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ABSTRACT

ENVIRONMENTAL CONTROL OF SPRUCE SEEDLING
GROWTH AND SHOOT DEVELOPMENT

by
John William Heckman, Jr.

The photoperiodic protraction of indeterminate (free)
growth is important in commercial seedling production. Free
growth varies among species and with age. 1In spruce, the
mature growth pattern is determinate. Only young seedlings
free grow. The objective of this study was to improve the
understanding of seedling development during this growth-
pattern change.

Free growth dynamics of spruce seedlings were followed
for 24 weeks. Relative biomass growth rates were constant,
suggesting exponential growth. Height growth was also
studied. Relative height growth rates declined rapidly.

Apical meristem development was also followed.
Measurements were made with a digitizer and a volumetric
computer program. Meristem volumes increased up to 10
weeks; cytohistological zone proportions continued to
change. The pith-rib meristem relative volume increased at
the expense of the others zones.

Shortened growth cycles (SGC) were used to determine
the effects of cyclic growth on free growth potential. All
species could free grow, even after four cycles. SGC
seedlings were smaller than normally cycled seedlings. The
buds were also smaller than normal. SGCs seemed to impede

development.



John William Heckman, Jr.

Seedling age and size effects on free growth were
tested. Blue spruce seedlings of three sizes, grown by
"accelerated growth" (AG) and "conventional nursery" (NUR),
methods were compared under long days (LD) and short days
(SD). Within each size class, AG seedlings were less
developed than NUR seedlings.

Photoperiod had no effect on flushing. NUR seedlings
grew faster and more than AGs, during the flush, but had
shorter internodes.

NUR seedlings free grew less than AGs, all of which
free grew under LD. Some NUR seedlings did not free grow.
Reduced growth potential, perhaps due to root disturbance
and low light levels, was more important than seedling size.

Normal bud development occurred under SD. By the last
sample, SD meristems had no cytohistological zonation and
cell walls appeared shrunken. SD meristem cells had smaller
vacuoles and more starch grains than LD cells.

Free growing meristems had distinct zonation and were
like active meristems previously described in spruce.

Seedlings not free growing under LD had meristems like
those normally seen during late bud scale initiation.
Prolonged bud scale formation seems to occur in seedlings

not free growing under LD.
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INTRODUCTION

The growth of trees in containers has been studied at
least since the investigations of van Helmont, in 1648 (in
Kimball, 1969). Since that time, growing trees in containers
has progressed from a botanical curiosity to a major source
of seedlings for a variety of silvicultural and horticultural
endeavors. It is estimated that over one half billion
containerized forest tree seedlings are produced annually, in
the northern hemisphere (Hulton, 1974; Reese and Scarratt,
1982).

One of the major discoveries facilitating containerized
seedling production was that, in the early part of this
century, of photoperiodism in forest tree seedlings (see
Wareing, 1956 for early review). By combining the optimum
climate of a properly regulated greenhouse, a controlled
growing medium, and an altered photoperiod, years can be
stripped off the the normal nursery period for many tree
species (e.g. Hanover et al., 1976; Tinus and McDonald,
1979).

In order to prudently alter the photoperiodic regimes,
it is essential to understand the response of the developing
seedling to differing photoperiods.

Spruce (Picea sp.) is a genus of Northern Hemisphere
forest trees generally found in the cooler climatic regions.
Several species are commercially important. As a mature

tree, spruce exhibits a determinate form of shoot growth.
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All of the needles and their subtending internodes for a
given year are preformed during the preceding summer. They
lie dormant, as preformed shoots in the vegetative buds,
through the winter.

The spruce embryo has no preformed leaves, except the
cotyledons. The preformed shoot thus consists only of a
primordial apical meristem and the hypocotyl. Therefore, the
spruce seedling must change from a completely indeterminate
form of growth to the cyclic determinate form mentioned
above. This appears to occur within the first few years for
spruce grown under natural conditions (Pollard and Logan,
1976; Young and Hanover,1976). It is during this early
development, especially in the first year, that the greatest
advantages of containerized spruce seedling production are

realized.

Blue spruce (Picea pungens Engelm.), Norway spruce (P.

abies (L.) Karst.), and white spruce (P. glauca (Moench.)
Voss) are species of commercial importance, in northern
temperate zones. Greenhouse production of seedlings of these
species, using containers and artificially extended
photoperiods, is also increasing.

The long day (or short night) photoperiodic induction
and control of indeterminate or "free" growth in spruce
germinant seedlings is well documented and seems to hold for
all species (e.g. Hanover et al., 1976). Less is known about
their growth and developmental dynamics. As more and greater

investments are made in containerized seedling production and
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energy costs increase, a knowledge of how seedlings grow,
under various photoperiodic regimes, will have increasing
economic importance. The role of photoperiod in the whole of
seedling development, in addition to the induction of free
growth, is being increasingly realized as a critical factor
in the production of seedlings that continue to perform well,
after they leave the greenhouse (Glerum, 1982).

In contrast to germinant seedlings, and regardless of
the photoperiod, older spruce seedlings do not free grow.

For example, blue spruce seedlings three years old, or older,
will not grow continuously under extended photoperiods while
younger seedlings will (Young and Hanover, 1976). This
change in shoot growth habit is important from standpoint of
nursery management and plantation establishment. For
example, understanding shoot growth phenology is important in
controlling seedling frost hardiness which dramatically
affects subsequent field survival and performance (Glerum,
1982).

As Romberger (1963) pointed out, although meristems are
small, the whole course of a tree's development depends on
the actions of these growth centers. 1In addition to being
the ultimate source of the entire shoot, above the
cotyledons, the shoot apical meristem is instrumental in the
control of the growth and development of the subtending shoot
(Kramer and Kozlowski, 1979). Thus, the shoot apical
meristem is a potentially productive first place to look for

ontogenetic and environmentally induced developmental changes.
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The overall development of the spruce shoot and its
responses to some environmental stimuli have been studied
before (e.g. Dormling et al., 1968; Pollard and Logan, 1977;
Young and Hanover, 1976,1977a,1978). There appear to be no
investigations of the initial developmental anatomy of the
apical meristem in spruce, except the works of Burley
(1966a,b), Gregory and Romberger (1972a,b), Cannell (1978a).
None of these of these investigations involved comparison
controlled environmental effects.

This investigation attempted to quantify some of the
environmentally affected developmental changes in the early
ontogeny of spruce seedlings that might be related to
photoperiodically induced free growth response. Since the
apical meristem plays a major part in the free growth
phenomenon, the relationship between its developmental
anatomy and the rest of seedling growth and development was a
ma jor focus of this study.

Because size is one characteristic of a spruce seedling
that changes greatly during the period of photoperiodic free
growth responsiveness, seedling size and growth rate dynamics
were investigated along with concomitant changes in shoot
apical meristem anatomy. This investigation was conducted
under uniform environmental conditions, with continuous
irradiation, in order to limit environmental effects on these
dynamics.

Older nursery-grown seedlings, that will no longer free

grow in response to long photoperiods, have also experienced
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sequential physiological cycles. A series of shortened
growth cycles was created by controlling shoot activity with
altered photoperiods and artificial chilling-regimes. This
was used in an attempt to determine if the accumulation of
growth cycles was a discrete factor in the loss of the free
growth response.

Lastly, the intermediate photoperiodic response of two-
year-o0ld blue spruce seedlings was investigated. The
importance of seedling size, morphology and apical anatomy on
free growth were compared with in two-year-old nursery-grown
and one-year-old accelerated-growth seedlings.

By developing a satisfactory model of the growth and
development of the spruce seedling, during the ontogenetic
period from germination to the loss free growth response,
better allocation of nursery resources should be possible.
In addition, such a model would provide a strong framework
for subsequent investigations into the underlying
physiological mechanisms of environmentally controlled

seedling growth and development.



CHAPTER 1

THE GROWTH DYNAMICS OF SPRUCE SEEDLINGS

IN A UNIFORM ENVIRONMENT

ABSTRACT

The growth dynamics of three species of spruce and an
interspecific hybrid between two of them were studied for 24
weeks under conditions promoting indeterminate growth.
Interspecific differences were seen in seedling emergence and
in cumulative biomass at each measurement time. There were,
however, no significant interspecific differences in mean
relative biomass growth rates during this period. Root to
shoot biomass distribution also differed among species but
there was no net change over time.

Seedling height growth was also studied. Height growth
differences existed among species at all measurement times,
and increased over time. Some of these differences were
attributable to differences in internode length. Seedling
mean relative height-growth rates, declined rapidly but
asymptotically over time. Interspecific differences in
relative height growth rate declined with age. Thus, height
growth appeared to approach a constant rate under the

environmental conditions used.



INTRODUCTION

Dormancy delay by the photoperiodic protraction of
indeterminate growth in spruce (Picea sp. A. Dietr.)
germinant seedlings is well established. This phenomenon,
termed "free growth" (Jablanski, 1971), exists for seedlings
of many conifers; it is seen in young seedlings of all tested
spruce species (e.g. Downs, 1962; Dormling et al., 1968;
Hanover and Reicosky, 1972; Pollard and Logan, 1977). Many
investigations have been made to quantify the environmental
and biological factors involved in the free growth of spruce.
In addition to photoperiodic control, light quality and
intensity (Young and Hanover, 1977a; Arnott, 1979), nutrients
and water (Young and Hanover, 1978), geographic seed source
(Vaartaja, 1959; Dormling, 1973; Cannell and Willett, 1976;
Pollard and Logan, 1974a; Pollard and Ying, 1979) and
seedling age (Neinstaedt, 1966; Jablanski, 1971; Young and
Hanover, 1976; Powell, 1982) all affect this response. Less
is known about the dynamics of free growth in spruce
seedlings.

Indeterminate shoot growth in conifer seedlings occurs
in two general forms. In the case of some pines, such as

lodgepole pine (Pinus contorta Dougl.), Scots pine (P.

sylvestris L.), and longleaf pine (P. palustris Mill.),

indeterminate growth occurs in a saltatory manner, often with

a resting bud formed between successive flushes (Downs and

Borthwick, 1956; Lanner, 1976; Wheeler, 1979). In some pines



the photoperiodic free growth response appears to be more
limited. With white pine, for example, Fowler (1961) found
that even under 24 hr photoperiods most greenhouse grown
seedlings set bud after 5 to 9 months of culture. He also
reported that the heights were no more than 4 cm taller than
the natural photoperiod controls, all of which set bud within
two months. |

Spruce germinant seedling shoot-growth, under optimum
environmental conditions, is continuous. Foliar primordia,
formed at the apical meristem, develop directly into needles
and internode elongation is continuous (Gregory and
Romberger, 1972a,b, 1977; Jablanski, 1971; Powell, 1982).
Typically, the initial growth rate increases (i.e. the
Plastochron duration decreases) during the first weeks of
free growth in germinant seedlings (Gregory and Romberger,
1972a,b; Cannell, 1978a).

Spruce seedling biomass growth, under long days, has
also been studied for some species. Jarvis and Jarvis (1964)

reported relative growth rates for Norway spruce (Picea abies

(L.) Karst.) grown under long days (18 hr). Grime and Hunt
(1975) calculated similar rates for Norway and Sitka spruce

(P. sitchensis (Bong.) Carr) seedlings grown under the same

photoperiod.

Similar types of growth analyses have been used to model
dry weight accumulation and photosynthate partitioning in
spruce and other species of tree seedlings under nursery

conditions (van den Driessche, 1968; Ledig, 1974; Cannell and



Willett, 1976). The use of growth analysis techniques has
been suggested as an approach to early genetic selection (see
for example Ledig, 1976). In another sense, growth analysis
is also suggested for monitoring greenhouse seedling
production (Tinus and McDonald, 1979).

The quantitative aspects of seedling height growth, on
the other hand, have received much less attention. Height
growth rate also appears to increase, under optimal
conditions for free growth, early in the seedling
development. A plot of height against age is initially
curvalinear. Generally, however, within a few weeks of
growth under long photoperiods, height growth appears nearly
linear (e.g. Dormling et al., 1968; Heide, 1974a; Young and
Hanover, 1977a; Logan, 1977; Cannell and Cahalan, 1979).

The objective of this investigation was to study the
growth of spruce germinant seedlings under optimal conditions
for indeterminate growth to better understand their growth
dynamics. Information of this kind should be useful to people
involved in planning and managing seedling production

operations and to others interested in seedling developmental

physiology.
MATERIALS AND METHODS

Seed source and cultural system

Three spruce species and one interspecific hybrid
spruce, hereafter considered as an individual species for

convenience, were used in this experiment. Blue spruce seed
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was collected from a single, non-isolated tree on the campus
of Michigan State University. White spruce came from border
row trees in a white spruce racial test and the Norway spruce
from a individual tree source, both at Kellogg Experimental
Forest, near Augusta Michigan. The hybrid spruce seed was
from an experimental cross between the single blue spruce
mentioned above (male) and one of the border row trees in the
white spruce test (female) (described by Hanover and
Wilkinson, 1969). All seed was cleaned then stored at about
40C prior to use.

Seeds were sown in milk cases of 5 x 5 and 10 x 10 x 27
cm, polyethylene-coated, paper plant-bands, filled with a
1:1:1 sphagnum peat : perlite : vermiculite mixture. The
bands were initially fertilized with a soluble fertilizer
(Peter's) (19:18:17 (NPK)), at 1.2 g / case, and Peter's
trace mineral solution (STEM), at 0.6 g / case, then watered
to field capacity. Each case also received an equal amount
of additional fertilization at two week intervals throughout
the experiment. Water was applied twice daily during
germination and thence as needed to maintain uniform soil
moisture.

The cases were arranged on a three-tiered growth-frame
in a 20-25°C room. Irradiation was provided by T96 high-
output cool-white, two-bulb fluorescent fixtures. Three
fixtures were used on each level of the frame. The
photosynthetic photon flux density (PPFD), in pM m~2 sec‘l,

in the 400 to 700 nm spectrum was measured for each band at
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the soil level. Three blocks, each with 72 seedlings of each

species, were arranged based on PPFD gradients. The PPFD

ranged from 48 to 250 pM m~2 sec-l,

Growth measurement

Four weeks after sowing, and at 20 weekly intervals
thereafter, the height of each remaining seedling shoot, from
the cotyledons to the tip of the distal most developing
needle, was recorded. For height growth analysis, block
means were used. These were calculated from seedlings not
sampled during the experiment and thus represent repeated
measurements of the same seedlings. 1In addition, each week,
12 seedlings, one of each species from each block, from the
smaller bands were randomly selected for morphological and
anatomical analysis in a concomitant experiment. From these
seedlings the number of main stem needles and primordia
(plastochron index) was recorded. Seedlings were then oven
dried at 60°C and shoot and root dry weights were recorded

for biomass analysis.

Analytical methods

Species cumulative biomass growth and height growth were
evaluated weekly by analysis of variance of block means for
each species. Overall growth dynamics were analyzed by least
squares regression techniques, using several classes of
models. The data were first logarithmically transformed to
reduce the heterogeneity of variance, associated with the
large differences in weight, encountered over the course of

development.
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Species weekly mean relative growth rate (RGR) was
calculated using weekly mean biomass, by the following

standard equation:

Ln W2 - Ln Wl

ty = &4

Where Ln Wy is the natural logarithm of a species mean
weekly-sample biomass at the initial measurement time and Ln

Wy is that of the next period. The values tjand t, are the

weeks over which the rate is being averaged.

By counting main stem needles and needle primordia of
the sampled seedlings, plastochron index (PI) was calculated.
Plastochron index models, based on seedling height and
species, were then developed by linear regression. Further

analyses were preformed using calculated plastochron indices.
RESULTS

Initial observations

Seedling emergence was first observed ten days after
sowing. Blue and Norway spruce seeds germinated first,
followed by white and lastly by the hybrid seeds. Most
bands, of all species, had one or more germinant seedlings by
the third week; bands were thinned to one seedling by the

fourth week. In general the blue and Norway spruce germinant

seedlings were larger than those of the hybrid and white

spruce. All seedlings grew indeterminately for the whole
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experiment; no terminal and few lateral buds were seen on any
of the seedlings.

Biomass growth

Seedling biomass for all species increased slowly at
first then rapidly later in the experiment (Figure 1l.1lA).
Cumulative biomass differences, especially in the first 10
weeks of growth, are more clearly seen when expressed
logarithmically with respect to time (Figure 1.2B).

Sampled Norway spruce seedlings were significantly
heavier than blue spruce seedlings. Blue and Norway spruce
both produced more biomass than either white or hybrid
spruce. There was no significant overall difference between
white and hybrid spruce biomass (Table 1.l).

Table 1.1. Selected morphological characteristics of blue,

hxbrid, white, and Norway spruce germinant seedlings after
24 weeks of growth under 24 hr photoperiod.

Characteristic Blue Hybrid White Norway
Shoot Height (cm) 20.1al/ 9.6b 11.8b 20.8a
(final sample)

Biomass (q) 4.75a 1.40Db 2.40Db 4.38a
(final sample)

Biomass (g) 1.3a 0.55b .70b 1.82a
(average)

Root:Shoot .25a .18b .20b .29%a

Ratio
(average)

1/ Means, within a characteristic, followed by the same letter
are not significantly different (p < .05 Tukey's HSD). Means
listed as average are pooled over 24 weeks.

In addition to differences in cumulative biomass, there

were interspecific differences in root to shoot dry weight
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Figure 1.1 Cumulative biomass growth of blue, hybrid, white
and Norway spruce seedlings grown for 24 weeks under
24 hr photoperiod.

A) Weekly mean oven-dry biomass values.

B) Weekly mean natural logarithm of seedling
oven-dry biomass values.
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Figure 1.2 Weekly mean relative growth rates (RGR) for
spruce seedlings grown for 24 weeks under 24 hr
photoperiod. A) blue spruce, B) hybrid spruce,
C) white spruce, and D) Norway spruce.
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distribution (Table 1l.1). Norway spruce root to shoot ratios
were not significantly higher than blue spruce. Both blue
and Norway spruce had higher root to shoot ratios than white
and hybrid spruce (Table 1l.1). Hybrid and white spruce were
not significantly different. Root to shoot ratios for each
species remained relatively stable over the course of the
experiment showing no significant upward or downward trends.

The various growth models and their respective tests of
goodness of fit are presented in Table 1.2. From the test
criteria in Table 1.2, it can be seen that little additional
goodness of fit is afforded by polynomial models higher than
the first order. This is especially true for the differences
in fit between the second and third order models. That there
is a slight improvement in fit with the second order equation
is expected given the apparent slight curve in the original
data (Figure 1.1B). There is no evidence of a third
inflection in the data, and hence little real improvement in
overall fit with the third order equation.

Seedling weekly mean relative growth rate (RGR),
calculated by using the weekly sample means (for biomass), is
illustrated for each species in Figure 1l.2. When calculated
on a weekly basis these RGR values are the slopes of the line
segments connecting the data points presented in Figure 1.1B.

The regression coefficients of the first order
regression equations used to fit the biomass data (Table
1.2), by virtue of the logarithmic transformation used, also

represent the average relative growth rate over the course of
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the experiment. When the values for each species were
compared to that of a pooled regression (Variation among
regressions / Average within regressions) by an F test (Sokal
and Rohlf, 1981) no significant difference was found. This
implies that the relative growth rates for the four species

tested, averaged over the growth period of the experiment,

were the same.

As mentioned above, the second order regressions (Table
1.2) describe most of the curved nature of the
logarithmically transformed data. The slopes of their first
derivatives, therefore, describe the overall rate of change
of relative growth rate. 1In all cases these values are
negative and very slight. The least squares fit of these
lines through the RGR data, however, never yielded a
significant regression. This was likely due to the high
variability in weekly RGR values.

Shoot height growth

Blue and Norway spruce main-stem height was

significantly greater than hybrid and white spruce at each

measurement time. In addition, these differences increased
throughout the experiment (Figure 1.3A). There was no
significant difference between blue spruce and Norway spruce
cumulative height at any time during the experiment.

Differences in height growth between white and the hybrid

spruce, although increasing throughout the experiment, were

never significant. The mean final cumulative heights are

presented in Table 1.1l.
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Figure 1.3 Cumulative height growth of blue, hybrid, white

and Norway spruce seedlings grown for 24 weeks
under 24 hr photoperiod.

A) Weekly means of seedling heights.

B) Natural logarithms of weekly means of seedling
heights.
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As with the biomass data, a series of least squares
polynomial regressions was developed to compare the height
growth dynamics of the seedlings (Table 1.3). The original
data was, again, log-transformed to homogenize sample
variance among weeks. The result of these transformations is
seen in Figure 1.3B. In contrast to the biomass data, these
height growth data represent the block means of repeated
measurements of the same plants and the sampling error was,
therefore, greatly reduced.

The goodness of fit of regression for height increased
considerably with the order of the fitted polynomial. There
was a large and consistent decrease in the RMSE, which
describes overall regression bias, with increasing polynomial
order. This reduction in bias was greatest for hybrid and
white spruces and was attributable to the greater change in
curvature of their log-transformed data over time (Figure
1.3B). The improvement in fit afforded by the third order
equation was largely due to removal of the continuing
downward trend due to the (negative) second order regression
coefficient, at later measurement times.

The seedling weekly mean relative height-growth rate
(RHR) was calculated using weekly mean heights, illustrated
in Figure 1.3A, by the same formula used to describe RGR,
substituting the natural logarithm of mean heights for those
of biomass. These values are plotted in Figure 1l.4. and
represent the weekly-interval slopes of the log-transformed

height data presented in Figure 1.3B.
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Figure 1.4 Weekly mean relative height growth rates (RHR)

for spruce seedlings grown for 24 weeks under
24 hr photoperiod. A) blue spruce, B) hybrid
spruce, C) white spruce, and D) Norway spruce.
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The slopes of the first derivatives of the second order
polynomials show an experimentwise decline in RHR. This
decline is significant over the course of the experiment.
This decline appears to be more asymptotic than linear, as
implied by the better fit of the first derivative of the
third order polynomial, which is a parabolic function.

Linear regression models of needle number (PI) per unit
height for each species were calculated (Table 1l.4). PIs
were derived for the unsampled seedlings, for each height
measurement, using these models. Using these, interspecific
growth rate differences appear smaller (Figure 1.5A). Since
these models are linear, the PI growth dynamics (Figure 1.5B)
follow the same form as height (Figure 1.3B). These results
indicate interspecific differences in internode elongation
existed over the course of the experiment.

Table l.4. Regression equations predicting plastochron
index from height for each species.

Species n Regression modell/ (rz)
Blue spruce 46 Y = 18.58 + 1.84H .919
Hybrid spruce 51 Y = -5.64 + 3.22H .918
White spruce 51 Y = -10.57 + 3.08H .905
Norway spruce 46 Y = 26.61 + 1.96H .921

1/ Where: Y = Calculated plastochron index.
H = Seedling height in mm above cotyledons.
n = Number of seedlings measured.
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Figure 1.5

Seedling plastochron index (PI) for blue, hybrid,
white, and Norway spruce seedlings grown for 24
weeks under 24 hr photoperiod.

A) Mean weekly calculated (PI).

B) The natural logarithm of weekly mean calculated
plastochron index (PI).
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DISCUSSION

The biomass and height data presented here, indicate
that two different sets of dynamics are involved in their
respective growth, over the same period of time.

For biomass, over the course of the experiment, the RGR

was essehtially constant. This indicates an exponential rate

of biomass growth: W= W,- eft

Where: W = weight of the plant at time t.
Wo= initial weight of the plant.
t = the time of measurement.
r = is the intrinsic growth rate.

These types of equations imply that the growth rate of
the organism increases in direct proportion with the mass.
Thus, even small initial differences in mass have the same
proportions at any stage. They tend, therefore, to provide a
reasonable fit of the data only for small highly meristematic
organisms. Since, however, no growth rate asymptote could be
inferred from the data (Figure 1.2), use of biologically more
"realistic", sigmoid functions, such as the Richards function
(Causton and Venus, 1981), or splined polynomial regressions
(Hunt, 1982) was precluded.

The RGR values obtained in this study (Table 1.1)
averaged .32 week~™l, This value is between those obtained by
Grime and Hunt (1975) for Sitka spruce (.22 week~l) and
Norway spruce (.33 week‘l) germinant seedlings, for their

initial five weeks of growth. Jarvis and Jarvis (1964)
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reported different RGR for germinant seedlings and 2-year-old
seedlings of Norway spruce. For the germinant seedlings, the
RGR for the first 35 days after the cotyledon stage was .45
week~1 in nursery grown seedlings, the rate was .03 week ™!
during the period of shoot elongation. The initial dry
weights of their two-year-o0ld seedlings were less than those
of 17th weekly sample weight of Norway spruce seedlings
studied here, indicating that past growth history may have a
major effect on RGR. Thus, the exponential growth phenomenon
appears to be restricted to the continuous, early growth
phase in spruce.

Assuming that the RGR was not different among species,
and an apparent exponential growth over the course of the
experiment, the most likely causes of the great differences
in biomass are seed weight and germination time.

Seed weights for blue and Norway épruce are generally
higher than those of white and the hybrid. 1In spruce, seed
size and embryo size are positively related (Burley, 1965).
If an exponential growth rate is observed, these values
become W, in the equation above and, by definition, the RGR

is the same and constant, the biomass differences at any time
are directly proportional to the seed weight differences.

Long lasting seed weight effects are a fairly common

observance (Sweet and Wareing, 1968; Evans, 1972; Hanover and

Reicosky, 1972).
Differences in germination rapidity also have a similar

effect in the case of true exponential growth. By starting
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their growth earlier, faster germinating seeds have a higher

weight at whatever common time is chosen as tg,.

In contrast to the biomass growth, seedling height did
not follow an exponential pattern. From the second
measurement on, seedling RHR declined. The asymptotic nature
of the curve suggests that seedling height growth rate
increases but, at a decreasing rate until some constant rate
is achieved. A similar relationship between height growth
and biomass growth was reported in Scots pine (Pinus

sylvestris L.) grown from seed under 18 hr photoperiods (Oden

and Dunberg, 1984).

Main stem height is a function of the number and
elongation of stem units (Doak, 1935), which are composed of
needles and their corresponding internodes. Gregory and
Romberger (1972a, 1972b) have shown that, for Norway spruce,
the rate of needle formation and internode development rise
towards a maximum during the first 160 days. They also note
that internode development, at least in terms of vascular
differentiation, seems to occur at a relatively constant
chronometric rate (Gregory and Romberger, 1977).

Under the cultural conditions used here, the average
internode length for the hybrid and white spruce was
significantly less than that of the blue and Norway
seedlings. Other than the obvious possibility of genetic
differences in this trait, one possibility is that the
internal water potential varied among species, due to

differing responses to the environmental conditions used.



33

Water potential deficits of less than 20%, induced by root
pruning, have been associated with a 39% reduction in shoot
elongation in 6-year-old white spruce (Marquard, 1983).

If the interspecific root to shoot ratio differences
seen in this study (Table 1l.1) gave rise to a similar water
stress effect, this might explain the shorter internodes.
The shoot height differences seen may be largely due to
interspecific differences in root growth potential in the
environment used rather than inherent differences in
internode growth potential. Within a species, differences in
spruce shoot growth, in a common environment, seem more
strongly related to stem unit number than internode
elongation (Cannell, et al, 1976; Pollard and Logan, 1979).

In conclusion, under optimum conditions, spruce
seedlings of at least the three species and hybrid tested
undergo an essentially exponential growth in biomass for at
least 6 months. Although there seems to be no difference
among the species in RGR, there seems to be considerable
interspecific plasticity, in seedling shoot morphology, and
root to shoot biomass allocation. Height growth follows a
different pattern with its increase tending towards a
constant rate. This may be related to development of a

constant rate of needle initiation and a finite potential for

internode expansion.



CHAPTER 2
THE DEVELOPMENT OF THE SPRUCE SHOOT APICAL MERISTEM

IN A UNIFORM ENVIRONMENT
ABSTRACT

The development of the shoot apical meristem of blue,
white x blue hybrid, white, and Norway spruce was studied.
Seedlings were grown, in a controlled temperature room, for
24 weeks under a 24 hr photoperiod. Qualitative and

quantitative measurements were made from median longitudinal

sections by light microscopy. Quantitative measurements
were made using a electronic digitizer and a volumetric
computer program,

The ontogenetic progression in apical development was
similar for all species. Embryo apical meristems had fewer
but larger cells that also differed qualitatively from those
of the growing seedlings.

In general, Norway spruce had the largest apices.
There were no overall size differences among those of the
other types. Apical meristems of all species increased in
overall volume with age, apparently asymptotically. There
were no significant species x age interactions. The

relative volumes of the apical meristems in the apical

initial-central mother cell zone, pith-rib meristem and

peripheral zones changed during development. The relative

34
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volume of the pith-rib meristem increased at the expense of
those of the central mother cell and peripheral zones.
Imbalances in the cytohistological zones of the meristem

might lead to growth restrictions.
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INTRODUCTION

Blue spruce (Picea pungens Engelm.), Norway spruce (P.

abies(L.) Karst.), and white spruce (P. glauca (Moench.)
Voss) are spruce species that are of considerable commercial
importance in the northern temperate zone. Seedlings of
these species are often grown in greenhouses, using
containers, frequently with artificially extended
photoperiods. Use of these systems allows spruce germinant
seedlings to be be grown to field planting sizewith a
substantial savings of time over conventional nursery
methods (e.g. Hanover et al., 1976; Tinus and McDonald,
1979). To use these systems to their greatest advantage, it
is necessary to understand how seedlings develop in
controlled environments and to what degree different species
differ in their responses.

The photoperiodic protraction of indeterminate growth
in spruce germinant seedlings is well documented (e.g.
Downs, 1962; Dormling et al., 1968; Hanover and Reicosky,
1972). Less is known about the alterations in growth and
development induced by these treatments. One of the most
obvious alterations occurring under greenhouse culture is
that of the ontogeny and phenolgy of the shoot apex. In
nursery culture there are seasonal constraints on the
development of the shoot apex. 1In order for the seedling to
overwinter, shoot growth must stop and a bud must form as
part of the overwintering process (Glerum, 1976,1982). The

protracted indeterminate growth of spruce germinant
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seedlings raised under long photoperiods allows more time
for uninterrupted shoot formation and apical meristem
development than either conventional nursery practices or
natural field conditions.

While the complete yearly phenology of mature spruce
shoot apices, for some species, has been well described
(Fraser, 1966; Owens and Molder, 1976; Owens et al., 1977;
Pillia and Chacko, 1978; Thompsett, 1978; Harrison and
Owens, 1983), the initial development of germinant seedling
shoot apices, under natural conditions, has received less
attention (Burley, 1966a). Much of the investigative work
in this area has concerned bud development subsequent to
seedling growth acceleration (Pollard and Logan, 1974b;
Pollard, 1974a; Pollard and Logan, 1977; Young and Hanover,
1977a; Cannell and Cahalan, 1979).

In spruce, there are fewer studies of the ontogenetic
development of the apical meristem itself (Gregory and
Romberger, 1972a,b,1977; Cannell, 1978a). The apical
meristem is traditionally defined as the undifferentiated
tissue distal to the most recently formed foliar primordium.

In their studies, the preceding authors developed
mathematical models for apical meristem development and
Plastochron duration. Gregory and Romberger (1972a) also
indicated that there was an ontogenetic progression in the
development of the cytohistological zonation typical of
conifers (sensu Foster, 1938).

There have been many more investigations of germinant
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seedling apical meristem development, especially with
respect to cytohistological zonation, in the pines (Pinus
sp.) (Fosket and Miksche, 1966; Riding, 1972; Riding and
Gifford, 1973; Mia and Durzan, 1974; Cecich, 1977; Kremer,
1984). 1In the pines, quantitative changes in zonation are
seen as the seedling ages (Kremer, 1984) and in mature
trees, during their annual growth cycle (Hanawa, 1966;
Oweston, 1969). In mature pines there also appear to be
differences within the crown of the tree in the size and
internal structure of the dormant apical meristems (Tepper,
1963) .

As spruce seedlings develop under the lengthened
photoperiods used in most greenhouse accelerated-growth
seedling production systems, they undergo size rlated

changes in growth rate and apical activity (Chapter 1).
This experiment investigated the quantitative changes in
apical meristem size and histological development of three
species and one interspecific hybrid of spruce to test for

relationships between apical meristem development and

seedling shoot development.

MATERIALS AND METHODS

Seed source and cultural system

Blue, white, white x blue hybrid, and Norway spruce
seedlings were used in this experiment. The sources were

the same as those described in Chapter 1. As before, the

hybrid will hereafter be considered as a fourth species, for
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convenience.

Seeds were sown in plastic cases of 5 x 5 x 27 cm
polyethylene coated paper plant bands, filled with a 1:1:1
sphagnum peat: perlite: vermiculite mixture. These were
distributed randomly within the blocks of a larger growth
study (Chapter 1l). Nutrient application and maintenance

were as described in Chapter 1.

Gross morphology

At weekly intervals, starting 5 weeks after sowing, 12
seedlings (one of each species in each block) were randomly
selected for morphological and anatomical analysis. After
excision of the apical region for anatomical analysis, the
root systems were gently washed free of potting medium and
cut from the shoot. Roots and shoots were both oven dried
at 609C then weighed to the nearest mg , for total biomass
and root to shoot ratio determination (Chapter 1). Main
stem needle and primordia number (Plastochron Index (PI))

were also recorded.

Microtechnique

The shoot apical meristem and upper 3 to 5 mm of stem
of each of the seedlings measured above were excised and
immersed in FAA (formalin:acetic acid:alcohol:water), to
kill and fix the tissues. This was done under partial
vacuum to remove trapped air. They were then dehydrated in
a water:ethanol:t-butanol series (Johanson, 1940) followed
by infiltration with Paraplast embedding medium. Serial

longitudinal sections were made at 10 pm and those passing
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through the apical meristem were collected and mounted on
glass slides. The dewaxed slides were progressively stained
with hemalum (Sass, 1958) and regressively with safranin
(Johanson, 1940). In addition to the sampled seedlings,
three embryos of each of the species used were also excised
from dry seeds seeds and prepared as above.

Median longitudinal sections were identified for
measurement. Photomicrographs were taken with a Leitz
Ortholux microscope using a 10X plano objective and a 10X
wide field occular with a Wilde 35mm camera system.

Constant magnification enlargements, at 330 X, were made
from these negatives for digital analysis. Selected material
was also photographed with the same microscope system usng
a4x5inchplate camera. In all cases, calibration
photomicrographs were made using a micrometer slide.

Volumetric analysis

Digitizing of the apical meristem photographs was done
with a GTCO micro-datizer digitizer coupled to a CDC Cyber
750 computer, by "tracing" the outlines of the whole
meristem and pictured cytohystological zones with the
digitizing cursor. This initial process yielded two
dimensional coordinate data with a Y value recorded for each
10 scaled micrometers (3.3 mm) in the X direction (Figure
2.1).

Total meristem volume and cytohistological zone volumes
were calculated from these data with a FORTRAN program, oOn

the same computer.
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Median longitudinal section through the shoot
apical meristem of a representative l16-week-old
Norway spruce seedling.

A) Photomicrograph (330X). The meristem base,

B)

as determined by the level of the last formed
primordium, and the cytohistological zones
have been highlighted to show their boundaries.

A digital rendition of the same meristem
generated by plotting the raw data from
tracing the highlighted areas in (A). The
digitizer was set to record the ordinate "Y"
value on every change of 10 scaled pm in the
abscissa "X" direction during tracing. The
procedure was repeated for the boundary of
each zone, cmz (central mother cell zone),
rpm (pith-rib meristem), and the pz
(peripheral zone).
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Volumes of the whole meristem and those of the
individual cytohystological zones, were calculated by
summing mean conic frustra calculated from the digitized
data. In the case of the total meristem volume, for
example, the program calculates the volumes of two series of
frustra.

The first series progresses acropetally, starting on
the left side (negative most X value) at the level of the
last formed needle primordium and ending with a broad cone
at the top of the meristem. The second is a basipetal
series starting at the top center of the meristem and
progressing downward to the same base line. The incremental
volumes of each series are halved and summed to accommodate
asymmetrical apices and variation in Y axis positioning.
The algorithm uses the following equation to calculate

incremental half frustra:

Xmax
v= 2 1/2(1/3fh(Ri+R§+RlxR2)
i=Xmin
Where:

Xmin = The X coordinate of the left most point
of intersection of the curve of the apical meristem surface
and the base line described above.

Xmax = The X coordinate of the right most
point of intersection.

h = The height of the frustrum.
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Ry = The radius of the bottom of the

frustrum (The first value is thus Xmin).

R, = The radius of the top of the frustrum

(The first value is thus Xmin + 10).

The volumes of the cytohistological zones were

calculated by decomposition into sums of similar series.

The apical initials and central mother cell zones were

considered as one zone (central mother cell zone), based on

their position and morphological similarity (Owens et al.,
1977; Mauseth and Niklas, 1979). Measurements of mean basal
radius and apical height were also recorded.

RESULTS

Initial observations

The apical meristems of the dry embryos were strikingly
different from those of the first sampling of germinant
seedlings.

The cells of all embryo apices were larger (based on
cross sectioned area) than those of the first sampled
germinant seedlings. The cytoplasm was filled with numerous
and relatively large (1 to 6 pm) weakly staining bodies
(Figure 2.2A), which did not stain darkly with iodine, as
would starch. The nuclei, while staining deeply with
safranin, were smaller and had a distorted appearance. The

cell walls also appeared wrinkled and stained more densely
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Median longitudinal sections through the apical

meristems a of a spruce embryo and 5-week-old
seedling.

A) Representative spruce embryo (blue spruce).

B)

Note large, irregular cells with densely
staining cellwalls, frequently distorted

nuclei, and largeweakly staining cytoplasmic
bodies (seearrow). Bar = 50 pm.

Representative S5-week-o0ld seedling (hybrid
spruce). Note smaller cell size, more regular
nuclei, loss of cytoplasmic bodies, mitotic
activity (seearrow) and smoother, lighter
staining cell walls. Bar = 50 pm.
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than those after germination.

There were few qualitative differences observed among
the cells of the embryo meristems. The cells in upper
center of the meristem lacked the vacuolization seen in the
apical initials and central mother cells of mature apices.
Those cells along the flanks of the meristem were slightly
smaller and less elongate than those along the vertical
axis. The alignment of the cell walls was, in general,
suggestive of pattern of zonation typically seen in apical
meristems of actively growing conifers.

Growth and development

By the first sample, 5 weeks after sowing, meristems of
all species were composed of more, but smaller, mitotically
active cells. There were pronounced files of pith-rib
meristem cells and in some cases, a distinguishable central
mother cell zone, with lighter staining nuclei and a
vacuolated appearance was evident. The large, weakly
staining bodies seen in the embryo meristems were completely
absent (Figure 2.2B). The nuclei and cell walls, as well,
were more normal in appearance.

Cytohistological zonation became increasingly distinct
for all species through the first 8 to 12 weeks after which
there appeared to be little change (Figures 2.3-2.6).

There was one significant interspecific difference in
total apical meristem volume. Norway spruce apical
meristems were significantly larger then the other species,

when averaged over the course of the experiment (p<.05).



Figure 2.3

Median longitudinal sections through the shoot
apical meristems of blue spruce seedlings at
different times during their development: A)
From an embryo, excised from a seed. B) 5 weeks
after sowing. C) 6 weeks after sowing. D) 8
weeks after sowing. E) 12 weeks after sowing.
F) 16 weeks after sowing. G) 20 weeks after

sowing. H) 24 weeks after sowing. Bar length =
100 pm. Sections were cut at 10 pm.
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Median longitudinal sections through the shoot
apical meristems of hybrid spruce seedlings at
different times during their development: A)
From an embryo, excised from a seed. B) 5 weeks
after sowing. C) 6 weeks after sowing. D) 8
weeks after sowing. E) 12 weeks after sowing.
F) 16 weeks after sowing. G) 20 weeks after
sowing. H) 24 weeks after sowing. Bar length =
100 pm. Sections were cut at 10 pm.
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Median longitudinal sections through the shoot
apical meristems of white spruce seedlings at
different times during their development: A)
From an embryo, excised from a seed. B) 5 weeks
after sowing. C) 6 weeks after sowing. D) 8
weeks after sowing. E) 12 weeks after sowing.
F) 16 weeks after sowing. G) 20 weeks after

sowing. H) 24 weeks after sowing. Bar length =
100 pm. Sections were cut at 10 um.
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Figure 2.6
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Median longitudinal sections through the shoot
apical meristems of Norway spruce seedlings at
different times during their development: A)
From an embryo, excised from a seed. B) 5 weeks
after sowing. C) 6 weeks after sowing. D) 8
weeks after sowing. E) 12 weeks after sowing.
F) 16 weeks after sowing. G) 20 weeks after
sowing. H) 24 weeks after sowing. Bar length =
100 pm. Sections were cut at 10 pm.
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There was no detectable overall difference among ;he blue,
white, or hybrid apical meristem volume. In addition, there
was no significant age x species interaction, indicating
that the course of apical development was similar for all
the species under the environmental conditions used. The
volumetric data was, therefore, pooled over species for
further analysis.

Apical meristem volume increased most, early in the
experiment. With the exception of the mean value for week
21, there were no significant differences in volume after
week 10. Total meristem growth, thus, occurred in an
apparently asymptotic manner (Figure 2.7A). Meristem volume
was more highly correlated with seedling plastochron index
(PI) than chronological age (Table 2.l1). This is also
supported by the more stable maximum volume, usually 5 to 6
million pm3, shown in Figure 2.7B. The overall shape of the
apical meristem also changed over time, increasing more
radially than in height through the first 10 weeks or PI 200
(Figure 2.7C-D). The meristem thus became broader during
early development (Figures 2.3-2.6) and radius was a better
linear indicator of apical development (Table 2.1) than
height.

Within the meristems themselves, the proportion of
tissue in each cytohistological zone changed continuously.
The biggest change was seen between the peripheral zone and
the pith-rib meristem relative volumes (Figure 2.8A-D). The

relative volume of the pith-rib meristem increased and that



Figure 2.7
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Spruce seedling shoot apical meristem volume,

radius and height development under 24hr
photoperiod.

A) Total apical meristem volume averaged over
blue, hybrid, white, and Norway spruce species
for the first 24 weeks.

B) Total apical meristem volume averaged over
blue, hybrid, white, and Norway spruce species
at intervals of 50 plastochrons.

C) Apical meristem basal radius and height
averaged over blue, hybrid, white, and Norway
spruce species for the first 24 weeks.

D) Apical meristem basal radius and height
averaged over blue, hybrid, white, and Norway
spruce species at intervals of 50
plastochrons.
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Figure 2.8
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Relative volumes of cytohistological zones
within the developing shoot apical meristems of
blue, hybrid, white and Norway spruce grown for
24 weeks under 24 hr photoperiod.

A and B) Relative rib-pith meristem volume
related to age and PI respectively.

C and D ) Relative peripheral zone volume
related to age and PI respectively.

E and F ) Relative central mother cell zone
volume related to age and PI respectively.
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of the peripheral zone decreased significantly.

Table 2.1 Spearman rank correlations between shoot apical
meristem developmental characteristics and selected growth
indices for pooled spruce apical meristem data.

Meristem Meristem Growth
Characteristic PI Age Volume Rate 1/
Total Volume .62 *kx .54 *kk - - - .53 *kx
PRM / Total2/ LBl *Ah* .64 *x* L48 *x% 47 kkx
PZ / Total3/  _ 46 #**+* —.45 *** -.16 ns. —.42 *HH
cMz / Totald/ .09 ns. -.11 ns. —.32 ** -.01 ns.
Basal Radius .58 *%xx% .50 **x .94 *kx .50 *xx
Height .43 * Kk * .38 * Kk .80 * &k *k .39 * kX
I;*)— Sé?nificant at the P = .001 level; ns. not significant

1/ Previous week's mean height growth rate.

2/ Relative pith-rib meristem volume.
3/ Relative peripheral zone volume.

4/ Relative central mother cell zone volume.

There was no significant decrease in the central mother
cell zone relative volume, over the course of the
experiment. At higher PI however, there may be a loss, as
indicated in Figure 2.8F.

Based on the volumetric approach used here, apical
meristem development is more strongly related to PI than
chronological age, under the continuous growth conditions
used. In addition, while correlations between the
volumetric attributes measured here and height growth rate
(in the week prior to harvest) are similar to those for PI
and age, they are weaker. When the relative

cytohistological zone volumes are compared with the total
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apical meristem volume, a reversal of the significances in
relative volume loss between the central mother cell zone
and the peripheral zone is seen. 1In other words, central
mother cell zone relative volume loss is more strongly
associated with increasing total meristem volume than it is

to time or PI (Table 2.1).
DISCUSSION

The changes seen between the dry embryo apices and
those of the first sample (at 5 weeks) are similar to those
previously reported during germination in Norway spruce and
other conifers (Tepper, 1964; Foskett and Miksche, 1966;
Gregory and Romberger, 1972a; Riding, 1972).

The large, weakly staining bodies prevalent in the
embryonic apices showed no birefringence under polarized
light and did not stain positively for starch, with iodine.
Although they did not stain very darkly with hemalum
(hematoxylin) they otherwise fitted the description of the
inclusions seen before in spruce embryos. These appear to
be protein-like in nature; probably storage proteins
(Gregory and Romberger, 1972a). Similar types of bodies

were reported in the embryos of Monterey pine (Pinus radiata

Laws.) by Riding and Gifford (1973) and in ponderosa pine
(P. ponderosa) by Tepper (1964). Mia and Durzan (1972)
investigated the ultrastructural changes in germinating
jack pine (P.banksiana) embryos and noted that there was a

progressive loss of protein-like bodies in the meristematic
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cells during germination. These bodies are 50% digested
within 48 hr of imbibition (Cecich and Horner, 1977).
The condition of the embryonic nuclei, suggestive of an
inactive state, appears to have been similar to that seen by

Riding and Gifford (1973) in Pinus radiata. The distortion

seen in their study and this one were less apparent in
several other studies on germinating conifers (e.g. Gregory
and Romberger, 1972a; Mia and Durzan, 1974). This may have
been due to the different fixatives used or seed storage
conditions. The FAA used here and in Riding and Gifford's
study may have caused less swelling during fixation due to
the ethanol content. Some swelling, as indicted by
elongation of the excised embryos, was present even with the
fixative used here. 1In contrast, the cells of growing
meristems show some shrinkage due to FAA fixation (e.g.
Figure 2.2B). Since all meristems were treated alike,
however, these differences should not affect comparative
differences (Gregory and Romberger, 1972a).

The great reduction in cell size seen by the first
sample time appears to be largely due to the exhaustion of
the protein bodies and the resumption of mitotic activity
associated with needle initiation.

In general, the first few days of post imbibition
development seem to be more involved with "reactivation" of
the shoot meristem rather than active primordia initiation.

The occurrence of an apparently asymptotic form of

growth of the apical meristem has been seen previously in
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spruce. In Gregory and Romberger's study (1972a), the basal
radius of the meristem increased, but at a slowing rate, for
168 days under continuous growth conditions. Cannell
(1978a) reported similar growth dynamics in the apical

meristems of Sitka spruce (Picea sitchensis) grown under

long days. The results presented here are in closer
agreement with those of Gregory and Romberger. Their data
indicate that a relatively stable basal diameter of about
300 pm is reached within 100 days. While Cannell (1978a)
reported somewhat larger sizes for Sitka spruce, he suggests
that they may have been due to higher light intensities. As
seen in Table 2.1, basal radius appears to be the best
linear estimator of apical volume.

In their work with Monterey pine Riding and Gifford
(1973) reported that there was no observed difference in
apical meristem histochemistry from 84 days until the end of
their experiment at 12 months, using greenhouse culture.
Previously, Riding (1972) reported that cytohistological
zonation as established by 60 days after sowing remained the
same for at least the next 18 months. Total volume, after
an initial decline during the first 10 days increased during
the rest of the experiment. Kremer (1984) found, however,
using measuring techniques similar to those employed in
this study, that the volume of the apical meristems of jack

pine (Pinus banksiana) increased up to about 60 days after

sowing then decreased in volume for the remaining 28 days.

He mentions that this was perhaps due to a growth chamber
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misfunction. In his experiment, the reduction in total
meristem volume was associated with an increase in
plastochron duration (lower stem growth rate).

In the first 24 weeks of growth, spruce seedlings,
grown under optimal conditions, appear to initiate needles
in an asymptotically increasing manner (Chapter 1l). This
implies a corresponding asymptotic decrease in plastochron
duration occurs (Gregory and Romberger, 1972a,b, Cannell,
1978a; Cannell and Cahalan, 1979). Shoot growth, based on
the formation and development of stem units at the apical
meristem, is thus controlled partly by the size of the
meristem.

The formation of a primordium at the meristem results
in the loss of tissue from the peripheral zone which must be
replaced, by mitotic activity, in order to perpetuate the
meristem. Thus, the meristem limited rate of shoot growth
is also determined at least in part by the tissue volume
partitioned into the primordia (Romberger and Gregory, 1977;
Cannell, 1978a), the peripheral zone volume and peripheral
zone cell cycle time.

An interesting developmental trend that has not been
addressed in previous studies of spruce germinant seedlings,
is that of the continuing change in apical meristem zonal
distribution seen in this study. These were similar to
those seen in jack pine (Kremer, 1984). 1In that study,
apical meristem volumes were calculated using parabolic

periods of revolution, an alternative approach to the "disk
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method" used here. Kremer found that the peripheral zone
relative volume decreased and the pith-rib meristems
relative volume increased for the first 68 days.

While PI was the growth index most closely associated
apical meristem volume (Cannell, 1978a; Gregory and
Romberger, 1972a), its relationship with the
cytohistological zone trends seen in this study is less
clear. Changes in the central mother cell zone, seem more
strongly related to overall meristem volume than PI although
the trends are the same. To a lesser extent, rib-pith
meristem relative volume may be more strongly related to
age.

The relative volumes of the cytohistological zones in
the shoot apical meristem may be involved in hormonal output
from the shoot apical meristem (Mauseth, 1979). This may
also affect the determination of primordium fate and other
aspects of the seedlings physiology. 1In addition, if the
rate of peripheral zone loss were to continue according to
the trend reported here, it might present a physical limit

to primordium initiation and thus to continued free growth.



CHAPTER 3
THE EFFECT OF SHORTENED GROWTH CYCLE NUMBER
ON SPRUCE SEEDLING APICAL DEVELOPMENT

AND FREE GROWTH POTENTIAL

ABSTRACT

Seedlings of blue, white x blue, white and Norway
spruce were grown in a shortened growth-cycle (SGC) regime
which exposed them to five, consecutive, artificially
shortened, cycles of shoot growth and bud formation.
Seedlings of all species were able to resume free growth in
a propitious environment, even after four such cycles.

Seedling development under SGCs was much reduced
compared to normal nursery-grown seedlings or seedlings
grown under accelerated conditions for less than one year.
The average seedling height at the end of five SGC was less
than that of an average production-run two-year-old (2+0)
seedling.

The main stem buds, sampled at the end of each growth
cycle, were smaller than normal seedling buds. The stage of
phenological development at the end of each cycle seemed to
decline with cycle number. While meristem volume increased,
there were progressively fewer needle primordia in the buds.
This may indicate that as seedlings get bigger more time is

needed for complete bud formation.

67
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INTRODUCTION

Mature spruce (Picea sp. (A.) Dietr.) trees undergo an
annual growth cycle in which the annual shoot growth results
from the elongation and expansion of preformed stem units
existing in the overwintering bud. A stem unit consists,
collectively, of an internode, a node, and the nodal
appendages (needles or other primordia) at its distal
extremity (Doak, 1935). This determinate growth pattern is
common to all species of spruce investigated thus far
(Fraser, 1962, 1966; Owens and Molder, 1976; Owens et al.,

1977; Harrison and Owens, 1983; Bongarten, 1978; Pillia and

Chacko, 1978).

In germinant or young seedlings, this growth cycle
is modified to include the formation of additional stem
units which develop directly into needles and internodes, at
the end of the period of preformed shoot elongation. This

occurrence has been termed "free growth" (Jablanski, 1971).

Since the spruce embryo, within the seed, has no preformed
shoot or needle primordia, it is also the sole pattern of
shoot growth in the germinant seedling.

Free growth in young spruce seedlings is maintained by
long photoperiods. The response follows the action spectrum
of a phytochrome mediated response (Young and Hanover,

1977a). Free growth, in spruce, can be curtailed by a

number of stressful environmental conditions, even under

long photoperiods (e.g. Dormling et al., 1968; Robak and
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Magnesen, 1970; Malcolm and Pymer, 1975; Young and Hanover,
1978). It is induced, however, only when a critical night
length, which may vary with seedling size is broken by light
with a red (£ 600-680 nm) spectral component (e.g. Downs and
Borthwick, 1956; Downs, 1962; Pollard, 1973; Pollard et al.,
1975; Young and Hanover, 1977a).

In nursery grown seedlings of white spruce (Picea
glauca (Moench.) Voss.) free growth often occurs in the
second year. It often accounts for most of the years shoot
growth (Jablanski, 1971; Pollard and Logan, 1976; Powell,
1982). By four years, howver, white spruce shoot growth

appears to be determinate (Neinstaedt, 1966). In black

spruce (Picea mariana (Mill.) B.S.P.), Pollard and Logan

(1974) also found evidence of free growth occurring in
seedlings up to four years old. For blue spruce (Picea
pungens Engelm.) seedlings, free growth is reported in
seedlings up to three years old (Young and Hanover, 1976).
Developmental changes take place, as well as an
increase in size, as spruce seedlings age. During the first

three years in blue and Engelmann spruce (Picea engelmannii

Parry), for example, there are qualitative and quantitative
differences in needle structure (Heckman et al., 1982).

In blue spruce, Young and Hanover (1977b) found that the
number of preformed needle primordia in overwintering buds
increased in the first few years of growth. The average
size of the apical meristem also appears to increase in the

first years of development (Heckman, unpublished data).
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Older seedlings, that have been grown outdoors, differ
from germinant seedlings in non-morphological ways as well.
They have been exposed to a series of physiological
fluctuations associated with their annual growth cycles.
These cycles involve a series of endogenous and
environmentally triggered developmental events which enable
seedlings to survive over winter. There is considerable
latitude and variability in the time required for many of
these events, allowing their experimental modification.

The rapidity of bud-set in spruce germinant seedlings
can be varied by light intensity and quality, photoperiod,
nutrients, and temperature. In Norway spruce, 8 hr
photoperiods will precipitate bud formation in as few as 6
days, with faster responses seen under warmer temperatures
(Dormling et al., 1968). Under 12 hour days and warm
temperatures, buds were visible within 5 weeks in blue
spruce and low intensity light-breaks did not prevent
dormancy (Young and Hanover, 1977a). In Sitka spruce (Picea

sitchensis (Bong.) Carr) bud scales were visible after 14

days under 10 hr photoperiods. Primordia formed at the apex
were destined to become scales by the second day (Cannell
and Cahalan, 1979). 1In white spruce, as well, bud
initiation was evident in about 14 days (Pollard, 1974a).
Bud maturation can also be controlled by environmental
alteration. Temperature affected the rate of bud growth in
Sitka spruce (Malcolm and Pymer, 1975). Light intensity,

temperature, soil moisture, and nutrients all affected the
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rate and extent of bud development in white spruce (Pollard
and Logan, 1977). Bud maturation in white spruce, under 8
hr photoperiod, warm temperatures and good fertilization,
was complete in 6 to 12 weeks (Pollard, 1974a). This
process appears to take about 4 weeks for some provenances
of Norway spruce (Dormling et al., 1968).

The chilling period, required after bud-set, to permit
reflushing, is also variable. The time to budbreak of
spruce seedlings when returned to propitious conditions
declines exponentially with increasing chilling time
(Sorensen, 1983). Two-year-old and five-year-old white
spruce seedlings, for example, required only eight weeks of
chilling to allow subsequent normal bud break under
conditions conducive to bud flushing (Neinstaedt, 1966).
Eight weeks of chilling was also found to be sufficient time

for one-year-old seedlings of several other spruce species
to break bud normally (Neinstaedt, 1967).

The time and rate of bud-flushing are also
environmentally variable. In mature white spruce, for

example, Owens et al. (1977) found that temperature sums
were better indices of budburst phenology than was date.
Indeed, many species of woody plants may be "forced" to
break bud after their dormancy breaking chilling requirement

has been received, by placing them in a warm environment

(Kramer and Kozlowski, 1979).
Thus, the actual time biologically required for the

annual cycle of growth appears to be less than one year.
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This principal has been pursued in attempting to shortened

the time to flowering in Norway spruce (Picea abies (L.)

Karst.) (Dormling et al., 1968), by subjecting germinant
seedlings to a series of 3 to 4 contracted cycles per year.
Since the propensity for free growth is a juvenile
characteristic in spruce, a similar series of growth cycles
might be useful in separating the chronological factors from

cyclic developmental changes occurring as spruce seedlings

loose the ability for free growth.

I report here the cumulative effect of shortened
growth-cycles (SGC) on the propensity for seedlings of blue,
white, white X blue (hybrid), and Norway spruce to undergo

free growth. The effects of these shortened cycles on shoot

apical development were also addressed.

MATERIALS AND METHODS

Blue, white x blue hybrid, white and Norway spruce
seedlings, from seed sources described elsewhere (see
Chapter 1), were compared using five artificially shortened
growth cycles. Seeds were sown in 5 x 5 x 27 cm,
polyethylene-coated, paper plant-bands, held in cases of 36.
These were filled with a perlite : vermiculite : sphagnum
peat (l:1:1 by volume) mixture. Peter's soluble fertilizer
(20:19:18 NPK) was applied at the rate of 1.2 grams/case,
twice during each growth cycle. A Peter's STEM minerals
solution was also at 0.6 grams/case after the second cycle.

Water, insecticide, and fungicide, applications were
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uniformly made to all seedlings, as needed, during the
experiment. All seeds were germinated for two weeks, under
a 24 hr photoperiod, prior to the beginning of the first
growth cycle.

Up to five, sequential, shortened growth-cycles (SGC)
were applied to seedlings of all species. Growth cycles
consisted of two weeks of growth under continuous
fluorescent irradiation at approximately 100 pMm"zsec'l
PPFD (400-700 nm) at 20 to 22°C followed by 6 weeks of 8 hr
photoperiods at the same light level then chilling for 6
weeks at 49 c (+1°) under 8 hr photoperiods at approximately
30 pMm~2sec~l ppFp. The total cycle, thus, took 14 weeks
to complete.

At the end of the chilling period of each of the five
cycles, all SGC seedlings were placed under 24 hr
photoperiod in the growth room to induce flushing. At the
end of two weeks, three cases were removed from the
controlled growth room and placed in a greenhouse under a
photoperiod extended to 24 hrs by fluorescent lamps. Those
remaining in the growth room were returned to 8 hr
photoperiods. These conditions served to test for the
inducibility of free growth.

Prior to bud burst, in each cycle, all remaining
seedlings were measured from the level of their cotyledons
to the distal end of the longest needle at the shoot tip.
In addition, 3 to 4 seedlings of each species were removed

from the cases scheduled for free growth testing. The
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terminal shoot bud of each was excised and fixed in FAA,

under vacuum, for microscopic examination.

For a partial comparison of the apical development of

the SGC material to natural development, considering blue
spruce as representative, dormant terminal buds of one-year-
old (1+40), two-year-old (2+0) and three-year-old (2+1)
commercial nursery-grown blue spruce and upper-crown
Primary-branch terminal buds from 3 mature blue spruce tree

were also prepared as described above.

The terminal buds were processed for light microscopy,

photography and digital analysis by the same techniques used

in Chapter 2.
Height growth and apical meristem volume differences

among SGC material were evaluated by analyses of variance.

To test for the presence of free growth, the within

species pooled heights of the cyclically grown material were

compared with those of the seedlings placed under 24 hr

photoperiods, at the beginning of the next cycle.
RESULTS

Shoot growth phenology

At the beginning of the experiment, during the initial
germination period, blue and Norway spruce seeds germinated

first. White and the hybrid germinated later. Most

seedlings had initiated and developed needles above their

cotyledons prior to budset.

Most seedlings, of all species, resumed free growth
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even after five SGC (Figure 3.1). Although the amount of
additional shoot growth in the first 8 weeks after transfer

to the- 24 hr photoperiod decreased after the last cycle the

seedlings were still significantly taller under long days.
Most seedlings did not set a terminal bud under long days in
the cycle following their transfer, but continued to grow
(Figure 3.2). In addition, many of the seedlings forming
buds subsequently broke bud and resumed free growth.

Under long days, interspecific differences existing at
the beginning of the free growth testing, after each cycle,
diminished over time. At the beginning of the second cycle,
for example, blue and Norway spruce seedlings were taller
than either hybrid or white spruce (p=.05) within the same
free growth test lot. By the end of the experiment, after
56 weeks under 24 hr photoperiod, there were no
interspecific height differences among those seedlings.

Under short days there was a progressive increase in
height with cycle number for all species (Figure 3.1). The
overall incremental shoot growth was greatest for the second
and third cycles and declined for the fourth and fifth
cycles (Figure 3.2). Under the shortened growth cycles,
blue and Norway spruce were significantly (p=.01) taller
than white and hybrid spruce at the end of each cycle. The
relative magnitude of these differences decreased with cycle
number,

For SGC seedlings, remaining under the 8 hr photoperiod

of the shortened cycles, bud-scales were visible within two
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Figure 3.1 Mean heights of seedlings of blue, hybrid, white
and Norway spruce at the end of 1 to 5 shortened
growth cycles under short days (SD) and their
response to long days (LD):

A) 1 cycle all sSD.
B) 2 cycles SD and LD response after 1 SD cycle.

C) 3 cycles SD, LD response after 2 SD cycles
and continued LD response to 1 SD cycle.

D) 4 cycles SD, LD response after 3 SD cycles and
continued responses of previous treatments.

E) 5 cycles SD, LD response after 4 SD cycles, and
continued LD responses of previous treatments.
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Figure 3.2 Average height growth of spruce seedlings under
24 hr photoperiod after 1 to 4 shortened growth
cycles.



e

S 37042 ¥ 37040 € 370A2 2 370A2 1 37042
1 | | | 1
\\“'\l\\\\\\~
o— \\\ ~\~
\\\ 4
P 03
#\\ \\~
J/ g
7 e
A -~
- o”
P a0
-~ e $373AJ 0S8 3Ald o-—e

S$373AJ 0S YN04 »-x
S370A0 0S8 33NHL o--—
S370A0 0S OMl @---m
37040 0S N0 w9

S

0s

SL

001

set

0st

SLt

002

Sg2

( WW ) LHOI3H 100HS ONIT033S



80

weeks. Buds were seen on all SGC seedlings by the fourth
week of the cycle. Thus, all seedlings had terminal buds
formed, prior to the start of the chilling period of the
cycles, and height growth had ceased.

Apical development

No significant interspecific differences in the total
apical meristem volume were observed among SGC seedlings.
There were, however differences in total apical meristem
volume among the first four sequential cycles (p=.05). The
buds from the fifth cycle were accidentally dried and were
thus useless for apical meristem volumetric measurement.
There was an increase in total meristem volume with cycle
number (Figure 3.3, Table 3.1). No significant differences
were seen, either among cycles or species, in the relative
volumes or the cytohistological zones. Cytohistological
zonation was indistinct within the dormant meristems.

The apical meristems of SGC seedlings, even after four
cycles, were significantly smaller than those of the two-
year-old and older nursery grown and mature blue spruce
apical meristems (Table 3.1). The SGC meristems were not
significantly larger than the one-year-o0ld nursery grown
seedling apical meristems even after four growth cycles

(c.f. Figures 3.4 and 3.5).



Figure 3.3
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Representative median longitudinal sections
through the terminal shoot bud of blue spruce
seedlings after 1 to 4 shortened growth cycles.
A) one cycle, B) two cycles, C) three cycles,
and D) four cycles. Bar = 300 pm. Thickness=
10 pm.






Figure 3.4
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Representative median longitudinal sections

through buds of spruce seedlings after four

shortened growth cycles. A) Blue spruce, B)
Hybrid spruce, C) White spruce and D) Norway
spruce. Bar = 300 pm. Thickness = 10 pm.
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Figure 3.5 Representative median longitudinal sections
through naturally-cycled, dormant blue spruce
buds. A) 1+0 nursery grown. B) 2+0 nursery
grown. C) 2+1 transplant. D) Mature tree
(upper crown). Bar = 500 pm. Thickness = 10 pm.
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Table 3.1 Apical meristem volumes and needle primordia seen

in spruce buds developed under SGC and in nursery-grown and
mature buds.

All Species Pooled Blue Spruce
(shortened cycles) (nursery grown)

Cycle Meristeml/ Needlesg/ Seedling Meristem Needles

Number volume in bud age volume in bud
1 1148a3/ 13.2ab 1+0 2658a 14.7
2 2258ab 15.5b 2+0 6019b 24.9
3 1574ab 12.6a 2+1 4140 26.0
4 2597b 9.0a 50+ 8745 28.0
5 —_—— 8.4a -—- -——— ————

l/ Meristem volumes expressed in pm3x106.

2/ Needles seen in median longitudinal section.
3/ Means within a column followed by the same letter are not

gi?nificantly different at the (p =.05) level, Duncan's
multiple range test.

With the exception of the first cycle, the number of
needle primordia within the buds, seen in cross section,
declined with successive cycle number (Table 3.1, Figure
3.3). In buds from all cycles, Norway spruce had
significantly more needles than any of the other species.
There were no other interspecific differences. All species
responded similarly to the sequential cycles. The number of
needle primordia within the buds of the SGC blue spruce was
never significantly more than that seen in one-year-old,
blue spruce, nursery grown seedlings (Table 3.1, Figure

3.3) In addition, the number of needle primordia in two-
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year-old and older nursery grown blue spruce was greater

than that of the one-year-o0ld seedlings (p<.0l) or any SGC

seedling.
DISCUSSION

The average shoot growth under the long-day greenhouse
conditions (free growth test) appeared to be asymptotic in
nature (Figure 3.2). Under optimal conditions, spruce shoot
height-growth often increases in a nearly linear manner
(cf. Dormling et al., 1968; Young and Hanover, 1977a;
Cannell and Cahalan, 1979; Chapter 1). The decline in
growth rate seen in the free-growth test material here
(Figure 3.2) may have been induced by the high temperatures
and/or water stress encountered in the green houses during
the summer. Temperatures in mid and late summer were often
in excess of 30°C. These have generally been found to be
too high for optimal spruce growth (e.g. Young and
Hanover, 1978). This combined, with a higher 1light
intensity, made maintenance of uniform water status
difficult.

Based on the shortened growth cycle system used in this
study, the developmental factors which control the free
growth propensity in spruce seedlings do not seem to be
bound to the number of growth cycles, per se. There were,
however, a number of quantitative differences between SGC

seedlings and those cyclically grown under natural
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conditions, which need to be considered when interpreting
the SGC effects.

First, although the seedlings in this experiment were
subjected to up to 5 phenologically complete growth cycles,
the mean height of the seedlings averaged only 88 mm at the
end of the fifth cycle (SD). This is considerably smaller
than the height of an average 5-year-old nursery-grown
spruce seedling of any of the species used. For blue
spruce, even the tallest of the fifth cycle seedlings (132
mm) was only about average for two-year-old (2+0) commercial
nursery stock (cf. Chapter 4).

In most past studies of free growth inducibility in
various ages of spruce, seedling morphological or
developmental characteristics, other than age, have not been
reported (Nienstaedt, 1966; Young and Hanover, 1976; 1977b).
It was illustrated by Pollard (1974b) that seedlings, in a
free growing state, became increasingly sensitive to a
dormancy inducing stimuli (an intervening two weeks of 8 hr
photoperiods) as they aged. However, the relationship
between height and dormancy (no resumption of shoot growth)
appeared to be stronger (r2=.90) than that of age and
dormancy (t2=.72). The results reported here indicate that
the consideration of seedling height, in age-class seedling
development tests, may warrant further attention.

A second major difference seen between the development
of the SGC seedlings and those of nursery-grown and mature

blue spruce, is that of terminal bud development. In
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naturally grown spruce buds, seedlings or trees older than
one year generally have far more preformed needles in the
buds (Table 3.1, Figure 3.5) than do one-year-old seedlings
(Young and Hanover, 1977b; also cf. Burley, 1966a and Owens
and Molder, 1976).

With the SGC seedlings, as indicated in Table 3.1 and
Figures 3.3-3.5, there was an overall trend among all
species towards fewer needle primordia with each successive
cycle. This suggests that with progressive cycles, either
more time was necessary for bud scale formation prior to
needle primordia initiation or the needles were initiated at
a lower rate. From the number of scales seen in

longtudinal sections, it appeared that more primordia
developed as bud scales in early part of later cycles (cf.
Figures 3.3A and 3.3D), supporting the former of these two
possibilities.

The dormant apical meristems in the SGC material were
generally smaller than that of typical one-year-old nursery-
grown blue spruce (Table 3.1). They were also smaller than
those reported in one-year-old nursery-grown Sitka spruce
(Burley, 1966a) or four-year-old dormant white spruce
(Cecich and Miksche, 1970). They never attained the size of
any of the older naturally grown blue spruce meristems. The
SGC meristems were also smaller than meristems from six-
month-old spruce, from the same seedlots, growing under free

growth conditions (Gregory and Romberger, 1972a; Cannell and

Cahalan, 1979; Chapter 1).
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It is important to note, with regard to the last
observation, above, that there are fluctuations in meristem
size during the natural growth cycle. In the annual cycles
of the spruce species that have been observed, the apical
meristem reaches its maximum size between the end of bud
scale initiation and late needle-primordia initiation. This
is followed by a decline until late autumn, when the
meristem is at its smallest size until the first bud scales
are initiated prior to budbreak the next year (Cecich and
Miksche, 1970; Owens and Molder, 1976; Owens et al., 1977;
Pillia and Chacko, 1978; Thompsett, 1978). A similar
increase and decrease in meristem size was seen, during
photoperiodically induced budset, in Sitka spruce germinant
seedlings (Cannell and Cahalan, 1979). Thus, it is
important to consider the phenological stage of the material
observed, when making quantitative comparisons of apical
meristem volume.

In this experiment, in light of the decreasing number
of needle primordia seen within the buds, the size increase
of the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>