Table 22). Trend analyses were

run using orthogonal polynomials and treatment sums as items.
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RESULTS

Results showed that two of the sources, MSFG 253 and 243, reacted
s8imilarly to the moisture-fertility treatment combinations used in the
study. The third source, MSFG 219, generally showed a different type
and wider range of response to the different treatments. In the sec-
tions that follow, discussions are concerned primarily with differences
and/or similarities between the origins used and of interactions of
the seed sources with moisture and fertility levels. Main effects of
fertility and moisture are not discussed for two reasons: it was not
the purpose of the study to investigate variations caused by these
factors, but rather to see if different origins of Scotch pine reacted
similarly as these factors were varied; and because of significant dif-
ferences in growth of origins at different moisture and fertility
combinations, averages or main effects for these two factors would be

meaningless when considered independently.
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Top Growth

Top growth varied significantly due to seed source, moisture
level and fertility level. All second- and third-order interactions
were also significant (Tables 22, 23). It was also found that there
were differences in growth patterns for top lengths as opposed to
those for top weights of seedlings.

Average shoot length was greatest for seedlings of MSFG 253 and
least for MSFG 543 (Table 23). Growth at different fertility levels
(independent of moisture level) varied between origins. Longest
shoots of German 253 and Swedish 543 occurred when seedlings were
grown at the medium fertility levels. At the low and high levels
shoot length was approximately the same. For Spanish 219, seedlings
grown at the low fertility level had the greatest top length and shoots
became shorter as fertility level increased.

When moisture treatment was considered independently of fertility
level, top length was greatest for 253 and 543 when trees were grown
at high and medium moisture levels and was significantly lower at the
low moisture treatment. Greatest shoot length of 219 occurred at the
high moisture treatment and growth decreased at successively lower
moisture levels.

Shoot length also showed significant seed source-moisture-fer-
tility interactions (Figure 28). MSFG 543 and 253 had their greatest
top length at the medium fertility level for all three moisture levels.
Growth at low and high fertility levels was approximately the same.
However, top length of MSFG 219 was greatest at the low fertility

level when seedlings were grown using high or medium moisture
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Table 23. Top and oot growth of three seed source of Scote pirs

grown at dirferent noisture-fertility treatments.




12}

MSFG No., Moist. Fert. Top Tap Root Lateral Root
Country of Level Level Length Weight Length Weight Length Weight
origin(a)
219 SPA High High 48 57 180 10 612 1n
Med. 50 67 181 10 553 11
Low 59 95 291 19 1048 21
Med. High L8 28 86 6 25 1
Med. 48 78 189 14 562 13
Low 53 o7 207 14 T49 18
Low High 34 18 32 4 6 1
Med. 46 L1 156 9 246 3
Low Lo 35 73 6 38 3
Averages for MSFG 219 LT 5T 155 10 Lot 10
253 GER High  High 50 37 174 5 bk T
Med. 60 58 176 8 8718 14
Low 58 60 257 9 1146 20
Med. High 55 68 182 6 581 11
Med. 66 84 188 8 59 11
Low 54 60 158 6 34 6
Low High k49 57 136 6 357 9
Med. 5T 62 140 6 558 13
Low 45 39 97 5 71 L
Averages far MSFG 253 55 59 168 6 558 1
543 SWE High High i 28 156 6 263 5
Med. 43 38 146 T 481 10
Low ¥ 36 177 8 552 13
Med. High 43 29 149 5 263 5
Med. L5 L5 156 T 332 T
Low 37 31 123 6 132 I
Low High 38 2 142 5 166 3
Med. 39 L1 153 T 415 9
Low 37 24 1 5 182 3
Averages for MSFG 5u43 Lo 33 143 8 433 9
LSD's, .05 level for:
1. Main BEffects 1.5 3.0 9.2 .5 4.7 9
2. 1lst Order Int. 2.7 5.1 15.8 .8 80.3 1.6
3. 2nd Order Int. 4.6 8.9 2Tk 1.4 137.6 2.7

(a) SPAin, GERmany, SWEden.



Figure 28. fTop growth of three seed sources of Scotch pine at

nine moisture-fertility treatment cambinations.
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treatments and at the medium fertility level when they were grown at
low moisture.

For the nine moisture-fertility treatments, maximum shoot lengths
occurred at the medium moisture-medium fertility combination for seed-
lings of German 253 and Swedish S43 and at the high moisture-low fer-
tility combination for Spanish 219 (Figure 28).

Weights of seedling shoots showed some decided differences from
the patterns described for top lengths. Average top weights were
approximately equal for MSFG 219 and 253 and were significantly lower
for MSFG 543 (Table 23). There were significant differences, however,
vhen seedlings were grown at different moisture and fertility combina-
tions. At high moisture levels (independent of fertility level) top
weights were greatest for MSFG 219. At the medium moisture treat-
ment, weights were approximately the same for 253 and 219 and sig-
nificantly lower for sh3., At the low moisture treatment, seedlings
of 253 were heaviest, while those for 219 and 543 were about the same.
Similar patterns were noted when fertility level was considered in-
dependent of moisture level. Highest shoot weights of 253 and 543
occurred when seedlings were grown at medium fertility levels and
heaviest shoots for 219 when seedlings were grown at the low fertility
level.

Heaviest shoot weights for the nine moisture-fertility treatments
were recorded when 253 and 543 were grown at the medium moisture-
medium fertility treatment. The maximum for 219 was found when seed-

lings were grown at the high moisture-low fertility combination

(Pigure 28).
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Because of differences in patterns for top lengths and top
weights, there were prounounced differences in the weight per unit length
of seedling shoots. For MSFG 253 and 543 values were approximately
equal and varied only slightly at different moisture and fertility
levels. Average weight per unit length was generally greatest for
seedlings of MSFG 219. It was found, however, that weight per unit
length of shoots of this source increased as moisture level increased
and decreased as fertility level became higher.

Trend analyses (using orthogonal polynomials) showed that the
nature of the relationships between seed sources and varying moisture-
fertility combinations were not the same. Trends (lengths and weights)
for Swedish 543 and German 253 were generally curvilinear in relation
to increasing or decreasing fertility levels. At high and mediun
moisture treatments these trends were strongly curvilinear, while at
the low moisture level it was slightly curvilinear. Trends for 213
were linear at high and medium moisture levels in relation to varying
Tertility treatments. At the low moisture level, trends for 219
varied from slightly curved for shoot weight to curved for shoot
length.

The major cause of trend differences for Spanish 219 as opposed
to those for German 253 and Swedish 543 was restricted growth of
seedlings of the Spanish source at high fertility levels, particularly

in combination with low and medium moisture levels.
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Root Growth

Root growth showed significant differences depending upon the
particular combination of moisture and fertility at which seedlingzs
of the three origins were grown (Table 23). Seedlings of MSFG 543
had the smllest average root systems in terms of laterals and tap
roots, lengths and weights. Average lengths of laterals and taproots
were greatest for MSFG 253. However, as was noted with seedling tops,
weight per unit length was generally greater for roots of Spanish 219.
This was particularly true of the tap roots. At many moisture-fer-
tility combinations roots of 219 were heavier than those of 253 and
543 (Figures 29, 30). As a result, there were no significant differ-
ences in average lateral root weights for MSFG 253 and 219 and the tap
roots of 219 were significantly heavier than those of the other two
origins. This high weight per unit length of roots of Spanish origins
of Scotch pine is a character noted in Chagter ITI.

There were a number of major differences between the patterns for
root growth and those for top growth. When moisture treatment was
considered independently of fertility level, length and weight of
lateral and tap roots of all sources were greatest at the high
moisture level. This was contrasted to top growth where maximum
growth of 253 and 543 occurred when seedlings were grown at the
medium moisture level.

There were also differences when fertility level was considered
independently of moisture level. MSFG 219 showed greatest lengths
and weights of tap and lateral roots at the low fertility level and

growth decreased as iertility level increased. Growth of roots of
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Figure 20. Tap root growth of three seed sources of Scotch pine

at nine moisture-fertility treatment combinations.
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Figure 30. Lateral root growth of three scad sources of Scotch

pine at nine moisture-~ertility treatment coxbinations.
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219 was very restricted at the high fertility level (Table 23). Ferti-
lizer salt councentration appeared to be near the toxic level when
seedlings of 219 were grown at the high fertility level in combination
with low moisture (Figure 31). Growth of the root systems of MSFG 543
end 253, on the other hand, was greatest at the medium fertility level.
Although growth of these two origins was least at the high fertility
level, it was not so restricted as was that of MSFG 219 (Figures 32,
33).

Tap and lateral root lengths and weights were maximmm at the same
moisture-fertility combination for all three seed sources == that of
high moisture and low fertility (Figures 29, 30). This was opposed to
top growth where lengths and weights of MSFG 253 and 543 were greatest
at the medium moisture-medium fertility treatment. This same phe-
nomenon of lower fertility levels for maximm root growth than those
for best shoot growth has been recorded in a number of other studies,
including those of Demortier and Fourage (1932) with Scotch pine,
Mitchell (1939) with white pine, Bensend (1943) with jack pine, and
Fowells and Krauss (1959) with Virginia pine.

There were also differences in development for seedlings grown
at different moisture-fertility combinations. All sources showed
significant linear trends in relation to varving fertility levels
at the high moisture treatment, with greatest root lengths and
weights at the low fertility level. At medium and low wmoisture
levels, root growth was similar to that for shoot growth. MSFG 253
and 543 had greatest root weights and lengths at medium fertility
levels. Trends in relation to varying fertility levels were curvi-

linear. At the medium moisture treatment, root growth of 219 was
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Pigure 3l. Growth of Spanish MSFG 219 at two moisture-fertility
combinations: low moisture-high fertility (left) and high moisture-

low fertility (right).
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Figure 32. Growth of Germsn NSFG 253 at two moisture-fertility
combinations: low moisture-high fertility (left) and high moisture-
low fertility (right).
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Figure 33. Growth of Swedish MSFG 543 at two moisture-fertility
combinations: low moisture-high fertility (left) and high moisture-

low fertility (right).

543
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greatest at the low fertility level, with a linear trend in relation
to differing fertility levels. At the low moisture treatment, growth
of roots of 219 was greatest at the medium fertility level and the
trend was curvilinear.

The total number of lateral roots which formed and the degree
of branching was generally closely correlated (r = 0.9%) with lateral
root length. There were differences associated with seed source and
treatment, however. The root systems of MSFG 219 were approximately
30 percent less branched than those of MSFG 253 and 543. MSFG 253
had the greatest amount of branching and this source had the highest
number and greatest percentage of lateral roots which were branched
twice (Table 24). This character of low branching of Spenish ori-
gins of Scotch pine has been noted in Ghupter I7I.

Different moisture and fertility treatments also affected the
number of lateral roots and degree of branching of the root systems.
In general, the greatest number of laterals and highest degree of
branching occurred on seedlings grown at high moisture levels and
decreased as moisture level decreased. The reverse occurred with
changes in fertility level. Maximum numbers and branching were
found on trees grown at low fertility lewels and numbers and branch-
ing decreased as fertility became higher. These patterns varied
somewhat with seed source. The greatest number of laterals for MSFG
253 and 219 occurred on trees grown at the high moisture-low fer-
tility combination. For MSFG 543 meximum numbers were found on

seedlings grown at the high moisture-medium fertility combination.
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Table 2k, Lateral roots per tree, proportion of branched lateral
roots and shoot-root ratios of three origins of Scotch pine grown at

different moisture-fertility treatments.
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MSFG No., Moiste. Fert.

Country of Level Level Lateral lateral roots with

Total Proportion of total Shoot-Root Ratio

Shoot Wt. Shoot L.

origin(a) Roots mmber of brenches Tot. Rt. Tot. Root
/tree 0 1 2 Wt. Length
number =e==-percent-- -- ratio-
219 SPA High High 121 78 22 0 2.84 .063
Med. 118 80 19 1 3.20 072
Low 254 80 19 1 2.1 046
Med. High 24 100 0 0 .21 U435
Med. 122 T4 25 1 2.92 .06k
Low 178 T 23 Trace 3.19 .056
Low High 4 100 0 0 4,30 .910
Med. 83 81 19 0 2.43 A1
Low 16 93 T 0 3.93 .351
Averages for MSFG 219 102 T9 21 Trace 3.27 234
253 GER High High 130 T8 22 0 3.10 OTT
Med. 223 80 19 1 2.70 .058
Low Lol 84 15 1 2.08 LOlU2
Med. High 165 Th 23 3 3.55 072
Med. 167 T6 22 2 4.63 08T
Low 119 T2 28 0 4.83 <109
Low High 84 TL 29 o] 3.67 09
Med. 150 78 21 1 3.22 .083
Low 35 69 30 1 4 .66 267
Averages for MSFG 253 6L T8 21 1 3.67 .099
543 SWE High High 7 T0 30 0 2.60 0%
Med. 192 86 13 1 2.25 .068
Low 153 79 20 1 1.72 .059
Med. High €0 T 26 0 2.91 «10i
Med. 34 83 1T Trace 3.17 092
Low T3 (S 24 0 3.43 .12k
Low High 79 81 19 0 3.00 122
Med. 104 T3 26 1 2.47 073
Low 63 T2 28 0 3.1% .133
Averages for MSFG 543 100 T8 22 Trace 2.7T4 097
LSD's, .05 level for:
l. min Effects 15 - - e hadad 025 0018
2. 1lst Order Int. 26 -- - - L2 .032
3. 2nd Order Int. LY - — .- T2 054

(a) sPain, GERmany, SWEden.
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Shcocot-Root Ratios

Shoot-root ratios are most comnonly calculated using weights
of seedling tops and root systems. Such ratios are more easily de-
termined than those requiring measurenent of the length of root sys-
tems. For seedlings grown in this study, there were decided differ-
ences in shoot-root ratios obtained using weights and those calcu-
lated using lengths. These were primarily differences in averages
for the three origins and in ranking of ratios for the sources at
different moisture-fertility combinations (Table 24, Figure 34).

Average shoot-root ratios calculated using seedling weights
were significantly highest (most unfavorable) for MSFG 253 and
were lowest for MSFG 543. However, when ratios were determined
using seedling lengths, averages were approximately the same for
253 and 543 and were highest for 219. These differences were caused
by variations in weight per unit length of seedling tops and root
systems and by severe restriction of growth of MSFG 219 at some
moisture-fertility combinations.

There were significant seed source-moisture, seed-source fertility
and seed source-moisture-fertility interactions (Table 22). Ratios
for 253 and 543 (independent of moisture treatment) were approximately
the same when seedlings were grown at all fertility levels. For MSFG
219, however, ratios were most favorable at low to medium fertility
levels and significantly highest at the high fertility treatment.

At different moisture treatments (independent of fertility levels),
ratios for all sources were best at the high moisture level.

Lowest shoot-root ratios (based on lengths and weights) occurred
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Figure 34. Shoot-root ratios of three seed sources of Scotch

pine grown at nine noisture-fertility trecatment combinations.
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for all origins with seedlings grown at the high moisture-low fer-
tility combination. This was the treatment at which root weights and
lengths were greatest for all sources. It was also the treatment at
which top growth of 219 was generally highest (Figures 27, 28, 29).

At other moisture-fertility combinations, there were a number of
differences between origins. These were primarily variations between
ratios for seedlings of Spaunish 219 as opposed to those for German
253 and Swedish 543. At high moisture levels, shoot-root ratios for
all origins were lowest when seedlings were grown at low fertility
levels. When the medium moisture level was used they were minimum
for 253 and 543 at the high fertility levels and for 219 at the low
fertility level. At the low moisture treatment, ratios for all
sources were minimum at the medium fertility level (Figure 34).

Trend analyses indicated that MSFG 253 and 543 exhibited linear
relationships to varying fertility levels when grown at high and
medium moisture treatments. Trends for MSFG 219 vere slightly to
strongly curvilinear at these moisture levels. At the low moisture
treatment, trends for all sources were strongly curvilinear in re-

lation to varying fertility levels.
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Relation of Moisture and Fertility Requirements to

Climate, Soils and Evolutionary History of Area of Origin

In the previous sections it was shown that two origins of Scotch
pine, German 253 and Swedish 543, reacted similarly to the nine mois-
ture-fertility treatments used in the study. The third source, Span-
ish 219, reacted quite differently and generally had lower fertility
and higher moisture requirements than did 543 and 253.

It was impossible to determine from the information available
exactly why fertility requirements for MSFG 219 might be lower than
those of MSFG 253 and 543. Bxact soils information was not taken when
the seed was collected in Burope. However, the Instituto Forestal,
the agency which collected the seed of MSFG 219, stated that collec-
tions had been made in the Sierra de Guadarrama, Spein from a
relatively small stand growing on siliceous, sandy soils that had
originated from granitic parent material. It was also stated that
the area had been under forest management for more than 150 years.

Positive conclusions regarding the fertility of this particular
801l from such scant information would be impossible. However, soils
of such origin have often been found to be of low fertility status
(Wwilde, 1958; ILutz, 1958). Evolution on such soils could produce a
species or origin in which individuals of low fertlility requirement
would have an adaptive advantage. Over a long period of time individ-
uals of higher requirement might well be eliminated from the popula-
tion,

This probability is strengthened when the evolutionary history

of the Spanish origins of Scotch pine is considered. The range in
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Spain 18 restricted to isolated stands at higher elevations and there
is little exchange of genetic material between areas. Wright and Bull
(1963) postulated that inbreeding had acted in the isolated Spanish
populations, leading to genetic drift and gene fixation. Spain was
well below the ice cap during Pleistocene glaciation and these pro-
cesses have continued more or less uninterrupted for & longer period
of time than in most areas of northern and central Europe.

Forest management could also be a factor in eliminating certain
genotypes from the stand in which seed of MSFG 219 was collected. In
management of species such as Scotch pine which are intolerant of
reduced light intensities it 1s common to thin out smaller or slower
growing trees from stands in favor of continued rapid zrowth oa lar-ser
dominants and codorinants. If evolution had produced an oriyin having
low fertility reguairements, coantlinued tninning sver the past 150 years
would tend to remove trces of slower growth and higher fertility re-
quirement.

No soils or geologic information was available for MSFG 543 and
253. However, seed collections were made in areas having evolutionary
histories considerably different from that of MSFG 219. The modern
Scotch pine populations in northern and mid-European areas probably
evolved from remnant stands which survived Pleistocene glaciation in
the Scandinavian highlands or to the south of the ice cap, probably
in the Alps or Carpathians (Wright and Bull, 1963). After the retreat
of the ice cap, the species reinvaded the glaclated areas and even-
tually formed extensive and often continuous forested areas. There
would have been a free and constant interchange of genes between

neighboring populations. Genetic drift and gene fixation would
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probably have been very low or entirely absent. As a result, these
origins could well display intermediacy in & number of characters,
including fertility requirement.

It also appeared that there were differences between origins in
moisture requirements. Seedlings of MSFG 219 showed a tendency toward
better growth at higher moisture levels than those required by MSFG
543 and 253. The annual precipitation of the area from which 219 was
collected was over 1000 millimeters, while that for the areas from
which MSFG 543 and 253 were collected was 630 and 612 millimeters,
respectively. Precipitatiom for the growing season was 464 milli-
meters for MSFG 219, 338 millimeters for MSFG 253 and 350 millimeters
for MSFG 543 (Table 21). For the whole year, Aridity Index values
(which are measures of effective precipitation) for the three ar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>