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ABSTRACT

Zhu, H. 1985, Effects of seed sources and fungi on ectomycorrhizal formation

and growth of containerized tamarack seedlings. Major Advisor: Dr. 5. Navratil.

Additional Key Words: Larix laricina, mycorrhizal inoculation, rocot morphology,

provenance, open—pollinated family, host specificity, pure culture synthesis.

The cbjectives of this study were toc investigate the host specificity of

mycorrhizal fungi to tamarack (Larix laricina (Du Roi) K. Koch.) in pure culture

vnthesis and to examine the effects of seed scurces and fungal species on the

imn

ectomyvcorrhizal formation and growth of containerized tamarack seedlings in a
greenhouse. Of nime mycorrhizal fungi tested in pure culture synthesis,

Cenococcum qgeophilum, Laccaria laccata, Laccaria proxima, Hebeloma

crustuliniforme and Pisolithus tinctorius demonstrated their ability to develop

ectomvcorrhizae with tamarack. Amanita porphvria, Bhizopogon vindicolor, Suillus

granulatus and 3. tomentgsus failed to form ectomycorrhizae. The number of

confirmed mycorrhizal symbicnts of tamaracKk has been increased from three,

previously knowny to seven from the results of the pure culture synthesis.

Containerized seedlings of tamarack, representing four provenances and 17
open—pollinated families in Ontaric, were inoculated with vegetative inocula of
four fungal species in the greenhouse. During an {2-weekK period, L. laccata, P.
tinctorius, and C. geophilum formed ectomycorrhizae with 80, {2 and 7% of the total

feeder roots, respectively. Suillus granulatus failed to produce any mycorrhizae.

The mycorrhizal formation was strongly governed by the seed sources and seed

source % fungus interactions. The greatest difference in mycorrhizal formation by
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L. laccata was 20% between provenances and 32% between families. Seedlings
inoculated with L. laccata exhibited the best growth in diameter, shoot volume and
dry weight. The development of root systems was differentially affected by
different fungal incculaticons. Feeder root proliferation was stimulated by C.
eophilum, and lateral root growth was inhikited by L. laccata. Significant
provenance effects were also found in shoot height and root descriptive variables.
Although the effects of family—-within-provenarce were significant in most of the
seedling traits, family variation was generally not constant, varying with fungal
inoculations. Genetic correlations were positive between lateral root and shoot
traits and between feeder root frequency and mycorrhizal formation, but negative

between lateral root and mycorrhizal formation.

It is recommended that L. laccata is a suitable fungal species and C. geophilum,

H. crustuliniforme, L. provima and P. tinctorius are potential fungi for mycorrhizal

inoculation of containerized seedlings of tamarack. This study reinforces the
concept that ceed sources should be tested with target fungi before a wide scale

mycorrhizal inoculation 1s conducted,
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INTRODUCTION

Lariz laricina {Du Roi) K. Kochy, commonly Known as tamaracK or eastern larch, is

the most widely distributed conifer in Northerrn America (Roe, 1757). The tree
occocurs from Alaska, aleng the northern limit of coniferous tree distribution,
through Canada to Newfoundland, and extends scuthward into the north-central
and northeastern Inited States (Roe, 1757}, Recently, tamaracKk has received
increasing attention as an altermative conifer species for reforestation in Canada
and the northern United States because of its relatively rapid growth rate,
tolerance to poorly drained sites, and resistance to scleroderris canker and spruce
budworm (Einspahr et al, 17243, In addition to its silvical characteristics, the
genetics and tree improvement potential of tamarack are also of great interest. An

intensive study of the population structure and genetic variation of the tree is

now being carried ocut in northern Ontario (F‘ar‘f»ieri, 1725, pers. commu.. Breeding
and selection programs on tamarack are also underway which are designed to
improve the growth performance of the species (Coles, 1979; Fowler, 1779; Fowler,
et al; 19322,

As forest regeneration and mycorrhizal programs have intensified; the concept
of inocculating seedlings with specific mycorrhizal fungl to improve their growth
and survival in outplanting sites has been applied to the production of
containerized seedlings (Mar® and Barnett, 1575). Results show that future
production of containerized seedlings and nursery stock for reforestaticn are not
only possibie with favorable shoot and root sizes but also with well-developed

[Ee3

mycorrhizae {Mary et al, 17232). To meet the requirements of future forest

practices, recent myvcorrhizal research has focused on the selection of myvcorrhizal

1
School of Forestry, Lakehead University, Thunder Bay, Crtario, Canada.
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symbionts and inoculation technigues. Evidence indicates that successful
mycorrhizal inoculation which could result in abundantNrnycorrhizal formation must
be based on a good understanding of the relaticnehips between host and symbiont.
Although thousands of fungi and numerous host trees have been studied for their
mycorrhizal relationships (Trappe, 17523, little 15 Known about mycorrhizal
symbionts on tamarack, and there has been no report of mycorrhizal inoculation on
tamarack, Research on mycorrhizal associations with tamaracK and selection of
suitable fungi for inoculation of the tree seedlings is greatly needed.

Among many criteria for the selection of mycorrhizal fungi, the compatibility
between host and fungus genctypes has been emphasized recently (Marx, 1730;
Cline and Reid 1922; Molina and Trappe, 1722; Navratil, 1725). Because ot the wide
distribution and suspected gernetic diversity of tamaracK, fundamental studies on
tamarack mycorrhizae should consider the influence of hiost genotypes. In addition,
genetic control and variation in root system development, root response to
mycorrhizal inoculation, and interrelationshipe among root, shoot, and mycorrhizae
could also be of interest to both tree improvement and reforestation programs.

The primary goal of this study was to investigate; from & genetic viewpoint,
mycorrhizal relationships between tamarack and selected fungi. To accomplish
this, the study was designed with the following objectives:

i. to determine the host specitficity of ectomycaorrhizal fungl to tamarack,

2. to evaluate the response of tamaracK containerized s=edlings to the
inoculation of ectomycorrhizal fungi,

3. to examine the effects of seed scurces on mycorrhizal formation of
containerized seedlings, and

4. to examine the effects of mycorrhizal fungi on rooct development of

containerized seedlings.
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LITERATURE REVIEW

MYCORRHIZAL SYMBIONTS OF TAMARACK

Tamarack has been long known as a host of ectomycorrhizal symbionts, but this
Knowledge arises from only a few observations. Cooley (1904) and Beeftink (1951)
reported that ectomycorrhizae were formed on tamarack seedlings in natural
forests, but there were not detailed descriptions of the mycorrhizae, and the
fungal species were not identified. Trappe {1782) listed three fungi, Cenccoccum

geophilum Fr., Gomphidius maculatus (Scop. ex Fr.) Fr., and Hygrophorus

pseudolucorum A. H. Smith & Hesler, which formed mycorrhizae with tamarack. Ina

recent study Malloch and Malloch (1921) reported that C. geophilum and a number of
unidertified fungi formed ectomycorrhizae or ectendomycorrhizae with tamarack in
boreal forests of northeastern Ontarioc.

Relatively more mycorrhizal studies have been made on octher larch species.
DominiK (1950) reported that the fungi, Suillus grevillei ‘Klotzsch) Sing. and

»

Boletus erythropus (Fr.) Pers., formed ectomycorrhizae with European larch {Larix

decidua Mill.) in a natural stand in Poland. A successful inoculation using S.

grevillei and Boletus caripes (Opat.) Kalchb. on paper—-pot seedlings of European

larch was made by Gobl (1974). Molina (1730) tested 15 ectomycorrhizal furgi and

found that two of them, Laccaria laccata (Scope. ex Fr.) BK. & Br. and C. geophilum,

formed abundant mycorrhizae on containerized seedlings of western larch (Larix
occidentalis Nutt.). In a pure culture synthesis study (Molina and Trappe, 1932),

the fungi, L. laccata, Pisolithus tinctorius ¢(Pers.) Coker & Couch, and S. grevillei,

showed a great ability to form ectomycorrhizae with western larch seedlings. The



success of ectomycorrhizal formation by P. tinctorius on western larch supported
the hypothesis by Trappe (1982) that although sporocarps may only form with a
particular host or species within a genus, mycorrhizal formation with other hosts
should not be ruled cut.

Based on this review and the prezent Knowladge of mycorrhizal fungus selection
(Gobl 1975; Marx and Kenney, 1932; Navratil, 1924; Trappe, 1977}, the fungal

species, C. geophilum, L. laccata, and P. tinctorius, appear to have potential of

forming ectomycorrhizae with tamarack through artificial inoculation. In addition
to their mycorrhizal relationships with larches, their broad host range, adaptation
to artificial inoculation, and rapid vegetative growth (except €. geophilum) also
indicate that these fungi could ke suitable for mycorrhizal inoculation of

containerized seedlings of tamarack.

EFFECTS OF MYCORRHIZAL FUNGI ON HOST TREES

Several thousand papers have been published on mycorrhizae (HacsKaylo and
TomKins, 1973). Most of these papers relate to forest tree species and define the
berneficial aspects of mycorrhizae to trees. Many forest trees, such as pine
species, cannot grow  without ectomycorrhizae in forest soil ecosystems. Trees
with abundant ectomycorrhizae have a much larger, physiologically active,
root-fungus area for nutrient and water absorpticn than the trees with few or no
ectomycorrhizae. This increase in root surface area comes both from the
multi-branching habit of ectomycorrhizae and from the extensive vegetative growth
of fungal hyphae from the ectomycorrhizae to the soil. Ectomycorrhizae are able to
absorb and accumulate nitrogen, phosphorus, potassium, and calcium in the fungus

martles more rapidly, and for longer periods of time. In the soil, ectomycorrhizae



are alsg able to break down certain complex minerals and organic substances into
simple elements arnd transmit them to the roots. The tolerances of trees to
drought, high soil temperatures, soil toxins, and extremes of scil pH appear to be
increaced by ectomycorrhizal formation (Mary, 1977&; and many others). The
protective role of ectomycorrhizae against root diceases is an additional important

aspect. This has been documented for feeder root pathogens, such as Phytophthora

{(Mar:, 19469),

Because of their numerous berefits to trees, many mycorrhizal fungi have been
intensively studied for inoculation of containerized or bare roct seedlings in
greenhouses, nurseries, and even irn outplanting sites (Mikola; 1973). Seedling
responses to mycorrhizal infection vary and are dependent on the fungi, the hosts,
and growing conditions. In outplanting sites and nursery beds, mycorrhizal
infections usually result in a positive response of seedlings, including increases in
biomass, height and diameter growth, as well as survival (Marx, 1977a). In
greenhouses, however, containerized seedlings often exhibit negative or a
no-growth response to mycorrhizal formation. This is because the containers limit
extension of fungal mycelia and root growth to obtain additional nutrient supplies.
However, abundant mycorrhizal formation in greenhouses does help containerized
seedlings in surviving, growing, and establishing mycorrhizal relationships in
cutplanting sites (Marx et al, 1932).

The area surrounding the roots is characterized by specific microbes and
microernvironments. In the rhizosphere, symbiotic fungi strongly influence the
activity and development of the root system. Fungal effects on roat morphology
including growth hormones and regulators produced by ectomycorrhizal fungi have

been studied in detail (Slankis, 1773). From the data accumulated on growth



haormones related to ectomycorrhizae, it is evident that growth hormones and other
exudates produced by symbiotic furngi affect root devliopment even without the
gstablishment of a mycorrhizal relationship. Results have shown that mycorrhizal
fungl stimulate feeder root proliferation and inhibit lateral root elongation

(Slankis, 1953; Wilcox, 196%; Sohry 19&1).

GENETIC VARIATION IN MYCORRHIZAL FORMATION AND ROOT DEVELOPMENT

Although ectomycorrhizae have been the subject of scientific interest for many
decades, the effects of host genetic composition on mycorrhizal formation have not
been well defined, Few investigations have been made on genotypic effects of
host trees on mycorrhizal formation. Linnemann (1980} found that the frequency of
ectomycorrhizal roots on 1-2 vear—old seedlings of Douglas—+ir {Pseudotsuaga
menziesii (Mirb.) Franco) was different among seed sources. Wright (1943) and
Wright and Ching (1762) found that mycorrhizal freguency on ocne-year-old
Dougles~fir seelings varied significantly among provenances, but there were no
significant differences on two-year—-old seedlings. In the same study, Wright
(19563) also found that seedlings which formed mycorrhizae earliest exhibited the
becst growth. Lundeberg (1763) reported higher frequencies of mycorrhizal

formation on seedlings of Pinus sylvestris L. planted nearest the seed collection

locality,

Although these findings were based on seedlings with unknown mycorrhizal
fungi in field observations, the indications of genetic effects on mycorrhizal
formation have brought forward a new interest in mycorrhizal studies. Recent
studies have beer carried out on seedlings inoculated with identified mycorrhizal

symbionts in controlled environments. Marx and Bryan (1971) demonstrated that



the genotype of slash pine (Pinus ellictii Engelm. var. ellicttiy) influenced the

degree of mycorrhizal formation with P, tinctorius in a pure culture synthesis.
Long (1973) studied pot-grown seedlings of loblolly pire (Pinus taeda L. from 15
full-sib families in growth chambers. Following inoculation with the myvcorrhizal
fungus P. tinctorius, the frequency of mycorrhizal feeder roots was significantly
different among the families. In the same study, genotype x fungus interaction
alsc showed a significant influence on seedling development indicated by the
geretic variability of seedling characteristics in different fungal treatments.
Mason (1773) carried out a pure culture synthesis with two seed sources of Betula

pendula Foth and five fungal isclates of Amanita muscaria (L. ex Fr.) Pers. ex

Hooker. The results indicated that both host and fungal genotypes affected the
formation of ectomycorrhizae; the largest difference between seedlots within &
sirgle fungal isolate was 10% and between fungal isclates within a seedlot was
40%. Alsa, the degree of fungal stimulation on root production varied between the
two seed sources as shown by a 30% difference i root numbers. Cline and Reid

(19:22) reported that the seed sources of Finus contorta and P, pondercsa

influenced the degree of ectomycorrhizal formation with Pisclithus tinctorius and

Suillys granulatus. From their results, Cline and Reid concluded that no single

mycorrhizal fungus was universally superior in growth improvement or in
mycorrhizal formation among all seed sources within a tree species.

Genetic variatior in root development has been studied on a few tree species,
but most studies concentrated on gross root traits such as volume and weight
(Bilan, 1971; Brown, 196%; Kriebel 1963). Additive gene effects on the number of
lateral roots and total root weight have been found on loblolly pine seedlings

(Stonecypher et ai, 17485). The existence of genetic control of lateral roots and



root dry weight was also demonstrated by Long (1973) on four-month-old loblolly
pine seedlings. In addition, he found that feeder root proliferation and feeder root
dry weight were strongly affected by additive genes, and family means of the
incidence of ectomycorrhizal feeder roots were significantly different. Genetic
control of feeder root proliferation was also found on the seedlings from six
half-sib progenies of slash pine by Marx and Bryan (1971),

Little is Kknown about geretic variation in provenances and in families of
tamarack., Considering its continuous and trans—-continental distribution, genetic
variation across the ranse of the species is expected to be clinal for some
characteristics with gradual changes occurring along envirenmental gradients
{Rauter and Graham, 1923). Significant differences between provenances of the
tree have been found for height, diameter, and survival rate by Jeffers, (1973),
Cech et al, (1977), and Park and Fowler (19233). Rehfeldt (1770) reported that root
pattern and total height of two-vyear-old seedlings of tamarack were significantly
different among families within a provenance. Based on that finding, he suggested
that tamarack is highly variable at the intrapopulation level. The difference among
families was alsc reported by Park and Fowler (1921) for germination and survival

of tamaracK seedlings.

MYCORRHIZAL SYNTHESIS APPROACHES

When a new mycorrhizal fungus is selected for artificial inoculation of &
potential host, the first step is to test the fungus—host specificity. This test is
usually done by using the technique of pure culture synthesis, which was first used
by Melin (1922) and has been modified by various investigators (Marx and Zak, 1965;

Trappe, 1767; Molina, 1279). Results from the technique not only enhance the



understanding of the complexity of mycorrhizal associations in nature but also
provide the morpholegical and anatomical characterisics for distinguishing and
tlassifying ectomycorrhizal fungi. Use of pure culture synthesis has also led to
discovery of important physiological aspects of the symbiosis, including uptake of
nutrients and water by the fungus and translccation to the host (Duddridge et al,
1930).

After the fungus-host specificity is confirmed by initial tests, large scale
mycorrhizal inoculation can be conducted in greenhocuses and nurseries. With
control of growing conditions in greenhouses, a number of environmental factors
has been studied for their influences on mycorrhizal development (Riffle and
Maronek, 19:32). Most mycorrhizal fungi are adapted to low fertility levels
(Maronek, et al, 19%1; Molina and Chamard, 1932). Temperature and soil moisture
are also critical to mycorrhizal formation (Reid, 1972). As well, mycorrhizal
development in inoculated soils and container growing media may be suppressed or
prevented by indigenous microorganisms (Riffle and MaroneK {932). To avoid or
reduce the effects of these environmental factors on mycerrhizal development, the
maintenance of low fertility and water levels as well as sterilization of growing
media are culture practices used in mycorrhizal inoculation programs in

greenhouses and nurseries.
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MATERIALS AND METHODS

SEED SOCURCES AND FUNGAL SYMBIONTS

Seeds of tamaracK were obtained from the nation-wide collection of the
Petawawa National Forestry Institute, Canada. The seedc represented four
provenances of tamaracK in Ontario. Each provenance consisted of ten
open—pollinated families. For each of the two provenances from Ignace
Township{IT) and Manitouwadge(MA), seeds from ten open-pollinated trees were
mixed into one seedlot, while the seeds from the remaining two provenances of
Morley Township(MT) and Willison Township(WT) were Kept separately for each of
the families. Because of low germination of several families within provenances
MT and WT, the numbers of families available for study were reduced to eight in
the provenance MT and to nine in the provenance WT. Detailed descriptions of the
zeed sources are presented in Table 1.

The vermiculite-based inocula of four ectomycorrhizal fungus species,

Pisolithus tinctorius (Pers.) Coker & Couch, Suillus granulatus (L. ex Fr.) O. Kuntze,

Laccaria laccata (Scope. ex Fr.) BK. & Br. and Cenococcum geophilum Fr. were

provided as experimental samples by the Sylvan Spawn Laboratory, Kittanning,
Pennsylvania, USA. The inocula were packed in sterilized plastic bags,
air-shipped, and received on April 23, 1924, Cultures were made from each
imoculum bag to check for contamination and to obtain pure cultures of these fungi.
The inocula were then stored at 4C until used in the greenhouse experiment. Other

fungal isolates, Hebeloma crustuliniforme (Bull. ex St. Am) Quel. and Rhizopogon

vinicolor Smith, were alsc obtained from the Sylvan Spawn Laboratory, and Laccaria

prozima Boudier, Amanita porphyria (A. & S, ex Fr.) Secor and Suillus tomentosus
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Table 1. Provenances and open-pollinated families of tamarack
from the Petawawa National Forestry Institute

Provenance Lat. Long. Elev. Seedlot Family# Germ, {2

Morley Twp 43 4z2- 94°10° 350m 25354 MT1 35.4
(MT2
L " " u 7535 deleted 0
" u " " 25546 MT2 60.4
" u " . 9357 deleted 0
" " " " 27358 MT3 76.2
“ " " " 2559 MT4 88.7
" " " " 2540 MTS 77
" n " " ?341 MT4 34.5
" n " " ?562 MT? /8.3
" » " " 9363 MT2 81.48
WillisonTwp 47" 52° 80" 28° 300m 2574 WT1 43.4
o . " " 9575 WT2 87.9
n " " u 2576 deleted 0
" " " " 9577 WT3 88.7
" " " " 2578 WT4 87.5
" " " " 2379 WTS 87.5
" u n " 2580 WT& 80.8
" " " " 2581 WT? 73
" " " " 2582 WT8 90
" " " " 2583 WT? 85

Ignace Twp 497257 91 40° 450m composite
(ITH 28615-9624 - 40.4

Manitouwadge 49°15° 84 00° 335m composite
{MA) 20123-20132 - 69 .1
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(Kauf.) Sing., Snell & DicK were received from the Forest Pathology Laboratory,

Lakehead University, Thunder Bay, Ontario, Canada.

PURE CULTURE SYNTHESIS

The seeds from two provenances MT and WT, mixed seeds from ten families
within each of the provenances, were surface sterilized by soaking for 45 min in
30% hydrogen peroxide and were rinsed with 2 liters of sterilized distilled water.
The sterilized seeds were then placed in Petri dishes containing 3% agar and were
incubated in a germination chamber with the temperature at Z23C, relative humidity
at 70%, and light intensity of 8000 Lx. After germination; germinants 2-5mm in
length were transplanted into glass test tubes (150 » 15mm). Prior to
transplanting, the test tubes were partially filled with 25ml of peat moss and
vermiculite substrate (1:10) and 1&ml of modified Melin-Norkrans (MMN) nutrient
solution (Marx 1969), and were autoclaved for Z0min at 121C. Two discs &mm in
diameter) with mycelium from the edge of 2-4 week-old colony grown on MMN agar
were aseptically transferred into each tube. Inoculation control tubes received
MMN agar only. About 10ml of sterilized distilled water were added to each tube
after transplanting, and the tube was covered by another 130xZ20mm test tube
(Appendix Figure 1), All the synthecsis tubes were randomly placed in a control
growth chamber with temperatures 24/17C (day/night), humidity 70%, and light at
approximately 11,000 Lx. This experiment included ten fungal treatments (9 fungi
and {1 control), two seed provenances, and five replicates in each treatment
combination.

After 156 weeks the seedlings were removed from the tubes and their roots were

gently washed free of substrate. External ectomycorrhizal characteristics were



13

examired and described with the aid of a dissecting microscope. Mycorrhizal short
roots were Killed in formalin-acetic acid-alohol fixative (FAA), embedded in
paraffin, secticned at 10um thickness, and staimed with safranin—fast green

{(Johansen 1940).

GREENHOUSE EXPERIMENT

Experimental Design
The greenhouse experiment involved four ectomycorrhizal inocula P. tinctorius,

8. granulatus, C. gecophilum and L, laccata and 19 seedlots from four provenances

and 17 open-pollinated families. Based on these materials and the use of

Ferdinand book containers (6 cells/book and 40cm3/cell), a split-plot factorial

design was made. This design was completed by using four replications as blocks,
five fungal treatments (4 fungi and 1 control) as whole plots assigned at random in
each block, and 19 seedlots as sub-plots assigned at random in each fungal
treatment within each block. Each sub-plot had & seedlings to provide a mean of
the treatment unit for statistical analysis. This design resulted in an

experimental size of 2280 (4x5x1%x4) seedlings in total.

Inoculation and Growing Conditions

A growing substrate containing equal volumes of sphagnum peat moss and
vermiculite was autoclaved at 121C for 20min to Kill resident mycorrhizal fungi.
One part of inoculum was mixed thoroughly with six parts of the growing
substrate. The mixed substrate was then filled into the containers. An equivalent
amount of sterilized vermiculite was added for the inoculation control. Seed was
sterilized by soaking in a 1% solution of sodium hypochlorite for 10min and was

then rinsed in running tapwater for 30min. Two or three seeds were sown in each
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celly and the seeded tube was covered with a 5-{0mm laver of sterilized
vermiculite. The contaimers were placed in a mist chamber for a weeK and then
moved to greenhouse benches. After germination the seedlings were thinned to
one per cell and transplanting was done between replications within a treatment
combination to fill empty cells. All the seedlings were grown at the temperatures
at 24/17C {day/night), humidity at 50-85%, and light of approximately 12,000Lx
over 17h provided by sunlight and sedium-vapor lamps. Seedlings were watered
with tapwater as needed. Two weekKs after germination, fertilization was started
with a soluble 20-20-20 NPK fertilizer at a concentration of 100ppm. Fertilization
was weekly until mid-July, then biweeKly until mid-September. From July, 5g of
0.9% iron chelate were added to the soluble fertilizer at each time of fertilization
to prevent chlorosis. The soluble fertilizer was dissolved in tapwater and evenly
distributed over all seedlings. During the 13-weeK period, each seedling received
approximately 34.32mg of N, 34.32mg of P, 34.32mg of K, 0.17mg of Fe, 0.09mg of
Mn,; 0.09mg of In, 0.09mg of Cu, 0.03mg of B; and 0.00img of Mo. To reduce the
effects of variable air flow and light on seedling growth in the greenhouse, the

positions of blocks and whole plots on the benches were rearranged biweekly.

Assessment of Seedling Growth and Mycorrhizal Formation

After eighteen weeks of growth, all of the seedlings were harvested and their
roots were washed free of the substrate with running tapwater. Attached pieces
of vermiculite or peat moss were removed with a pair of forceps. Washed
seedlings were wrapped in wet paper towel and stored at 4C for laboratory
examination. In the laboratory, three seedlings were selected randomly from each
treatment unit. Shoot height and diameter at root cellar were measured, and the

number of first order lateral roots longer than Scm was counted for each sampled
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ceedling. Three first order lateral roots 9-10cm in length were selected from each
seedling, and the number of second order lateral roots longer than Zcm was
counted. Then the three first order lateral roots were cut into Zcm segments,
mixed, and randomly chosen for mycorrhizal assessment under a dissecting
microscope. Up to 100 feeder roots were counted from the selected segments, and
the numbers of introduced ectomycorrhizae and indigenous ectomycorrhizae within
the 100 feeder roots were recorded. Root and shoot dry weights were determined
to 0.001g after drying at 75C for 24hr in a forced-air oven. In total fifteen

variables were measured and generated for the seedlings:

1. shoot height com (Height)
2. diameter at root collar mm (Diameter)

3. shoot volume cm3  (yalume)

4, shoot dry weight g {Shoot W)

5. rcot dry weight g {Root W)

8. shoot:root ratio g/g (S/R ratio)

7. total dry weight g {Total W

Z. number of the ist order lateral roots/seedling (ist LR)

9. frequency of the Znd order lateral roots/cm  (Z2nd LR)

10. frequency of introduced mycorrhizal feeder roots/cm  (Myc FR)

i1. frequency of introduced and indigenous mycorrhizal feeder roots/cm

(Myc+Ind)
12. frequency of total feeder roots/cm (Feeder R)
13. percent of introduced mycorrhizal feeder roots (Myc %)
14. percent of indigenous mycorrhizal feeder roots {(Ind %)

i5. percent of introduced and indigenous mycorrhizae {(Myc+Ind %).
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The indicator of shoot volume was calculated using the equation introduced by

Sinclair and Mary (1922):

Shoot Volume = Shoot Height x Diame‘cer‘? )

Qualitative observations were made on the shape, color, and mantle surface
features of the ectomycorrhizae to compare with the results of the pure culture

svnthesis.

STATISTICAL ANALYSIS

Analysis of Variance

As a split-plot experimental design, the descriptive model for the effects of
seed sources and mycorrhizal fungi on a single observation was developed as
introduced by Anderson and McLearn (1974). The linear model for analysis of

variance {ANOVA) with provenances as a random factor is:
YiK=u+Bi+ati)+ Fj+ BFij+ b)) + PK+ BPiK + FPJK + BFPijk {Model 1)

where, 1= 1...4; j= 1...5; K= 1...4

YijK = observation from the ith block, the jth fungal treatment, and
the Kth provenance

u = overall mean

Bi = effect of the ith block

afl) = restriction error due to the ith block

FJ main effect of the jth fungal treatment (Fixed effect)

BFij = interaction effect of the ith block and the jth fungal treatment

b(i)) = restriction error due to the jth fungal treatment within the
ith block

Pk = main effect of the Kth provernance (Random effect)

BPik = interaction effect of the ith block and the Kth provenance

FPjK = interaction effect of the jth fungal treatment and the Kth
pravenance
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BFFijKk= residual, interaction effect of the ith block and the Jjth
fungal treatment and the Kth provenance.
Since the families were nested in the provenances, the model used to derive

effects of family and family % fungus interaction is:

YijMl = u+ Bi + ali) + Fj+ BFij+b(ij)) + PK + BPiK + FPjK + BFPijK

+ G0l + BGKIiL + FJIGIKIL + BFGQ1 (Nested model)

where, i=1..4;j=1...3; k=1,2,and 1 = {...B
GiK1 = effect of the lth family within the Kth provenance (Random effect)
BiG(Kl= interaction effect of the ith block and the 1th family within

the Kth provenance
FiGiK)l= interaction effect of the jth fungal treatment and the 1th

family within the Kth provenance
BFijG(Kl= interaction effect of the ith blockK and the jth fungal

treatment arnd the 1th family within the Kth provenance

other terms are defined acs in Model .

ANOVA tables for these two linear models are illustrated in Tables 2 and 3. To
Keep equal sample size, seedlings were selected randomly over all the families
within each of the two provenances MT and WT for the analysis of variance with
the model {, and eight families were selected randomly from provenance WT for the
analysis of variance with the nested model. In both ANOVA tables, the interaction
eftfects of BFP and BF G were treated as estimate errors to test the effects of
seed sources and seed scurce » fungus interactions. Since there wacs no
appropriate F-ratic that could be provided by direct application of expected mean
squares, the Quasi F-ratio method (Winer, 1971) was used to construct proper
denominators for the test of fungal treatment. According to the variance
components of the mean squares, the Quasi F-ratio in the ANOVA of model 1 was

constructed as
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Table 2. Table of analysis of variance for the model |
Sources df Expected Mean Squares
B 3 02 + 502BP + 402b + 200%a + 2048
a 0 02 + 402b+ 200%a
F 4 02 + 402FP + 402b + 16¢F
BxF 12 02 + 40%b + 4¢BF
b 0 02 + 402
P 3 o2 + 2002p
BxP 9 o2 + 502BP
FxP 12 02 + 402FP
Residual 36 g2
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Table 3. Table of analysis of variance for the nested model

Sources df Expected Mean Sguares
B 3 02 + 302BG + 1602b + 48c%2a + 4848
a 0 02 + 1602b + 4802%a
F 2 02 + 402FG + 1602b + 64¢F
BxF 6 o2 + 1602b + 16¢BF
b 0 o2 + 1602b
P 1 02 + 1202G + 96¢P
BxP 3 o2 + 302BG + 24¢BP
FxP 2 o2 + 402FG + 324FP
BxFxP 6 02 + 84BFP
G 14 02 + 1202G
BxG 42 o2 + 302BG
FxG 28 02 + 402FG

Residual 84 a2




F’=MS(F1 / [MS(BF1)+MS(FPK-MS(BFPijK 1]
and the degrees of freedom for the denominators were determined by :

[MS(BFij)+MS(FPKI-MS(BFPijK) 12

2 2
MS(BFij)/dfl + MS(FPK/df2 + MS(BFPiJH)ZIdFB .

For the nested ANOVA,; the terms MS(FPJK), MS(BFPi K}, df2, and df3 were replaced
by MS(FG), MS(BFG), and their degrees of freedom.

When the variances of fungal treatments and seed sources were indicated
significantly different at P£0.05, the Tukey-HSD multiple range test was

performed to assess the differences among treatment means.

Variance Component and Genetic Correlation

Variance components were derived only for random effects in the ANOVA tables
by equating mean squares to their expectations and sclving the resulting
equations. For example, the equaticns in the nested ANOVA could be expressed in

matriy form:

M5 (G 1 0 iJ or

2
MS <FG) = 1 i {0 % TEG

2

MS iRezidual? 1 a 0 75

Megative variance components were interpreted as indicating a component of zerac,
or very small values. Positive variance components were expressed as percentages
of the total variance to compare the relative importarice of the source of variance

between seedling traits.
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Genetic correlaticns were computed for the variables between roots and shoots,
within roots, and between roots and mycorrhizal traits by using the eguation which

was introduced by Falcorner (1921) for half—-sib families:

rg = Ggtey) 7./ 9560 & o)

where Mg is the genetic correlation of seedling variables % and v, and Ogixy), "é(x),
2 . . .

and f%a{y) are family components of covariance and variance on the « and v

variables. The covariance components of % and v were calculated exactly the same

as variance components from analysics of covariance (Table 4).

Canonical Discriminant Analysis

Canonical discriminant analysis is a multivariate approach that determines
interrelationshigs among defired groups by classifying individuals. This technigue
has been widely used to solve taxonomic and systematic problems in biological
studies (Pimentel, 1979).

The application of canonical discriminant analysis in this study was to answer
the following questions:

1. Were there significant differences of overall seedling response among the
fungal treatments?

2. If the fungal treatments exhibited statistical differences, to what extent did
the fungal treatments differ?

3. What was the relative importance of each variable to the discrimination of
fungal treatments?

From this multivariate analysis the parameters which strongly contributed to

the difference between fungal treatments were derived by ordering the correlation
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Table 4. Table of analysis of covariance with the nested model

Sources df Expected Cross Products
B 3 O + 308G + 160D + 48073 + 4808
a 0 O+ 1660 + 4803
F 2 O+ 40FG + 166D + 640F

BxF 6 O+ 160b + 16OBF
b 0 0o+ 160D
P 1 o+ 120G + 960P
BxP 3 o+ 3GT6 + 24GBP
FxP 2 o+ 40TFG + 320FP
BxFxP 6 g + 80 BFP
G 14 o—+ 1266
BXG 42 O+ 308G
FxG 28 g+ 40FG

Residual 84 g

Covariance component of seedling variable » and vy.
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coefficients and the magnitudes of these correlations in the caneonical discriminant
functions,

Two other statistical methods, Spearmar’s rank correlation and linear
regressions, were also used to interpret the relationships between seedling
variables.

All computations for above statistical procedures were done using the SPSS
statistical package on the YAX11/7580 computer at the Lakehead University

Computer Centre.

Assumptions of Data Analysis

The validity of derived results from statistical methods such as analysis of
variance depends upon assumptions of independence, normality, homogeneity of
variances, and additivity of data. It was accepted without verification that the
measurements of the designated traits were random variables whose error
variances were additive in nature, and that the randomization procedure in the
split-plot design produced independent observations. Homogeneity of variances
among treatment groups was examined with Bartletts’ test (Sokal and Rohlf, 1931)
and the assumption was accepted at P:0.05. The relatively small number of
cbservations prohibited normality of data for some variables, but the normal
probability plot indicated close to a normal distribution pattern for most of the
variables. Logarithmic transformation of data was made only for the variable of
shoot/root ratie.

The assumptions for discriminant analysis are those of variance analysis
extended to the multivariate situation. Multivariate homogeneity was examined by
using Bartletts’ Box tecst, and multivariate significances were tested by using

Wilks’ and Roys’ procedures at P<0.05 level.



RESULTS

ECTOMYCORRHIZAL FORMATION IN PURE CULTURE SYNTHESIS

Seedling shoots developed normally in most of the tubes and reached an average
height of 4.9cm. Mo obvious differences in seedling growth and mycorrhizal
formation existed between the two provenances. A very few seedlings inoculated

with H. crustuliniforme and P. tinctorius were stunted in growth and had reddish

rneedles. All attempts to reisclate the introduced mycobionts from culture
substrate were successtul.
Degreecs of ectomycorrhizal formation varied among fungus species: H.

cructuliniforme, P. tinctorius, and C. geophilum formed more than 75 percent of

mycorrhizae over the total feeder roots; L. laccats and L. proxima formed about 30

to 60 percent; A, porphyria, B, vinicolor, and S. granulatus failed to form any

mycorrhizae, although the three fungi colonized most short roots. §S. tomentosus

grew very slowly in the test tubes and did not colonize root systems. The
formation of feeder roots was stimulated in the seedlings inoculated with fungi.
In one instance, a few seedlings inocculated with R. vinicolor exhibited a
dichotomously branching habit.

Ectomycorrhizal morphology was fungus dependent and varied in macroscopic
color, mantie hyphae, mantle texture, and Hartig net development. Details of the
morphological and anatomical features are described below by individual fungus;,

and necessary references are made to previous studies on these fungi.

Cenococcum geophilum (Fig.i.a and Fig.2.a)
Mycorrhizae were well developed, jet black, heavily extencsive, monopodial, and

1-5mm long., Mycelia were black, rhizomorph-like, extending from feeder rcots to
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Figure 1. Gross morphology of ectomycorrhizae and colonized feeder roots

of tamarack seedlings in pure culture synthesis

* Figure b and ¢ are at x1.4; and Figure a, d, e, ¥, g, and i are at x94.



Croscs sections of ectomycorrhizae and colonized feeder roots

2.

Figure

of tamarack seedlings in pure culture synthesis
the figures are at x800.

¥ All
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lateral roots, and colonizing the whole root system. Cross sections revealed that
mantles were well developed, 20-30 um thick, and tightly interwoven. Mantle
surface hyphae were black, thick-walled, stiff, coarse, and 2-5um in diameter;
simple septae and clamp connections were rarely present. Hartig net penetrated
only between the outer two lavers of unturgid cortical cells. These cortical cells
were separated by 1-2 lavers of hyphae.

C. geophilum formed about 20% of the total mycorrhizae with the feeder roots
in pure culture synthesis. This fungus is the most ubiquitous and most easily
recognizable ectomycorrhizal symbiont. More than 200 tree species including
tamarack have been found toc form mycorrhizae with this fungus (Trappe, 1982;

Molina, 1929; Molina and Trappe, 1732).

Pisolithus tinctorius (Fig.i.b and Fig.2.b)

Mvcorrhizae were bright vellow or bright golden color, swollen, simply branched
or coralloid, 2-7mm long with a tomentose surface. Pale yellow to dark brown,
thread-like rhizomorphs grew arcund the lateral roots and penetrated into the
substrate. The mantle was uniformly developed, 90-110um wide, tightly
interwoven, and become loose at the mantle surface. Mantle surface hyphae were
2-4um in diameter, vellowish, weft-like and thick-walled; septae and clamp
connections were widely present. Hartig net extended into the endodermis for 4 to
9 layers of cells. Cortical cells and an exterior layer of endodermis cells were
incorporated into the mantle; the inner layers of endodermis cells became radially
elongated.

P. tinctorius formed abundant ectomycorrhizae with tamarack over about &5 % of
the total feeder roots. Marx (19277b) reported that this fungus had proven

experimentally to form mycorrhizae with 47 tree species and had been observed in
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ascsociation with 25 additional host species. In a study of pure culture synthesis,
Molina and Trappe (1982) found that this fungus formed more than 75% mycorrhizae

with western larch seedlings.

Hebeloma crustuliniforme {(Fig.i.c and Fig.Z.c)

Individual mycorrhizae were often pale white at the root tips and became brown
or dark brown near the bases; they were typically club-like; externsive and 2-5mm
long. Attached mycelia and rhizomorphs appeared loose, weft-like, connected
directly to the mantle surface, and grew along lateral roots. The mantle was
well-developed, about 100um thick, wooly or velvety in surface texture and was
formed by white, thin—-walled mantle hyphae with diameter at 2-3um. Mantle hyphae
were loosely interwoven but became compact near the root surface. The Hartig net
perietrated the whole endodermis causing cells that were irregular in form and
were separated by 1-4 layers of hyphae., Cortical cells became flaccid and were
included in the mantle structure.

H. crustuliniforme formed about 55% ectomvcorrhizae to total feeder roots in

this pure culture condition. This fungus is one of the fastest growing mycorrhizal
symbionts and has been successfully used for inoculation of containerized
seedlings of white spruce (Picea glauca ({Moench) Voss) (Navratil, 1723) and
Douglas—fir in a pure culture synthecsis (Trappe, 1967). Trappe (1942) listed more
than 12 tree species associated with this fungus, but tamarack was not among

them.

Laccaria laccata {Fig.l.d and Fig.2.d)

Mycorrhizae were pale yellowish or brown with white to pinkish tips; the
surface was smooth or slightly tomentose, swollen near root tips, monopodial, and

1-4mm long. Thread-like mycelia grew along lateral roots and into the substrate



from the mycorrhizal roct surface. Attached hyphae were pale white, thin-walled,
and 2.4um in diameter. The mantle was relatively thin, 10-230um wide, and compact
on the root surface. Mantle hyphae were parallel or interwaoven, pale white,
thir~walled, 1-3um in diameter, and with septae and clamp connections. Hartig net
wac well developed, and extended into the endodermis 4-5 cells in depth; the cells
were separated by 2-4 lavers of hyphae. Two tiers of cortical cells at the
periphery of the root became unturgid and were incorporated into the mantle.

L. laccata formed relatively fewer ectomycorrhizae, about 50% ectomycorrhizal
feeder roots out of the total feeder roots. Trappe (1952) listed eight genera of
tree hosts forming mycorrhizae with L. lacexta. This fungus has been successfully
ucsed for inoculations of many coniferous species in greenhouses, nurseries, and
outplanting sites {Mclina, {920; Shaw and Molina, 19%0; Navratil, 1{925). Studies of
pure culture syntheses with this fungus also resulted inm abundant mycorrhizal

formation of several tree hosts (Molina and Trappe, 1922).

Laccaria proxima (Fig.i.e and Fig.2.e)

Mvcorrhizae ranged from brown to dark brown in color; they were unswollen,
monopodial, 2-5mm long and had a tomentose surface. Cross sections showed the
thin mantle to range from 0 to {Sum thick, but became 50-100um near root tips.
Mantle hyphae were white, thin—-walled, {-3um in diameter, multi-branched with
septae and clamp connections present. The Hartig net penetrated into the
endodermis for 3-4 cells separating cells by 1-3 layers of hyphae. Development of
cortical cells was unaltered.

Little is known about the mycorrhizal assoication of this fungus with trees.
Danielson and others (1924) reported that L. proxima formed abundant

ectomycorrhizae with jacK pine containerized seedlings in low fertilizer regimes. In
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this pure culture synthesis this fungus formed ectomycorrhizae with about 45% of

the total feeder roots.

Suillus granulatus (Fig.l.f and Fig.z2.f)

S. granulatus failed to form ectomycorrhizae with tamarack seedlings in this

study. Short rocots were dark brown, simply branched, colonized by grayish hyphae,
and showed a mantle-like, slightly tomentose root surface. Cross sections
revealed that no mantle and Hartig net were formed although some cells in the
erndodermis had intracellular infections. Cortical cells appeared normal and often
were deeply stained with safranin.

This fungus has been reported to form ectomycorrhizae with more than 30 tree
species and is frequently associated with pines (Trappe, 1762). Experimental
studies have shown that this fungus formed ectomycorrhizae in pure culture

synthesis with numerous pines (Mary and Stewart, 1924; Cline and Reid, 17&2).

Rhizopogon vinicolor (Fig.i.g and Fig.2.q)

Abundant hyphae grew to the substrate and colonized about 20 percent of the
root system, but no ectomycorrhizae were formed., Colonized short roots were
brown or dark brown, simply or dichotomously branched with pale white, loose
hyphae on the root surface. Cross sections showed no regularly developed mantle
or Hartig net. Cortical cells and most of the endodermis cells collapsed in various
stages and were deeply stained with safranin.

R. vinicolor formed ectomycorrhizae with Douglas—fir and western larch in pure
culture synthesis (Molina and Trappe, 1922). Mexal et al (1979) found that this
fungus formed no true mantle and Hartig net, but caused abnormal cortical cell

develocpment in short roots of lodgepole pine (Pinus contorta Dougl.).
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Amanita porphyria (Fig.l.h and Fig.2.h)

This fungus failed to form ectomycorrhizae with tamarack in this study.
Mycelia penetrated the entire growth substrate and colonized about 60 percent of
the root system. Short rocots were dark brown, extremely narrow, simply branched
arnd covered with a mantle-like mycelial mat. Cross sections showed cortical cells
and endodermis cells that were normally developed and stained deeply with
safrarin.

Trappe (19582) indicated that some species of Picea and Abies as well as Pinus

form ectomycorrhizae with this fungus.

ECTOMYCORRHIZAL FORMATION IN CONTAINERIZED SEEDLINGS

Qualitative Observations

Ectomycorrhizal formation with contaimerized seedlings was similar to the
results of the pure culture synthesis. The ectomycorrhizae formed by L. laccata, C.
gecphilum and P. tinctorius were succecssfully identified and were eacily

distinguished from indigenous ectomycorrhizae. S. granulatus again failed to form

ectomycorrhizae, though this fungus colonized about 20-30% of the feeder roots.

All the seedlings formed ectomycorrhizae with unidentified indigenous fungi, but
the degree of the indigenous mycorrhizal formation varied with fungal treatments.
The greatest degree was with the control and C. gecphilum, and the lowest was
with L. laccata. Mycorrhizal formation between indigenous and inoculated fungi
appeared to be negatively correlated.

Macroscopic characteristics of the indigenous ectomycorrhizae were similar in
all experimental units. In the top layer of the root system the indigenous

mycorrhizae were reddish brown or dark brewn, strikingly narrow cylindric, 1-3mm



leng, and with no well-developed mantles; in the middle or bottom laver of the rocot
system the indigenous mycorrhizae were pale white to yellowish in coler, slightly

swollern, simple~club-cshaped, 2-5mm long, and with a smooth hyphal mantle.

Effects of Fungus Species and Seed Sources on Mycorrhizal Formation

Analysis of variance (Table 5 and 8) showed that the frequency and the percent
of introduced mycorrhizae were significantly affected by fungal treatments, seed
sources, and seed source ® fungus interactions. The difference in mycorrhizal
formation between fungal treatments was mainly attributable to the L. laccata
treatment which accounted for 60% of mycorrhizae to the total feeder roots. In
contrast the other two fungi formed mycorrhizae at much lower level, 6.86% and 12%

of the total feeder roots for C. geophilum and P. tinctorius, respectively (Figure

3.

Provenances showed significantly different compatibilities to mycorrhizal
formation with the fungi tested (Figure 4). Compared to the others, the provenance
WT was superior in forming mycorrhizae with L. laccata, but not with the other two
fungi. The provenance MA showed highest mycorrhizal formation with €. geophilum
and P. tinctorius and secondly with L, laccata. The greatest overall mycorrhizal
formation for all the provenances was associated with L. laccata, followed by P.

tinctorius and C. geophilum.

The significant difference in mycorrhizal formation among families is shown in
Table 8, and the differences between the means are illustrated in Figure 5. Since
families were nested within provenances, it was necessary to estimate the family
variance in mycorrhizal formation within a single provenance. Results of the
partition ANOVA (Appendix Table 1) showed that family variability in mycorrhizal

formation was different between provenances. The families in the provenance WT



Table 3. Mean squares in the ANOVA of the model

33

{ for tamarack

seedling characteristics a
Source df Height Diameter Volume ShootW Root W
Fungus {F> 4 $.513 0.181 343.9 0.018 0.00s
Block X F 12 1.805 0.030 41.97 0.005 0.004
Provenance{(P) 3 21.59%% 0,045 254.4 0.013 0.004%
Block X P 9 2.425 0.044 159.3 0.011 0.001
FXP 12 2.335 0.040 74.19 0.003 0.002
Residual 38 2.813 0.085 126.4 0.004 0.001
Source df S/R Total W 1st LR 2nd LR FeederR
Fungus {F) q 0.332 0.07s 8.535 0.143# 0.7%94
Block X F 12 0.321 0.022 2.419 0.039 0.227
ProvenanceiP) 3 0.209 0.023 12.94=% 0.062 0.4679%
Block X P 4 0.127 0.019 3.351 0.048 0.103
FXP 12 0.382#% (0.012 1.3079 0.034 0.337%
Residual 3é 0.194 0.015 3.323 0.044 0.144

MwcInd b b

Source df Acm Myc % Ind % MvcInd¥
Fungus (F) 4 10.958% 11277%% 4924 ,7% 5081 .9%x
Block X F 12 0.139 43.10 16.62 51.576
Provenance{P) 3 0.791 %% 241 .8%x 4$.0064 209.91 %=
Block X P ? 0.099 16.21 21.23 40.4693
FXP 12 0.277% 83.42%% 51.36 113.16%
Residual 34 0.109 20.13 32.91 43.84

a Fungus effect were estimated using Quasi F-ratio.

b Excluding the fungal
freedom of fungal
fungus x provenance

treatment

treatment of S. granulatus, degrees of

is 3; block x fungus is %;

is 9; and residual is 27.

# Significance at P<0.05 level; #% significance at P£ 0.01 level.



Table 4.
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seedl ing characteristics a

Mean squares in the ANCNA of nested model for tamarack

Source df Height Diameter Wolume Shootld Rocot W

Fungus {F) 2 4,153 0.442%% 12483.7%% 0.037% 0.0108=

Block x F & 2.030 0.033 62.340 0.00% 0.0014

Provenancei{P) 1 1.759 0.079 252.17 0.00004 0.000%

Block x P 3 0.252 0.002 7.2700 0.0003 0.001%

FXP 2 12,14 0.035 249.35 0.00882 0.0013

Family (G w P) 14 &.4848%% 0.158#%# 354.05%¢ 0.017=# 0.0050%=

Block x Gw P 42 1.834 0.034 467.310 D.005S 0.00146

FXGwP 23 b.1248%% 0.050 144,23% 0.0G10%* 0.0027

Residual 34 1.279 0.032 88.413 0.0048 0.0020

Source d¥f S/R Total W 1<t LR 2nd LR FeederR

Fungus {F> 2 4,447+# 0.031 29.342%x%  0.433%# 0.797

Block x F b 0.434 0.004 1.587 0.015 0.082

Provemnance (P> 1 0.487 0.0083 40.9243% 0.0179 0.024

Biock x P 2 0.3772 0.008 3.4851 0.020 0.131

F XP 2 0.575 0.004 26.119%x 0,025 0.142

Family (G w P> 14 0.784#% 0.037#%+ 6.3581%% 0,093 0.3797#%%

Block x Gw P 42 0.234 0.010 1.988 0.025 0.084

FXGwP 28 0.423 0.148 3.945% 0.040 0.476%%

Residual 34 0.308 0.018 2.137 0.0490 0.112
Mrclnd

Source df Acm Myc ¥ Ind X MycInd¥

Fungus <F> 2 72.241%%  45134.%%  2982.3%% 4183,0%#

Block x F é 0.0784 13.4354 2.124 21.784

Provenance (P> 1 0.0093 ?7.79? 103.04% 0.070

Block = P 3 0.007 17.544 10.4482 31.997

F XP 2 0.5338% 492.97%% 21,214 473.83%%

Family (G w P> 14 0.218%+ 84.3483¢x%  21,443%% 49 ,492%%

Block x G w P 42 0.0573 18.4645 6.078 21,337

FXG6wP 28 0.185%+ 84.,788%+ 34.,501%x¢ 91 ,119%x

Rezidual 34 0.737 13.301 7.138 20.732

a Fungus effect was ectimated using Quasi F-ratio; # significant

difference at P£ 0.05 level; *# significant difference at P£ 0.0l

level.
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were generally constant in mycorrhizal formation with L. laccata and had no
significant difference between their means. In contrast, the families in the
provenance MT were significantly different in mycorrhizal formation with both L,

laccata and C. geophilum.

Significant effects of family % fungus interaction (Table &) indicated that the
compatibility of families in mycorrhizal formation was not uniform. No family was

superior in mycorrhizal formation with either L. laccata or C. geophilum. For

instance, the family MT4 and MTS had a greater mycorrhizal formation with C.
geophilum than cothers, but not with L. laccata. The provenance x furngus
interaction {Table 5) affected mycorrhizal formation in the same manner as the

family ® fungus interaction.

EFFECTS OF FUNGAL TREATMENT ON SEEDLING DEVELOPMENT

Relationships of Seedling Growth and Ectomycaorrhizae

The relaticnships of seedling growth with the various ectomycorrhizae were
examined using Spearman’s ranK correlations based on 204 seedlings in each of the
three fungal treatments of L. laccata , C. geophilum, and control (Table 7).

Percentages of mycorrhizal formation by L. laccata and C. geophilum were all

positively correlated with shoot height, diameter, shoot and root dry weights.
Consequently, total dry weight and shoot volume were similarly correlated with
mycorrhizal formation. The relationships of root development and mycorrhizae
varied with root variables. Lateral root development including both ist and 2nd
order lateral roots was negatively correlated with mycorrhizal formation for the L.
laccata treatment. The frequency of total feeder roots was significantly and

positively correlated with mycorrhizal frequency for all of the fungal treatments.



w
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Since it had the highest correlation coefficient associated with mycorrhizal
formation, the frequency of feeder roots could be considered as the most important
factor for the development of mycorrhizae. The reverse relationship could also be
deduced; mvcorrhizal formation stimulated feeder root proliferation. The
contribution of indigenous mycorrhizae to seedling growth was basically the same
as that of introduced mycorrhizae in all of the treatment combinations. Therefore,
the evaluation of seedling response to ectomycorrhizae could be expressed by
combining inoculated and indigenous mycorrhizae in this experiment.

Regression analysis was used to derive the trend of mycorrhizal effects on
seedling growth. Considering the higher degree of mycorrhizal formation, the
regression analysis was applied to the L, laccata treatment only. Most of the
seedling variables showed a positive linear relationship with mycorrhizal
formation, but only a few were statistically significant. Based on the best fit 1o
data, the effect of mycorrhizal formation on shoot volume and total dry weight
appeared to be asymptotic (Figure & and 7). This result indicated that mycorrhizal
formation by L. laccata enhanced the biomass accumulation of tamarack seedlings

under the conditions of this study.

Seedling Response to Fungal Treatments

Throughout the analysis of variance, fungus effect was estimated by using
denominators computed using the Quasi F-ratic method. The degrees of freedom
varied with different seedling variables. Mean squares for all seedling traits are
summarized in Tables 5 and 6. Results indicated that fungus effects were
cignificant for seedling variables involving diameter, shoot volume, shoot dry
weight, root dry weight, shoot/root ratio, and lateral roots based on the nested

design model (Table &). Only crne trait, the frequency of Znd order lateral roots,
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was significantly affected by furgal treatments with the model 1 ANOVA (Table 5).
TuKey-HSD mean compariscn showed these significant differences among furngal
treatments in Table 2 and Appendix Table 2. Both dimensicnal and biomass
variables of the seedling shoot growth showed similar responses within a fungal
treatment. The greatest mean values of diameter, shoot volume, and shoot dry
weight were all in the L. laccata treatment. According to the relationship between
shoot development and mycorrhizal formation, the increase of shoot growth
resulted from the abundant mvcorrhizal formation by L. laccata. In contrast, the
effect of C. geophilum, which had much lower mycorrhizal formation, was not
significantly different from the control treatment.

Root response to fungal treatment, unlike the shoot traits, varied with root
variables within a fungal treatment. The frequency of Znd order lateral roots and
the number of ist order lateral roots were reduced in the L. laccata treatment.

The frequency of total feeder roots was significantly increased in the C. geophilum
treatment, and L. laccata appeared to have a similar effect on feeder root
frequency though it was not significant. Root dry weight was significantly
increased in the L. laccata treatment only. This increase in root dry weight could
have been caused by the accumulation of root biomass resulting from the beneficial
effect of mycorrhizal formation. Fungal tissue could be a factor in the increase of
root dry weight, but this contribution was very small and was ignored as indicated
by Sinclair and Marx (1932).

The significantly lower shoot/root ratio in the C, geophilum treatment (Table 2)
could be explained by the differential effects of this fungus on shoot and root
biomass. Although seedlings in the L. laccata treatment exhibited a 19% increase

in root dry weight and a 6% increase in shoot dry weight compared with the control,
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Table 8. Mean values of tamarack seedling characteristics in
three fungal treatments *

Fungal Treatment

Trait Contraol L.laccata C.geophilum
Height com 23.00%% 23.48 23.21
Diameter mm 2.35b 2.74a 2.35b
Shoat Yalume cmd 1.52b 1.79a 1.52b
Shoot Dry Weight g 0.42b 0.31a 0.4450b
Root Dry Weight g 0.1éb 0.1%a 0.18ak
Shoot:Root a’q 3.24a 3.01a 2.73b
Total Dry Weight g 0.44 0.67 0.45
1st order LR # 12.57a 11.35b 12.58a
2nd order LR cm 1.0%7a 0.92b 1.01ab
Feeder rocotscm 4.08b 4,22ahb 4,32x%
Myc + Ind FR/cm 0.7%c 2.7%a 0.98b
Mycorrhizal FR % 98.73x 6.12b
Indigenous FR ¥ 17.32a 6.390¢ 16.2%7b
Mwc + Ind FR ¥ 19.32b 85.28a 22.42b

* Mean values are bacsed on 204 seedlings.
#% Means followed by no or came letter are not siagnificant at
P=0.05 according to Tukey-H5D tect.
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this differential increase between shoot and root dry weights did not resultin a
csignificant difference of shoot/root ratio in the L. laccata treatment.

In summary, the L. laccata treatment affected both the shoot and root growth of
tamarack containerized seedlings; ©C. geophilum affected root development only;

and P. tinctorius and §. granulatus inoculations did not produce any significant

effect on seedling growth except on the frequencies of 2nd order lateral roots and

feeder roots which were significantly affected by 3. granulatus.

Estimates of Fungal Parameters and Effect Models

To provide an unbiased overall evaluation of fungal effects on seedling growth,
seedling response was examined by multigroup discriminant analvsis. This
multivariate approach was applied to all seedling morphological variables except
those mycorrhizal traits. The results of the three—group discriminant analysis

showed that fungal treatment groups, control, L.laccata, and C. geophilum, were

significantly different fram each other (Figure &). The 194 experimental units
(each unit had 3 seedlings) in the three fungal treatments were correctly classified
at 64.7% by the two canonical discriminant functions. The seedlings in the L.
laccata treatment were distinguished by the first canonical discriminant axis
(which summarized $5.4% of the variance) from the control and C. geophilum
treatments. The seedlings in the control treatment were differentiated by the
second canonical discriminant axis (which summarized 34.6% of the variance) from

the C. geophilum and L. laccata treatments.

The same multivariate approach was also applied to the five—-fungus-group case
(Appendix Figure 2). Seedlings receiving the five fungal treatments were clustered

into two groups; C. geophilum, P. tinctorius and control treatments were

discriminated from S. granulatus and L. laccata.
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Another advantage provided by discriminant analysis was the comparison and
the selection of indicator variables of fungal treatments. By ranking discriminant
variables with the largest camonical correlation and magnitude of the correlation in
discriminant functions, the sensitivities of seedling variables to a certain fungal
treatment could be determined (Appendix Table 3). Diameter at root collar was the
most indicative parameter of the L. laccata treatment, followed by shoot volume,
lateral root traits, and root and shoot dry weights. Shoot/root ratio, freguency of
feeder roots, and root dry weight were most sensitive to the C, geophilum
treatment. The lesser importance of shoot/root ratio in the first discriminant
function which separated the control from the L. laccata treatment indicated that
shoot and root dry weights were affected to the same degree by the L, laccata
treatment. Figure & shows the importance and behavior of each seedling variable
in response to fungal effects as indicated by the length and direction of the
variable in the discriminant space. For example, diameter and 1st order lateral
roots could both be the best indicators for the L. laccata treatment, but the
behaviors of the two variables were different; the growth of diameter was
increased and the growth of 1st order lateral roots was inhibited by this fungus,

as indicated by the different directions of the vectors.

Fungal Effect on the Relationships of Shoot and Root

The relationships between shoot and root variables were examined using
Spearman’s rank correlation within each of the fungal treatments (Appendix Table
4), These correlations were generally consistent among fungal treatments.
However, significant differences of the correlations among fungal treatments
cccurred between the frequency of feeder roots and the shoot variables; highly

significant (P{0.01) correlation coefficients in the C, geophilum treatment were
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obtained that ranged from 0.17 to 0.246. No significant correlation existed between
feeder root frequency and any shoot variable in the L. laccata treatment. The
development of both the 1st order and the 2nd order lateral roots was positively
correlated with diameter growth, shoot volume, and shoot dry weight in all the
fungal treatments. Shoot/root ratio was negatively correlated with shoot dry
weight, shcot volume, and diameter.

Root dry weight was positively and significantly correlated with all the shoot
variables in all the fungal treatments. Comparison of the linear regressions
among fungus treatments showed that the relationships of root and shoot dry

weights in both the C. geophilum and L. laccata treatments showed the same trend

vieldirng regression lines with a common slope. The different intercepts indicated
that shoot dry weight was greater in the L. laccata treatment than in the C.
gecphilum treatment while they both had the same root dry weights (Figure 9).
This relationship was independent in the control from that in the C. geophilum or
L. laccata treatments. The relationship bketween root dry weight and diameter was
different among fungal treatments, although the regression lines had similar
slopes (Figure 10). Larger gains in diameter growth with increasing root dry
weight were evident for the L. laccata treatment than for the C. geophilum

treatment.

EFFECTS OF SEED SOURCES ON SEEDLING DEVELOPMENT

The provenance effects were significant for five morphological variables,
including shoot height, rocot dry weight, st order lateral root, and frequency of
feeder roots (Table 5). The differences among provenance means were compared

using the Tukey-HSD test {Table 9). Provenance MA exhibited the highest
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freguency of feeder roots and the second largest number of 1st order lateral roots.
In contrast, provenance IT showed the lowest frequency of feeder roots while the
number of {st order lateral roots was not different from the provenance MA. Shoot
height was the only shoot variable that showed a significant difference among
provenances. The largest mean value of shoot height was in the provenance MA.
The aralysis of variance with the nested linear model (Table &) showed that
family effects were significant for all the seedling variables. Irn order to examine
the family effects within a single provenance; the model { for analysis of variance
was used as the partition ANOVA in which the provenance effects were replaced by
the family effects. Results (Appendix Table 1) showed that the family effects
were significant for five morphological variables in the provenance WT and for
eight in the provenance MT. Diameter, total dry weight,; shoot dry weight, and
frequency of feeder roots showed sigrnificant differences in families within the
provenance MT only. The number of i{st order lateral roots was significantly
different among the families within the provenance WT. The ranges of family
means within each of the two provenances are listed in Table 10. Generally, the
family means in the provenance MT showed greater variation for most of the
seedling variables than did the family means within the provenance WT. Therefore,
the higher significance of family effects upon seedling variables in the nested
ANOVA possibly could have resulted from the variance contribution of the families

in the provenance MT.

Estimates of Variance Components
Variance comporents (Table 11) were calculated only for the random factors; the
pravenance and provenance x fungus interactions in the model 1| ANOVA; and the

family and family % fungus interactions in the nested ANOVA. Being experimental
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Table 9. Means values of tamarack seedling characteristics in four
seed provenances
Provenance
Overall

Trait mean Me& MT 1T WT
Yolume  cm3 1.494% 1.804 1.747 1.557 1.449
Height cm 232.454 24.882a 23.3487ab 22.6%2b 22.4675b
Diameter mm 2.473 2,871 2.724 2.411 2,692
1st LR # 12.167 12.417ab 13.100a 11.747ab 11.183b
2nd LR “cm 1.047 1.125 1.008 1.047 1.008
Feeder R</cm 4,245 4.5153a 4.212ab 4.120b 4.134ab
oot W Q 04.1848 0.173 0.194 0.170 0.202
Shoot W g 0.303 0.307 0.528 0.468 0.307
5/F ratic g/q 2.842 2.934 2.813 2.940 2.742
Total W g 0.705 g.722 0.724 0.453 0.71%
Myc FR “ %% 58,958 83,000ab 48.333b 54.500ab 48.000a
Myc FR  /cm #% 2.683 3.013ab 2.08%70 2.505ab 3.042a

*# Mean values were based on 40 seedlings and means followed by no or
same letter are not significant at P=0.05 lewel according to
Tukey-HSD test.

*#% For seedlings

in the L.

laccata treatment only.
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egrrors, the components of residuals were the results of environmental and genetic
differences, and therefore, were usually associated with the largest variance
component. The interactions of seed source ¥ fungus, if they were significant,
were often associated with the second largest variance components. The variance
components associated with family effect were generally the smallest for most of
the variables. By comparing the sizes of the variance components between
variables, the relative importance of genetic control on the development of ist
order lateral rocts, frequency of feeder roots, and mycorrhizal formation were
confirmed at both provenance and family levels. Relatively larger variance
components associated with the seed source x fungus interactions indicated that
the influence of genetic control on feeder root development and mycorrhizal
formation probably varied with fungal treatments.

In order to compare the manifestation of the fungal effect on tfamily variance;,
the variance components of families were also estimated within each of the fungal
treatments. Results (Table 12) showed that the variation attributed to family
effects was greater in the L. laccata treatment for diameter, roct dry weight, and
shoot/rocot ratio, but was less than for other fungal treatments for shoot dry
weight and shoot height. Except for shoot/root ratio and frequency of Znd order
lateral roots, the variarnce components associated with family effects for all the
variables were similar for the control and C. geophilum treatments. Significant
family control of feeder root frequency and of mycorrhizal variables existed in all

three treatments.

Genetic Correlation
Genetic correlations were estimated for all possible pairs of measurements

based on 16 families from the provenance MT and WT (Table 13). However, the
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Table 12. Estimates of variance components of families for tamarack

seedlings within individual fungal

treatment partition nested ANOVA

treatment, derived from

6 % %

Trait Control L., taccata C.qegphilum

Value “ Value “ Value “
Height 1.9725%% &3 0.4571% 19 1.1086%% 42
Diameter 0.0097% 19 0.0128*% 30 0.0067 12
Volume 0.0334%% 31 0.0402#¢ 20 0.0260% 25
Shoot W 0.0027%% 29 0.0004 10 0.0017% 248
Root W 0.0001 3 0.0011%¢ 44 0.0001 4
5/R ratio 0.0121 3 D.1343%% 33 0.0311 15
Total W 0.0032% 20 0.0014 7 0.0025 17
tst LR # 0.4955% 23 0.4250 15 1.1101%% 33
2nd LR/cm 0.007%? 14 0.00E85% 24 0.0107% 21
Feeder R/cm 0.0738«% 39 0.1327%% 43 0.0537#+% 33
Myc FR X 32.2785%% 44 12.8718%% 46
Myc+Ind FR ¥ 7.48%1#x 33 23.3520#+ 47 11,1911%% 30
Mry+In FR/cm 0.0249#% 64 0.0431# 25 0.0279%x% 31

* and ** Significant variance components at P£0.05 and P=0.01 level;

#% magnitude of family variance

in total

variance.
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relaticrships between root and shoot growth, roat development and mycorrhizal
formation, choot development and mycorrhizal formation were the main interests of
this study. In order to derive genetic correlations, the family variance components
in Table 11 and the covariance components in Appendi: Table 6 were used. The
cross products of covariance, from which the covariance components were derived,
are summarized in Appendix Table S.

Lateral root traits and root dry weight were strongly correlated with diameter
growth and shoot dry weight. However, no genetic relationship was exprecsed
between feeder root frequency and shoot development. All of the root traits
except feeder root freguency, were strongly and negatively correlated with
mycorrhizal variables. Positive gernetic correlation existed between feeder root
frequency and mycorrhizal traits. Thece relationships between mycorrhizal and
root traits verified again the hypothesis that mycorrhizal formation might inhibit
lateral root development and stimulate feeder root proliferation. The correlations
between mycorrhizal traits and shoot development varied from negative to
positive; diameter and shoot dry weight were negatively correlated with
mycorrhizal formation while height was positively correlated. These negative
correlations are inconsistent with Spearman’s correlation results. This
disagreement may be caused by two factors; first, the negative correlations
between mycorrhizal and lateral root traits may lead to a negative correlation
between shoot and mycorrhizal traits since relatively stronger genetic correlation
existed between lateral root traits and diameter and shoot dry weight; and
secondly, estimates of gemetic correlation are usually subject to rather large
sampling errors when dealing <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>