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ABSTRACT

Wiensczyk, A.M. 1989. The Effective Root Growth Potential of Jack Pine
(Pinus banksiana Lamb.) Container Stock. 154 pp. Major Advisor;
R.J. Day.

Key Words: Root Growth Potential, Pinus banksiana (Lamb.),
Can-Am #2 Multipot, FH-408 Paperpot, container stock.

The effective root growth potential (RGP) of both potted and
outplanted jack pine seedlings grown in Lannen-Sokeri FH-408 paperpots
and Can-Am #2 Multipots was measured on three test dates during the
summers of 1986 and 1987. Effective RGP refers to the potential of
outplanted container seedlings to extend new white roots into the
surrounding soil. In 1987 two crop types, overwinter and current crops,
were also compared. Effective RGP was measured in three zones: 1, the
upper half of the cylindrical area containing the container plug; 2, the
lower half of the same area; and 3, the bottom of the plug. The number
and length of white root tips projecting from the plug were counted and
measured to determine root number (RN) and total root elongation (TRE)
in cm from each zone for each container type. Seedlings grown in the
Can-Am #2 Multipot had a significantly higher effective RGP than
seedlings grown in the FH-408 Paperpot at all three test dates for both
data sets in 1986 and 1987. Effective RGP was highest from root zone 3
for seedlings grown in both container types. The overwinter crop also
had a higher effective RGP than the current crop seedlings. This
difference was significant only in the potting trial.

The morphological development of the three crops of seedlings used
in this study was alsoc monitored. Seedling height, root collar diameter
and shoot and root dry weights were measured at two week intervals
throughout the greenhouse production phase. The Can-Am #2 Multipot stock
showed both superior morphological characteristics and regenerated far
more roots after outplanting than stock grown and outplanted in Japanese
Fh-408 Paperpots. The results of this study support the hypothesis that
seedlings grown in a container~free plug system such as the Can-Am #2
Mulitpot which are planted with an unrestricted rootball will exhibit a
higher level of root egress as expressed by higher effective RGP values
than those seedlings grown in the FH-408 Paperpot which are planted with
the paper barrier of the container still surrounding the rootball.

It is recommended that serious consideration be given to converting
from the use of restrictive containers like the FH-408 Paperpot to
container~-free plugs for the production of forest tree seedlings. Some
recommendations for future research are also made.
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INTRODUCTION

In 1988 approximately 41.7 million jack pine (Pinus banksiana
Lamb.) container stock were produced for reforestation in Ontario (For.
Resources Group, Sault St. Marie, 1989, pers. comm.). Most of this stock
were grown in Japanese FH-408 Paper Pots (70 ml in volume) and wére
outplanted with the cylindrical wall of the pot intact. There is
concern, however, about the adequacy of the root development of paper
pot stock after.outplanting because of the limitations to root
development imposed by the paper wall ¢of the pot. Furthermore, the
restricted root development wrought by this production system has, in
some instances, led to subsequent instablity.

In eastern Canada, many of the forest companies have converted from
paper pots to container-free plugs such as the Can-Am #2 Multipot (67 ml
in volume) to improve the root form of stock and stability of
plantations. For example, owing to acute difficulties with the root form
and stability of young jack pine plantations grown from stock produced
in FH-408 Paper Pots, J.D. Irving Ltd., a forest resource company in St.
John, New Brunswick replaced their system of seedling production with
container-free plugs in 1982. In British Columbia and in the Maritime
Provinces of Canada, the production of container-free plugs now exceeds
that of paper pots (Smyth and Brownright, 1983).

Stability problems reported for older jack pine plantations
established using container stock grown in Japanese FH-408 Paperpots
often begin as a result of poor initial root egress caused by the
barrier imposed by the paper wall of the Paperpot container. This
barrier results in a low effective root growth potential (RGP) which
also has an effect on the initial survival and growth of these seedlings
as it has been shown that RGP has a major influence on seedling survival
and growth after outplanting (Ritchie, 1985). Ritchie (1985) states that
it is imperative that a seedling extend new roots into the surrounding

soil matrix in order that new reserves of soil moisture and nutrients,
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which are essential for seedling growth, can be tapped. Day et al.

(1976) stated that RGP is one of the most critical indicators of the
physiological condition of the stock. It is important to note that a
seedling may have a high RGP at the time of outplanting and still have a
low 'effective' RGP if the roots do not egress from the container plug
into the soil.

Seedling RGP may also be influenced by seedling morpheology,
especially root dry weight. It has been found in several studies
{(Arnott, 1974; Scarratt, 1974; Armson, 1975 and Barnett, 1984) that
seedling size has an affect on seedling survival and rates of growth
after outplanting.

RGP can be defined as "the potential of transplanted or outplanted
nursery stock root systems to initiate or elongate new white roots
shortly after transplanting or outplanting" (Day, 1981). The terms Root
Regeneration/Regenerating Potential (RRP) and Root Growth Capacity (RGC)
have also been used throughout the literature to describe the same
measure of seedling physiology. Effective RGP refers to the potential of
outplanted container stock to initiate or elongate new white roots from
within the container plug into the surrounding soil shortly after
outplanting. The effective RGP of seedlings not only depends on the
physiological state of the seedlings at the time of outplanting, but it
also depends on the presence of any physical barriers which inhibit root
egress such as, the paper wall of the paperpot container. Regrettably,
little is known about the RGP or the effective RGP and subsequent
~development and egress of the roots of trees produced in container-free
plugs owing to lack of research.

It is hypothesised by the author that seedlings grown in a
container~free plug system such as the Can-Am #2 Multipot which are
planted with an unrestricted rootball will exhibit a higher level of
root egress as expressed by higher effective RGP values than those
seedlings grown in FH-408 Paperpots which are planted with the paper
barrier of the container still surrounding the rootball.

The above hypothesis was evaluated in terms of the following

objectives:



Principal Objectives:

1. To evaluate the effective RGP of jack pine container stock grown in
Japanese FH-408 Paperpots and Can-Am #2 Multipots for both a
current crop and an overwinter crop and potted over three test
dates during the outplanting season under controlled-environment

conditions.

2. To determine the effects of the field environment on the expression
of the effective RGP of jack pine container stock produced under
the two crop schedules.

Secondary Objective:

3. To monitor the progression of seedling height, root collar
diameter, shoot dry weight and root dry weight during the
greenhouse production phase ofs jack pine container stock grown in
Japanese FH-408 Paperpots and Can-Am #2 Multipots as a current and
overwinter crop in order to evaluate differences in seedling
morphology between seedlings grown under the two crop schedules in
the two container types.

As there has not been any research to date on the RGP of jack pine
container stock and as there has been little research on its development
of vigorous and stable root systems after outplanting, the proposed
research is critical for the continued development of container

reforestation programs with this economically important species.



LITERATURE REVIEW

INTRODUCTION

Concern has been expressed for decades about the survival and
growth of outplanted nursery stock (Sutton, 1983). Many authors have
indicated that establishment appeagF to be dependant upon the ability of
nursery seedlings to initiate and extend new roots after outplanting or,
in other words, on the RGP of the stock (Stone, 1955; Tinus, 1974;
Burdett, 197%9a; Ritchie and Dunlap, 1980; Sutton, 1983; Ritchie, 1985;
Navratil et. al.,1986; Burdett, 1987). Ritchie (1985) gives the
rationale for this premise. He stated that when a seedling is planted it
has a finite root system which is capable of utilizing the moisture and
nutrients in its immediate vicinity. Ritchie (1985) added that these
reserves are soon depleted and in order for a seedling to survive new
nutrient and moisture reserves must be tapped. It is, therefore,
imperative that the seedling produce new roots quickly after
outplanting. This is especially so as Day and Harvey (1982) noted that
bareroot stock often loses up to 20% or more of its original root system
three weeks after outplanting.

New root production may include initiation and elongation of new
lateral roots, regrowth of inactive roots or the development of
adventitious roots (Ritchie and Dunlap, 1980). The majority of the cited
papers have dealt specifically with bare-root seedlings as the
literature on the RGP of bareroot stock is extensive (Day et al. 1985;
Ritchie 1985). To date, there is little published information on the RGP
of any species of coniferous container stock. An exception is a paper by
Johnson~Flanagan and Owens (1985b) who worked with white spruce (Picea
glauca (Moench.) Voss.) grown in Styroblocks in British Columbia.

It has generally been accepted that RGP tests conducted under
standard conditions in a greenhouse or controlled-environment cabinet

(lab RGP) are a good predictor of the RGP of seedlings in the field



(field RGP). To date there is no published evidence on the relationship
between lab RGP and field RGP (Burdett, 1987). Ritchie (1985) also noted
the lack of data on the relationship between RGP and post planting
performance. He said, however, that there are about 20 such studies,
e.g.(Stone, 1955; Rhea, 1977; Stone and Norberg, 1979; Burdett, 1983)
and that in many cases good agreement was reported between lab RGP and
survival in both field and greenhouse tests. Ritchie also added that RGP
has also been a good predictor of growth in some cases e.g.(Von Althen
and Webb, 1978; Burdett et al., 1983). Ritchie also cited two studies
for which there was little correlation between RGP and field survival.
The first one by Brissette and Roberts (1984) reported low correlations
between the RGP of loblolly pine (Binus taeda L.) seedlings and survival
and height growth in the field. In the second study by Sutton (1983),
field survival showed poor correlation with the RGP of both jack pine
and black spruce (Picea mariana (Mill.) B.S.P.) seedlings. Ritchie
(1985) did conclude however, that the information available does
indicate a strong relationship between RGP and field survival. In a
later study, Sutton (1987) found that for jack pine seedlings, RGP, as
measured by the mean length of roots greater than 1 cm, correlated well
with field root growth for both the number of new roots and the length
of those roots and with third year total height. He also found high
correlations between RGP and third year field performance for both jack
pine and black spruce seedlings. Sutton found little correlation between
lab RGP and seedling survival when seedlings were planted in the nursery
because survival was 100%.

This last finding supports an earlier statement by Sutton (1983)
and Day and Harvey (1984) who said that correlation between RGP in the
lab and survival in the field is often site specific. Sutton (1983) was
not able to demonstrate the relationship between RGP and field survival
because of diverse weather and outplanting site conditions. Under ideal
field conditions, adequate so0il moisture and optimum soil temperature,
seedlings with low RGPs at the time of outplanting may survive and grow
just as well as seedlings with high RGP. However as site conditions
deteriorate, the higher the RGP the more probable is seedling survival.
In contrast, under extremely adverse conditions even seedlings with high
RGP at the time of outplanting may not survive (Burdett, 1987). Sutton

{(1980) also stated that "two trees or batches of trees may produce equal



amounts of new root growth in unstressful test conditions and yet may
differ greatly in this regard under stress."™ So it appears to be very
difficult to correlate the RGP of seedlings grown under ideal conditions
in controlled-environment cabinets with the RGP that occurs in the

field.

ENVIRONMENTAL FACTORS

Several environmental factors have been thought to influence the
expression of the RGP of outplanted nursery stock. These factors include
the soil factors, moisture, temperature and compaction; as well as the
climatic factors, air temperature, light intensity and photoperiod. Of
these factors soil moisture and soil temperature seem to be the most

critical (Tinus, 1974; Ritchie and Dunlap,1980).

Soil Moist

Soil mositure has been shown by many authors to be one of the most
critical factors limiting the expression of seedling RGP. Unfortunately
soil moisture has been expressed using a variety of terms which include
Total Soil Moisture Content (TSMC), Available Soil Moisture Content
(ASMC), Soil Moisture Tension (TMS) and Soil Water Potential (SWP). The
reader should be cautioned about this in the review that follows.

Soil water plays a key role in all physiological processes such as,
cell expansion and growth (Villee, 1977) and plant photosynthesis
(Hsiao, 1973; Larcher, 1980). Several studies were initiated by Day et
al. (Day and Stupendick, 1974; Day and Butler, 1975; Day and
MacGillivray, 1975; Polhill, 1975; Day and Breunig, 1977) which study
the effects of soil moisture and lifting date on the RGP of black and
white spruce and jack pine bare root seedlings. These studies examined
the effects of total soil moisture content (TSMC) levels of 15, 10 and
8% (-0.1, -0.6 and ~1.5 bars soil water potential (SWP)) on root growth
potential. RGP was generally found to be the best at 15% TSMC (100%
ASMC) for all species and the worst at 8% TSMC, although the effect of

soil moisture was somewhat dependant on lifting date. Those seedlings



lifted in May when RGP was high showed little difference in RGP between
moisture levels whereas seedlings lifted in August when RGP was low were
profoundly affected by soil moisture. Jack pine seedlings seemed to be
the least affected by soil moisture levels when RGP was high but were
the most adversely affected by changes in soil moisture when RGP was
low.

Stone and Jenkinson (1970) found the same effect to hold true for
ponderosa pine (Pinus ponderosa Laws.) transplants. They encountered
severe seedling mortality levels for seedlings transplanted into soils
in which the available soil moisture content was 15% or less. They also
found that root elongation increased up to an available soil moisture
level of 50% and that beyond that point root elongation remained the
same or was less depending on the month of testing. However, they found
that shoot growth increased proportionally to available water up to 100%
available soil moisture. Merritt (1967) found that for red pine (Pinus
resinosa Ait.) seedlings, soil moisture levels of less than 10% induced
cessation of root growth. Tinus (1974) also stated that plant moisture
stress of 4 to 12 bars, depending on the species, stopped root growth.
Mahon (1976) found that for white spruce, root and shoot growth
decreased as total soil moisture content (TSMC) and soil water potential
(SWP) decreased from 15 to 5% and -0.1 to -6.0 bars respectively. He
also stated that bud break and root growth initiation were alsoc delayed
at low TSMC levels. Hauranek and Benecke (1978) found that Larix decidua
(Mill.), Picea abies ((L.) Karst.) and Pinus cembra L. seedlings
utilized a large portion of soil moisture down to -1.5 bars soil water
potential. Pine seedlings began a gradual reduction in gas exchange
below a soil water potential of -0.4 bars but in spite of this early and
sensitive reduction in gas exchange, the pine seedlings maintained the
highest net photosynthesis/transpiration ratio. This would seem to
indicate that even at low soil moisture levels photosynthate would still
be available for root and shoot growth of pine seedlings. Larch
seedlings maintained the highest gas exchange levels until soil water
potential fell to -3.5 bars after which shutdown in gas exchange was
rapid. Spruce seedlings followed a similar pattern to larch but shutdown
occurred at a so0il moisture level between that for the pine and larch.
Pine seedlings used the limited available moisture more slowly and

economically than the..other two species and thus were the least affected



by a reduction in soil moisture.

Sutton (1978) states that soil moisture status is intimately
related to the mineral nutrition of plants, as water is the major
transport mechanism of nutrients into plant roots, and that new
outplants begin to experience nutrient stress before any serious
moisture stress is developed. However, Nambiar (1980) stated that the
nutrient status of the soil has little effect on root growth except at
high deficiency levels. Burdett et al, (1974) also stated that in the
first year after outplanting soil moisture is the limiting factor in
seedling growth whereas in the second year after outplanting nutrient
levels become limiting. Soil moisture availablity and the plants ability
for moisture absorption has a direct effect on the uptake of mineral
nutrients.

The studies cited above indicate that a total soil moisture content
of between 10 and 15% is considered non-limiting in terms of seedling

root development for the majority of tree species.

Soil T L .

Soil temperature appears to be a particularly important factor
controlling RGP in cool temperate, warm temperate and tropical regions.
The threshold temperature for RGP appears to be related to the regional
climate.

Kaufman (1945) found that for natural stands of jack pine in the
Cloquet Forest in Minnesota root growth resumed in the spring when the
temperature of the upper 15cm of soil rose above 4°C (40°F) but that
root growth was limited until the temperature was over 10°C (50°F).
Hoffman (1971) (cited in Tinus (1974)) said that the roots of most
species do not grow much below soil temperatures of 5° to 7°C. However,
Larsen et al. (1986) reported that "some species may exhibit root growth
even when soil temperatures are below 5°C.™ Ritchie and Dunlap (1980)
said that root sensitivity to soil temperature also seems to vary
seasonally. They cited a study by Stone and Schubert (195%9a) who found
that ponderosa pine seedlings seemed to regenerate new roots at lower
temperatures in the spring than in the fall.

Aubez (1971) working with Corsican pine (Pinus nigra Arn., var.



laricio), a warm temperate species, found that soil temperature seemed
to control the beginning and end of root growth and that the rate of
root growth and the number of growing root tips reached a maximum when
soil temperature was the highest. Nambiar et al. (1979) found that there
was little root growth below soil temperatures of 10°C for radiata pine
(Pinus radiata D.Don.) seedlings and that the optimum soil temperature
for root growth was at 20°C. Stupendick and Shepherd (1379) also found
that for radiata pine seedlings the best root growth occurred between
20° and 30°C and that at soil temperatures above 30°C root growth
declined. Barney (1951) found that 20°C was the optimum soil temperature
for the root growth of loblolly pine seedlings from Louisiana but that
seedlings from N. Carolina exhibited the best root growth at a soil
temperature of 25°C. Stone and Schubert (1959a) reported that the amount
of new root growth varied with soil temperature. For ponderosa pine
seedlings RGP was poor at a soil temperature of 10°C but increased to a
very high level at a soil temperature of 25°C. Ritchie and Dunlap (1980)
concluded from several studies that generally the root growth of
undisturbed seedlings was the best in soils with a temperature between
18° and 25°C, depending on the species.

Abod et al. (1979) found that the soil temperature effect was
independant of air temperature and that the best root growth was
obtained at a soil temperature of 25°C for two tropical pines, Pinus
caribaea var. Hondurensis and P. kesiya seedlings. At the optimum soil
temperature the main response of roots was the initiation of new lateral
roots whereas at less than optimum temperatures root regeneration was
mainly from old root ends for these two species. Stupendick and Shepherd
(1979) also noted changes in root morphology in response to changes in
soil temperature for radiata pine (Pinus radiata D.Don.) seedlings. They
found that at low soil temperatures newly formed roots were thick, white
and brittle. At higher soil temperatures thin, flexible suberized roots
were produced.

Root growth for the majority of tree species appears to be limited
in soils with temperatures below 10°C and optimal when soil temperature
is between 18 and 25°C.

Soil compaction has also been thought to influence the expression
of the RGP of outplanted seedlings, but to date there is no published

information that examines this effect (Ritchie and Dunlap, 1980).
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Air Temperature

Alr temperature was also found to affect the expression of root
growth potential of outplanted seedlings (Rbod, 1978; Abod et al., 1979;
Stupendick and Shepherd, 1979). Higher air temperature, up to a certain
point, increases enzymatic and cellular activity and generally results
in higher rates of respiration and growth. Rbod (1978) found that root
growth at high soil temperatures were further enhanced by high air
temperatures. In a later paper, Abod et al. (1979) found that optimum
root growth occurs at a day air temperature of 27°C for Pinus caribaea
var, Hondurensis seedlings and at a day air temperature of 24°C for P.
kesiya seedlings. They also found that the RGP of seedlings was not
related to the diurnal variation in temperatures. Stupendick and
Shepherd (1979) found that optimum root growth occurred at a temperature
of about 27°C for radiata pine seedlings. They also noted that at
differing night temperatures there were no significant differences in
the number of white roots > 1.5 em, but that there were significant
differences in the length of new white roots > 1.5 cm produced. They
felt that this suggested low night temperatures favoured root
initiation, but not root elongation. They also stated that the most
favourable temperature for root growth was similar to the optimum

temperature for the growth of the seedling as a whole.

Light T . { Pl  od

Several authors have also found light intensity to have an effect
on the RGP of transplanted seedlings (Barney, 1951; Abod et al.,1979).
Light intensity affects root growth indirectly by influencing the amount
of photosynthate produced by the seedling which is available for growth.
Barney (1951) found that the lowest light intensity at which root growth
took place was between 1 300 and 3 200 lux. Abod et al. (1979) found
that as light intensity increased from 11 000 lux to 23 000 lux, RGP of
Pinus caribaea var. Hondurensis and P. kesiya seedlings also increased.
They also found that, in a separate experiment, increasing light
intensity from 16 - 50% of full sunlight (approx. 16 000 to 50 000 lux)

increased RGP markedly wheras a further increase in light intensity to
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100% full sunlight (approx. 100 000 lux) had little effect on the RGP of
the seedlings and even caused a slight reduction in root growth.
Unfortunately, differences in light measuring units make it difficult to
compare the results of these studies.

Ritchie and Dunlap (1980) suggested that photoperiod may also
affect the RGP of seedlings but there is no published information

available relating this factor to the RGP of outplanted seedlings.

SEASONAL PERIODICITY

Environmental factors alone cannot fully explain the variation in
the RGP patterns of seedlings. It has long been believed that the gross
pattern of root activity is endogenously controlled and that
environmental factors serve only to influence an internal periodicity in
seedling RGP (Aubez, 1971). Merritt (1967) noted that the environment
may influence the intensity and timing of events but that the basic
pattern in RGP is the expression of an identifiable endogenous rhythm.

Stone and Schubert (1959a) reported that ponderosa pine bare-root
seedlings grown in California exhibited a definite seasonal periodicity.
They found that the RGP of the seedlings was low throughout the summer
months of July and August. It then increased throughout the fall and
winter months and peaked in the spring just prior to bud break. After
terminal bud break there was a sharp initial decrease in the RGP of the
stock followed by a gradual decrease throughout the spring until the
summer low. They also noted that root initiation was only evident
between December and June and that root elongation occurred during all
months of the year except for July and August.

Stone et al. (1962) also reported the same type of pattern in the
RGP of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco.) seedlings.
They found that seedling mortality was high between May and August when
RGP was low, was moderate between February and April when RGP was
moderate and was low between November and January when RGP was high.

Day et al. (1976) found that similar patterns existed for black and
white spruce seedlings lifted throughout the northern Ontario growing
season. RGP was high in the spring, low and somewhat erratic throughout

the summer and then rose again in the fall. Jack pine seedlings also
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exhibited a strong seasonal periodicity. For this species RGP declined
from mid-June to late~August to nil and then began to increase
{Stupendick, 1973).

Some variation in RGP periodicity has been reported. Stone and
Schubert (1959a) reported that the RGP of seedlings was affected by seed
collection zone and by the nursery at which the seedling was raised.
Stone et al. (1963) found some variation in the RGP of ponderosa pine
seedlings grown at four different nurseries in California. At a more
northern nursery; it was also at a higher elevation, the autumn increase
in RGP began earlier and the spring peak and subsequent decline occurred
later than for seedlings grown at more southern nurseries. Differences
in the intensity of RGP have also been found between species, seed lots,
families and stock types (Ritchie, 1985).

Most species of bareroot forest tree seedlings exhibit a definite
seasonal periodicity in RGP. Jack pine bare-root seedlings have been
shown to exhibit a peak in RGP occurring prior to spring bud break
followed by a steady decline over the summer months until the fall at

which point RGP began to increase again.

ENDOGENOQUS CONTROLS

Several endogenous factors have been thought to control the RGP of
tree seedlings. These include bud dormancy, stored carbochydrate reserves
and current photosynthate availability as well as some hormonal controls
of root growth. It has also been noted that initiation and elongation of
new roots may be under different endogenous and exocgenous controls
(Ritchie and Dunalp, 1980). Opinions among authors regarding the
relative importance of any of these factors and their effect on RGP are
extremely variable. These endogenous factors may also be interrelated
and subject to the effects of the exogenous factors discussed earlier.

Ritchie and Dunlap (1980) reported that RGP appears to be closely
linked to bud dormancy and that RGP peaks when the chilling requirement
for dormancy release is fulfilled. Kreuger and Trappe (1967) reported
that for Douglas fir seedlings rapid root growth did not coincide with
shoot elongation but both preceded and followed it. They found a strong

correlation between root activivty and lower reducing-sugar
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concentrations in seedling roots. Webb (1977) also found a relationship
between bud dormancy and root regeneration of sugar maple (Acer
saccharum Marsh.) and white ash (Fraxinus americana L.) seedlings. He
reported that increased root regeneration coincided with the loss of bud
dormancy and that maximum root regeneration was observed after 3500 hrs
of chilling for both species. This supports a statement by Stone and
Norberg (1971) that RGP is closely correlated with hours of cumulative
exposure to low air temperatures. Krugman and Stone (1966) found that
exposure of ponderosa pine seedlings to 150 consecutive cold nights
(<10°C) increased the number of newly initiated roots significantly.
Fraser (1976) also reported that the cooling of the root zone expressed
in degree hardening days (Base temperature 10°C) was highly correlated
with the spring root elongation of the overwinter stored red pine (Pinus
resinosa Ait.) seedlings. He found that the seedlings required a minimum
of 325 degree hardening days before the seedlings were lifted in the
fall in order to ensure acceptable post planting levels of spring root
growth.

Ritchie and Dunlap (1980) suggested that seedling root growth in
response to bud dormancy and chilling may be related to the internal
allocation of photosynthate between the shoots and roots. A spring
reduction in root growth is commonly associated with renewed shoot
activity. This may be related to the competetion between the roots and
shoots for carbohydrates or on their relative sink strengths (Ritchie
and Dunlap, 1980). The carbohydrates needed for root and shoot growth
may come from two sources; 1) carbohydrates that are stored in the
plant, and 2) carbohydrates produced by current photosynthesis.

Kreuger and Trappe (1967) stated that the concentration of two
sugars, sucrose and raffinose, increased during the early winter and
were apparently converted to starch in the spring prior to the growth of
Douglas fir seedlings. Webb and Dumbroff (1978) stated however that
several studies have shown that root elongation of the first year
seedling is strongly dependant on the continued production of current
photosynthate for most hardwood species. Van den Driessche (1978) stated
that conifers do not store starch during the dormant season to the same
extent as many hardwoods and that new root growth is dependant on
current photosynthate availability. Van den Driessche (1978) compared

seasonal changes in RGP and carbohydrate concentrations in red pine and
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white spruce nursery seedlings. He reported that it was unlikely that
stored carbohydrate concentrations had any direct relationship to
changes in RGP since similar patterns of carbohydrate change occurred in
both species while seasonal patterns in RGP were different. Van den
Driessche (1978) found that girdling, defoliation and debarking of red
pine seedlings reduced their RGP and he concluded that current
photosynthates were essential for new root growth of this species. In a

later study Van den Driessche (1987) used radioactive 14C02 to

investigate the role of current photosynthate on seedling growth. He
found that levels of radiocactive carbon in the roots indicated that
current photosynthate was the primary carbon source for new root growth.

Johnson-Flanagen and Owens (1985b) also stated that the failure of
aerial tissue to replenish carbohydrates to the roots may induce and
sustain quiescence in individual roots of white spruce seedlings. They
added that either an increase in the sink strength in the shoot or lack
of photosynthate production could cause this phenomenon. This conclusion
supports the positive correlation found by Van den Driessche (1978)
between light intensity and root growth of root pruned red pine
seedlings. He believed that the rate of photosynthesis was the most
important factor in regulating root growth.

Webb and Dumbroff (1978) have stated that hormonal controls of
photosynthate transport may mediate the competition between the roots
and shoots for growth materials. Ritchie and Dunlap (1980) reported that
considerable study has been done on the effect of plant growth
regulators on root initiation. They stated that it has been well
established that auxins are of prime importance in regulating root
growth directly and indirectly by acting on the other hormones related
to RGP. Zaerr (1967) however found that even though both diffusable
auxin concentarions and RGP showed seasonal peaks they were out of phase
and poorly correlated. He concluded that the results of his study
suggest that auxin may have some function in root growth, but that it
had little influence on the RGP of transplanted ponderosa pine
seedlings.

Webb and Dumbroff (1978) reported that indolacetic acid (IAA) and
auxins were found to influence root growth in some hardwoods. They also

found that seasonal patterns in the concentration abscisic acid (ABA) in
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the roots were inversely related to the root growth pattern for sugar
maple seedlings. Ritchie and Dunlap (1980) stated that ABA is
synthesized in the root cap and that it appears to strongly inhibit root
initiation and elongation. They also reported that cytokinins are
involved in bud burst and that this may indirectly influence the RGP of
seedlings. Ethylene may also indirectly affect root growth through its
affect on shoot growth and gibberelins may also have an indirect effect
on root growth through their influence on the distribution of
photosynthate (Ritchie and Dunlap, 1980).

Togoni and Lorenzi (1972) found higher concentrations of an acid
phase of methanolic extracts (Rf 0.9-1.0) in difficult to root cultivars
of white spruce (Picea glauca var.-albertiana) than in easy to root
cultivars of Chamaecyparis sp.. They reported an interesting
relationship between concentrations of this hormone and IAA and root
growth and concluded that root initiation may be determined by a
hormonal balance rather than by any single hormone.

All of these endogenous factors including bud dormancy, stored
carbohydrate reserves and current photosynthate availability as well as
some hormonal controls are thought to influence seedling root growth.
However, the relative importance of any of these factors and the

relationships amongst them are not well defined.

CULTURAL PRACTICES

Several cultural practices have also been shown to influence the
RGP of seedlings. Root pruning, a common practice in bare-root nurseries
has been found to increase the fibrosity of the root system (Stupendick
and Shepherd, 1980) and to increase the RGP of the seedlings (Harvey,
1984) . Duration of cold storage has also been known to influence the RGP
of tree seedlings. Ritchie and Dunlap (1980) reported that cold storage
probably affects RGP through its interaction with bud dormancy and
carbohydrate reserves. They stated that the effects of cold storage on
the RGP of seedlings depends on storage temperatures, lifting date and
the duration of storage. They noted that storage temperatures outside
the range of -2° to +5°C are generally detrimental to seedling

physiology and vigour. They also added that prolonged exposure to
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sub~freezing temperatures may cause tissue desiccation and cell damage.
Harvey (1984) and Buse (1987) working with white spruce both give an
ample review of the literature dealing with overwinter storage and its
effect on the RGP of seedlings.

Mullin (1974) found that exposure of the roots to the air prior to
planting can significantly reduce survival and growth presumably due to
desiccation and the resulting dieback of the root system. He also found
that the effect of exposure was offset by the relative humidity of the
air during the period of exposure.

The survival and growth of seedlings after outplanting has also
been shown to be affected by seedling size i.e. height, root collar
diameter and dry weight. Differences in the morphological attributes of
seedlings at the time of outplanting are often still apparent several
years later. Arnot (1974) found that in field trials with Douglas Fir
bullet seedlings, differences in survival and height growth between
'small' and ‘'large' seedlings, paired for comparison, were immediately
apparent and continued to be significant in the 5th year assessment.
Larger seedlings have been shown to exhibit higher survival percentages
and are more able to compete with unwanted vegetation than smaller
seedlings. McMinn (1981) found that in trials with white spruce
container stock, seedling size and site conditions significantly
affected survival and growth of outplanted seedlings. He concluded that
small seedlings may perform poorly after outplanting on sites with the
potential for dense competing vegetation unless vegetation is controlled
by site treatments. Armson (1975) found that small and large black
spruce seedlings at the time of outplanting remained small and large
after the tenth growing season. Scarratt (1974) also noted a
relationship between tree size and container seedling performance. He
concluded that many early plantation failures were a result of small
trees being planted which could not compete with other vegetation and
resulted in the seedlings becoming supressed and exhibiting growth rates
relative to seedling size or dieing. Barnett (1984) alsoc found that
larger seedlings grown in Styroblock 2's and 4's exhibited greater rates
of annual growth and performed much better than smaller seedlings.
However, he also added a note of caution in that, it is expected that a
point exists after which larger seedlings do not result in greater field

growth and that there are biological as well as economical limitations



17

as to how large seedlings should be before outplanting.

Seedling size may also have an effect on the expression of the
physiological attributes of the seedlings, especially root growth
potential. Larger seedlings would generally exhibit a higher RGP than
smaller seedlings, although the relative RGP would be similar, as larger
seedlings would have more root mass from which to elongate and initiate
new roots. This assumes that both large and small seedlings are at the
same stage of physiological development.

Root pruning and cold storage conditions have both been shown to
have an effect on the RGP of forest tree seedlings. Seedling size has
been found to affect seedling survival and growth after outplanting and

may also have an effect on the RGP-of the stock.

RGP MEASUREMENT

Several different methods of measuring RGP have been developed over
the past three decades. RGP measurement involves several steps:
1) placing seedlings into an environment favourable for root

growth, such as a warm greenhouse or controlled-environment
cabinets,

2) growing the seedlings for a standard period of time, and

3) assessing the amount of root growth which has occurred during
the standard time period.

The majority of RGP tests have been conducted in either
controlled-environment cabinets or greenhouses and others have been
conducted in the field. Changing field conditions have made the results
from these tests very difficult to interpret without the availability of
weather monitoring data. Controlled-environment cabinets or growth
chambers have the advantage in that growth conditions can be strictly
monitored and are generally less variable than either conditions in a
greenhouse or in the field. Ritchie (1985) stressed a key point in that
it is imperative that the test environment remain constant from test to
test and in this regard controlled-environment cabinets are the most
suitable. The homogeneity of test conditions are imperative in order

that comparisons can be made between different stock lots within the
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same growing season and between crops grown in different years.

Test environment conditions have been relatively consistant
although there have been some minor variations between investigators.
The generally accepted test conditions include a l6~hour photoperiod
with 30,000 to 50,000 lux illumination. Day temperatures range between
25° to 30°C with relative humidity of 50 to 60% while night temperatures
of 20° to 25°C and a relative humidity of 80 to 100% are standard.

Seedlings have been grown under a wide variety of rooting
conditions. These include testing the seedlings after potting them in a
soil mix, growing them hydroponically or aeroponically. The potting test
is most often used. Seedlings are potted in a so0il mix in standaxrd
greenhouse pots. Soil media have ranged from straight peat to straight
vermiculite or perlite. A 2:1 mix of peat:vermiculite is the most common
soil medium used today as it provides adequate soil moisture retention
and adequate soil aeration. Bloomberg (1963) used glass beads in an 8 X
4 X 1 cm container as a medium so that he could observe roots and root
organisms is situ. Several authors have also used glass-faced planting
boxes in which seedlings are planted vertically into a box having a
glass bottom or side inclined at a 30° to 45° angle. The roots because
of geotropism grow against the glass face and therefore root development
can be traced (Lavin, 1961; Larson, 1962; Muzik and Whitworth, 1962;
Mullin, 1963; Stupendick, 1973: MacDonell, 1980).

Seedlings have also been grown hydroponically in either aerated
water or in an aerated nutrient solution in glass agquariums. Ritchie
(1985) reported that this method correlated well with the potting method
of measuring RGP. He listed several advantages of this method for
monitoring the RGP of bare-root stock. These are:

1) Root growth can be monitored continuously over the test period.

2) There is no potting and unpotting of seedlings required.

3) A greater spatial and temperal uniformity is achieved.

4) Assessment of new root is more accurate because,

a) new roots are clean and easily distinguished, and
b) there is little chance of breakage of roots in the

unpotting process.

5) Alternative methods of root counting can be used, such as
photography and liquid displacement.
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6) Less bench space is needed.

7) The seedlings require minimal amounts of maintenance.

The disadvantage of the hydroponic method is that it can only be
used for bare-root stock or container stock in which the container and
soil have been removed.

Day (1981) developed the aeroponic method of the Root Mist Chamber
(RMC) for measuring seedling RGP. Seedlings are suspended vertically in
a fixed frame with their root hanging down intoc an enclosed chamber.
Spray jets spray the seedling roots with a fine mist of water for 5
seconds every 30 minutes. The root mist chamber is placed in a
controlled-~environment cabinet for.the period of the RGP test. This
method is also limited in its use to bare~root seedlings and container
seedlings in which the container and soil have been removed.

Day (1981) also outlined a root growth box methodology for
measuring RGP. Seedlings are slipped between sleeves of polyethylene and
on top of a pad of polyurethane foam. The roots of the seedlings are
spread carefully and the planted pads are packed tightly between
polyfoam 'spacers' so that the vertical orientation of the seedlings is
maintained. The polyurethane is irrigated to keep the roots moist and
the root growth boxes are placed in controlled—-environment cabinets.
This last method of measuring RGP is not commonly used because of the
difficulty of keeping the polyfoam moist.

The length of RGP tests have also varied among investigators.
Growing times anywhere from 7 days (Burdett, 1979) to 60 days (Stone,
1955) have been used. The most common test period used is 21 days. A
shorter test period is beneficial for practical reasons as the seedlings
at the end of the test are still physiologically similar to those at the
beginning of the test. In this regard the 7 day test is preferable.
However, Harvey (1987) found that the 7 day test was insufficient for
testing the RGP of white spruce and jack pine bare-root stock and
recommended that a 14 day test be used.

Several different methods of quantifing the RGP of seedlings have
also been used. RGP is usually estimated from one or more of the

following attributes;

1) Root Number (RN),
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2) Root Elongation (RE),
3) Root Area Index (RAI), and
4) Root Volume (RV).

Root number is determined by counting the number of new white root
tips. Sometimes only the number of roots greater than a certain length,
such as 1 cm, are counted and those less than 1 cm are either ignored or
their numbers are estimated and are then put into a root number class
and are coded for each seedling using codes such as those put forward by
Day and Harvey (1985). Total root number may also be counted and put
into class as in the case of Burdett's code (1979).

Root elongation can also be determined and is usually expressed as
the total length of white root tips greater than a certain length.
Smaller roots may also be classified into codes as well (Day et al.,
1985) . Root elongation may also be combined with root number to express
RGP as the mean white root length per seedling.

RGP can alsoc be measured as the increment or decrement in Root Area
Index. Root Area Index is measured using a rhizometer developed by
Morrison and Armson (1968). The rhizometer basically consists of a light
source, an aperature in which the seedling may be placed, a photocell to
measure the reduction in light due to the roots and a galvanometer which
in turn measures the decrease in output from the photocell (Morrison and
Armson, 1968). The roots are spread out on a glass plate and the
decrease in light recieved by the photocell is equated to a root area.
Seedlings are measured before and after the test to determine the change
in root area.

Changes in root volume can also be used as a measure of seedling
RGP. Seedlings are dipped to the root collar in a container of water
that has been placed on an electronic balance. The amount of water
displaced is recorded by the balance and is equated to a root volume
based on the premise that 1 cm3 of water weighs 1 g. Again this is done
before and after the test period and the net change in volume is a
measure of the seedlings RGP. The last two methods have the advantage in
that they are less time consuming but have the disadvantage in that they
are not as accurate as the actual counts and measurements of root number
and root elongation. Seedlings have also been known to exhibit a 20%

reduction in RAI while still extending new white roots (Day and Harvey,
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1982).

Prior to testing the existing white root tips are sometimes pinched
off so as not to confuse existing root growth with new roct growth.
However this process is very time consuming and tedious and injurious to
the plant and is seldom done in practice anymore (Day, 1988 pers.
comm.) . Johnson-Flanagen and Owens (1985b) also disagreed with this
practice of pinching off existing white root tips and developed a
modified RGP test. They felt that the removal of all white root tips
prior to the standard RGP test could lead to errcneous assessment of the
potential for root growth. They also felt that the total number of white
roots after the modified RGP test may be a better indicator of seedling
survival. They suggested that therg may be poor correlation between RGP
and seedling survival during periods of natural root growth.

According to Ritchie (1985) data should also be collected on
seedling height, caliper and weight as well as on RGP and that the data
should be analyzed using the morphological attributes as covariates.
Sutton (1983) found poor correlations between top height, stem diameter
and root area index as the independent variables with root number and
root elongation for both jack pine and black spruce seedlings.

Problems with the interpretation of RGP data have evolved because
of the high wvariablity in seedlings to produce white roots. Several
authors have commented on this variability. Sutton (1978) reported that
the root systems developed by Norway spruce (Picea abies Karst.),
Colorado spruce (Picea pungens Engelm.) and white spruce were extremely
variable and that root system variability increased with seedling age.
Sutton (1978) cited his 1968 study in which the variability of 2+2 stock
within outplanting areas was so great as to mask the treatment effects.
Stone et al. (1962) also noted the high degree of variability among
seedlings lifted at the same time of the year. Stone et al. proposed
that this variability may be due in part to genetic differences. Webb
(1977) also reported wide variations in the level of root regeneration
at any particular time even though the environmental parameters were
standardized for all seedlings. Navartil et al. (1986) suggested that
treatment sample size consist of a minimum of 3 to 5 replications of 5
seedlings each in order to minimize the effects of this variability on

the analysis.,
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CONTAINER STOCK

Container grown seedlings have the advantage over bare-root
seedlings in that intimate contact between the soil in the container and
the roots of the seedling is maintained throughout the planting process
{Tinus, 1974). Furthermore, this intact and undisturbed root system is
purported to be responsible for the superior initial survival and growth
of container stock over bare-root stock. Tinus also noted that container
seedlings can have an external supply of nutrient reserves and moisture
in addition to its internal supplies. This may, therefore, reduce the
degree of moisture and nutrient stress experienced by the container
seedling after outplanting. It is still imperative, however, that the
seedling rapidly extend new roots into the surrounding soil.

According to Kinghorn (1974), virtually all containers modify the
root structure of the seedlings grown in them. He states that the
objective of container stock production therefore should be to "grow a
root form that has the least risk of altering root structure in a way
that may cause death, reduced growth rates or toppling of trees at a
later date.”

Problems with the root form of container seedlings were first
reported in the late seventies. Trees that had been planted in
smooth-walled cylindrical containers and those that had been planted
with the container still encircling the root ball showed a high degree
of root spiralling, container compression and high numbers of kinked
roots (Carlson and Nairn, 1977). This led to concerns about the
stability and growth of these seedlings. In order to overcome the root
spiralling problem vertical ribs were added to the inside of the
smooth-walled containers in order to direct root growth downward
(Carlson and Nairn, 1977). The addition of these ribs seemed to work as
Long (1978) reported that root coiling was much less in the ribbed
containers than for the smooth-walled containers. Stefanson (1978) also
found that the ribs reduced the degree of root spiralling and the
subsequent risk of failure.

Seedling root morphogenesis in containers has also been reported to
be controllable through the use of chemicals (MacDonald et al., 1980).
They found that the application of copper carbonate mixed with a latex

paint to the inner walls of plastic containers resulted in a
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proliferation of root tips along the container wall. These root tips
grew radially outward when outplanted resulting in a better root
distribution and thus leading to better tree stability.

In Ontario, the most common container type used in the production
of container stock is the Japanese FH-408 Paper Pét (Smyth and
Brownright, 1983). The paper from these containers has been found to
remain intact around the root ball for a minimum of 3 years after.
outplanting in the field (Carlson and Nairn, 1977) and to limit the
egress of roots from the container. Segaran et al. (1978) also reported
a very slow rate of decomposition of the paperpot on dry sites in
southeastern Manitoba. Ben Salem (1978) reported that after 16 months in
the field the paper of the paperpot container was still not permeable to
root egress. He found that for Pinus pinea L. seedlings, primary lateral
roots grew downward and no lateral root emergence was evident. Spencer
(1974) noted that the basic design of the container system should
include container walls that are either a) unrestrictive to¢o root growth
or b) removed completely at the time of outplanting. The paperpot does
not seem to fit into either category and thus the lateral roots that are
essential in maintaining tree stability are absent. Carlson and Nairn
cited Bergman and Haggstrom (1976) who stated that the presence of the
paper of the paperpot container for an extended period of time after
outplanting has led to severe root deformities which may inhibit root
development and cause instability, early windfall or even kill the
seedling. Serious problems are now occurring with tree plantations
greater than 7 years old on the J.D. Irving limits near Sussex, N.B.
This has caused the Irving Co. to end stock production in FH-408 Paper
Pots in 1982 and to produce stock in BC/CFS Styro block 4 and 8 and the
Can-Am #2 Multipot containers (Smyth and Brownright, 1983).

As the paper of the FH-408 pot is a barrier to root egress (Ben
Salem, 1978), stock produced in Can-Am #2 Multipots and planted with
bare root balls may be able to regenerate roots more effectively than
those grown in paperpots. Unfortunately little is currently known about
the RGP and subsequent root egress of stock grown in Multipots although
Rischbieter (1978) did report on a study in which he investigated the
effects of the glazing of the dibble hole by the dibble tool on the root
egress of plug seedlings. For the purpose of his study Rischbieter

divided the container seedling rlug into 4 horizontal and 3 vertical
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zones plus an additional zone encompassing the bottom of the container
for a total of 13 root zones. He found that 95% of the excavated
seedlings had a 4-sided root system and fewer than 1% of the seedlings
were 2-sided or less. He concluded that the glazing of the dibble hole
by the dibble tool did not affect root egress.

Container stock production in Ontario is often based on a two crop
system in which the current crop is sown on approximately February 7,
grown in greenhouses for 16 weeks, hardened for 2 to 3 weeks and then is
outplanted in the field between approximately June 7 and July 7 (Day,
1984) . The overwinter crop is sown on approximately June 7, grown for 16
weeks and is subjected to extended greenhouse treatment until
approximately October 21 to promote the development of bud primordia and
frost hardiness (Colombo et al. 1984). The overwinter crop is then
stored and outplanted between May 21 and July 7 the following spring.

The poor root development of container stock that sometimes occurs
after outplanting may be caused by either a barrier to root egress (e.g.
by the paper wall of the Fh-408 pots) or by high RGP and subsequent root
extension taking place in the container between the end ¢of the nursery
production phase and outplanting in the field. Many container crops that
are held in the nursery for more than the optimum period suffer from
root spiralling and binding. This effect is particularly likely to occur
in the overwintered crop in the late winter and early spring. At this
time dormancy release is complete and root growth will begin as soon as
the temperature in the container rises to more than 1°C (Day, 1985). as
jack pine bare root stock has been shown to have a single pulse of RGP
in the early spring (Stupendick, 1973), it is possible that the
overwintered crop will regenerate roots in the containers before it can
be shipped to the field for outplanting. Root growth of this type will
cause acute spiralling and binding in the pot and may lead to the types
of root deformity described by Carlson and Nairn (1977). The overwinter
crop may also be subject to root damage and root dieback if there is
insufficient protection of the root system from low temperatures. This
type of damage may result in the reduction or the elimination of the
potential for root extension after outplanting (Van Eerden and Arnot,

1974).
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METHODS

GREENHOUSE PRODUCTION PHASE

Three crops of jack pine container stock were grown for this study
by two growers in the Thunder Bay area. The 1986 current crop and the
1986/87 overwinter crop of seedlinQ§ were grown at Hills' greenhouses
near Murillo, Ontario. The 1987 current crop of seedlings was grown at
Hodwitz's greenhouses located on Highway 130, 10 km southwest of Thunder
Bay. It was necessary to change growers as Hills' greenhouses was not
contracted to grow a current jack pine crop in 1987.

The crops were grown in two container types, the FH-408 Paperpot
and the Can-BAM #2 Multipot. The seedling cavities of the FH-~408 Paperpot
have a volume of 70 ml and are 7.6 cm deep and 3.8 cm in diameter (Tinus
and McDonald, 1979). The Paperpot container is made out of a special
paper which is stretched to fit into a 35 cm by 94 cm molded plastic
tray (Figure 1la). The Paperpot tray has 336 seedling cavities per tray.
The seedling cavities of the Can-Am #2 Multipot have a volume of 67 ml
and are 12.2 cm deep and have an upper diameter of 3.4 cm which tapers
to a bottom diameter of 1.2 cm (Sutherland, 1984). The Multipot tray is
made out of molded plastic and has 67 cavities per tray (Figure 1b).

Four Multipot trays will fit into a Paperpot tray holder.

1986 Current Crop

The 1986 current crop of seedlings used in this study was grown at-
Hills' greenhouses. The seedling trays were filled with a standard 2:1
peat-vermiculite mix. The FH-408 Paperpot trays were filled using Hills’

mechanical filling line and were removed from the line prior to seeding.
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b.

Figure 1. Containers used to evaluate root growth potential of jack
pine; a) FH-408 Paperpot container; b) Can-Am #2 Multipot
container.
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The Can-Am #2 Multipot trays were filled by hand using the same standard
potting medium. Care was taken to ensure approximately equal compaction
levels between the two centainer types.

The container cavities were seeded by hand on February 21, 1986
with approximately 2-3 seeds per cavity. Seed for the experiment was
obtained from the Ministry of Natural Resources and was from seed lot
44-25-0-001. This seed lot was used throughout the entire study. The
cavities were then covered with a thin layer of silica grit in
accordance with standard greenhouse procedure and placed in the
greenhouse. Conveniently four Multipot trays fit into a Paperpot holder
so alterations of the greenhouse benching were not required. The trays
were set up in the greenhouse in 2 .rows of 6 trays each with blocking

across the rows. Each block consisted of a Paperpot tray and four

Multipot trays in a Paperpot holder (Figure 2).

Greenhouse Wall

Regular Crop Trees
<=, Paperpot | Trays <>
Moister Multipot Paperpot Block 6
A

Multipot Paperpot Block 5

Paperpot Multipot Block 4

Multipot Paperpot Block 3

Paperpot Multipot Block 2

Drier Paperpot Multipot Block 1

Aisle

Figure 2. Blocking set-up in the greenhouse.

l(site Region - Geographic location - Seed Collection Agency ~ Seed
collection area: 4W - Thunder Bay - O.M.N.R. - general collection.
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This blocking was done to account for a potential soil moisture
gradient that might occur between the aisle to the centre of the bench.
It has been found that seedlings in trays along the aisle tend to be
drier than centre trays because of the increased air movement along the
aisle.

The crop was treated as a regular jack pine Paperpot crop with
regard to irrigation and fertilization (Figure 3). A more detailed
description of the irrigation and fertilizer schedules used for the
crops grown for this study is given in Appendices XVI, XVII and XVIII.
Eighty percent germination was achieved on March 2. The crop was thinned
to one seedling per cavity and empty cavities were refilled with
transplanted germinants ten days later on March 12. At the time of
thinning seedlings within each tray were marked at random with coloured
15 cm plastic rods and sub-divided into three groups.

The three groups corresponded to the three purposes for which the
seedlings would be used: 1) growth measurements, 2) growth chamber
trials and 3) outplanting trials. This pre-allocation of seedlings was
done so that sampling for one of the three purposes would have no effect
on the sample base for the other two uses.

The crop was grown for 12 weeks and was removed from the greenhouse
on May 29, 1986 and placed in shadehouses. The seedlings remained

outside until used in the growth chamber and outplanting trials.

1986/87 Overwinter Crop

The 1986-87 overwinter crop used in the study was also grown at
Hills' greenhouses. The filling and seeding procedures were the same as
with the 1986 current crop. The seedling trays were also placed in the
greenhouse using the same blocking set-up. The crop was sown on June 9,
1986 and had achieved 80% germination by June 14. Ten days later the
crop was thinned and the empty cavities were refilled with transplanted
germinants. The crop was marked with the coloured plastic rods as per
the 1986 current crop. The crop was again treated as a regular jack pine
crop with respect to irrigation and fertilization (Figure 2). The

seedlings were grown in the greenhouse for 14 weeks and were moved
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Figure 3. The cropping systems used for the production of the jack pine container
stock in this study. (Spedcific Fertilizer Regimes see Appendices XVI, XVIil and XVIII).
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outside and placed in shadehouses on Sept. 24. The seedlings were
overwintered outside in the shade area until planting and RGP

measurements the following spring.

1987 Current Crop

The 1987 current crop was grown at Hodwitz's greenhouses. Again
similar filling and seeding procedures were used, except that the Can-am
trays were filled mechanically. The greenhouse set~up was similar to
that of the two previous crops. The 13987 current crop was sown on
February 16 and had achieved 80% ggfmination 6 days later on Feb. 22.
The crop was thinned eleven days later and the empty cavities were
refilled with transplanted germinants. The crop was again marked with
coloured plastic rods at this time. Irrigation and fertilization regimes
were the same as with the regular jack pine crop (Figure 2). The crop
was grown for 12 weeks and was removed from the greenhouse on May 20,
1987 and placed in shadehouses. The seedlings remained outside until

used in the growth chamber and outplanting RGP trials.

E . 1 Desi

The experimental design used was a factorial randomized complete
block design with subsampling. The experimental units were the flats of
seedlings. The subsampling units were the individual tree seedlings. The
statistical models and expected mean squares tables for the greenhouse

production phase experiments are given in Appendix I and II.

Sampling Procedures

Two weeks after germination and every two weeks thereafter during
the greenhouse production phase, replicated samples of 5 seedlings per
experimental unit were taken at random from (each container type) within
the designated colour and were measured for the morphological attributes

of height (cm), root collar diameter (mm), shoot dry weight (mg) and



31

root dry weight (mg) for each of the three crops.

The sampling of the 1986 current crop every two weeks continued for
two sampling dates after they were moved outside. The 1987 current crop
was only sampled once more after they were placed outside. The 1986/87
overwinter crop was sampled in the spring of 1987 prior to bud break to
determine the effects of overwintering the crop on the morphological

attributes of the seedlings.

Analytical Methods

The mean of each morphologica{ attribute was plotted over time to
give a progression of the growth of the seedlings in each container type
for each of the three crops studied.

Two sets of analyses were conducted on the greenhouse production
phase's data. In the first analysis, an analysis of variance (ANOVA) was
conducted on each of the morphological attributes measured at the end of
the greenhouse production phase within each of the three crops to
determine if there were any significant differences between the
seedlings grown in the two container types. The data was tested for
non-homogeneity of variance using the Bartlett's test (Steel and Torie,
1980) before it was subjected to analysis of variance (ANOVA). If the
data was found to have non-homogeneous variances, several
transformations were attempted to improve its homogeneity and ANOVA was
conducted on the transformed data.

In the second analysis comparisons were made graphically between
all three crops grown for the study for all of the morphological
attributes measured. ANOVA was conducted on the 'week 147, end of the
greenhouse production phase, data for each attribute in order to
determine if any differences existed between; a) the two current crops,
and b) the 1987 current crop and the 1986/87 overwinter crop. Tests for
non-homogeneity of variance were also conducted on these data sets prior
to analysis.

Statistical analysis of the data was done on the Vax 11/780
main-frame computer at Lakehead University using the $PSSX statistical

package (SPSS Inc., 1986).
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ROOT GROWTH POTENTIAL METHODOLOGY FOR CONTAINER STOCK

Root Growth Potential (RGP) tests for container stock were carried
out on stock grown in the FH-408 Paperpot and the Can-Am #2 Multipot
using a modification of the methods developed by Day et. al. (1985) for
barercot stock. RGP tests in this experiment were carried out in two
test environments; 1) the standard growth chamber environment and 2) the
field environment. In both environments seedlings were grown for 21 days
and then carefully excavated so as qiot to damage the seedling rocots. The
specific details for each environment follow under the appropriate
headings.

After the 21-day test period for potted and outplanted seedlings
the effective RGP was determined by counting the number of white root
tips greater than 10.0 mm in length projecting from the plug to
determine Root Number (RN) and by measuring the length of the same roots
to determine Root Elongation (RE). Root tips less than 10.0 mm in length
were classified into two categories: 1) small (root tips 0.0 to 2.0 mm
in length) and 2) medium (root tips > 2.0 to 10.0 mm in length). The
number of small and medium root tips were counted and classified in
decile ranges (i.e. 0, 1 to 10, 11 teo 20,... >80) to determine small and
medium RN values after methods proposed by Day et al. (1985). These
values were then equated to an equivelant RE value using Day and
Harvey's codes. The small, medium and long RE values were then summed to
give a Total Root Elongation (TRE).

For the purpose of this study the container plug was left intact
and was divided into three zones. Zone 1 was the upper half of the
cylindrical area containing the container plug, Zone 2 was the lower
half of the same area and, Zone 3 was the bottom of the plug (Figure 4).
RN was determined and TRE was calculated for each of the three zones for
each container type.

Seedlings were also measured for height and root collar diameter

after the 21 day test period.
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FH-408 Paperpot Can-Am #2 Multipot

Zone 3 L_rJ

Zone 3

Zone 1

Zone 2

Figure 4. Depiction of the three root zones for each container type.

GROWTH CHAMBER TRIALS

The 1986 and 1987 tests for seedling RGP under
controlled-environment conditions were conducted in growth chambers

located in the basement of the Lakehead University greenhouse complex.

E . ] .

The experimental design used for the growth chamber trial data for
both years was a factorial randomized complete block design with
subsampling. The experimental units were the flats of seedlings from
which the subsample of individual seedlings was selected. The
statistical mecdels and expected mean squares tables for both the 1986

and 1987 growth chamber trials are presented in Appendices III and IV.
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Sampling Procedures

In 1986, samples of twelve seedlings per experimental unit were
selected at random from the appropriately marked cavities on three test
dates, May 30, June 26 and July 21. These seedlings were then potted in
three 1 litre pots (4 seedlings per pot) filled with a peat-vermiculite
mixed soil. They were then placed in the controlled environment cabinet
set at a 25°C (day) and 20°C (night) temperature for the 21-day test
period. Seedlings were watered every 2 to 3 days with regular tap water
to the point of saturation throughout the test period. The seedlings
were then subjected to the RGP measurements described above.

Several seedlings were also planted in clear acrylic plastic root
study boxes (one seedling per box) filled with a sandy-loam soil so that
root form could be photographed after each RGP test. These boxes were
covered with black plastic to block light from the roots and were placed
in another controlled environment cabinet for 21 days. At the end of the
test period the soil was carefully washed out, the plastic was removed
and the roots were photographed. The root study boxes consist of a 17.5
x 17.5 x 22.0 cm box, open at both ends, with nylon fishing line strung
horizontally through the box at 2.0 cm vertical and 2.5 cm horizontal
spacing. The nylon fishing line forms a network of crossed strands which
serve to support the root system in situ when the growing medium is
washed away (Lindstrom and Scarrett, 1982). Construction time limited
the use of the boxes to the third potting time in the 1986 trial.

In 1987, samples of eight seedlings per experimental unit were
selected at random from the appropriately marked cavities on three test
dates, May 29, June 22 and July 13 and were potted as in 1986. Eight
seedlings per experimental unit were used this year due to the addition
of the crop treatment and limited growth chamber space. The use of eight
seedlings per experimental unit allowed all pots to fit in one growth
chamber and thereby avoid the confounding factor of different growth
chambers in the analysis. Two seedlings from each container and crop
type were also planted in the root study boxes at each of the three RGP
test dates and were photographed at the end of the 2l1-day test period.
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Analytical Methods

An analysis of variance was carried out on the 1986 RGP data for
the variable Total Rocot Elongation (TRE) using a 1 (crop) X 3 (potting
date) X 2 (container type) X 3 (root zone) factorial randomized complete
block design with subsampling to test the effect of container type,
potting date and root zone on the RGP 21 days after potting.

In 1987 a similar ANOVA was carried out using a 2 (crop) X 3
(potting date) X 2 (container type) X 3 (root zone) factorial randomized
complete block design with subsampling for the same purpose as in 1986,

The data for both years was tqsted for non-homogeneity of wvariance
using the Bartlett's test (Steel and Torie, 1980) before it was
subjected to analysis of variance (ANOVA). If the data was found to have
non-homogeneous variances, several transformations were attempted to
improve its homogeneity and ANOVA was conducted on the transformed data.
When ANOVA showed that there were significant differences between
treatment means a Student-Newman-Keul's test (Steel and Torie, 1980) was
used to identify them.

In both 1986 and 1987 the two-way interactions for TRE were plotted
to graphically illustrate the interaction between treatment
combinations.

A regression was also carried out with total root elongation over
root number to determine the correlation between the two variables to
see if multivariate analysis was required. If the correlation between
the two variables was not significant, multivariate analysis would be

required (Green, 1978).

OUTPLANTING TRIALS

1986 Outplanti S

The 1986 outplanting site is located 120 km north of Thunder Bay
adjacent to Snake Lake near Canadian Pacific Forest Product's Camp 45

(49° 13' N. Lat., 89° 12*' W. Long.) (Figure 5). The site had originally
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supported a mixed forest of aspen (Populus tremuloides Michx.), white
birch (Betula papyrifera Marsh.), balsam fir (Abies balsamea (L.) Mill.)
and white spruce and was harvested in 1983 using a Koehring shortwood
harvester. The site was prepared in the fall of 1984 using a crawler
tractor and Young's teeth spaced at approximately 2 m intervals.

The slash load on the site was heavy with patches of residuals
still remaining and little advanced growth. Competetion on the site was
dense with the main competetive species being Carex spp.(L.) and
raspberry (Rubus ideaus L.) with some beaked hazel (Corylus cornuta
Marsh.) . The planting site is situated on a slight westward slope and

has a heavy clay-loam soil.

1987 outpl . S

The 1987 outplanting site is located 30 km west of Thunder Bay near
Kakabeka Falls (48° 24' N. Lat.,89° 42' W. Long.) on lot 48A on the
Paipoonge~0O'Conner townline rcad (Figure 6). The original forest on the
site was Site Class I (Plonski, 1981) jack pine. The original jack pine
stand was cut, the stumps were grubbed out and the site has been under
cultivation as a Christmas tree farm for 20 years.

The site was prepared using a mouldboard plow attached to a farm
tractor in the early spring prior to outplanting. The soil was
completely cultivated and there was no slash on the site. Competition on
the site was nil in the spring but increased with the invasion of annual
weeds toward the end of the summer. The competition is minimal and is
confined to only two blocks. The site is relatively flat and has a

medium-grained sandy loam soil.

5 . tal Desj

In 1986 prior to planting the site was divided into 6 blocks
corresponding to the 6 blocks in the greenhouse. Each block was then
marked at random with coloured planting pins at a 1 m X 1 m spacing to
ensure a complete randomization of the treatments within each block.

There were 6 colours of pins corresponding to the 6 treatment levels (3
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planting dates X 2 container types).

In 1987, the site was again divided into 6 blocks and marked with
coloured planting pins. Twelve startling colours of planting pins were
used in 1987 corresponding to the twelve treatment levels (2 Crops X 3
Outplanting Dates X 2 Container Types).

The experimental design used in both 1986 and 1987 outplanting
trials was a factorial randomized complete block design with
subsampling. The experimental units were again the flats of seedlings
and the subsamples were the individual seedlings. The statistical models

and expected mean squares tables are given in Appendix V and VI.

Sampling Procedures

Forty seedlings per experimental unit were outplanted on May 28,
June 18 and July 7 of 1986 and May 25, June 15 and July 6 of 1987.
Differences between these dates and the potting dates are due to
logistic problems and the time required for root measurements. Seedlings
planted at the first planting date were removed from the greenhouse a
week before planting and placed in shadehouses to allow for the
aclimatization of the stock. Seedlings grown in the FH-408 Paperpot were
planted using a Pottiputki while seedlings grown in the Can-aAm #2
Multipot were planted using a dibble bar. After the 2l1-day test period
subsamples of 15 seedlings per experimental unit were selected at
random, excavated and subjected to RGP measurments described earlier.
The extra 25 seedlings per experimental unit were planted to guard
against the possibility of seedling mortality and to provide trees for
later study.

Soil moisture was monitored throughout the outplanting trial using
static soil moisture tensiometers installed at 15 cm depth. A
tensiometer was placed in the center of each block and was checked every

few days.

Analytical Methods

As in the growth chamber trial, an ANOVA was carried out on the
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1986 RGP data for TRE using a 1 (crop) X 3 (planting date) X 2
(container type) X 3 (root zone) factorial randomized complete block
design with subsampling to test the effect of container type,
outplanting date and root zone on the RGP of the stock 21 days after
outplanting.

In 1987 a similar ANOVA was carried out using a 2 (Crop) X 2
(Container Type) X 3 (Outplanting Date) X 3 (Root Zone) factorial
randomized complete block design with subsampling for the same purpose
as the 1986 analysis.

Analysis of the data was carried out in the same manner as in the
potting trials.

In both 1986 and 1987 the two-way interactions for TRE were plotted
to illustrate the interaction between treatment combinations
graphically.

A regression was also carried out with total root elongation over

root number to determine the correlation between the two variables.
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RESULTS

Seedlings grown in the Can-Am 42 Multipot were significantly larger

in shoot and root dry weight than seedlings grown in FH-408 Paperpots at

the end of the 1l6-week greenhouse production phase (Table 1). There were

Table 1. Comparison of the morphological attributes of the FH-408
Paperpot and Can-Am #2 Multipot stock at the end of the l6-week
greenhouse production phase for the 1986 current crop.

Attribute FH-408 Can-Am #2 Percent
Paperpot Multipot Difference
%
(a) (b) (b-a)/a X 100
Height (cm) x 22.567 20.527 -9.04 N.S.
Sy 0.556 0.616
Root Collar
Diameter (mm) x 2.051 2.236 +9.02 N.S.
Sy 0.074 0.049
Shoot Dry
Weight (mg) x 736.87 951.70 +29.17 *
Sy 62.18 45.62
Root Dry
Weight (mg) x 203.24 346.29 +70.44 **x*
Sy 16.12 15.12
N.S. - non-significant
* - significant at the 0.05% level.
* % - significant at the 0.01% level.
% % k

- significant at the 0.001% level.
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however, no significant differences in height or root collar diameter
between the seedlings grown in the two container types (Table 1). A
complete analysis of variance (ANQOVA) table of each attribute measured
for the 1986 Current crop is given in Appendix VII.

The growth progressions for the height of the stock grown in the
two container types during the l6-week greenhouse production phase
followed the same pattern throughout this period with no real
differences occuring until week 16 (Figure 7). At the end of the
greenhouse production phase the Multipot stock was about 9% shorter in
height than the Paperpot stock (Table 1l). This difference was not found
to be significant by ANOVA.

Divergence between the zxmu;iu%LLa;_diamgngz growth progressions of
the seedlings grown in the two container types began as early as week 6
with the Multipot seedlings showing a visually faster rate of growth
than the Paperpot seedlings (Figure 8). At week 16 the Multipot stock
was 9% larger in root collar diameter than the Paperpot stock (Table 1).
However this difference in root collar diameter between the seedlings
grown in the two container types was not found to be significant when
tested by ANOVA.

Divergence between the shoot drv weight growth progressions of the
Multipot and Paperpot stock also began at week 6 with the Multipot stock
again showing the faster rate of growth (Figure 9). At the end of the
l6-week greenhouse production phase the Multipot stock also had a 29%
larger top dry weight than the Paperpot stock which was found to be
significant (P<0.045) by ANOVA (Table 1).

Divergence between the xoot dryv weight growth progressions between
seedlings grown in the two container types again began at week 6 with
stock grown in the Multipot exhibiting the faster rate of growth (Figure
10). By the end of the 16 week greenhouse production phase the root dry
weight of the Multipot seedlings was approximately 70% larger than that
of the Paperpot seedlings (Table 1). This difference was found to be
significant (P<0.001) when tested by ANOQVA.
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1986/87 Overwi c

As with the 1986 current crop seedlings grown in the Can-Am #2
Multipot were significantly larger in shoot and root dry weight than
seedlings grown in the FH-408 Paperpot at the end of the l4-week
greenhouse production phase (Table 2). Again there were no significant
differences in height or root collar diameter between the seedlings

grown in the two container types (Table 2). Complete ANOVA tables for

Table 2. Comparison of the morphological attributes of the FH-408
Paperpot and Can-Am #2 Multipot stock at the end of the l4-week
greenhouse production phase for the 1986/87 overwinter crop.

.

Attribute FH-408 Can-Am #2 Percent
Paperpot Multipot Difference
%
(a) (b) (b-a)/a X 100
Height (cm) b 4 14.547 14.537 -0.07 N.S.
Sy 0.611 0.352
Root Collar
Diameter (mm) x 1.614 1.626 +0.74 N.S.
Sy 0.072 0.039
Shoot Dry
Weight (mg) x 402.77 527.44 +30.77 *
Sy 31.58 22.16
Root Dry
Weight (mg) x 107.49 189.08 +75.00 *x%
Sy 9.59 7.49
N.S. - non-significant
* - significant at the 0.05% level.
* % - significant at the 0.01% level.

***% - gignificant at the 0.001% level.

the 1986/87 Overwinter Crop are given in Appendix VIII.

The height growth progressions of the stock grown in the Multipots
and Paperpots as shown in Figure 11 followed the same pattern throughout
the greenhouse production phase with only a few minor deviations. At
week 14 there was no significant difference in height between the

seedlings grown in the two container types. The week 42 measurements
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refer to measurements made on the stock in the spring after
overwintering the crop outside. These measurements were made to
determine the effects of overwintering on the morphology of the stock.
The slight drop in height at week 42 can be attributed to sampling error
rather than as an actual drop in height.

There were no significant differences in root collar diameter
between stock grown in the Can-Am #2 Multipot and the FH-408 Paperpot
containers at week 14 (Table 2). The two stock types fecllowed the same
basic growth pattern in root collar diameter throughout the greenhouse
production phase with only a few minor deviations (Figure 12). Again the
slight decrease in root collar diameter at week 42 is probably due to
sampling error (Figure 12). .

Divergence in the ghoot dry weight growth progressions between
seedlings grown in the two container types were again evident as early
as week 6 (Figure 13). The Multipot stock had the faster growth rate and
at the end of the l4-week greenhouse production phase were 31% larger in
top dry weight than the seedlings grown in the Paperpots (Table 2). This
difference was significant by ANOVA (P<0.018).

Divergence in the oot dryv weight growth progressions between the
Multipot and Paperpot stock alsoc began at week 6 with the Multipot
seedlings showing the faster rate of growth (Figure 14). However this
difference was more pronounced than that of shoot dry weight and at the
end of the greenhouse production phase the Mulipot seedlings were found
to have a 75% larger root dry weight than the Paperpot seedlings (Table
2) . This difference was statistically significant (P<0.001). Of note in
Figure 14 is the slight, but statistcally non-significant, decrease in
the root dry weight of the Multipot seedlings at week 42. This may be
due, as was the case for height and root collar diameter, to sampling
error but it may also have been caused by freezing injury and resulting

dieback of the root system.

1987 Current Crop

Seedlings grown in the Can-Am #2 Multipot were significantly larger

in height and root dry weight than seedlings grown in the FH-408
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Paperpot at the end of the 1l4-week greenhouse production phase for the
1987 current crop (Table 3). There was no significant difference in root
collar diameter or shoot dry weight between seedlings grown in the two
container types (Table 3). Complete ANOVA tables for the 1987 Current
crop are given in Appendix IX.

Unlike the 1986 Current Crop and the 1986/87 Overwinter Crop there
was a significant difference (P<0.001) in height between seedlings grown
in the FH-408 Paperpot and the Can-Am #2 Multipot for the 1987 Current

Crop (Figure 15). Divergence in the seedling height growth progressions

Table 3. Comparison of the morphological attributes of the FH-408
Paperpot and Can-Am #2 Multipot stock at the end of the l4-week
greenhouse production phasé for the 1987 current crop.

Attribute FH-408 Can-Am #2 Percent
Paperpot Multipot Difference
%
(a) (b) (b-a)/a X 100
Height (cm) X 17.443 13.477 ~22.74 ***
Sy 0.454 0.327

Root Collar

Diameter {(mm) x 2.010 2.048 +1.89 N.S.
Sy 0.058 0.035
Shoot Dry
Weight (mg) x 516.45 638.87 +23.72 N.S.
Sx 36.19 25.14
Root Dry
Weight (mg) x 154.53 290.37 +88.02 *xx*
Sy 11.46 9.28
N.S. - non-significant
* - gsignificant at the 0.05% level.
* % - significant at the 0.01% level.
*** -~ gignificant at the 0.001% level.

between the two container types began at week 10 after seed germination
with the Paperpot stock showing the increased rate of growth. At the end
of the l4-week growth phase the Paperpot stock was 23% taller than the
Multipot stock (Table 3).

Root collar diameter showed a similar growth pattern to the two
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previous crops with some minor differences between the growth rates of
seedlings grown in the two container types occurring between weeks 4 and
12 after germination. By week 14 the root collar diameter of the
Paperpot stock had increased so that it was comparable to that of the
Multipot stock (Figure 16).

Divergence between the ghoot dry weight growth progressions of the
stock grown in the two container types began at week 6 after germination
(Figure 17). The rate of growth remained relatively constant throughout
the greenhouse production phase for both Multipot and Paperpot
seedlings. At the end of the l4-week growth phase there was no
significant difference in top dry weight between seedlings grown in the
two container types although the Multipot seedlings did have a 24%
larger top dry weight than did the Paperpot seedlings (Table 3).

The pattern of root drv weight growth for the 1987 Current Crop was
similar to both the 1986 Current and the 1986/87 Overwinter Crops.
Figure 18 shows that a divergence in the growth progressions between the
seedlings grown in the two container types began after the 4th week from
germination and increased dramatically over the greenhouse production
phase. At the end of the l4-week growth phase the Multipot seedlings had
an 88% larger root dry weight than the Paperpot seedlings (Table 3).
This difference was found to be significant by ANOVA (P<0.001).

1986 Current Crop wvs 1987 Current Crop

Seedlings grown in the 1986 Current crop at Hills' greenhouses were
significantly taller in height (P<0.001) but were significantly smaller
in root dry weight (P<0.002) at the end of the greenhouse production
phase than seedlings grown in the 1987 Current crop at Hodwitz's
greenhouses. There were no significant differences between the seedlings
grown in the two crops in root collar diameter and shoot dry weight
although the seedlings grown in the 1986 Current crop were larger in
both of these two attributes. The complete ANOVA tables for these

comparisons are given in Appendix X.

‘e
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Figure 17. Progression of shoot dry weight for the 1987 current crop at
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1986/87 Overwinter Crop vs 1987 Current Crop

The 1987 Current crop and the 1986/87 Overwinter crop were compared
as they were subjected concurrently to growth chamber and field RGP
tests. An ANOVA done on the morphological attributes at the end of the
greenhouse production phase showed that the 1987 Current crop was
significantly larger in root collar diameter (P<0.001), shoot dry weight
(P<0.002) and root dry weight (P<0.001). The seedlings in the 1987
Current crop were also taller in height than the seedlings grown in the
1986/87 Overwinter crop although this difference was not found to be
statistically significant by ANOVA. The complete ANOVA tables for these
comparisons are given in Appendix XI.

Table 4 shows a comparison begween size of the crops grown for this
study and an average size compiled from data supplied to the Ministry of
Natural Resources from the private greenhouses in the North Central
Region of Ontario. Since detailed data are lacking, statistical
comparisons were not undertaken. The averages for the four crops
presented, based on Ministry data, are not based on the average crop
size of all growers in the region as different growers produced
different crops, species grown and length of growing time, in different
yvears. In order to make comparisons between the privately grown crops
and the crops grown for this study only measurements from jack pine
seedlings grown for 14-16 weeks are included in the table.

Although the data in the Table 4 are toco general for statistical
analysis some comparisons can be made. In general the crops grown for
this study were comparable in morphological attributes to those crops
produced by the private growers in the North Central Region, although
minor differences did occur. The Current crops of seedlings grown in the
FH-408 Paperpot in this study were, on average, similar in root collar
diameter and shoot and root dry weights to the average current crop
produced by the private growers but were slightly taller in height
{Table 4). The 1986/87 overwinter crop grown in the paperpots in this
study was similar in height and root collar diameter to those overwinter
crops produced by the private growers but were smaller in shoot and root
dry weights (Table 4). The Current crops of seedlings grown in the

Can-Am #2 Multipots in this study were, on average, similar in height
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Table 4.Comparison between growth measurements of the seedlings grown in
private greenhouses in the North Central Region and of the
seedlings grown for this study.

Date Height Root Collar Shoot Dry Root Dry Seedling
{cm) Diameter Weight Weight Dry Weight
(rom) (rmg) (mg) (mg)

1) Private Growers

a) Current Crops

1985 15.1 (1) 1.95 (1) 712.15 (1) 161.85 (1) 874.0 (1)
1986 20.1 (2) 2.30 (1) 612.89 (1) 175.11 (1) 788.0 (1)
Mean 17.8 2.12 662.52 168.48 831.0

b) Overwinter Crops

1985/86 11.7 (1) 1.70 (1) 551.74 (1) 153.26 (1) 705.0 (1)
1986/87 17.5 (2) 1.69 (2) 658.69 (2) 135.82 (2) 79%4.5 (2)
Mean 14.6 1.70 605.22 144.54 749.8

2) This study

a) Current Crops
i) Paperpot seedlings

1986 22.6 2.05 737.00 203.00 940.0
1987 17.4 2.01 516.50 154.50 671.0
Mean 20.0 2.03 626.75 178.75 805.5

ii) Multipot seedlings

1986 20.5 2.24 952.00 346.00 1298.0
1987 13.5 2.05 639.00 290.50 929.5
Mean 17.0 2.14 795.50 318.25 1113.8

b) Overwinter Crop
i) Paperpot seedlings

1986/87 14.5 1.61 403.00 108.00 511.0
ii) Multipot seedlings

1986/87 14.5 1.63 527.0 189.00 716.0

Numbers in brackets refer to the numbex of growers upon which the

mean is based.
Source: Ministry of Natural Resources, Regional Office, Thunder Bay.

1988.
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and root collar diameter to those crops produced by the private growers
but were much larger in shoot and root dry weights (Table 4). The
overwinter multipot seedlings in this study were similar in height and
root collar diameter, smaller in shoot dry weight but larger in root dry

weight to those produced by the private growers (Table 4).

ROOT GRCWTH POTENTIAL TESTS

The root growth potential data was subject to non-homogeneity of
variance owing to considerable wvariablity of seedlings in their ability
to initiate and elongate new white .roots. Because of this, various
transfromations were used in an attempt to homogenize the variance of
the data. The natural log (1n) transformation was found to be the best
in reducing the non-homogeneity of wvariance in three of the four data
sets. The exception was the 1986 growth chamber data in which the
square-root transformation was found to be the best by the Bartlett-Box
test. Analysis of variance and Student-Newman-Keul (SNK) tests were
conducted on the transformed data sets.

Analysis of variance was not conducted on root number as it was
found that root number and total root elongation were very highly
correlated for all four data sets making the results from either root

number or total root elongation similar. Table 5 shows the correlation

Table 5. Correlation coefficients between root number and total root
elongation for the four root growth potential data sets analysed
in this study.

Data set Correlation
Coeficient
1) 1986 Growth Chamber Trial 0.90
2) 1987 Growth Chamber Trial 0.94
3) 1986 Outplanting Trial 0.95

4) 1987 Outplanting Trial 0.94
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coefficients for each of the four data sets. All correlations were

significant at the 0.001% level of probability.

1986 Results

The results of the ANOVA for total root elongation showed
significant differences between the main effects of potting dates,
container types and root zones for seedlings grown in
controlled-environment cabinets. THe ANOVA table for the 1986 growth
chamber trial is given in Appendix X.

The total root elongation interactions are shown graphically in
Figures 19 to 21 for the growth chamber trial. The potting date by
container type interaction illustrated in Figure 19 was significant by
ANOVA (P<0.027). Total root elongation increased over the three test
dates for seedlings grown in both container types with the seedlings

grown in the Can-Am #2 Multipot exhibiting the greater length of new
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Figure 19. Mean total root elongation by Potting Date and Container Type
for the 1986 Growth Chamber Trial.
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white roots than those grown in the FH-408 Paperpot at all three potting
dates. This difference was the greatest at the second potting date.
Figure 20 shows the potting date by root zone interaction for the
1986 growth chamber trial. This interaction was found to be significant
when tested by ANOVA (P<0.001). The TRE of roots from root zone 3 was
significantly higher than that from the root zones 1 and 2 at all three
potting dates. The length of new white roots elongating from root zones
1 and 2 remained relatively constant over the three test dates while the

length of new white roots originating from root zone 3 increased
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Figure 20. Mean total root elongation by Potting Date and Root Zone for
the 1986 Growth Chamber Trial.

substantially. This may be caused by continued root growth when the
seedlings remain in the containers for longer periods of time as was the
case for the second and third potting dates. A longer time in the
container causes more roots to reach the bottom of the plug (root zone
3) and hence elongate from there after outplanting.

The root zone by container type interaction shown in Figure 21 was
also found to be significant (P<0.001). The Mulitpot seedlings exhibited

a constant and steady increase in the length of white roots produced
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over the three root zones with greatest length of new white roots
originating from root zone 3. The Paperpot seedlings also exhibited high
root production from root zone 3, but the amount of new white roots
elongating from root zones 1 and 2 was significantly less.

The potting date by container type by root zone interaction was
found to be significant (P<0.001). This was due to the low total root
elongation from root zone 2 at all three potting dates for the Paperpot
seedlings. Total root elongation for the Paperpot seedlings was the
highest from root zone 3, medial from root zone 1 and the lowest from

root zone 2 at all three potting dates. The total root elongation for
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Figure 21. Mean total root elongation by Root Zone and Container Type
for the 1986 Growth Chamber Trial.

the Multipot seedlings was also the highest from root zone 3 but was
medial from root zone 2 and the lowest from root zone 1 at all three

potting dates.



59

1987 Results

As in 1986, the results of ANOVA for total root elongation
indicated very highly significant differences within the main effects of
potting dates, container types and root zones for the 1987 growth
chamber trial. The comparison between the 1986/87 Overwinter Crop and
the 1987 Current Crop investigated in the 1987 study was also found to
be very highly significant. The ANOVA table for the 1987 growth chamber
trial is given in Appendix XI.

The total root elongation interactions for the 1987 growth chamber
trial as presented in Figures 22 to 24 also show similar patterns to
those results obtained in 1986. X

The potting date by container type interaction presented in Figure
22 was not found to be significant. Seedlings grown in both container
types showed increased total root elongation over the three test dates.
The difference between seedlings grown in the two container types was
not as evident as in 1986. In fact, the lines representing the total
root elongation for each container type in Figure 22 are almost

indistinguishable. It is important to note however, that the analysis of
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Figure 22. Mean total root elongation by Potting Date and Container Type
for the 1987 Growth Chamber Trial.
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variance was done on the transformed data while the data presented in
Figure 22 is real. A graph of the transformed means shows a clear
difference between the total root elongation of seedlings grown in the
two container types with seedlings grown in the Can-Am #2 Multipot
having a higher total root elongation at all three potting test dates.

The potting date by root zone interaction was found to be
significant (P<0.001) (Figure 23). Total root elongation was the highest
from root zone 3 at all three potting dates although the difference in
TRE for all three zones was relatively equal at the first potting date.
At the second potting date there was little increase in the length of
new white roots elongating from root zones 1 or 2. However, the total
root elongation for root zone 3 ing¢reased almost twofold. At the third
potting date the total root elongation increased for all three zones
with root zone 3 showing the most marked increase in total root
elongation.

The root zone by container type interaction presented in Figure 24
was also found to be significant (P<0.001). As in 1986 the Mulipot

seedlings exhibited a gradual increase in total root elongation over the
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Figure 23. Mean total root elongation by Potting date and Root Zone for
the 1987 Growth Chamber Trial.
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Figure 24. Mean total root elongation by Root Zone and Container Type
for the 1987 Growth Chamber Trial.

three root zones. The Paperpot seedlings had little root elongation
occurring from root zones 1 and 2 and as in 1986 there was a slight
decrease in total root elongation from root zone 1 to root zone 2. Root
zone 3 had a very high total root elongation for the Paperpot seedlings.
The total root elongation from root zone 3 for the Paperpot seedlings
was even greater than that of the Multipot seedlings for the same zone.

The remaining three Figures (25 to 27) present the effects of the
crop type versus potting date, container type and root zone interactions
for total root elongation of the 1987 growth chamber trial.

Figure 25 shows the potting date by crop type interaction. ANOVA
indicated this interaction to be significant (P<0.001). The overwinter
seedlings had a higher total root elongation at all three potting dates
than the current seedlings. This difference was particularly evident at
the third potting date where the overwinter seedlings had over twice as
much new white root growth than the current seedlings.

The crop type by container type interaction shown in Figure 26 was
not significant. The Multipot seedlings had a slightly higher total root

elongation than the Paperpot seedlings for the current crop whereas this
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Figure 25. Mean total root elongation by Potting Date and Crop Type for
the 1987 Growth Chamber Trial.
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Figure 26. Mean total root elongation by Crop Type and Container Type
for the 1987 Growth Chamber Trial.
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was reversed for the overwinter crop. This can be related to the fact
that since the overwinter crop is stored for a longer period of time
than the current crop, ﬁore roots of the overwinter stock grow to the
bottom of the plug.

This is further illustrated in the root zone by crop type
interaction (Figure 27) which was also found to be non-significant by
ANOVA. The overwinter seedlings had a higher total root elongation than
the current seedlings from all three root zones. This difference was the
meost pronounced however for the third root zone in which the overwinter
seedlings produced over twice as much new white root growth as the

current seedlings.
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Figure 27. Mean total root elongation by Root Zone and Crop Type for the
1987 Growth Chamber Trial.

The crop type by container type by root zone interaction was also
found to be highly significant by ANOVA (P<0.001). This was due to the
low total rxoot elongation from zone 3 for the overwintered Multipot
seedlings relative to the current Multipot crop. This may be caused by
freezing damage to the roots in the bottom of the Multipot container
during overwinter storage. The overwintered Paperpot stock had a

significantly higher total root elongation than the current Paperpot
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crop from root zone 3. All other 3rd order and higher interactions were

not significant.

1986 Results

The results obtained from the 1986 outplanting trial mainly support
the results of the controlled environment study. One notable difference
was that total root elongation was much higher for the seedlings tested
in the growth chamber than for those outplanted in the field. This was
expected and is probably related to the warmer and moister environment
of the growth chamber. ANOVA indicated very highly significant
differences within the main treatment effects of outplanting date,
container type and root zone. A complete ANOVA table for the 1986
outplanting trial is given in Appendix XII.

The total root elongation interactions for the 1986 outplanting
trial are presented in Figures 28 to 30.

Figure 28 shows the outplanting date by container type interaction.
ANOVA indicated that this was not a significant interaction. The Can-Am
#2 Multipot seedlings had a higher total root elongation than the FH-408
Paperpot seedlings at all three of the outplanting dates. Total root
elongation for seedlings grown in both container types was the lowest at
the first outplanting date, increased to a peak at the second
outplanting date and then declined again at the third outplanting date.

The outplanting date by root zone interaction presented in Figure
29 was found to be significant by ANOVA (P<0.029). At outplanting date 1
there was no real difference in total root elongation from all three
zones. However, at outplanting date 2 seedling root egress from root
zone 3 had increased substantially while the increase from the other two
zones was slight. All three root zones showed a slight decrease in total
root elongation at the third outplanting date but the relative
proportion of roots from each zone remained constant.

The root zone by container type interaction was found to be

significant (P<0.001). The interaction is presented in Figure 30. As in
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Figure 28. Mean total root elongation by Outplanting Date and Container
Type for the 1986 Outplanting Trial.
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Figure 29. Mean total root elongation by Outplanting Date and Root Zone
for the 1986 Cutplanting Trial.
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the growth chamber trials the Multipot seedlings exhibited a gradual
increase in total root elongation over the three root zones. The
Paperpot seedlings had a low total root elongation from root zones 1 and
2 and a significantly higher total root elongation from root zone 3.
Similar to the growth chamber trials total root elongation from root
zone 2 was the lowest for the Paperpot seedlings.

The outplanting date by container type by root zone interaction fer

the 1986 outplanting trial was not found to be significant.

FH-408 Paperpot
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Figure 30. Mean total root elongation by Root Zone and Container Type
for the 1986 Qutplanting Trial.

1987 Results

The 1987 outplanting trial results were comparable to the 1986
outplanting trial results. The only difference between the two years was
a slight difference in the scale for total root elongation. This is
related to the better quality outplanting site used in 1987. The soil on
the 1987 planting site is a sandy loam and thus was more favourable for
jack pine seedling growth and root development than the heavier soil of

the 1986 outplanting site.
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ANOVA on the transformed data indicated significant differences
within the main treatment effects of outplanting dates, container types
and root zones. The crop effect, unlike the 1987 growth chamber trial,
was found to be non-significant. The complete ANOVA table for the 1987
outplanting trial is given in Appendix XIII.

The total root elongation interactions as presented in Figures 31
to 33 also show similar patterns to those results obtained in 1986.

Figure 31 illustrates the outplanting date by container type
interaction. This interaction was not significant. The graph shows that
the Can-Am #2 Multipot seedlings had a higher total root elongation than
the FH-408 Paperpot seedlings at all three outplanting dates. As in
1986, total root elongation for seedlings grown in both container types
was the lowest at the first outplanting date, increased to a peak at the
second outplanting date and then decreased at the third outplanting
date.

The outplanting date by root zone interaction presented in Figure
32 was found to be significant (P<0.001). Root elongation from root

zones 1 and 2 exhibited a slight increase over the three outplanting
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Figure 31. Mean total root elongation by OQutplanting Date and Container
Type for the 1987 Outplanting Trial.



68

= Root Zone 1
== Root Zone 2

= Root Zone 3

Total Root
Elongation
(cm)

0 : 1
5/25/87 6/15/87 7/6/87
Qutplanting Date

Figure 32. Mean total root elongation by Outplanting Date and Root Zone
for the 1987 Cutplanting Trial.

test dates. Total root elongation from root zone 3 was significantly
higher at all three outplanting dates. The total root elongation from
root zone 3 increased from the first outplanting date, peaked at the
second outplanting date and then decreased to the first outplanting date
level at the third outplanting date.

The root zone by container type interaction was also found to be
significant (P<0.001). This interaction is shown in Figure 33. As in the
previous three data sets, the Can-Am #2 Multipot seedlings exhibited a
gradual increase in total root elongation from root zones 1 to 3. The
Paperpot seedlings showed a relatively low total root elongation from
root zones 1 and 2 and a significantly higher total root elongation from
root zone 3. Total root elongation was the lowest from root zone 2 for
the Paperpot seedlings.

Figures 34 to 36 show the crop type versus outplanting date,
container type and root zone interactions for the 1987 outplanting trial
data.

Both the crop type by outplanting date and the crop type by
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Figure 33. Mean total root elongation by Root 2Zone and Container Type
for the 1987 Outplanting Trial.

container type interactions presented in Figures 34 and 35 respectively
were not found to be significant. Total root elongation of seedlings
grown under either crop schedule were generally the same at the first
and second outplanting dates with a slight deviation occurring at the
third outplanting date (Figure 34). This deviation would seem to
indicate that some degree of significance should exist for this
interaction. However, the means of the transformed data on which the
analysis is based showed no deviation at the third outplanting date.
Seedlings grown in the FH-408 Paperpot had a slightly higher total root
elongation for the overwinter crop than for the current crop. The Can-Am
#2 Multipot seedlings showed no discernable difference in total root
elongation between either crop type and had a higher total root
elongation than the Paperpot seedlings for both overwinter and current
crops of seedlings.

Figure 36 illustrates the crop type by root zone interaction. This
interaction was found to be significant (P<0.017). The current crop of

seedlings had a slightly higher total root elongation egressing from
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Figure 34. Mean total root elongation by Outplanting Date and Crop Type
for the 1987 Outplanting Trial.
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Figure 35. Mean total root elongation by Crop Type and Container Type
for the 1987 OQutplanting Trial.
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Figure 36. Mean total root elongation by Crop Type and Root Zone for the
1987 Outplanting Trial.

root zone 1 while the total root elongation from root zones 2 and 3 was
higher for the overwinter crop of seedlings. This again is related to
the length of time that the seedlings are kept in the containers. The
longer the time in the containér, as for the overwinter crop, the more
time the roots have to grow to the bottom of the container plug and
elongate from there after outplanting.

Similar to the growth chamber results the crop type by container
type by root zone interaction was found to be significant by ANOVA
(P<0.001l). The total root elongation from root zone 3 for the
overwintered Multipot seedlings was again lower than that for the
current crop. However, the total root elongation for the overwinter crop
for both container types and all three root zones was generally lower
than that for the current crop except for root zone 2 of the Multipot
stock and root zone 3 for the Paperpot seedlings. Again all other 3rd

order and higher interactions were not significant.
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DISCUSSION

Container seedlings have the advantage over bare-root seedlings in
that intimate contact between the roots and the soil is maintained
throughout the growing and outplanting process (Tinus, 1974). Tinus also
noted that container seedlings can have an external supply of food
reserves and moisture in addition to its internal supplies. This may
reduce the degree of moisture and nutrient stress experienced by the
seedling after outplanting. However, it is still imperative that the
container seedling extend new roots into the surrounding soil for
successful establishment (Ritchie, 1985). New reserves of soil moisture
and nutrients, which are essential for seedling growth, must be tapped
quickly in order to ensure seedling survival. Seedlings, therefore,
should have a high root growth potential (RGP) at the time of
outplanting in order to ensure adequate survival and growth, especially
if site conditions are poor, i.e inadequate moisture and nutrients
(Burdett, 1987). Day et al. (1976) stated that RGP is one of the most
critical indicators of the physiological condition of the stock.

From an establishment viewpoint root growth within the plug despite
high RGP is inconsequential relative to the extension of new roots into
the surrounding soil and according to Kinghorn (1974) containers that
restrict root egress after outplanting and the seedlings contained
therein are "useless"™. It is essential then, that seedlings not only
have a high RGP at the time of outplanting, but that the roots must also
penetrate the container wall into the surrounding scil. In other words,
they must also have a high effective RGP after outplanting.

The point of root egress from the container is important. Seedlings
must develop horizontal roots to ensure tree stability and to extract
moisture and nutrients from the upper humic soil layers. According to
Hulten and Jansson (1978) seedling stability increases with the number
of lateral roots and the roots' cross-—-sectional area. These roots must
also be evenly distributed radially for maximum tree stability.

Seedlings also must develop vertical roots in order to exploit the soil
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for moisture and nutrients at greater depths. The method used to
evaluate the effective RGP of container stock in this study takes into

account both the amount and location of root growth.

MEASUREMENT OF RGP

The development of the methodology for measuring the RGP of
seedlings over the past three decades has concentrated mainly on
bare~-root seedlings. To date no methodology has been published that
specifically measures the RGP of container seedlings. It appears that
container stock are treated as if they were bare~root seedlings by
removing all the soil from the plug before testing. The method for
measuring RGP used in this study allows for the determination of the
amount and location of the initial root elongation of the container
seedlings into the surrounding soil over a three week period. In this
way the effects of container design on the inital root egress as
measured by the effective RGP of the seedling can be examined. Seedlings
with a high RGP at the time of outplanting may have a low effective RGP
if the roots do not egress past the container wall.

A similar zonal method has also been used by Rischbieter (1978) to
examine the effects of physical barriers of the soil. Ruehle (1985) also
used root zones for both bare-root and container stock to study the
lateral root development and spread of ectomycorrhizae on loblolly pine
seedlings after outplanting.

In order to maintain continuity within this thesis the secondary
objective dealing the production of the stock used in this study will be
discussed first followed by the primary objectives dealing with the RGP

of the seedlings after outplanting.

GREENHOUSE PRODUCTION PHASE

A secondary objective of this study was to monitor the height, root
collar diameter, shoot and root dry weight growth of jack pine seedlings
grown in FH-408 Paperpots and Can-Am #2 Multipots during the greenhouse

production phase for both an Overwinter Crop and two Current Crops of
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seedlings in order to determine if any differences in seedling
morphology existed between seedlings grown in the two container types or
between seedlings grown under the two cropping schedules. Seedling size
has, in several studies, been shown to influence seedling survival and
growth after outplanting in the field (Arnot, 1974; Scarratt, 1974;
Armson, 1975; McMinn, 1981 and Barnett, 1984).

Several cultural factors during the greenhouse production phase are
known to affect the rate of seedling growth. These factors include
greenhouse temperature, relative humidity, light conditions including
light intensity and photoperiod, irrigation and fertilization schedules,
co? concentrations and biotic factors such as diseases and insects
(Larson, 1974). All of these factors influence in one way or another the
rate of seedling photosynthesis and ontogenetic development (Larson,
1974) which in turn influences the morphological and physiological
condition of the seedlings at the end of the greenhouse production
phase. Differences between the seedlings grown in the two container
types and between the seedlings grown under the two crop schedules are a
result of differences in these cultural factors. In this study, little
information other than the basic irrigation and fertilization schedules

was collected during the greenhouse production phase.

Comparison Between Crops

Comparisons were made between the 1986 and the 1987 Current crops
and between the 1986/87 Overwinter Crop and the 1987 Current crop grown
in this study. The crops were compared at a common time base of 14 weeks
after germination as growth measurements were available for all three

crops then.

1986 Current Crop wvs 1987 Current Crop

Differences between the two current crops were found to exist at
the common growth time of 14 weeks. Seedlings grown at Hill's
greenhouses in 1986 were signifcantly taller and had a slightly higher
root collar diameter and shoot dry weight than the seedlings grown at

Hodwitz's greenhouses in 1987. The seedlings grown in 1987 were,
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however, significantly larger in root dry weight than those grown in
1986 (Appendix X). As similar peats were used in the two crops, the most
probable explantation for these differences lies in the cultural
techniques used by the two growers. Each grower regulates the irrigation
and fertilization of their seedlings in order to achieve their desired
crop objectives. Differences in root dry weight are quite possibly the
result of different irrigation and fertilization schedules. According to
the growing records of the crops and personal communication with the
growers it appears that the seedlings grown in Hills' greenhouses were
irrigated and fertilized more frequently than the seedlings grown in
Hodwitz's greenhouses. This may have resulted in the soil in the
containers at Hills' being slightly overmoist leading to poorer soil
aeration and subsequent poorer root development. According to Sutton
(1969) as excess soil moisture results in poor soil aeration and retards
root development and also results in depressed photosynthesis (Jarvis
and Jarvis, 1963).

The increased frequency of irrigation and fertilization is further
exemplified by the significant difference in height (P<0.001) and the
slight difference (non-significant by ANOVA) in shoot dry weight. Hills'
seedlings were larger in both of these two attributes and this better
shoot elongation and shoot biomass production could be related to the
increased nutrient availabilty although the effect may have been offset
somewhat by the lack of root production.

Differences between the two growing seasons in the other
environmental factors, such as those mentioned earlier, could also have
accounted for some of the differences in the morphology of the crops
produced but, as these other factors were not monitored during the
greenhouse production phase, any further discussion would be

speculative.

1987 Current Crop vs 1986/87 Ovexwintexr Crop

The overwinter crop of seedlings was generally smaller than the
current crops of seedlings in all four of the morpological attributes
measured. This is in agreement with the data obtained for other
overwinter and current crops grown in the North Central region (Table

4) .
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Differences in the morphological attributes of the seedlings grown
under the two cropping schedules could be due to differences in
greenhouse temperature. Greenhouse temperature is much more difficult to
maintain at optimal levels in the summer months and high greenhouse
temperatures on sunny summer days, coupled with low relative humidites
can result in stomatal closure and a reduction in net photosynthesis
even if the seedlings are well watered (Tinus and MacDonald, 1979). This
is turn will result in a reduction in seedling growth. Also, seedlings
have been noted to die from heat stress caused by excessive greenhouse
temperatures. Excessive greenhouse temperatures can also lead to
over-watering in order to cool the greenhouse which can result in poor
soil aeration and lead to poor root development.

The smaller size of the overwinter seedlings could also relate to
the natural shortening of the photoperiod over the latter 3/4 of the
greenhouse production phase. As usually no supplemental lighting is used
(Day, 1988, pers. comm.) the shortening photoperiod results in the
natural slow down in seedling growth and the setting of buds. Some
growers also use 'black out' curtains to effect an eight hour day to
cause bud set. A well developed bud results in good shoot elongation in
the spring, which increases the size of the overwinter crop so that they
are often larger than the current crop of seedlings when outplanted.

Different growers may be another factor that could account for some
of the difference in size between the 1986/87 Overwinter crop and the
1987 Current crop. The 1986/87 Overwinter crop was grown at Hills'
greenhouses while the 1987 Current crop was grown at Hodwitz's
greenhouses. As was discussed earlier in the comparison between the two
current crops, different growers often use different growing techniques
which may result in differences in morphological attributes of the
seedlings produced. However, both the 1986 Current crop and the 1986/87
Overwinter crop which were grown at Hills' greenhouses also exhibited
morphological differences (Table 4).

The other environmental factors mentioned earlier could also
account for some of the differences between the morphological attribute
of the two crops but, as before, they were not monitored so any

discussion of their effects would be speculative,
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There were no significant differences in height and root collar
diameter between seedlings grown in the two container types except in
the 1987 Current crop in which the paperpot seedlings were significantly
taller than the multipot seedlings. The multipot seedlings were larger
in shoot dry weight than the paperpot seedlings in all three crops. This
difference was significant in two of the three crops produced, the
exception being the 1987 Current crop. The most consistant difference
between seedlings grown in the two container types was the difference in
root dry weight. In each of the three crops produced in this study
seedlings grown in the Can-Am #2 Multipot had a significantly higher
root dry weight than those grown in the FH-408 Paperpot.

Both container types have approximately the same volume, 67 ml for
the Can-Am #2 Multipot and 70 ml for the FH-408 Paperpot, sSo container
volume was not a likely causal factor. The paperpot trays do, however,
have more cavities per unit area resulting in less growing space per
seedling. Seedlings grown in the FH-408 Paperpot have a potential
growing space of 9.79 cm? per seedling whereas those seedlings grown in
the Can-Am #2 Multipot have a potential growing space of 11.49 cm? per
seedling. Larson (1974) notes that the self-shading of the lower foliage
by the upper foliage and other seedlings can be a limiting factor [to
growth] in closely grown container stock. As more light of higher
intensity reaches the lower foliage in less closely grown seedlings, the
photosynthetic productivity increases resulting in increased growth
rates. The same effect on seedling photosynthesis can be attained in
closely grown seedlings by increasing the light intensity. Larson (1974)
reports that shoot and root dry weights of several coniferous species
increased with an increase in light intensity and that higher light
intensities also resulted in increased lateral branching.

However, in a study by Tanaka and Timmis (1974) on the effects of
container density on growth and cold hardiness of Douglas fir seedlings,
no significant differences in root collar diameter and shoot and root
dry weight were found between the two seedling densities, 75 and 100
seedlings per sqg. ft. (12.39 cm? per seedling and 9.29 cm? per seedling
respectively), most closely approximating the seedling densities of the
containers used in this study. Differences in seedling height and

shoot/root ratio did exist between these two densities. Significant
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differences between the lowest density (25 seedlings per sq. ft.) and
the highest density (100 seedling per sg. ft.) also existed for all five
of the measured morphological attributes. Adjustment of the
morphological data in this study to compensate for the differences in
growing space per seedling resulted in a reduction in the level of
significance for shoot dry weight to non-significant but differences in
the root dry weight between the seedlings grown in the two container
types remained highly significant.

Differences in root dry weight between seedlings grown in the two
container types could be a result of better moisture relations in the
scil of the Can-Am #2 Mulitpots. The soil in the FH-408 Paperpot tends
to remain moister during the periods between irrigation. This may result
in the soil being 'overmoist' and }acking in proper soil aeration which
has been shown to retard root development (Sutton, 1969) and result in
depressed photosynthesis (Jarvis and Jarvis, 1963). Kantor (1988),
however, found no significant differences in height, root collar
diameter, shoot dry weight, root dry weight or shoot/root ratic between
jack pine seedlings grown in FH-408 Paperpots watered every day, every
other day or every fourth day. He concluded that no differences were
found because "the so0il in the paperpots was always moist regardless of
which regime was used.”

In contrast, seedlings grown in the Can-2Am #2 Multipots under the
same watering regimes showed significant differences in all five
morphological attributes between seedlings watered every day and every
other day and those watered every fourth day. The seedlings watered
every fourth day were significantly smaller in height, root collar
diameter, top dry weight and root dry weight and had a significantly
larger shoot/root ratio than those seedlings watered under the other two
regimes. The soil in the Multipot containers watered every fourth day
was very dry and this may account for the smaller seedlings. However, in
spite of this, the Multipot seedlings were still significantly larger in
height, root collar diameter, shoot dry weight and root dry weight and
had a significantly smaller shoot/root ratio than those seedlings grown
in the FH-408 Paperpot.

The improved root development of seedlings grown in the Can-Am #2
Multipots could result in higher levels of root growth after outplanting

which could result in better seedling survival and higher rates of
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seedling growth.

Other factors, such as better drainage or higher cavity temperature
because of the air spaces between the seedling cavities leading to
faster drying or the shape of the Can-~-Am #2 Multipot could all
potentially lead to improved root development. But, these factors, as
well as others that could explain the differences in morphology between
the seedlings grown in the two container types, were not monitored and

warrant further in-depth investigation.

ROOT GROWTH POTENTIAL

Growth Chamber Trials

In both 1986 and 1987 the seedlings' effective RGP increased over
the three potting dates (Figures 19 and 22). This effect was more
pronounced in 1987 at the third potting date. Seedlings potted in July
showed a markedly higher effective RGP than seedlings potted in May or
in June for both container types. This marked increase in effective RGP
could be due to a natural surge in seedlings' RGP or, more probably, it
could be related to the fact that, while all environmental factors were
thought to be held constant, a fresh batch of peat-Vermiculite soil had
to be used at the third potting date. At the two previous potting dates
an older peat mix had been used as it was already moist. It was
necessary to use a fresh peat mix as the supply of the older peat mix
had been depleted. Samples of the two soil types used in the study were
sent to the Glendon Hall Research labaratory, Faculty of Forestry,
University of Toronto for macro-nutrient analysis to see if a possible
cause for the increase in RGP relating to the peat used could be found.
However, no significant differences were found in the macro-nutrient
content of the two peat mixes. It was thought that the differences in
the expression of seedling RGP may be related to the differing
structural properties and state of decompostion of the two peat mixes.
As the peat breaks down it becomes more compacted and its water holding
capacity increases. This can lead to excessive 30il moisture retention
and poor scil aeration for an extended period of time after irrigation

which in turn has been shown to retard root development (Sutton, 1969).
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This result clearly illustrates the importance of maintaining a
homogeneous environment, including peat mixes, throughout RGP
experiments.

In 1986 the same peat mix was used throughout the growth chamber
trial. An increase in the RGP of the seedlings over the three potting
dates was still evident although it was a more gradual increase. It can
be assumed, therefore, that the seedlings tested in the 1987 growth
chamber trial would have shown a similar pattern of RGP development had
the same peat mix been used throughout the 1987 study.

According to Stupendick (1973) jack pine barercot seedlings have a
single pulse of RGP in the spring prior to bud break. RGP then declines
over the summer months even when grown under ideal conditions in a
growth chamber. Stupendick's findings are contrary to what was found in
this experiment. A probable explanation for this discrepancy is that the
experiments conducted by Stupendick used 2+0 barercot seedlings grown
under the natural climatic conditions in a nursery while the experiments
done in this study were conducted using 14-26 week o0ld container
seedlings grown in the artificial climatic conditions of a greenhouse.
It is possible that the younger container seedlings may not be developed
enough physioclogically to exhibit the periodicity in RGP expressed by
older more developed seedlings. To date there is no published research
studying the periodicity in RGP of jack pine container stock.

Seedling periodicity in RGP is thought to relate to the allocation
of current photosynthate between the roots and shoots of the tree
seedlings and that the reduction in root growth which is commonly
associated with renewed shoot activity may be related to competition
between the shoots and roots for carbohydrates or their relative sink
strengths (Ritchie and Dunlap, 1980). However, Larson (1974) noted that
if growth conditions are favourable and food supplies adequate, root
growth may proceed more or less continuously despite the close
ontogenetic link between the shoots and the roots.

The current crop of seedlings tested in controlled-environment
cabinets in 1986 and 1987 had been hardened off prior to testing but
still exhibited some shoot growth over the course of the RGP test
periods. The overwinter crop tested in 1987 also exhibited some shoot
growth over the test period but, because the height and root collar

diameter measurements for both crops were made after each RGP test it is
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difficult to determine the exact period in which this growth occurred.
However, in spite of this renewed shoot activity, the level of effective
RGP continued to increase for both crops over the three test dates
(Figure 25). The current crop showed a gradual increase in RGP over the
three potting dates whereas the overwinter crop showed little increase
in RGP between the first two potting dates but increased substantially
at the third; almost 6 times as much.

The RGP results for the current crop tend to support the statement
by Larson (1974) in that root growth can be continuocus given favourable
growing conditions in spite of active shoot growth. The RGP results of
the overwinter crop also support the statement by Larson (1974) as root
growth at the first two potting dates did occur even though active shoot
elongation was also occurring. The “suxrge of root growth at the third
potting time also lends support to statement by Ritchie and Dunlap
(1980) in that after shoot elongation ceases, which was the case at the
third potting time, more photosynthate is available for root growth
resulting in higher effective RGP values at that time. Part of this
sudden increase could, as was discussed earlier, relate to the fresh
peat-vermiculite mix used at the third test date.

The differences in response in seedling RGP between the two crop
types can be expected. Overwinter crops are generally more aligned with
the natural growth rythmns than are the current crops (K. McClain, 1989,
pers. comm.) as they have already undergone a growth/dormancy cycle
prior to planting whereas the current crops have not. Current crops are
removed from the greenhouse, acclimatized or hardened off and then are
outplanted and in essence, are still in the same growing season. In
other words, there has been no real dormancy period so continued growth
in both the rocots and the shoots, as was exhibited by the current crops
in the growth chamber trials in this study, can be expected.

The general increase in RGP that occurred over the three potting
dates for both crops could also relate to an increase in seedling root
mass. As the seedlings remain in the containers, root growth often still
occurs and hence seedlings tested at the last potting date may have had
more root mass than those seedlings tested at first potting date. An
increase in root mass over the test period may result in an increase in
RGP over the same period. Unfortunately, as was mentioned earlier,

measurements on the seedlings tested for RGP were only made at the end
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of 21-day test period and only seedling height and root collar diameter
were measured and thus this hypothesis could not be tested here.

The overwinter crop had a significantly higher RGP than the current
crop of seedlings at all three potting test dates (Figure 25). This
would tend to refute the importance of seedling size on RGP as it was
found that although the overwinter crop was smaller in all four measured
morphological attributes than the current crop at the end of the
greenhouse production phase, the overwinter seedlings had a higher
effective RGP. It was indicated, however, by height and root collar
diameter measurments made after each RGP test that the overwinter
seedlings were in fact slightly larger than the current seedlings at the
end of each of the RGP tests. It can be assumed, therefore, that the
overwinter seedlings grew vigourousgly in all morphological attributes
between the time of spring measurement and time of RGP testing, a period
of 6 weeks to the first test date. However, because no measurements were
made prior to each RGP test this hypothesis cannot be tested. This
further illustrates the need to measure samples of seedlings prior to
testing for RGP.

The continued increase in the seedlings' effective RGP over the
three potting dates for both crops in the growth chamber trials could
also be attributed to the balance of plant growth regulators within the
seedling and the effect of photoperiod on these balances. However, a
discussion of the exact role of these plant growth regulators on the
expression of seedling RGP is beyond the scope of this research. Ritchie
and Dunlap (1980) list several studies involving different plant growth
regulators and briefly discuss the effect of these substances on the
expression of seedling RGP.

Both 1986 and 1987 seedlings grown in the Can-Am #2 Multipots had
higher effective RGP than those seedlings grown in the FH-408 Paperpot
at all three test dates (Figures 19 and 22). This difference in the
effective RGP between seedlings grown in the two container types could
be related to the higher root dry weight of the multipot seedlings at
the end of the greenhouse production phase or it may be related to the
barrier to root egress caused by the paper of the FH-408 Paperpot. Very
few roots were able to penetrate the paper of the paperpot resulting in
lower effective RGP values for the Paperpot seedlings. The effective RGP

was also higher in the overwinter crop than in the current crop for both
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seedlings grown in Can-Am #2 Multipots and FH-408 Paperpots (Figure 26).
It should be pointed out that for the current crop, the effective RGP of
the multipot seedlings was higher than that of the paperpot seedlings,
while in the overwinter crop the reverse was true. This is related to
the length of time the seedlings are stored in the containers. The
longer the time in the containers, as in the case of the overwinter
crop, the more time the roots have to grow and hence more roots will
reach the bottom of the plug and elongate from there after outplanting.
This would be beneficial to the paperpot seedlings as there is no
barrier to root egress at the bottom of the container and thus more
roots could egress from this point resulting in higher effective RGP for
the overwinter paperpot seedlings.

There was also no reduction int the effective RGP for the overwinter
multipot seedlings. Moreover, a significant drop in root dry weight
after overwinter storage did not occur suggesting that freezing damage
to the root ball of the multipot seedlings during the overwinter storage
period was inconsequential.

The expression of the seedlings' effective RGP was found to vary
significantly between the three root zones in both the 1986 and 1987
growth chamber trials. Root growth was the highest from root zone 3,
medial from root zone 2 and lowest from root zone 1. In the 1986 study
the amount of root growth from root zone 1 and root zone 2 were not
significantly different however. High effective RGP values from root
zone 3 were expected as in the growing process in the greenhouse roots
are directed downward by the container and hence the majority of roots
have grown to the bottom of the container plug and elongate from there
after outplanting. Also high RGP values could be expected from root zone
3 as there is no barrier to root egress at this zone in either of the
two container types studied.

Root production from root zone 3 was also found to increase
significantly over the three potting test dates whereas root production
from root zones 1 and 2 remained relatively constant throughout the test
period (Figures 20 and 23). An exception to this occurred at the third
potting date in the 1987 trial in which the effective RGP increased
dramatically in all three rcot zones. This is probably related to the
different peat mix used as was discussed earlier. The increase in the

effective RGP from root zone 3 over the test period may be caused by the
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fact that as the seedlings remain in the container for longer periods of
time more roots grow to the bottom of the container and hence elongated
from there after outplanting. This effect was especially pronounced for
the Overwinter Crop where the seedlings remained in the container over
the winter before being tested for RGP in the spring. The effect of the
crop type on the effective RGP of seedlings was investigated in the 1987
study. It was found that the effective RGP of the Overwinter Crop was
higher for all three root zones than that of the Current Crop and that
this difference was most pronounced for root zone 3 (Figure 27). The
effective RGP for the Overwinter Crop from root zone 3 was over twice as
high as the effective RGP for the Current Crop.

Container type also influenced the expression of the seedlings'
effective RGP values from the threé€ root zones. Seedlings grown in the
Can-Am #2 Multipot exhibited a gradual increase in root production over
the three root zones with the most roots elongating from root zone 3
(Figures 21 and 24). The FHE~408 Paperpot seedlings however had very low
root production from root zones 1 and 2 while the effective RGP was very
high from root zone 3. In the 1987 study the amount of root growth from
root zone 3 for the paperpot seedlings was even greater than that for
the multipot seedlings for the same root zone. The paperpot seedlings
also exhibited a decrease in root production from root zone 2 over root
zone 1. This decrease can be attributed to the fact that in root zone 1
roots can grow out of the top of the plug resulting in a higher
effective RGP value for that zone. Conversely, roots in root zone 2
cannot do this and hence fewer roots were measured. The low root
production from root zones 1 and 2 for the Paperpot seedlings and high
effective RGP values from root zone 3 in both the 1986 and 1987 growth
chamber trials clearly illustrates the restrictive nature of the FH-408
Paperpot to root egress. It forces the majority of the roots to grow out
the bottom of the container plug whereas the Can-Am #2 Multipot allows a
more even distribution of roots over the three root zones. This effect
is also shown in the photographs of seedlings grown for 21 days in
controlled-environment cabinets in the root study boxes. As can be seen
in Figures 37 and 39 effective root growth from rocot zones 1 and 2 for
the seedlings grown in the FH-408 Paperpot was minimal whereas effective
root growth from root zone 3 was quite high. The roots seen egressing

from the paperpot container in both photographs quite likely are
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egressing through the seam in the paper. The photographs of the

effective root growth of seedlings grown in the Can-Am #2 Multipots are
shown in Figures 38 and 40. Effective root production from root zones 1
and 2 is much higher for these seedlings than for the paperpot seedlings
and the seedlings have a more even distribution of roots egressing from

the three root zones.

outpl ing Trial

Results of seedling RGP tests obtained from the outplanting trials
in 1986 and 1987 were also similar to those obtained from the growth
chamber trial but for one notable exception, other than the difference
in the scale of the RGP measurements. Root growth potential values for
the growth chamber trials were higher than those obtained from the
outplanting trials due to the more favourable growing conditons in the
growth chambers.

The one notable difference between the growth chamber trials and
the outplanting trials relates to the potting date factor. In the growth
chamber trials the seedlings' effective RGP increased over the three
test dates whereas in the outplanting trial the seedlings' effective RGP
peaked at the second outplanting date and then decreased. This peak at
the second outplanting date was evident in all interactions containing
the time factor in both the 1986 and 1987 trials (Figures 28 and 31).
This peak at the second outplanting date is most likely a function of
the environment as it has been shown that, given ideal growing
conditions, as in the growth chambers, the seedlings' effective RGP
increased over the three test dates for seedlings grown in both
container types (Figures 19 and 22). Several environmental factors or a
combination of these factors could account for these trends, including,
soil factors, moisture and temperature, and climatic factors, air
temperature, light intensity and photoperiod.

Soil moisture was monitored over the 1987 outplanting trial using
static tensiometers. The tensiometers were also used in the 1986 trial
but unfortunately a late spring frost damaged them and the repairs took
the rest of the 1986 outplanting season to complete. However, from
Ministry of Natural Resources fire weather records collected at Great

Lakes Forest Products' (Canadian Pacific Forest Products) Camp 45,



Figure 37. Root egress of a current crop FH-408 Paperpot seedling placed
in the root study box at the first RGP test date in 1987 and
grown for 21 days.

Figure 38. Root egress of a current crop Can-Am #2 Multipot seedling
grown in placed in the root study box at the first RGP test
date in 1987 and grown for 21 days.



Figure 39. Root egress of an overwinter crop FH-408 Paperpot seedling
placed in the root study box at the second RGP test date in
1987 and grown for 21 days.

Figure 40. Root egress of an overwinter crop Can-Am #2 Mulipot seedling
placed in the root study box at the second RGP test date in
1987 and grown for 21 days.

* *
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precipitation was found to be adequate throughout the 1986 growing
season. There was, however, a dry spell at the beginning of the first
outplanting period. This dry spell resulted in the Ministry of Natural
Resources implementing a restricted fire zone in the planting area which
lasted until day five of the first outplanting test period. This may
have affected the expression of seedling RGP at the first outplanting
date as low levels of soil moisture retard the growth and maturation of
roots (Sutton, 1969). Without soil moisture readings though, it is
difficult to assess the effects of this dry period on the expression of
the seedlings' effective RGP. In 1987 soil tensiometer readings showed
that soil moisture was adequate, above =-0.3 MPa, throughout the three
RGP test periods. This is further supplemented by Environment Canada
weather data which indicated only $Slightly below normal precipitation
(83.05%) over the three months of May, June and July, 1387.

Soil temperature was not measured over the test dates, but it can
be assumed to be reflected by the air temperature during the test
period. From Ministry of Natural Resources data for 1986 collected at
Canadian Pacific Forest Products® Camp 45 and Environment Canada data
for 1987 collected at Thunder Bay airport, it was found that maximum air
temperature was relatively constant over the three outplanting test
periods. In 1986 there was an abnormally warm period of weather
corresponding to the dry spell discussed earlier.

Light intensity was not monitored during these tests so its affect
on seedling RGP cannot be evaluated.

Ritchie and Dunlap (1980) stated that photoperiocd may also affect
the RGP of seedlings, but that there is no published information
relating this factor to the RGP of outplanted seedlings. It is
interesting to note, however, that the peak in seedling RGP in both 1986
and 1987 corresponded to the peak in the natural photoperiod during the
summer soltice (June 21-22). During the second outplanting period the
natural photoperiod is the longest (16.3 hrs in Thunder Bay). At the
1986 site which was north of Thunder Bay this would be even longer. This
means longer days which in turn would lead to increased photosynthesis,
provided that no other environmental factors, such as soil moisture or
temperature are limiting. An increase in the amount of photsynthesis
would mean that more photosynthate would be available for seedling

growth. This could, therefore, lead to a higher levels of root growth at



89

the second outplanting date. Larson (1974), in a paper about factors
influencing seedling growth in greenhouses, states that photoperiod is
one of the most critical controllable factors affecting seedling growth.
It would stand to reason that photoperiod is also a critical factor
influencing seedling growth, both shoots and roots, after outplanting.

At the third cutplanting time day length had decreased somewhat
resulting in reduced photosynthesis and therefore reduced levels of
photosynthate available for shoot and root growth. This is supported by
the fact that in the growth chamber trials, in which photoperiod was
kept constant, RGP continued to increase from the second to the third
test date.

Photoperiod may also have an effect on seedling growth by
influencing hormonal levels within ‘the seedling and its effect on the
induction of seedling dormancy. Endogenous factors may also play a role
in the expression of seedling RGP during the outplanting trials, but as
was mentioned in the growth chamber trial section the discussion of
these factors is beyond the scope of this study.

Similar results in the other RGP interactions were found between
the outplanting trials and the growth chamber trials in both 1986 and
1987 trials. As in the growth chamber trials container type influenced
the expression of the seedlings' effective RGP values from the three
root zones in both the 1986 and 1987 outplanting trials. Effective root
production increased gradually over the three root zones for seedlings
grown in the Can-Am #2 Multipot (Figures 30 and 33). Effective xoot
production for the FH-408 Paperpot was, on the other hand, very low from
root zones 1 and 2 and increased substantially from the third root zone.
Effective root production of the paperpot seedlings from root zone 2 was
again lower than that from root zone 1 for the same reason as was
discussed in the growth chamber trial section. The low effective root
production from root zones 1 and 2 and the high effective root
production from root zone 3 after outplanting reinforces the point that
the paper of the FH-408 Paperpot is a barrier to root egress. The Can-Am
#2 Multipot has no such barrier to root egress which results in well
distributed pattern of effective root production over the three root
zones which will theoretically result in better initial seedling
survival and growth and will lead to a more stable tree as the tree

matures.
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Spencer (1974) stated that the basic design of the container system
should include container walls that are either a) unrestrictive to root
growth or b) removed completely at the time of outplanting. The Fh-408
Paperpot container seems to f£it into neither category as the barrier to
root egress caused by the wall of the Paperpot, as shown by the low RGP
values from root zones 1 and 2, has been found to persist for many years
in the field after the seedlings are outplanted (Carlson and Nairn,
1977; Ben Salem, 1978; Segarin et al., 1978). Not only does the Paperpot
container restrict the RGP and initial root egress of the seedlings,
which in turn affects initial survival and outplanting performance, but
they also lead to stability problems in the plantations later on.
Bergman and Haggstrom (1976) stated that the presence of the paper of
the paperpot container for an exterrded period of time after outplanting
has led to severe root deformities which may inhibit root development
and cause instability, early windfall or even kill the seedling. The
lack of RGP from root zones 1 and 2 for the Paperpot seedlings can lead
to the type of stability and root form problems found by the J.D. Irving

Company of St. John, New Brunswick in their jack pine plantations.
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CONCLUSIONS AND MANAGEMENT IMPLICATIONS

The results of this research show that Jjack pine seedlings grown in
the Can-Am #2 Multipot are superior morphologically to those grown in
the FH-408 Paperpot especially in root dry weight. The higher root dry
weight of the seedlings grown in the multipot results in a better
balanced seedling, which in turn may lead to higher survival and better
growth after outplanting. .

The jack pine seedlings grown in Can-Am #2 Multipots also exhibited
higher levels of effective root growth potential after outplanting than
seedlings grown in FH-408 Paperpots, especially in the upper two root
zones where the paper wall of the paperpot container still remained
around the container plug. Similar results were also obtained in the
growth chamber trials and the restrictive nature of the paper wall of
the paperpot container to root egress was also clearly evident in the
photographs of the seedlings grown in the root study boxes. These
results support the hypothesis that seedlings grown in container-~free
plugs such as the Can-Am #2 Multipot, which are planted with an
unrestricted rootball, will exhibit a higher level of root egress as
expressed by higher effective RGP values than those seedlings grown in
the FH-408 Paperpots which are planted with the paper barrier of the
container still surrounding the rootball.

The implications for management based on these results and others
dealing with the long term effects of the paperpot on seedling survival
and root-form (Bergman and Haggstrom, 1976, Carlson and Nairn, 1877 and
others) are clear. It is recommended that serious consideration be
placed on converting existing greenhouses from the production of
seedlings in the FH-408 Paperpot to the production of seedlings in a
container-free plug, be it the Can-Am #2 Multipot or some other
container-free system and that newly constructed greenhouses be set up
to produce seedlings using a container-free plug system.

There were also differences in the morphology and RGP of seedlings
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grown under the two cropping schedules. The overwinter crop is generally
favoured by forest companies as it exhibits rapid post-planting shoot
elongation which allows it to compete with existing vegetation on the
site. However, it is imperative that the overwinter crop have sufficient
root growth in order to support the renewed shoot activity. If there is
insufficient effective RGP soon after outplanting to support renewed
shoot activity and if environmental conditions, such as soil moisture,
are limiting, the seedling will be subjected to moisture stress which
will, if environmental conditions are severe enough, result in the death
of the seedling. A current crop of seedlings, on the other hand, may
exhibit some shoot growth after outplanting but only if environmental
condtions are favourable. The current c¢rop, although having less
effective RGP, as found in this study, does not have the extra shoot
growth to support and may be better able to survive unfavourable

environmental conditions.

RECOMMENDATIONS FOR FUTURE RESEARCH

This research deals with the morphological development of jack pine
seedlings in a greenhouse environment and the effective root growth
potential of these seedlings after outplanting in the field. It is
necessary, however, to further our understanding of the physiology of
container produced seedlings to ensure the establishment of vigorous

pPlantations. Areas in which further research is required are:

1) The periodicity in root growth potential of container produced

seedlings and the factors that relate to or affect periodicity,

2) growth rhythms of container produced stock under greenhouse

conditions,

3) the relationship of the components of seedling morphology such
as seedling height, root collar diameter and shoot and root dry

weight on root growth potential and field establishment,



93

4) the ecophysiology of container produced seedlings, and

5) the effect of the container system on long term plantation

performance.
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APPENDIX I

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE MORPHOLOGICAL ATTRIBUTES FOR EACH
CROP TYPE AT THE END OF THE GREENHOUSE PRODUCTION PHASE
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Statistical Model and Expected Mean Squares Table used for the analysis
of the measured attributes for each crop type at the end of the
Greenhouse Production Phase.

*
Tijklm =V + Pi + 8(1)§ * Cox + €(ijk)1 * P(ijkl)m

Y = Height, Root Collar Diameter, Shoot Dry Weight ox
Root Dry Weight.

i = 1...6 Blocks

=1 restriction error
k = 1...2 Container Types

l =1

m= 1...5 Subsamples
8(1)§ = NID (0, o5?)

€(i4k)1 = NID (O, 682)
P(ijkl)m = NID (0, @p?)

RRFRR
61215
Source df ij3klm
Block i 5 11215 op? + Sog? + 10052 + 100p2

Restriction error (i)j 0 11215 gu2 + Scg2 + 10052

Container k 1 61015 052 + 50,2 + 309 (o)
Error (ijk)1l 5 11115 op2 + 502
Subsample (ijkl)m 48 11111 gpy?

Total 59

Note: The statistical model and Expected Mean Squares Table is the
same for each measured attribute {(Height, Root Collar Diameter, Shoot
Dry Weight and Root Dry Weight) for each of the three crops (1986
Current, 1986/87 Overwinter and 1987 Current) used in this study.
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APPENDIX II

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE BETWEEN CROP COMPARISONS
AT THE END OF THE GREENHQUSE PRODUCTION PHASE
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Statistical Model and Expected Mean Squares table used for the analysis
of the between crop comparisons at the end of the Greenhouse
Production Phase.

*
Yijklm =P + Bi + S(i)j + Cryx + Coy + CrxCoyky + e(ijkl)m + P (ijklm)n

Y = Height, Root Collar Diameter, Shoot Dry Weight gxr Root Dry

Weight.
= 1. ..6 Blocks
1l restriction error

1...2 Crop Types
1...2 Container Types
1

1...5 Subsamples
8¢iyj = NID (0, a§?)

e(ijkl)m = NID (0, Og
P(ijkim)n = NID (0, op

S P A
| I I I T

2)
2)

RRFFRR
612215

Source df ijJklmn

Block i 112215 dp? + 5052 + 20052 + 20082

Restriction error (i) 0 1 2215 cpz + 50@2 + 20052

Crop k 1 610215 0p2 + 5052 + 600 (cr)

Container 1 1 612015 0p? + 50¢2 + 600 co)

Crop X Container kl 1 610015 0p2 + 5052 + 306(cr x co)

Error (ijkl)m 5 111115 0p2 + 502

Subsample (ijklm)n 96 111111 cpz

Total 119

Note: The statistical model and expected mean squares table is the
same for each of the measured attributes (Height, Root Collar
Diameter, Shoot Dry Weight and Root Dry Weight) for both of the crop
comparisons (1986 Current vs 1987 Current and 1986/87 Overwinter vs
1987 Current) in this study.
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APPENDIX III

-

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE 1986 GROWTH CHAMBER TRIAL DATA
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The Statistical Model and Expected Mean Squares table used for the
analysis of the 1986 Growth Chamber Trial data.

Yi4klm = V

+

98 - Xua K

P

S(i)j = NID (0, O§

+
T

Bi + s(i)j + Tx + Coy + T x Cogyl + 2, + T X Zypy + Co X Z1m
X Co X Zyim * €(ijklm)n T P(ijklmn)p

Total Root Elongation (cm)

1...6 Blocks

1 restriction error
1...3 Potting Dates
1...2 Container Types
1...3 Root Zones

1

1...12 Subsamples*

2)

€(ijkl)m = NID (O, ag?)

P(ijklm)n = NID (0, Op

2y

RRFFFR R
61323112
Source df ijklmn p
Block i 5 11323112 op2 + 120,% + 216052 + 2160p2
Restriction error ()3 0 11323112 gp? + 120¢2 + 216052
Potting Date k 2 023112 gp2 + 12052 + 43207,
Container 1 1 303112 gp2 + 12052 + 6486 (o)
Potting Date X
Container kl 2 61003112 652 + 120,2 + 1446 (p4c0)
Zone m 2 61320112 op? + 12052 + 4320z
Potting Date X Zome km 4 61020 112 0p2 + 12052 + 1446 (1xz)
Container X Zone lm 2 61300112 dp2 + 120, + 2160 (coxz)
Potting Date X
Container X Zone klm 4 61000112 652 + 12052 + 720 (rxcoxz)
Error (ijklm)n 85 11111112 cpz + 1202
Subsample (ijklmn)p 1188 111111 1 o2
Total 1295
*Note: Subsample seedlings were selected at random and placed in pots at

random. The pots were placed at random within the growth chamber.
Therefore any pot effect is confounded within the subsampling
error. .
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APPENDIX IV

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE 1987 GROWTH CHAMBER TRIAL DATA
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The Statistical Model and Expected Mean Squares Table used for the
analysis of the 1987 Growth Chamber Trial Data.

Yijklm = v + Py + 8(3)4 + Tx + Crp + T x Cry) + Cop + T X Cogp + Cr x
Com * T xCr x Cogymp + 2 + T X Zgpy + Cr x 27,5 + T x Cr X 2y
+Co X Zppy + T XCO X Zypn +Cr x Co X Zipn + T X Cr X Co x

Zxlmn * E(ijklmn)p * P(ijklmnp)q

Y = Total Root Elongation (cm)
i =1...6 Blocks

j=1 restriction error
k = 1...3 Potting Dates

1 =1...2 Crop Types

m= 1.,..2 Container Types
n=1,..3 Root Zones

p=1 :

g = 1,..8 Subsamples*

a(i)j = NID (0, 0'32)
€(ijkimn)p = NID (0, G
P(ijklmnp)q = NID (0, op

2)
2)
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RRFFFFRR
61322318
Source df i j lmnpg
Block i 11322318 g2 + 802 + 28805% + 2880p2
Restriction error (i) 0 11322318 g,2 + 802 + 288052
Potting Date k 2 61023318 op? + 80g% + 576d (7,
Crop Type 1 1 61302318 cpz + 80g2 + 8640 (cy)
Potting Date X
Crop Type k1l 2 61002318 0p% + 802 + 2880 (pxcr)
Container 1 1 61320318 0p2 + 80,2 + 8640 ¢
Potting Date X
Container Type kl 2 61020318 gy + 802 + 2880 (1xco)
Crop Type X
Container Type lm 1 61300318 0p2 + 802 + 4320 (crxco)
Potting Date X
Crop Type X
Root Zone m 2 61322018 cp? + 80,2 + 57603
Potting Date X
Root Zone km 4 61022018 0p2 + 80g2 + 1920 (1xz)
Crop Type X
Root Zone ln 2 61302018 0p2 + 802 + 2880 (crxz)
Potting Date X
Crop Type X
Root Zone kln 4 61002018 0p + 802 + 960 (Txcrxz)
Container Type X
Root Zone mn 2 61320018 0p2 + 802 + 2880 (coxz)
Potting Date X
Container Type X
Root Zone klm 4 6102001 80p2 + 802 + 960 (Txcoxz)
Crop Type X
Container Type X
Root Zone lmn 2 61300018 0y + 802 + 1440 (crxcoxz)
Potting Date X
Crop Type X Container
Type X Root Zone klmn 4 61000018 0p2 + 80g% + 480 (pxcrxcoxz)
Error (ijklm)n 175 11111118 dp2 + 802
Subsample (ijklmn)p 1512 1111112111 cpz

Total 1727

*Note: Subsample seedlings were selected at random and placed in pots at
random. The pots were placed at random within the growth chamber.
Therefore any pot effect is confounded within the subsampling

exrror.
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APPENDIX V

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE 1986 QUTPLANTING TRIAL DATA
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The Statistical Model and Expected Mean Squares table used for the
analysis of the 1986 Qutplanting Trial data.

Yijkim = V

+

98 PR U B K

p

+Bi+5(i)j+Tk+COl+TXCOkl+Zm+Tkam+COXZlm
X Co x Zxim * €(ijkim)n ¥ P(ijklmn)p

T

T
.

Total Root Elongation (cm)

...56 Blocks

...3 Root Zones

.+.15 Subsamples
8(i)3 = NID (0, o5?)

€(ijkl)m = NID (0, og
P(ijklm)n = NID (0, Sp

2)
2)

restriction error
...3 Outplanting Dates
.2 Container Types

RRFFFR R
61323115
Source df i jklmn p
Block i 5 113231150, + 150¢2 + 270052 + 2700p2
Restriction error (i)3 0 1132311502 + 1502 + 270052
Outplanting Date k 2 610231150y2 + 1502 + 54007,
Container 1 1 61303115 d52 + 1502 + 810¢(co)
Outplanting Date X
Container k1l 2 610031 150p2 + 1502 + 270 (7xco)
Zone m 2 61320115 0y2 + 15052 + 5409z
Qutplanting Date X
Zone km 4 61020115 a,2 + 1502 + 1800 (1x3z)
Container X Zone lm 2 61300115 cbz + 156é2 2700 (cox2)
Ouplanting Date X
Container X Zone klm 4 610 0115 sz + 150’52 900 (TxCox2)
Error (ijkim)n 85 111111 150p2 + 15042
Subsample (ijklmn)p 1512 111111 1a,2
Total 16189
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APPENDIX VI

STATISTICAL MODEL AND EXPECTED MEAN SQUARES TABLE
USED FOR ANALYSIS OF THE 1987 OUTPLANTING TRIAL DATA
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The Statistical Model and Expected Mean Squares Table used for the
analysis of the 1987 Outplanting Trial Data.

Yijklm = v+ B; + s(i)j + Ty + Cr] +# T x Cryxy + Copy + T X Coxy + Cr x
Cojqm + T x Cr X Cogpm + 25 + T X 2y + Cr X 214 + T x Cr X Zgjp
+Co X Zpypn +T X Co X 2y +C2 xCO X 21y + T 2 Cr x Co x

Zxlmn t* €(ijklmn)p * P(ijklmnp)q

Y

1 =1...6
j =1

k = 1...3
1l =1...2
m=1...2
n=1...3
p=1
q=1...15

= Total Root Elongation (cm)

Blocks

restriction error
Outplanting Dates
Crop Types
Container Types
Root Zones

-

Subsamples

B(i)j = NID (Q, 082)

e(ijklmn)p = NID (0, Og
p(ijklmnp)q = NID (O, Gp

2)
2y
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RRFFFFR R
613223115
Source df i jklmnp g
Block i 5 113223115 6p2 + 150¢2 + 540052 + 540ap2
Restriction error (i)j 0 11322 3115 op2 + 1502 + 540052
Outplanting Date k 2 610233115 o0p? + 1502 + 10806 ()
Crop Type 1 1 613023115 gp2 + 1502 + 16200 (cy)
Outplanting Date X
Crop Type kl 2 610023115 0p + 1502 + 5400 (rxcr)
Container 1 1 613203115 052 + 1502 + 16209 (cq)
Qutplanting Date X
Container Type k1 2 610203115 gp? + 1502 + 5400 (1xco)
Crop Type X
Container Type lm 1 613003115 gp? + 15052 + 8100 (crxco)

Outplanting Date X
Crop Type X
Container Type Kklm

[ V]
o
™
o
o
o
w
s

15 cpz + 150¢2 + 2700 (TxcrxCo)

Root Zone m 2 613220115 cp2 + 150¢2 + 10806z,
Outplanting Date X

Root Zone km 4 610220115 0p2 + 150¢2 + 3600 (147
Crop Type X

Root Zone ln 2 613020115 6p2 + 15052 + 5400 (crxz)

Outplanting Date X
Crop Type X

Root Zone kln 4 610020115 sz + 15°é2 + 1809 (Txcrx2)
Container Type X
Root Zone mn 2 613200115 sz + 150g2 + 3400 (coxz)

" OQuplanting Date X
Container Type X

Root Zone klm 4 610200115 6p2 + 150, + 1800 (rxcoxz)
Crop Type X

Container Type X

Root Zone lmn 2 613000115 052 + 15052 + 2709 (crxcoxz)

Qutplanting Date X
Crop Type X Container
Type X Root Zone klmn 4 6 100 00 115 02 + 15052 + 900 (pxCrxCoxz)

Error (ijklm)n 175 11111115 cp-? + 15052
Subsample (ijklmn)p 3024 1111111 1 crp2

-

Total 3239
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APPENDIX VII

ANOVA TABLES FOR THE 1986 CURRENT CROP



Anova Table for Height for the 1986 Current Crop.

Source of Sums of Degrees of Mean F ratio Probability
Variation Squares Freedom Square
Within Cells 435.68 48 9.08
Blocks 25.80 5 5.16 0.57 0.724 N.S.
Residual 138.36 5 27.67
Conlainer Type 62.42 1 62.42 2.26 0.193 N.S.

Anova Table for Root Collar Diameter for the 1986 Current Crop.

Source of Sums of Degrees of Mean F ratio Probability
Variation Squares Freedom Square
Within Cells 5.40 48 0.11
Blocks 0.74 5 0.15 1.32  0.271 NS.
Residual 0.76 5 0.15

Conlainer Type 0.52 1 0.52 3.37 0.126 N.S.

12t



Anova Table for Shoot Dry Weight (mg) for the 1986 Current Crop.

Source of Sums of Degrees of Mean F ratio Probability
Variation Squares Freedom Square
Within Cells 4475398.42 48 93237.47
Blocks 206825.56 5 41365.11 0.44 0.816 N.S.
Residual 491692.39 5 98338.48
Container Type 692235.97 1 692235.97 7.04 0.045 *

Anova Table for Root Dry Weight (mg) for the 1986 Current Crop.

Source of Sums of Degrees of Mean F ratic Probability
Variation Squares Freedom Square
Within Cells 368051.25 48 7667.73 ‘
Blocks 39349.38 5 7869.88 1.03 0.413 N.S.
Residual 17603.33 5 3520.67

Conlainer Type 306935.23 1 306935.23 87.18 0.000 ***

[4AS
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APPENDIX VIII

ANOVA TABLES FOR THE 1986/87 OVERWINTER CROP
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APPENDIX IX

ANOVA TABLES FOR THE 1987 CURRENT CROP
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APPENDIX X

ANOVA TABLES FOR THE 1986 VS 1987 CURRENT CROP
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APPENDIX XI

ANOVA TABLES FOR THE 1986/87 OVERWINTER CROP
VS THE 1987 CURRENT CROP
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APPENDIX XII

ANOVA TABLE FOR THE SQUARE ROOT OF TOTAL ROOT ELONGATION
FOR THE 1986 GROWTH CHAMBER TRIAL DATA
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APPENDIX XIII

ANOVA TABLE FOR THE LN OF TOTAL ROOT ELONGATION
FOR THE 1987 GROWTH CHAMBER TRIAL DATA
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APPENDIX XIV

ANOVA TABLE FOR THE LN OF TOTAL ROOT ELONGATION
FOR THE 1986 OUTPLANTING TRIAL DATA
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APPENDIX XV

ANOVA TABLE FOR THE LN OF TOTAL ROOT ELONGATION
FOR THE 1987 OUTPLANTING TRIAL DATA
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APPENDIX XVI

IRRIGATION AND FERTILIZATION SCHEDULES
FOR THE 1986 CURRENT CROP
GROWN AT HILLS' GREENHOUSES
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HILL'S GREINHCUSES LTO.
IRRIGATION AND FERTILIZATION SCHEOULE
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HILL'S GRESNHQUSES LTOD.

IRRIGATICN AND FERTILIZATION SCHEDULE
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APPENDIX XVII

IRRIGATION AND FERTILIZATION SCHEDULES
FOR THE 1986/87 OVERWINTER CROP
GROWN AT HILLS' GREENHOUSES
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HILL'S SREZNACUSES LTD.

IRRIGATICH AMD FESRTIL.TATION SCHESULE
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APPENDIX XVIII

IRRIGATION AND FERTILIZATION SCHEDULES
FOR THE 1987 CURRENT CROP
GROWN AT HODWITZ'S GREENHOUSES
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Irrigation and Fertilization schedule for the 1987 Current Crop grown at
Hodwitz's greenhouses. (based on personal communication with D.
Hodwitz, 1987)

Time Fertilization Concentration Frequency
0 - 6 weeks water every 5-7 days
6 - 8 weeks 10-52-10 25 ppm every 5-7 days

8 - 14 weeks 20-20-20 150-175 ppm every 5-7 days



