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Abstract

The dehydrated alfalfa industry requires high quality plant

alfalfa that is cut in the late bud to early flowering stage. The stands
are often seeded at higher than normal rates and they may remain
productive for only two to three years. The short stand life mav be
partly attributable to the high initial seeding rates which will reduce
individual plant size and hence may reduce the plant's ability to
survive the winter. The objectives of this study were: 1) to

quality and longer persistence of alfa'® -tends; 2) to compare gross

morphology, forage quality, ar survival of cultivars
Algonquin and Vernal grown ran. stand density; 3) to
investigate the relationship ar o to ities, individual plant
size, carbohydrate storage, anc - va of alfalfa.

To determine the optin n . :nsity, alfalfa seedlings
were transplanted at spacing: .1 25 and 30 cm. Plants

grown at the 4.5 cm plant ~.cing wer directly seeded. Alfalfa stand
density of alfalfa influenced 1 numbc' per plant, yield per shoot
and winter survival, and crii- atton of these three factors
determined yield. The larc  'tal* - piants from low stand densities
survived winter better than .« all alfalfa plants from high stand
densities under Edmonton ew ..«atal conditions. The amount of
total nonstructural carbohydrates (TNC) per root increased and total
etiolated growth (TEG) decreased as the stand density decreased. As
stand density declined, the lethal temperature at which 50% of the
plants were killed (LT 50) got lowered. Gross plant morphology was
affected by plant spacing. Shoots per plant and yield per shoot
increased linearly with increased plant spacing at all harvests.

stem length, number of nodes per stem, leaf area per m2, and
leaf/stem ratio showed variable responses. Generally, crude protein
(C.P.) increased with increasing stand density whereas acid detergent
fiber (ADF) and neutral detergent fiber (NDF) were not affected by



the population density. However, there were cultivar differences:
Algonquin had a higher C.P., a lower ADF and a lower NDF than
Vernal.

High stand density appeared to be of little cconomic advantage
in terms of winter survival, yield, persistence and forage quality.

It will be necessary to continue this study to ascertain the long-
term effects of stand density on productivity, stand persistence, and
forage quality.
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Chapter 1. Introduction.

Alfalfa (Medicago sativa L.) is an important agricultural crop in
North America, where it is grown for forage, to enhance soil
conservation, for green manure, and as a cash crop (Brenton et al.,
1987). Alfalfa is called " the queen of the forages " because of its
longevity, high vyield, and high nutritive value (protein, energy,
amino acids, calcium, phosphorous, carotene etc.). Stand persistence,
high productivity and excellent forage quality are primary goals for
most alfalfa producers.

The dehydrated alfalfa industry is one of the highest value
adding agricultural industries on the Prairies and provides significant
seasonal employment in rural areas. Alberta has natural advantages
for the dehydrated industry because of its large. forage production
base, suitable climate, low cost of energy and extensive irrigation
headworks (Anonymous, 1990). Alberta's dehydrated processing
capability has been estimated at > 700,000 tonnes with 75 % of the
product exported to Japan and other Pacific Rim countries (South-
Korea, Taiwan, Hong Kong etc.). Generally, the dehydrated alfalfa
industry requires high quality plant material with fine stems. Thus,
dehydrated alfaifa pellets are processed from alfalfa cut in the late
bud to early flowering stage (Anonymous, 1991). Higher (11.2 kg/ha)
than normal seeding rates (9 kg/ha) are utilized and stands may
remain productive for only two to three years (John, personal
communication, October 5, 1993).

Competition can be defined as the struggle among individuals
within a population for available resources, when the level of
resources is below the combined needs of the numbers of the
population. The resources involved in crop growth are primarily
light, water, and nutrients (Harper, 1983).

Alfalfa can be described by three yield components: plants per
area, shoots per plant, and yield per shoot. But the yield component
concept is difficult to apply to seed-established swards of alfaifa
because the number of plants per area is unknown unless roots and
crowns are excavated, which results in destruction of the plot
(Volenec et al., 1987). That's why transplanting of individual plants



into the field has been an effective method for establishing alfalfa at
specific plant populations.

Ronningen and Hess (1955) reported that the yield per unit
area in the third harvest year was significantly positively correlated
with plant density, but not in the second year. Cowett and Sprague
(1962) observed a decrease in both stems per plant and plant dry
weight as populations increased from 11 to 86 plants m-* whereas
the yield per unit area increased. Rumbaugh (1963) also reported a
decrease in both herbage yield per plant and stems per plant as
population increased.

Several studies on alfalfa seeding rates indicated that seeding
rates above 11.2 kg ha-! did not significantly increase yield (Williams
1917, Willard et al. 1934, Carmer and Jackobs 1963, Zaleski, 1959).
Zaleski (1959) obtained significantly lower alfalfa yields from a 5.6
kg ha-! seeding rate compared to 11.2 kg ha!, but observed no
significant difference in yicld between seeding rates of 11.2 and 16.8
kg ha-l. Carmer and Jacobs (1963) studied seeding rates of 4.5, 9.0,
13.4, and 17.9 kg ha‘i in 10.2 and 20.3 cm row spacing and broadcast
seedings. They observed that total seasonal yields were higher when
seeded at 9.0 kg ha-! than at 4.5 kg hal; but. no additional yield
increase was obtained at rates higher than 9.0 kg ha-l.

The plant population required for maximum herbage yield of
alfalfa has been a subject of controversy, with estimates ranging
from 22 to 215 plants m-2 (Tesar and Jackobs 1972, Bolger and
Meyer 1983, Nelson et al. 1986). The ten-fold range in these
estimates may be due, in part, to difficulty in accurately determining
plant populations. Sund and Barrington (1976) excavated plants to
determine the effects of seeding rate on plant population and
herbage yield. Although plant populations in each of the three years
following stand establishment (1969-1971) differed approximately
three-fold, there was no effect on herbage yield. Jones et al. (1984)
excavated alfalfa plants following termination of two variety trials to
determine the relationship between plant population and herbage
yield. In one trial, plant population was positively associated with
herbage yield, while in the second trial, the nearly four-fold range in
plant population (10 to 40 plants m-2) had no effect on herbage yield.

tJ



The lack of a close, consistent association of plant population with
herbage yield in this study and that of Sund and Barrington (1976)
indicates that factors other than plant population may be more
important determinants of yield of this species. The ability of
surviving alfalfa plants to compensate for reductions in plant
population by increasing other components (i.e., shoots per plant or
yield per shoot) may represent a mechanism through which stand
productivity is maintained. High seeding rates may increase
production in the establishment year by providing more complete
ground cover (Moline and Robinson, 1971), but the gaps tend to close
up as time goes on (Kramer and Davis, 1949).

Density required for maximum yield varies depending on the
area and climate, 140 plants m'2 in California (Marble and Peterson,
1981), 140 in Michigan (Tesar, 1977; 1978), 230 in Ohio (Van
Keuren, 1973), and 260 in Illinois (Jackobs and Miller, 1970)
produced maximum yields in the first harvest year after the seeding
year.

As a stand aged fewer plants were necessary for high yields
(Tesar, 1977: Tesar, 1979: Tesar and Marble, 1988). Tesar (1977) in
Michigan, USA. found that yields in the first year after seeding
increased as density increased to 140 plants m-2: Seventh-year yields
were 80% higher with 30 plants than with 10 plants m-2. In the tenth
year, Tesar (1979) reported a yield of 19.1 ton ha-! with only 23
plants m-2. According to Tesar and Marble (1988), approximately 150
to 250 plants m-2 were necessary for maximum yields in the year
after seeding and 40 to 60 plants m2 were adequate for maximum
yields in older stands provided the stands were uniform. More
recently, data from South Dakota (Twidwell and Kephart, 1991)
suggest that 110-165 plants m2 were adequate for maximum yield.

Several investigators have reported that forage yields in pure
stands of alfalfa are not influenced by seeding rate above an
adequate minimum sceding rate. However, this minimum rate varies
among studies. Belzile and Rioux (1973), using seeding rates of 6.7,
13.4, and 20.2 kg hal, obtained a 450 kg ha'! yield increase for each
additional 3 kg ha'! seeds when the seeding was done ecarly (28 April
. 8 May), but when seeded at two later dates, there was no



Quebec, Genest (1973) found that two varieties of alfalfa seeded at
5.6, 11.2. 16.8, and 22.4 kg ha'! exhibited significant increases in
yield of both varieties from 5.6 to 11.2 kg ha'! seeding rate, but very
Jittle increase in yield above the 11.2 kg ha'! seeding rate for the
variety Alfa, and a decreased yield for Vernal at the 16.8 kg ha‘! of
seeding rate. A substantially higher yield of Vernal resulted from a
22.4 kg ha'! seeding rate.

Roufail (1975) reported that Hunter River alfalfa (Medicago
sativa ) was sown at 6.7, 9, 13.4, 17.9, 22.4 or 26.9 kg ha‘!, broadcast
or in 15, 30 or 45 cm rows, under irrigation, but seeding rate did not
affect dry matter production in Victoria, Australia. Moline and
Robinson (1971) found rates of 10 or 17 kg ha''to be superior in
establishing stands of spring sown alfalfa on dry land. On the other
hand, Jarvis (1962) found no significant difference between 43 and
1550 plants per m2on dry land. Under irrigation, seeding rates
giving 50 to 200 germinating seeds m! of row had virtually no effect
on yield (Bessac, 1968).

Previous studies cited have shown that as seeding rates
increase the initial number of seedlings established increases. As
time passes and some plan:s die, there can ultimately be equal plant
densities for both low and high seeding rates (Carmer and Jackobs,
1963; Meyer, 1978; Sund and Barrington, 1976; Van Keuren, 1973).
Carmer and Jackobs (1963) reported small plant size and lower
survival rates as seeding rates increased. At the end of the year after
seeding, they reported 80, 80, 73, and 64 percent survival in the 4.5,
9, 13.5, and 18 kg ha'! seeding rates, respectively. Van Keuren ( 1973)
reported a marked increase in plant numbers from high seeding
rates compared with lower rates during the seeding year, but by
spring of the following year the 13.5, 20.2, 27, 40.4, and 53.9 kg ha'!
had similar plant counts in North Dakota, USA. According to Bolger
and Meyer (1983), percent plant mortality increased with plant
density and losses were marked even in the low densities (i.e., 11 to
484 plants per m-2). Twenty four to 36 % of the plants at the 22 to 43
plants m-2 densities and 10 % of the plants at the 11 plants per m-2
density failed to survive. In the alfalfa seed production research in



N.Z., the propcrtion of seeds producing alfalfa plants declined with
seeding rates and, after establishment, deaths were density-
dependent; higher seeding rates apparently did not improve
persistence (Palmer and Wymn-Williams, 1976). Fribourg and
Kennedy (1953) found a sharp reduction in alfalfa plant numbers
during the first winter and a continued reduction in stand density
through the second harvest year to a final count of 11 to 56 plants
m-2 in the USA.

Work by Suzuki in P. E. I. (1991) found that there was a rapid
reduction in plant numbers during the first year of a stand's life. At a
seeding rate of 825 seeds per m-2 (approximately 18 kg ha‘!) more
than 600 plants emerged but by the fall half of the plants had died
and less than 100 survived the first winter.

Carbohydrates are the primary source of reserve energy stored
in the vegetative organs of biennial and perennial forage plants.
Stored food reserves in the roots and crown of alfalfa are an essential
requirement for regrowth of shoots in the spring, initial regrowth
after harvest, aad for maintenance of crowns and roots during the
winter (Smith, 1972). Knowledge of the accumulation and use of food
reserves by perennial legumes is fundamental to an understanding
of the influence of various cutting and fertility recommendations on
the survival of alfalfa (Smith, 1962).

Of the four seasons, winter may be the most important in terms
of alfalfa stand maintenance and long - term production. Winterkill is
one of the most serious problems affecting alfalfa production in
Western Canada. Work by McKenzie and McLean (1980a) found low
fall carbohydrate reserves which resulted from harvesting during
August or early September and low soil temperatures in December
and January were two primary factors associated with winter injury.
Jung and Smith (1960) observed that low food reserve levels limited
the cold tolerance of alfalfa. Cold resistance was reduced during
warm periods in winter (Suzuki, 1983) and the ability to reharden
and maintain cold resistance with the onset of colder temperatures
was favored by high food reserves in the overwintering part of the
plant (Dexter, 1941). Alfalfa winter-hardiness in areas with severe
winters traditionally has been predicted by fall growth score or
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dormancy reaction (Smith, 1961; McKenzie et al, 1988; Stout and Hall,
1989). The fall dormancy reaction of very winter-hardy alfalfa
cultivars to short days and cool temperature is characterized by
prostrate or rosette herbage growth. In contrast, non-winterhardy
cultivars produce tall, erect stems.

Field studies at the Beaverlodge Research Station, during the
winter of 1975-1982, have suggested that three primary factors
increase the potential for winterkill: 1) low food reserves in the roots
and crowns, 2) water saturated soil conditions during the September
and October hardening period, and 3) a late flush of growth in the
fall from underground crown buds (McKenzie et al., 1983). According
to Ouellet (1977), possibly the two most important factors causing
winter injury are low air temperature and lack of snow cover, both
of which influence soil temperature, and alfalfa stand loss is largely
due to lethal soil temperature.

Low percentages of TNC in crowns and roots are common after
repeated cuttings (Cooper and Watson, 1968). Reynolds (1971) noted
relatively high TNC in alfalfa during early winter after frequent
seasonal cutting, but stand density and yield had declined. But Jones
et al. (1984) reported that total nonstructural carbohydrate was not
correlated with stand density in Delaware, USA. Correlations were
computed in an attempt to understand better relationships between
parameters but coefficients were either not significant or were too
low to identify relationships properly.

Work by Sund and Barrington (1976) found that the root % TNC
among various rates of seeding (i.c., 6.7 - 40.4 kg ha'!) in each of the
sample years were quite similar, varying from a minimum of 25.6 in
one set of samples to a maximum of 35.1 percent in another set of
samples, but most of the readings were around 29 or 30 %. There
was no consistent pattern in percent TNC according to seeding rates.
However, when percent TNC was applied to root weights, the amount
of TNC available for survival over winter was substantially higher in
the roots from the 6.7 kg ha'! of seeding rate because of their larger
root size and declined progressively by rate to the lowest amount in
the 40.4 kg ha! of seeding rate having the smallest roots.



Food reserves have also been indirectly measured by using
etiolated growth (Klebasedel, 1971; McKenzie et al., 1988), in which
the crown and root samples are collected from the field, and grown
in the dark. Shoots are clipped every 2 week until their reserves are
exhausted. It has been assumed that the growth of shoots in the
dark, or total etiolated growth (TEG), is directly governed by the
level of reserves in the crown and roots. McKenzie et al. (1988)
reported that no significant correlation was observed between TNC
and TEG method estimating stored food reserves in crowns and roots
of alfalfa during the autumn and winter of 1981-1984, in
Bcaverlodge, Alberta. In an study in P.E.L, Suzuki (1991) reported
that concentration of TNC in the crown and roots decreased slighly
with age.

As a cold hardiness test, LT 50 is the lethal temperature at
which 50 % of the population is killed. This method is a relative
measure of the degree of temperature stress which the plants can
tolerate. According to Suzuki (1991) young stands (2-4 yr of stand
age) were slightly more cold hardy than mid-age stands (5-7 yr of
stand age) in 1987, but the difference was insignificant in 1986 and
no difference in LTSO was found between mid-age and old stands (8-
10 yr of stand age).

At Charlottetown, Prince Edward Island, Suzuki (1972) stated
that if the mean February soil temperatures droped below -4 °C,
severe winterkill occured in all perennial legumes. This may be
attributed to the influence of the wet Maritime climate on fall
hardening since plants fail to harden properly under wet soil
moisture regimes (Calder et al., 1965).

Under different plant populations shoot morphology can be
influenced. Several studies were carried out to determine whether
the morphological characteristics were changed by the plant
population density or seeding rate. Recent studies in Indiana
(Volenec et al., 1987) found that different population densities (i.e.,
11, 22, 43, 97, and 172 plants m-2) influenced shoot morphology.
Averaged across cultivars (BIC, HI-PHY, and Vernal) yield per shoot,
shoot number per plant, nodes per stem and stem diameter
decreased as plant population increased. They also found that as



plant population densities increased. the direct effect of yield per
shoot (YPS) became a more important determinant of yield per plant
than shoots per plant. Mowat (1967) also reported that stems were
thinner at the high density. According to Leach (1969) there were
genetic differences in yield per shoot, and he observed a negative
association between yield per shoot and shoots per plam;"f‘his
suggests that dry matter partitioning to numerous shoots may be
limited in genotypes which elongate shoots rapidly resulting in high
yield per shoot (Volenec, 1985). Frakes et al (1961) reported that the
direct effect of shoots per plant, of spaced-planted alfalfa, on yield
was negligible, even though yield and stem number were highly
correlated. Rumbaugh (1963) reported that the length of the longest
stem of Ranger and Teton alfalfa varied with equidistant plant
spacing of 13, 27, 53, or 107 cm, respectively. Stem length exhibited
a curvilinear relationship with increasing plant spacing within
varieties. Maximum stem length was attained at the 53 cm spacing
(i.e., 4 plants m2) and declined thereafter (i.e., 27 or 13 cm plant
spacing). As population density increased, crown width at soil surface
and stem numbers per plant decreased.

Alfalfa stem diameter and branching was reduced in alfalfa
stands established using high seeding rates (Hansen and Krueger,
1973; Krueger and Hansen, 1974; Radei, 1974). In a similar study, as
plant density increased stems per plant decreased (Cowett and
Sprague, 1963; Miller et al., 1969; Roufail, 1975). Cowett and Sprague
(1963) found that stem numbers per plant decreased with increase
an in stand density and that size of the crown at one harvest
accounted for more than one-third of the number of stems per plant
at the following harvest. They also reported that stem production per
plant was not always associated with yield. Sund and Barrington
(1976) also showed that a more dense stand had fewer stems per
plant, with near equal numbers of stems per unit area for seeding
rates of 6.7, 13.4, 20.2, 26.9, and 40.4 kg ha'l.

Major factors that influence the potential feeding value of
alfalfa during growth and development include: growth stage at the
time of cutting: leaf to stem ratio: climatic and edaphic factors, such
as geographic location, seasonal and yearly radiation, illuminance-



associated diurnal variation, ambient and soil temperature, soil type,
soil moisture, and soil fertility, disease and insect damage and weed
infestation, and growth stage at the time of cutting is a factor that
determines the worth of alfalfa as a feedstuff (Marten et al., 1988).
Acid detergent fiber (ADF) is composed of cellulose and lignin and is
related to digestibility. Neutral detergent fiber (NDF) is composed of
hemicellulose, cellulose, and lignin and is related to feed intake
(Anonymous, 1990).

The influence of plant population on forage quality is not well
researched. Bolger and Meyer (1983), using stands seeded in 1980,
reported no effect of plant population (i.e., 11, 22, 33, 44, 55, or 100
plants m-2) on concentrations of crude protein or ADF of alfalfa
sampled in 1981. Meyer (1985) indicated that concentrations of ADF,
acid detergent lignin (ADL), and NDF were unaffected by plant
population even though shoot production ranged from 19 to 33
shoots per plant. According to Volenec et al. (1987) stems from
plants grown at 172 plants m-2 populations contained 10 g kg! less
lignin and were 30 g kg'! more digestible than were siems from
plants grown at 11 plants m-2 populations. They also found Vernal
produced more and finer stems per plant, and these stems were
lower in lignin and higher in digestibility when compared to
cultivars BIC or HI-PHY. Buxton and Hornstein (1986) reported a
negative association between in vitro dry matter digestibility
(IVDMD) and lignin contrations in both alfalfa stems and herbage.
Sund and Barrington (1976) also reported that seeding rates of 6.7 to
40.4 kg ha'! did not influence cell wall constituents (CWC), ADF, or
ADL in Wisconsin, USA. Van Keuren (1973) reported no effect of
seeding rates (i.e., 3.4 - 54 kg ha'l) on lignin, dry matter digestibility,
or cellulose content in Ohio, USA. High digestibility of alfalfa has been
reported to be related to a high leaf to stem ratio and low cell wall
and lignin concentrations in herbage (Shenk and Elliot, 1970). Stem
lignin concentration decreased and stem in vitro dry matter
digestibility (IVDMD) increased with increased plant density (i.e., 11-
178 plants m-2). However, the effect of plant density on total forage
IVDMD was less apparent, because leaf IVDMD concentrations were
similar across plant densities (i.e., 80.8-81.3 % dry wt.). Stem NDF



and ADF concentrations followed a similar trend as lignin with plant
density in Indiana, USA (Cherney et al, 1986). According to McGuire
(1981) the crude protein content was not influenced by seeding rates
of 8.4, 11.2, 16.9, or 22.5 kg ha'! or row width of 6.7 or 13.4 cm in
cultivars Vernal and DuPuits during 1963-1964 in Ohio, USA.

The objectives of this study were: 1) to determine the optimum stand
density having high yield, forage quality and persistence for the
dehydrated alfalfa industry; 2) to compare the gross morphology.
forage quality, and winter survival of cultivars Algonquin and Vernal
when grown at a range of stand densities; and 3) to investigate the
interrelationships among stand density, individual plant size,
carbohydrate storage, and the ability of alfalfa to overwinter.
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Chapter 2. Effects of stand density on yield, winter
survival and morphology of Algonquin alfaifa.

2.1. Introduction

Alfalfa (Medicago sativa L.) yield can be described by the three
yield components: plants per area, shoots per plant, and yield per
shoot. The yield component concept is difficult to apply, however, to
seed-established swards of alfalfa because the number of plants per
area is unknown unless roots and crowns are excavated, and this
results in destruction of the plot (Volenec et al., 1987). Thus,
transplanting of individual plants into the field has been an effective
method of establishing alfalfa at specific plant population densities.

The plant population required for maximum herbage yield of
alfalfa has been a subject of controversy, with estimates ranging
from 22 to 215 plants m-2 (Tesar and Jackobs 1972, Bolger and
Meyer 1983). The ten-fold range in these estimates may be due, in
part, to difficulty in accurately determining plant populations. Sund
and Barrington (1976) excavated plants to determine the effects of
seeding rate on plant population and herbage yield. Although plant
populations in each of the three years following stand establishment
differed approximately three-fold, there was no effect on herbage
yield.

Density required for maximum yield in the first harvest year
after the seeding year varies depending on the area and climate, 140
plants m-2 in California (Marble and Peterson, 1981), 140 plants m-?
in Michigan (Tesar, 1977; 1978), 230 plants m-2in Ohio (Van Keuren,
1973), and 260 plants m2in Illinois (Jackobs and Miller, 1970).

As a stand aged fewer plants were necessary for high yields
(Tesar, 1977: Tesar, 1979). Tesar (1977) in Michigan, USA found that
yields in the first year after seeding increased as density increased
to 140 plants m-2- Seventh-year yields were 80 % higher with 30
plants than with 10 plants m-2. In the tenth year, Tesar (1979)
reported a yield of 19.1 ton ha'! with only 23 plants m-.

Previous studies have shown that as seeding rates increase the
initial number of seedlings established increases, but plant survival



decreases, often resulting in ultimately equal plant densities for low
and high seeding rates (Carmer and Jackobs, 1963; Van Keuren,
1973). In alfalfa seed production research in New Zealand, the

seeding rates, and after establishment deaths were density-
dependent; higher seeding rates did not improve persistence (Palmer
and Wymn-Williams, 1976).

Work by Suzuki in P. E. I. (1991) found that there was a rapid
reduction in plant numbers during the first year of a stand's life. At a
seeding rate of 825 seeds per m-2 (approximately 18 kg ha'!) more
than 600 plants emerged but by the fall half of the plants had died,
and less than 100 survived the first winter.

Several researchers have studied whether morphological
characteristics can be changed by plant population density or
seeding rate. Recent studies in Indiana (Volenec et al., 1987) found

m-?) influenced shoot morphology. Averaged across cultivars (BIC,
HI-PHY, and Vernal) yield per shoot, shoot number per plant, nodes
per stem and stem diameter decreased as plant population increased.
They also found that as plant population densities increased, the
direct effect of yield per shoot (YPS) became a more important
determinant of yield per plant when compared to shoots per plant.
Frakes et al (1961) reported that the direct effect of shoots per plant
on yield of spaced-planted alfalfa was negligible, even though yield
and stem number were highly correlated. Stem diameter and
branching were decreased in alfalfa stands established using high
seeding rates (Hansen and Krueger, 1973; Krueger and Hansen, 1974;
Radei, 1974).

population density giving high yield and persistence for the
dehydrated alfalfa industry; 2) to investigate the influence of
population density on winter survival; 3) to document morphological
changes as influenced by plant population.



2.2. Materials and Methods.

The yield component concept is difficult to apply to seed-
established swards of alfalfa because the number of plants per area
is unknown, unless the roots and crowns are excavated, which results
in destruction of the plot. Thus, to prevent destroying the plot and to
know the exact stands per unit area, transplanting of individual
plants into the field was carmried out.

2.2.1. Plant material preparation in the greenhouse.

Root trainers were filled with a soil mixture composed of a
1:1:1 ratio of peat moss, black soil, and coarse sand. Approximately,
2000 (Rhizobium meliloti pre-inoculated) seeds of 'Algonquin’ alfalfa

x 4 inch, ' Fives ', Spencer-Lemaire Industries Ltd.) and grown for
five weeks in a greenhouse at 20 C and 16 hours photoperiod. Plants
were watered daily and fertilized bi-weekly with a liquid fertilizer
(N:P,04:K;0, 20:20:20). The fungicide No-Damp was sprayed twice, on

damping-off diseases that may attack the seedlings.

2.2.2. Transplanting in the field.

After five weeks growth in the greenhouse, seedlings were
transplanted equidistantly into 1 x 1 m plots at distances of 6, 10, 15,

20, 25, and 30 cm plant spacing on July 3, 1991. These spacings
represent populations of 278, 100, 45, 25, and 11 plants per m2.

The experimental design was a randomized complete block design
with four replications.
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2.2.3 Harvests for yield.

In the first production year of 1992 alfalfa plants, transplanted
in 1991, were clipped by hand using scissors to a 5 c¢m stubble.
Harvests occurred on June 18, July 27, and September 14, 1992, at
which time plants were at one tenth bloom, one tenth bloom, and late
bud stage, respectively.

In the second production year of 1993, plants were harvested
at one tenth bloom, on June 7 and August 3, 1993. In order to
determine yield per ha, 40, 15, 7, 4, 3, or 2 plants were clipped from
the center area of 6, 10, 15, 20, 25, and 30 cm plant spacing plots,
respectively. Harvested plant material was dried at 65C for 3 days in
a forced air dryer, and then weighed.

2.2.4. Harvests for morphological characteristics.

In order to measure morphological characteristics (i.e., number
of shoots per plant, yield per shoot, stem diameter, stem length,
number of nodes per stem, leaf area per m?, leaf to stem ratio) 7, 6,
5, 4, 2, and 2 plants from the plant spacings of 6, 10, 15, 20, 25, and
30 cm plots, respectively, were clipped by hand using scissors. The
number of shoots per plant were counted. From these clipped plants,
fifteen shoots were randomly selected, and yield per shoot was
calculated by dividing the total dry weight of fifteen shoots (leaves
plus stems) by fifteen.

With the 15 shoots selected, stem diameter at the lowest node,
stem length, node number per shoot, leaf area, and leaf to stem ratio
were measured. Leaves were separated from stems and their area
was determined with a LI 3100 leaf area meter (Li-Cor Ltd., Lincoln,
Nebraska). The leaf to stem ratio was calculated after drying the
leaves and stems separately at 65C for 3 days.



2.2.5. Winter survival.

Live plants per plot within an area 50 cm by 2 rows were
counted in mid September of 1991 and 1992, and again in late April
of 1992 and 1993 in order to assess winter survival. The percent
winter survival was calculated as:

% winter survival = (number of plants in the spring / number
of plants in the fall) x 100.

2.2.6. Statistical analysis.

Data analysis was carried out by ANOVA procedures using GLM
procedures of SAS (SAS Institute Inc., 1989). The plant spacing
effects were partitioned into linear and quadratic components using
orthogonal polynominal coefficients. The ANOVA tables can be found

in the appendix.

2.2.7. Weather conditions.

The average monthly temperatures ((maximum + minimum) /
2) were recorded at the Edmonton International Airport by
Environment Canada in Alberta from July, 1991 to August, 1993
(Appendix Fig. a.l). Generally, the highest air temperature occurred
between mid-July and early-August. The air temperature of 1991
was a little higher than in 1992, 1993, or the 30 year average.

The monthly minimum temperatures during the period of
early-November, 1991 to late-March, 1992 was on average warmer
than the winter of 1992-1993, and warmer than the 30 year average
(Appendix Fig. a.2). However, the monthly minimum temperature
during the winter period of 1992-1993 was pretty close to normal.

The monthly maximum temperatures during the period of
December, 1991 to April, 1992 were higher than the winter of 1992
to 1993, and higher than the 30 year average (Appendix Fig. a.3).

In terms of the total monthly precipitation during the growing
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year average. Generally, it rained more in the second production year
1993 during the growing season than in the first production year
1992 (Appendix Fig. a.4).



2.3. Results

2.3.1. Yield

Alfalfa (Medicago sativa L.) was harvested three times during
the first production year of 1992, In the first harvest, as plant
spacing increased from 6 to 30 cm (278-1lplants m-2) there was no

significant (p<0.01) linear effect at the second and third harvest. The

highest yield ha-! was shown at the 30 cm plant spacing at the
second and third harvest and the lowest yield ha-! was arttained at
the 10 cm plant spacing with the second harvest, and at the 6 cm
plant spacing with the third harvest.

In 1992, with each successive harvest the yield ha-! decreased
at each plant spacing and the difference in yield between plant
spacings decreased at the second and third harvest (Fig.2.1). Annual
total yield exhibited a significant (p<0.001) linear effect of plant
spacing in the first production year. The annual total yield in 1992
was greatest for plants grown at the 30 cm plant spacing and least
for plants grown at the 6 cm plant spacing (Fig.2.2).

The alfalfa plants transplanted in 1991 were harvested twice
during the second production year, 1993. There was a significant
(p<0.05) linear effect of plant spacing on annual total yield in the

difference in annual total yield decreased between high and low
population densities. The yield of the second harvest was a little
higher than that of the first harvest.

Total annual yield was higher in the first production year than
that of the second production year

2.3.2 Winter survival

unit area were counted in the spring of 1992 and 1993. There was a
significant linear (p<0.001) and quadratic (p<0.001) effect of plant
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Fig.4, winter survival was lower at high population densities (i.e., 100
or 278 plants m-?) than at lower population densities (i.e., 11, 16, or
25 plants m-2). The lowest level of winter survival occurred at the 6
or 10 cm plant spacings (corresponding to 278 or 100 plants m-2,
respectively). The greatest decline in winter survival occurred
between the 10 and 15 cm plant spacing. At the 20, 25, or 30 e¢m
plant spacing (corresponding to 25, 16, or 11 plants m-2, respectively)
the winter survival was 100 %.

There was a significant linear (p<0.001) and quadratic (p<0.001)
effect of plant spacing on survival during the winter 1992 - 1993,

previous year, even at the higher population densities (i.e., 278 or
100 plants m-2) where winter survival was 86.9 and 90.2 %,
respectively There were no dead plants at the 15, 20, 25, or 30 cm

plant spacing.

2.3.3. Morphology.

2.3.3.1. Shoots per plant in the spring of the first and second
production year,

After the first winter (1991 - 1992) there was a significant
(p<0.001) linear effect of plant spacing on spring shoot number per
plant. As plant spacing increased shoots per plant in the spring
increased linearly (Fig.2.5). Plants grown at a 6 cm plant spacing
produced 6.8 shoots per plant whereas plants grown at a 30 cm plant
spacing attained an average of 26.3 shoots per plant. This equates to
a 3.9 fold increase in shoots per plant as compared with 6 cm plant
spacing. The trend for spring shoots per plant in 1993 was similar to
that of 1992; as plant spacing increased the shoots per plant

plant spacing and the spring shoot number per plant in 1993 was
slightly higher than 1992,
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2.3.3.2. Shoots per plant at harvest

increased, at each harvest in the first production year of 1992
(Fig.2.6). At the first harvest of 1992 there was a significant
(p<0.001) linear and (p<0.05) quadratic effect of plant spacing on
shoots per plant. Plants grown at the 6 cm plant spacing had the
lowest number of shoots per plant (6.8) whereas plants grown at a
30 cm plant spacing showed the highest shoots per plant (44.4). The
greatest increase in shoots per plant occurred between the 25 and 30
cm plant spacing. The trends for shoots per plant at the second and
third harvests in 1992 were quite similar to those observed at the
first harvest. With successive harvests the difference in shoots per
plant between the 6 and 30 cm plant spacing increased from 6.5, to
7.6 and 8.7 fold in the second, and third harvests, respectively.

on shoots per plant in the first and second harvests in 1993 (Fig.2.7).
This is similar to the trend observed in 1992. As plant spacing
increased the shoots per plant increased. With successive harvests
there was little change in shoot number per plant.

2.3.3.3. Yield per shoot

As plant spacing increased, yield per shoot increased
significantly in a linear (p<0.001) relationship at each harvest in
1992 (Fig.2.8). The yield per shoot of plants grown at a 6 cm plant
spacing were the lowest at 0.36, 0.2 and 0.11 g at the first, second
and third harvests, respectively. Plants grown at a 30 cm plant
spacing showed the highest yield per shoot at 2.1, 0.85 and 0.56 g at
the first, second and third harvests. However, with successive
harvests the yield per shoot generally decreased across all plant
spacings.

In the second production year, 1993, the yield per shoot at the
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32
spacing increased (Fig.2.9). At the second harvest of 1993 the yield
per shoot increased as plant spacing increased in a significant
(p<0.001) linear and (p<0.01) quadratic relationship with plant
spacing.

2.3.3.4. Stem diameter

In the first production year of 1992 the stem diameter
increased as plant spacing increased in a significant (p<0.001) linear
relationship with plant spacing at the first and second harvest. At the
third harvest there was a significant (p<0.001) linear and (p<0.01)
quadratic relationship between plant spacing and stem diameter (Fig.
2.10). At each harvest in 1992, plants grown at the 6 cm plant
spacing had stems with the smallest diameter. With successive
harvests the stem diameter decreased at all plant spacings. As shown
in Fig. 10, there was little difference in stem diameter between the
10 to 25 cm plant spacing in the second or third harvest of 1992,
respectively.

In the second production year, as plant spacing increased, stem
diameter increased (Fig.2.11). There was a significant (p<0.001)
linear effect of plant spacing on stem diameter at each harvest. The
smallest stem diameter was attained from plants grown at the 6 cm
plant spacing and greatest for 30 cm plant spacing in each harvest.
There was little change in stem diameter between the first and the

2.3.3.5. Stem length

Generally, as plant spacing increased, the stem length increased
(Fig.2.12). At the first harvest in the first production year of 1992,
stem length increased as plant spacing increased in a significant
(p<0.01) linear and (p<0.05) quadratic relationship with plant
spacing. At the second harvest, there was a significant (p<0.05) linear
relationship with plant spacing. At the third harvest there was a
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significant (p<0.00!) linear and (p<0.001) quadratic relationship with
plant spacing. With successive harvests the stem length greatly
decreased at all plant spacings.

In the second production year 1993, as plant spacing increased
the stem length increased (Fig.2.13). There was a significant (p<0.01)
stem length at the first harvest. There was very little difference in
the stem length between the 25 and 30 cm plant spacing at the first

effect of plant spacing on stem length. The stem length was greater
at the second harvest than the first harvest.

2.3.3.6. Nodes per stem

In the first harvest of the first production year of 1992, the
number of nodes per stem increased as plant spacing increased in a
significant (p<0.001) linear and (p<0.01) quadratic relationship with
plant spacing (Fig.2.14). However, the number of nodes per stem was
not affected by the plant spacing at the second harvest. At the third
harvest there was a significant (p<0.01) linear relationship between

the 6 cm plant spacing had the lowest number of nodes per stem.

In the second production year of 1993, as plant spacing
increased, the number of nodes per stem increased. At the first and
second harvests there was a significant (p<0.01) linear relationship
between plant spacing and nodes per stem (Fig.2.15). At each harvest
the number of nodes per stem was lowest for plants grown at a 6 cm
plant spacing. It was greatest for plants grown at the 30 cm plant
spacing at the first harvest, and the 20 cm plant spacing at the
second harvest. The number of nodes per stem at the second harvest
was greater than at the first harvest at all plant spacings except at a
20 cm plant spacing.
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2.3.3.7. Leaf area per mZ.

There was a significant (p<0.001) linear and (p<0.001) quadratic
effect of plant spacing on leaf area per m? at the first harvest in the
cm to 20 cm plant spacing and then increased at a 30 cm plant
spacing (Fig.2.16). The greatest leaf area per m? occurred at the 6 cm
plant spacing and the least for the plants grown at the 20 cm plant

difference in leaf area per m?2 between plant spacings. With
successive harvests the leaf area per m? decreased at all plant
spacings.

In the second production year of 1993, there was no significant

was a little higher than that of the first harvest.

2.3.3.8. Leaf to stem ratio

At the first harvest in the first production year of 1992, there
(Fig.2.18). At the second harvest there was a significant (p<0.05)
linear and (p<0.05) quadratic relationship between plant spacing and
leaf to stem ratio, however there was very little difference in this
ratio between the 10 and 30 cm plant spacing. At the third harvest
there was a significant (p<0.001) linear and (p<0.01) quadratic
relationship between plant spacing and leaf to stem ratio. With

successive harvests leaf to stem ratio increased at all plant spacings.

In the second production year of 1993, there was a significant
(p<0.05) linear and (p<0.01) quadratic effect of plant spacing on the
leaf to stem ratio at the first harvest. There was also a significant
(p<0.05) linear and (p<0.05) quadratic relationship between plant
spacing and leaf to stem ratio at the second harvest (Fig.2.19). The
greatest leaf to stem ratio occurred at the 6 cm plant spacing at the
first harvest and at the 30 cm plant spacing at the second harvest.
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10
The lowest leaf to stem ratio occurred at the 15 cm plant spacing at
each harvest. With successive harvests the leaf to stem ratio
declined.



2.4. Discussion.

Stand density is one of the factors that determines yield and
persistence of alfalfa. However, the optimum stand density varies
with climate and soil conditions. As establishment costs increase, the
question arises whether present seeding rates or population densities

Generally, alfalfa yield can be described by three yield
components: plants per area, shoots per plant, and yield per shoot
(Volenec et al.,, 1987). The lower yield at the high population
densities in the first production year could be attributed to lower
winter survival (Fig.2.4) during the winter period of 1991-1992,
fewer shoots per plant (Fig.2.6), and lower yield per shoot (Fig.2.8)
than at the low population densities. However, the decreased
difference in annual total yield between the high and low population
density in the second production year was partly explained by: i)
smaller differences in average yield per shoot ((1st harvest + 2nd
harvest)/2) between high and low stand density in the second
production year than the first production year, ii) decreased shoot
number per plant at the low stand density and no change at the high

first production year, iii) even though some plants died at the high
population density during the first winter period of 1991-1992,
there were still more plants per unit area than at the low population
density. Thus, as plants aged from year to year, the yield difference
between high and low population densities decreased. However, it is
not apparent from this study for how long the differences in yield
between high and low stand densities will persist.

Plant number per unit area changed over time as a result of
differential winter survival. After the establishment year, the
highest wintcrkill occurred at a 6 c¢m plant spacing. Although the
mean winter temperature in 1991-1992 was not as low as that of
1992-1993 (Fig.al), more plants were killed at the low population
densities during the first winter. The decreased winterkill during the
second winter in the high population densities might be attributable
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to less intra-specific competition for resources as a result of reduced
stand densities compared to the first winter. Those plants that
survived the first winter may have had a greater genetic potential to
winter harden. At the lower population densities, the alfalfa plants
were larger and had low levels of winterkill during the first winter
compared to the plants at the high population densities. There was
very little or no winterkill in the second winter (Fig.2.4). The ability
of larger alfalfa plants, at lower population densities, to survive
during the winter may be attributed to a larger root and crown
system and more extensive carbohydrate and nitrogen storage
reserves. In this study, it is unclear which was the major factor (i.e.,
low soil temperature, lack of snow cover, snow mold pathogens, low
carbohydrate reserves and tap root protein, ice encasement or frost
heave) causing winterkill at the 6 and 10 cm plant spacing during
the first winter. In Indiana, where alfalfa plants were established at
populations of 11 and 172 plants m-2, 90% of the plants survived the
first winter (Volenec et al., 1987). These different results indicate
that the extent of winterkill is strongly influenced by geographic
region and climate.

The lower shoot number and yield per shoot at the higher
population densities than at the lower population densities might be
partly attributable to plant density effects on root and crown size,
resulting from intra-specific competition for light, moisture, or
nutrients. These findings are consistent with previous work (Bolger
and Meyer, 1983; Volenec et al., 1987). As well, the limited
availability of resources presumably results in less biomass
production for each plant because of lower levels of photosynthesis.

It was hypothesized that when some plants in a population die,
the surviving plants will have access to more resources. In this
study, however, despite the death of around 20-30% of the plants at
the high population densities, the surviving plants did not increase
their shoot number per plant and the average yield per shoot
increased only marginally in the second production year.

In this study, in the.first and second production year, more
shoots per plant and a higher yield per shoot at the lower population
densities compensated for lower plant numbers. At the high
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population densities even though there were more plants per unit
area, lower winter survival, lower shoot number per plant and lower
yield per shoot resulted in lower yields.

Generally, stem diameter increased as population densities
decreased. At a high population density the basal leaves of alfalfa are
heavily shaded resulting in a lower photosynthetic capability and a
smaller shoot biomass than at a low population density. As well, at a
high plant density each plant presumably will have less opportunity
to enlarge their crown area from which the crown buds develop, due
to lack of sufficient space. These findings agree with results from
previous work (McGuire 1981; Volenec et al 1987).

Trends in stem diameter, stem length, and nodes per stem, leaf
area per m-2, and L/S ratio did not follow the yield trends at each
harvest. This is reflected in the very low correlations between yield
and morphological traits, and indicates that yield was affected very
little by these morphological characteristics.

In this study, high population densities (100 and 278 plants m-2)
appeared to be of little advantage in terms of winter survival, yield,
and persistence compared to low densities (45 plants m-2 or less).



2.5. Conclusions.

In the first and second production year, plants grown at the
high population density had lower total annual yield due to lower
winter survival, fewer shoots per plant and lower yield per shoot
than at the low population densities.

In the second production year, yield differences between high
and low plant densities declined compared to the first production
year.

Alfalfa plants at a high population density were smaller and
had lower levels of winter survival than the larger plants at a low
population density. Generally, more winterkill occurred during the
first winter than the second winter.

The shoot number per plant, yield per shoot, and stem
diameter increased linearly with decreasing population densities.
However, the other morphological characteristics, stem length, node
number per stem, leaf area m-2, and leaf to stem ratio showed
variable responses to plant density.

From this study, a high population density appeared to be of
little economic advantage compared to low stand density in terms of
winter survival, yield and persistence. '
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Chapter 3. Effects of stand density on alfalfa yield,
winter survival, cold hardiness, morphology and
quality in the cultivars Algonquin and Vernal.

3.1. Introduction

The relationships among yield, quality and persistence in
relation to stand age of alfalfa are not predictable because of complex
and often transitory interactions of genotypes, environment, and
management. However, determination of alfalfa stand density and
yield relationships is very important for the producers because this
relationship, coupled with economics, determines when farmers
should plow down stands and when stands should be kept.

Generally, alfalfa yield can be described by three yield
components: plants per area, shoots per plant, and yield per shoot.
The yield component concept is difficult to apply to seed-established
swards of alfalfa because the number of plants per area is unknown
unless roots and crowns are excavated, which results in destruction
of the plot (Volenec et al., 1987). That's why transplanting of
individual plants into the ficld has been an effective method for
establishing alfalfa at specific plant populations.

Several studies on alfalfa seeding rates indicated that seeding
rates above 11.2 kg ha! did not significantly increase yield
(Williams, 1917; Willard et al., 1934; Carmer and Jackobs, 1963;
Zaleski, 1959). Alfalfa research conducted in Ohio by Williams (1917)
indicated nonsignificant increases in forage production from rates of
seeding higher than 11.2 kg ha'l. Other research conducted in Ohio by
no significant increase in forage production for rates greater than
11.2 kg ha-l.

The plant density required for maximum yield in the first
harvest year varies depending on the area and climate, 140 plants

Michigan (Tesar, 1977; 1978), 230 plants m-2in Ohio (Van Keuren,
1973), and 260 plants m-2in Illinois (Jackobs and Miller, 1970).
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According to Tesar and Marble (1988) approximately 150 to 250
plants m-2 are necessary for maximum yields in the year after
seeding and 40 to 60 plants m-2 may be adequate for maximum
yields in older stands provided the stands are uniform. More
recently, data from South Dakota (Twidwell and Kephart, 1991)
suggest that 110-165 plants m-2 are adequate for maximum yield.
initial number of seedlings established increases, but plant survival
decreases, often resulting in ultimately equal plant densities for low
Sund and Barrington, 1976; Van Keuren, 1973). Van Keuren (1973)
reported a marked increase in plant numbers from high seeding
rates compared with lower rates during the seeding year, but by
spring of the following year the 13.5, 20.2, 27, 40.4, and 53.9 kg ha-!
had similar plant counts in North Dakota, USA. According to Bolger
and Meyer (1983), percent plant mortality increased with plant
density and losses were marked even in the low densities (i.e., 11 to
484 plants per m-2), Fribourg and Kennedy (1953) found a sharp
reduction in alfalfa plant numbers during the first winter and a
continued reduction in stand density through the second harvest
year to a final count of 11 to 56 plants m-2 in the USA,

Carbohydrates are the primary source of reserve energy stored
in the vegetative organs of biennial and perennial forage plants.
Stored food reserves in the roots and crown of alfalfa are an essential
requirement for regrowth of shoots in the spring, initial regrowth
after harvest, and for maintenance of crowns and roots during the
winter (Smith, 1972). According to Ouellet (1977) in Canada, possibly
the two most important factors causing winter injury are low air
temperature and lack of snow cover, both of which influence soil
temperature, and alfalfa stand loss is largely due to lethal soil
temperature.

Work by Sund and Barrington (1976) found that the root % TNC
among various rates of seeding (i.c., 6.7 - 40.4 kg ha'!) in each of the
sample years were quite similar, however, the amount of TNC
available for survival over winter was substantially higher in the
roots from the 6.7 kg ha-! of seeding rate because of their larger size



and declined progressively by rate to the lowest amount in the 40.4
kg ha'! seeding rate having the smallest roots. In swudy in P.E.L,
Suzuki (1991) reported that the concentration of TNC in the crown
and roots decreased slighly with age.

As a cold hardiness test, LT 50 is expressed as the lethal
temperature at which 50 % of the population is killed. This method is
a relative measure of the degree of temperature stress which the
plants can tolerate. According to Suzuki (1991) young stands (2-4 yr
of stand age) were slightly more cold hardy than the mid-age stands
(5-7 yr of stand age) in 1987, but the difference was insignificant in
1986 and no difference in LT 50 was found between mid-age and old
stands (8-10 yr of stand age).

Shoot morphology can be influenced by plant spacing. Recent
studies in Indiana (Volenec et al., 1987) found that different
population densities (i.e., 11, 22, 43, 97, and 172 plants m-?)
influenced shoot morphology. Averaged across cultivars (BIC, HI-
PHY, and Vernal) yield per shoot, shoot number per plant, nodes per
stem and stem diameter decreased as plant population increased.
They also found that as plant population densities increased, the
direct effect of yield per shoot (YPS) became a more important
determinant of yield per plant when compared to shoots per plant.
Mowat (1967) also reported that stems were thinner at a high
density.

Alfalfa stem diameter and its branching was decreased in
alfalfa stands established using high seeding rates (Hansen and
Krueger, 1973; Krueger and Hansen, 1974; Radei, 1974). Sund and
Barrington (1976) also showed that a more dense stand had fewer
stems per plant, with near equal numbers of stems per unit area for
the different seeding rates (i.e., 6.7, 13.4, 20.2, 26.9, or 40.4 kg ha-!).

The influence of plant population on forage quality is not well
understood. Bolger and Meyer (1983), using stands seeded in 1980,
reported no effect of plant population (i.e., 11, 22, 33, 44, 55, or 100
plants m-?) on concentrations of crude protein or ADF of alfalfa
sampled in 1981. Meyer (1985) indicated that concentrations of ADF,
acid detergent lignin (ADL), and NDF were unaffected by plant
population even though shoot production ranged from 19 to 33
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50
shoots per plant. According to McGuire (1981) the crude protein

DuPuits during 1963-1964 in Ohio, USA. Buxton and Hornstein
(1986) reported that a negative association between IVDMD and
lignin contrations of both alfalfa stems and herbage. Sund and
Barrington (1976) also reported that seeding rates of 6.7 to 40.4 kg
ha-! did not influence cell wall constituents (CWC), ADF, or ADL in

rates (i.e., 3.4 - 54 kg ha'!) on lignin, dry matter digestibility, or
cellulose content in Ohio, USA.

alfalfa population density having high yield, quality and persistence
for the dehydrated alfalfa industry; 2) to compare the gross
morphology, forage quality, and winter survival of cultivars
Algonquin and Vernal when grown at a range of stand densities; J)
to investigate the interrelationships among stand density, individual
plant size, carbohydrate storage, and the ability of alfalfa to
overwinter.



3.2 Materials and Methods.

Two sets of test plots were established in each seeding year.
One set of plots (using transplanted seedings) was established to
follow changes in yield and morphological characteristics over a
number of years. The second set of plots (direct seeded) were used
for destructive harvesting to measure population effects on

carbohydrate storage and the ability of the plants to winterharden.

3.2.1. Transplant plot.

3.2.1.1. Plant material preparation in the greenhouse.

Industries Ltd.) were filled with a soil mixture composed of peat
moss, black soil, and coarse sand (1 : 1 : 1). In order to monitor
cultivar differences, approximately 8,800 seeds of a relatively old
cultivar, Vernal, and of a recently released cultivar, Algonquin were
pre-inoculated with Rhizobium meliloti and planted into root
trainers in 1992 and 1993. The plants were allowed to germinate
and grow for five weeks in the greenhouse at 20 ° C and a 16 h
photoperiod. Plants were watered daily and fertilized biweekly with
a liquid fertilizer (N : P,0s : K;0, 20 : 20 : 20). The fungicide No-Damp
was sprayed twice, i.e., on one day after planting and after
emergence, in order to control damping-off.

3.2.1.2. Transplanting in the field.

After five weeks growth in the greenhouse, seedlings were
transplanted equidistantly into 2.25 m2 (1.5 x 1.5 m) plots at
distances of 6, 10, 15, and 25 cm from each other. These spacings
represent population densities of 278, 100, 45, and 16 plants per m?:
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cm corresponding to 494 plants m-2, plots were seeded by hand into
a grid using previously prepared templates. The experimental design
was a split plot design; the main plots were composed of the cultivars
Algonquin and Vernal, and the sub-plots were composed of five
different spacings (i.e., 4.5, 6, 10, 15, and 25 cm).

3.2.1.3. Harvests for yield.

In the seeding year, transplant plots which were established in
1992, were harvested once at approximately the late seed pod stage
on September 15, 1992 and at the full bloom stage on August 19,
1993.

In the first production year of alfalfa, which was transplanted
in 1992, plants were harvested at one tenth bloom stage on June 18,
1993 at the first harvest and at one tenth bloom stage on August 18,
1993 at the second harvest. To estimate yield per ha 65, 40, 15, 7,
and 3 plants per plot were clipped from the center area of 4.5, 6, 10,
stubble height of 5 cm. Harvested plant material was dried at 65C for
3 days in a forced air dryer and then weighed.

3.2.1.4. Harvests for morphological characteristics.

At each harvest 15, 13, 6, 3, and 2 plants from the plant
spacings of 4.5, 6, 10, 15, and 25 cm, respectively, were clipped by
hand using scissors to a stubble height of 5 cm. From these clipped
plants, shoots per plant were counted, and 15 shoots were randomly
selected and yield per shoot was calculated by dividing the total dry
weight of fifteen shoots (leaves plus stems) by fifteen.

Of the 15 shoots selected above, stem diameter at the lowest
node, stem length, node number per shoot, leaf area per plant, and
leaf to stem ratio were measured. In order to measure leaf area
leaves were separated from stems and measured with a LI 3100
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leaf area meter (Li-Cor Ltd, Lincoln, Nebraska). Leaf to stem ratio
was calculated after drying the leaves and stems separately at 65C

for 3 days.

3.2.1.5. Winter survival.

The number of plants per plot in each cultivar within a 50 cm
by 2 rows randomly selected area were counted in mid September,
1992 and again in late April, 1993 to assess winter survival. The
percent winter survival was calculated as :

% winter survival = (plant numbers in the spring / plant

numbers in the fall) x 100.

3.2.1.6. Quality analysis.

The shoot samples were ground with a cyclone mill through 1
mm mesh screen. Samples from the fall harvest during the
establishment year of 1992 and the first and second harvest in the
first production year of 1993 were analyzed for crude protein, acid
detergent fiber (ADF) and neutral detergent fiber (NDF) by Norwest
Labs Edmonton, Canada. Crude protein was analyzed by a Leco
Nitrogen Analyzer (LECO FP 428, St. Joceph, MI, USA). The method
used for determining protein is an official AOAC method (AOAC,
1990). Acid detergent fiber was analyzed by the AOAC method
(AOAC, 1990). Neutral detergent fiber was analyzed by the method
of Goering and Van Soest (1970).

3.2.2. Seeded plot.
3.2.2.1. Seeding in the field.

To determine the cold hardiness of Algonquin and Vernal at a
range of plant spacings, plots were seeded by hand on June 1, 1992
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using previously prepared grid templates. Plot sizes varied in order
to provide enough plant material for TNC, TEG, and LT 50 estimates.
The plot sizes were 2.25 (1.5 x 1.5 m), 2.25 (1.5 x 1.5 m), 4.0 (2.0 x
2.0), 9.0 (3.0 x 3.0), and 16.0 (4.0 x 4.0 m) m? for 4.5, 6.0, 10, 15. and
25 cm plant spacing. The cultivars Algonquin and Vernal were
seeded and the plants were thinned to one plant per 4.5, 6, 10, 15,
and 25 cm, after 6 weeks growth. Reseeding was done where
necessary to ensure a completed grid of plants. Plants were irrigated
after seeding to facilitate establishment.

3.2.2.2. Total Nonstructural Carbohydrates.

Five plants were dug from each plot on October 4, 1992 prior to
freeze up and on April 16, 1993. After digging the shoots were
clipped to 5 cm and the roots were clipped to 8 cm. The plant
material was washed free of soil and any dead material was trimmed
away. The plant material was then oven-dried at 75C and ground to
pass through a 1 mm screen.

200 mg of ground alfalfa roots with crowns, and 50 ml of 0.2 N
H,SO, were added to a 125 ml flask and heated at 100 C for one hour,
The digested solution was then filtered through Whattmann #40
filter paper and the residue was washed with hot distilled water. The
filtrate and washings were combined, cooled, and diluted to a volume
of 100 ml with distilled water (Suzuki, 1971). 1 ml of extract in a
small Erlenmyer flask was mixed with 12 ml distilled water. 2 ml
of concentrated sulfuric acid were added to the test tube in a fume
hood. The test tubes were left for 5 minutes in the fume hood and
then cooled in a water bath for 15 minutes. Reducing sugars were
then determined by reading at a wave length of 490 nm on a
spectro-photometer. Glucose was used as a standard (Dubois et al.,
1956). Carbohydrate content was expressed as a percent of
carbohydrates on a dry matter basis.
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3.2.2.3. Total Etiolated Growth.

On October 4, 1992 prior to freeze up and on April 16, 1993,
five alfalfa plant crowns and roots of Algonquin and Vernal were
excavated from vach seeded plot established in 1992. Shoots were

material was washed free of soil and any dead plant material was
removed. The plant material was blotted dry and weighed. The
plants were potted in 10 cm diameter by 25 cm deep plastic pots,
filled with moist vermiculite, and placed in a growth room without
light, at 20C, and a relative humidity of 80 %. The etiolated shoots
were harvested at 2-week intervals until no further growth occurred
(Mckenzie et al., 1988). Shoots were oven-dried at 70C for 48 h and
weighed. TEG is an indirect measure of carbohydrate reserves and is
expressed as milligrams dry weight of etiolated ‘growth per initial
fresh weight of crown-root tissue.

3224, LT 50.

Twenty five plants of Algonquin and Vernal from each plot
were dug up on October 4, 1992, prior to freeze up and placed into
cloth bags. The soil was removed from the roots, and the shoots were
clipped to 5 cm where the roots were clipped to 8 cm. The plants
were potted in 10 cm diameter by 25 cm deep plastic pots filled with
vermiculite. Five plants from the 25 plants were selected and cooled
to -4, -8, -12, -16, or -20 C for the freezing test. The plants were
cooled at a rate of 3-4 C per hour. After the plants attained the
desired test temperatures measured by placing thermo-couples into
the upper vermiculite, the pots were removed from the freezing
cabinet and placed into a 5C refrigerator overnight to facilitate slow
rewarming. Plants in the pots were scored for regrowth ten days
later (McKenzie and McLean, 1980). The LT 50 temperature was
defined as that temperature at which 50 % of plants were killed.
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3.2.3. Stuatistical analysis.

Data analysis was carried out by ANOVA procedures using GLM
procedures of SAS (SAS Institute Inc., 1989). The plant spacing
effects were partitioned into linear and quadratic components using
orthogonal polynominal coefficients. The ANOVA tables can be found
in the appendix.

3.2.4. Weather conditions.

The average monthly temperatures ((maximum + minimum) /
2) were recorded at the Edmonton International Airport by
Environment Canada in Alberta from June, 1992 to August, 1993
(Appendix Fig. a.l1). Generally, the highest air temperature occurred
between mid-July and early-August. However, the air temperature
during this period of 1992 to 1993 was a little lower than in 1991 or
the 30 year average.

The monthly minimum temperatures during the period of

1992 and January, 1993 (Appendix Fig. a.2).

The monthly maximum temperatures during the period ot
December, 1992 to April, 1993 were lowerer than the winter of 1991
to 1992 (Appendix Fig. a.3).

In terms of the total monthly precipitation during June, 1992,
the time of establishment, it was much drier than the establishment
year of 1993 and it was also much drier than the 30 year average.
Generally it rained more in 1993 during the growing season than
1992 (Appendix Fig. a.4).
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3.3 Results.
3.3.1 Yield.

The yield of alfalfa harvested on September 15 during the

x plant spacing interaction, The least yield was attained at 4.5 cm
plant spacing in each cultivar. This may be due a different rate of
establishment. The plants grown at a 4.5 cm plant spacing were
seeded one week after the other seedlings grown at 6, 10, 15 and 25

in 1993, there was a significant (p<0.01) linear and (p<0.05)
quadratic effect of plant spacing on yield in Algonquin and Vernal
(Fig.3.2). The greatest yield was attained at the 10 cm plant spacing
in Algonquin and a 4.5 cm plant spacing in Vernal, and the lowest
yield was attained at the 25 cm plant spacing in both cultivars in the
fall harvest during the establishment year. There was no significant

Algonquin at the first harvest. There was also a significant (p<0.05)
linear and (p<0.01) quadratic relationship between plant spacing and
yield (Fig.3.3). However, there was no significant cultivar x plant
spacing interaction. The greatest yield was attained at plant spacing
of 15 cm and the lowest yield at the 25 cm plant spacing in
Algonquin. In Vernal the greatest yield was from plants grown at the
10 cm plant spacing and the lowest yield at the 25 c¢m plant spacing.

In the second harvest, there was no significant cultivar effect
and no cultivar x plant spacing interaction. There was also no effect
of plant spacing on yield (Fig.3.4).

For annual total yield there was a significant (p<0.01) cultivar
effect. Vernal showed a little higher yield than Algonquin (Fig.5).
Although there was a significant (p<0.05) linear relationship between
plant spacing and yield at the first harvest, there was no significant
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effect of plant spacing on yield in regards to the annual total yield.

3.3.2. Winter survival

Winter survival was over 93 % at all plant spacings (Fig.3.6).
Representative samples of 4.5, 15, and 25 cm plant spacings are
illustrated in Fig.3.7. Vacant spaces are not visible at the 4.5 cm plant
spacing; this reveals the high level of winter survival. There was a
significant (p<0.01) linear effect of plant spacing on winter survival.
Winter survival increased with increasing plant spacing. There were
no dead plants at 15, 20, or 25 cm plant spacing in either cultivar.
There was no significant cultivar effect and no significant cultivar x

plant spacing interaction.

3.3.3. Cold hardiness.
3.3.3.1. Total Nonstructural Carbohydrates (TNC)

There was a significant (p<0.05) quadratic effect of plant
spacing on % TNC in both cultivars in early October, 1992 (Fig.3.8).
Variation was from 18.9 to 22.7 %. There was no significant effect of
cultivar or cultivar x plant spacing interaction on % TNC. However,
when % TNC was multiplied by dry root weight, grams TNC showed a
significant (P<0.01) linear effect of plant spacing (Fig.3.9). Thus, the
amount of TNC available for survival over winter was substantially
higher in the roots of the plants grown at the 25 cm plant spacing,
and declined progressively with the lowest amount in the 4.5 cm
plant spacing. The greatest increase in grams of TNC occurred
between the 15 and 25 cm plant spacing. But there was no significant
effect of cultivar, or cultivar x plant spacing interaction.

There was no significant difference between cuitivars and plant
spacings for % TNC in the spring of 1993 (Fig.3.10). However, there
was a significant (p<0.001) linear relationship between plant spacing
and grams of TNC per root (Fig.3.11). As plant spacing increased, the
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Figure 3.7. Representative samples of alfalfa plants as seen .in the fall
of 1993 under different plant spacings : a) 4.5 cm, b) 15 ¢m, and c)
25 cm, respectively.
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grams of TNC per root increased. The TNC per root was higher at the
25 c¢m plant spacing, and least at the 4.5 cm plant spacing in both
cultivars. There was no significant effect of cultivar or cultivar x
plant spacing interaction on grams of TNC per root.

3.3.3.2. Total Etiolated Growth (TEG)

There was a significant (p<0.001) linear and (p<0.001)
quadratic effect of plant spacing on TEG in the fall of 1992. As plant
spacing increased TEG generally decreased (Fig.3.12). The highest TEG

plant spacing in both cultivars. There was no significant differences
between cultivars and no cultivar x plant spacing interaction on TEG.

In the spring of 1993, TEG showed no significant response to
plant  spacing, cultivar, or cultivar x plant spacing interaction
(Fig.3.13). In both cultivars the greatest TEG was attained at a 4.5 cm
plant spacing, but the least TEG was attained at a 6 cm plant spacing
in Algonquin and at a 15 cm plant spacing in Vernal. There was very
little difference between the 10 and 25 cm plant spacing in each
cultivar. The TEG measured in the fall of 1992 was much higher than
that recorded in the spring of 1993 (Fig.3.12-3.13).

3.333. LT 50

There was a significant (p<0.01) linear relationship between
cm plant spacing for both cultivars. The highest LT 50 was -6.5 C for
Algonquin and -8.5 C for Vernal (Fig.3.14). Vernal was somewhat
spacing. However, there was no significant difference in LT 50
between cultivars or cultivar x plant spacing interaction.
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3.3.4. Morphology.
3.3.4.1. Shoots per plant.

There was a significant (p<0.001) linear effect of plant spacing
on shoot number per plant in the fall harvest of 1992 the year of

establishment (Fig.3.15). As plant spacing increased, shoots per plant
increased. The highest number of shoots per plant occurred at the 25
cm plant spacing and the lowest number of shoots occurred at the 4.5
cm plant spacing in both cultivars. However, there was no significant
effect of cultivar and no significant cultivar x plant spacing
interaction. A similar response occurred in the 1993 establishment
year, as plant spacing increased the shoots per plant increased
linearly (p<0.01) (Fig.3.16). There was no cultivar effect or cultivar x
plant spacing interaction on shoots per plant. After the first winter
there was a significant (p<0.001) linear effect of plant spacing on
shoots per plant in the spring of the first production year 1993.

Similar to the fall of 1992 there was no significant cultivar
effect or cultivar x plant spacing interaction on number of shoots per
plant in the first production year 1993. However, the number of
shoots per plant in the spring of 1993 was higher than that in the fall
of 1992 (Fig.3.17).

There was a significant (p<0.001) linear effect at the first
harvest and significant (p<0.001) linear and (p<0.001) quadratic
effect of plant spacing on shoots per plant at the second harvest in
the first production year of 1993 (Fig.3.18 and 3.19). As plant
spacing increased the shoots per plant increased at each harvest. As
shown in Fig.3.18 and 3.19, the highest number of shoots per plant
occurred at the 25 cm plant spacing and least at the 4.5 cm plant
spacing at each harvest. The greatest increase in shoots per plant
The number of shoots per plant at the second harrest was a litte
higher than at the first harvest for each cultivar. There was no
significant cultivar effect or cultivar x plant spacing interaction on
number of shoots per plant at either harvest.
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3.3.4.2. Yield per shoot

As plant spacing increased yield per shoot increased in each
cultivar. There was a significant (p<0.001) linear and (p<0.001)
quadratic effect of plant spacing on yield per shoot in the fall harvest
of 1992 during the year of establishment (Fig.3.20). For alfalfa plants
transplanted in 1993, there was a significant (p<0.01) linear effect of
plant spacing on yield per shoot in both cultivars in the fall harvest
during the establishment year. The largest yield per shoot was
attained at the 25 cm plant spacing and the least at the 4.5 cm plant
spacing in both cultivars (Fig.3.21). There was no significant effect of
cultivar or cultivar x plant spacing interaction for yield per shoot.

A significant (p<0.01) linear effect of plant spacing on yield per
shoot occurred at the first harvest, and a significant (p<0.001) linear

and (p<0.001) quadratic effect of plant spacing on yield per shoot
occurred at the second harvest in the first production year of 1993
(Fig.3.22-3.23). The greatest yield per shoot occurred when plants
were grown at 25 cm plant spacing and least for plants grown at 4.5
effect of cultivar or cultivar x plant spacing interaction at any
harvest during 1992 - 1993. After the first winter, with successive
harvests, the yield per shoot at the second harvest was much lower
than that of first harvest (Fig.3.22-3.23).

3.3.4.3. Stem diameter.

The average stem diameter measured in the fall harvests of the
1992 and 1993 establishment years, and in the first and second
harvests in the first production year 1993 are given in Figs.3.24,
3.25, 3.26. and 3.27, respectively. Generally, as plant spacing
increased the average stem diameter increased in each cultivar.
There was a significant (p<0.001) linear and (p<0.001) quadratic
effect of plant spacing on stem diameter in the fall harvest of 1992.
In alfalfa plants transplanted in 1993, there was a significant
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(p<0.001) linear effect of plant spacing on stem diameter in the fall
harvest during the establishment year (Fig.3.25). The greatest stem
diameter was attained at a 25 cm plant spacing and the least stem
diameter at the 4.5 cm plant spacing in both cultivars. There was no
significant effect of cultivar or cultivar x plant spacing interaction on
stem diameter.

A significant (p<0.001) linear effect of plant spacing on stem
diameter occurred at the first harvest. and a significant linear
(p<0.001) and quadratic (p<0.01) relationship at the second harvest
during the first production year of 1993. However, there was no
significant effect of cultivar or cultivar x plant spacing interaction on
stem diameter. :

was very little change in stem diameter (Fig.3.26 and 3.27). The
greatest stem diameter was attained at the 25 cm plant spacing and

least was attained at the 4.5 cm plant spacing in each harvest for
both cultivars.

3.3.4.4. Stem length.
There was a significant (p<0.001) linear and (p<0.001)

1992 (Fig.3.28). The stem length was greatest at a 15 cm plant
spacing in Vernal, and a 25 c¢cm plant spacing in Algonquin. For both
cultivars stem length was the least at a 4.5 cm plant spacing. There
were no cultivar effects or cultivar x plant spacing interaction on
stem length. In alfalfa plants transplanted in 1993, there was a

stems, and the longest stems occurred at the 25 cm plant spacing in
Algonquin, and at the 10 cm plant spacing in Vernal. There was no
significant effect of cultivar or cultivar x plant spacing interaction on
stem length.

In the first production year, there were significant (p<0.001)
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linear and (p<0.001) quadratic effects of plant spacing on stem length
at the first and second harvest (Fig.3.30-3.31). The greatest stém
length was attained at the 25 cm plant spacing and the least at the
4.5 cm plant spacing in both cultivars with both harvests.

With successive harvests, the stem length declined. There were
no significant cultivar effects or cultivar x plant spacing interaction
on stem length at either harvest.

3.3.4.5. Nodes per stem.

There was a significant (p<0.001) linear and (p<0.001)
quadratic effect of plant spacing on nodes per stem in the fall
harvest of 1992 (Fig.3.32), but there was no cultivar effect or

on the number of nodes per stem in the fall harvest during the
establishment year. There was no significant effect of cultivar or
cultivar x plant spacing interaction on number of nodes per stem.
After the first winter there was a significant (p<0.05) cultivar
effect but no significant effect of plant spacing or cultivar x plant
spacing interaction on number of nodes per stem at the first harvest
during the first production year of 1993 (Fig.3.34). The difference in
number of nodes per stem between cultivars was less than one node.
At the second harvest, there was a significant (p<0.001) linear and
(p<0.05) ..Jadratic effect of plant spacing on nodes per stem. Thus, as
plant spacing increased, the number of nodes per stem increased.
The greatest number of nodes per stem occurred at the 25 cm plant
spacing and the smallest number of nodes per stem occurred at the
4.5 cm plant spacing. There was no significant effect of cultivar or
cultivar x plant spacing interaction at the second harvest in 1993
(Fig.3.35). The number of nodes per stem in the (irst harvest was
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3.3.4.6. Leaf area per m3.

were significant (p<0.05) linear and (p<0.001) quadratic etfects of
plant spacing on leaf area per m:. The transplanted plots which were
at 6, 10, 15, and 25 cm plant spacings showed that the leaf arca per
m? decreased as plant spacing increased(Fig.3.36). There was no
significant cultivar effect or cultivar x plant spacing interaction on
leaf area per m?. The leat area per m< in the fall harvest of the
establishment year of 1993 is given in Fig.3.37. There was a
leaf area per m2. The greatest leaf area per m?occurred at a 6 cm
plant spacing in Algonquin and Vernal. The lowest leaf area per m-
At the first and second harvests during the first production
year of 1993, there was a significant (p<0.001) Flincar relationship
between the plant spacing and leaf area per m:. As plant spacing
increased the leaf area per m? decreased (Fig.3.38-3.39). The greatest
leaf area per m2occurredat the 6 cm plant spacing and the least leat
area per m2occurred at the 25 cm plant spacing. There was no
significant cultivar effect or cultivar x plant spacing interaction.

3.3.4.7. Leaf to stem ratio.

As plant spacing increased the leaf to stem ratio decreased in
each cultivar in the fall of 1992 (Fig.3.40). There was a significant
(p<0.001) linear effect of plant spacing on leaf to stem ratio. The
highest leaf to stem ratio was attained at a 4.5 cm plant spacing and
the least ratio was attained for plants grown at a 25 cm plant spacing
for both cultivars. There was no significant cultivar effect or cultivar
x plant spacing interaction on leaf to stem ratio. In alfalfa plants,
transplanted in 1993, there was a significant (p<0.01) cultivar effect
and Algonquin had a higher L/S ratio than Vernal in the fall harvest
during the establishment year. However, there was no significant
effect of plant spacing or cultivar x plant spacing interaction on leaf
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to stem ratio (Fig.3.41).

In the first harvest during the first production vear of 1993
there was a sizinficant (p<0.001) cultivar effect on the leaf to stem
ratio, with the ratio of Algonquin teing somewhat higher than that of
Vernal ‘Fig.3.42). As plant spacing increased the leaf to stem ratio
generally decreased in both cultivars resulting in a significant
(p<0.01) lincar effect of plant spacing on leaf to stem ratio. There was
no significant cultivar x plant spacing interaction on leaf to stem
ratio.

At the second harvest there was a significant (p<0.001) cultivar
effect on leaf to stem ratio (Fig.3.43) and no significant plant spacing
or cultivar x plant spacing interaction. The leaf to stem ratio was a
little higher in Algonquin than in Vernal. The L/S ratio at the second
harvest was a little higher than that of the first harvest.

3.3.5. Quality
3.3.5.1. Crude protein (C.P.).

At the fall harvest of the establishment year of 1992 there was
no significant effect of cultivar. plant spacing, or cultivar x plant
spacing interaction on the C.P. content (Fig.3.44).

Unlike the establishment year, during the first production year
of 1993 there was a significant (p<0.05) difference between cultivars.
The cultivar Algonquin contained somewhat higher C.P. than Vernal.
In the first production year there was also a significant (p<0.05)
quadratic effect of plant spacing on C.P at the first harvest. The
greatest C.P. (17.4 %) for Algonquin occurred at the 10 cm plant
spacing and the lowest C.P. (15.6 %) at the 25 cm plant spacing. The
crude protein of Vernal alfalfa was also lowest at the 25 c¢m plant
spacing (Fig.3.45).

At the second harvest there was a significant (p<0.05) cultivar
effect and significant (p<0.05) cultivar x plant spacing interaction.
Similar to the first harvest, the C.P. of Algonquin was a little higher
than that of Vernal at most densities (Fig.3.46). There was no
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significant effect of plant spacing on C.P. at the sccond harvest.

3.3.5.2. Acid Detergent Fiber (ADF).

There was a significant (p<0.05) eftect of plant spacing on ADF
in the fall of 1992. The greatest ADF occurred at a 4.5 c¢m plant
spacing in Algonquin and a I35 ¢m plant spacing in Vernal. The lowest
ADF was artained at a 6 cm plant spacing in Algonquin and a 25 ¢m
plant spacing in Vernal (Fig.3.47). However, there was no culuvar
effect or cultivar x plant spacing interaction.

At the first harvest in the first production vear of 1993, there
was a significant (p<0.05) difference between the cultivars for ADE
Algonquin had a lower ADF (38.2 %) than Vernal (39.7 %) (Fig.3.48).
There was no significant effect of plant spacing or cultivar x plant
spacing interaction on ADF. The ADF range was 39-42 ‘% at the first
harvest.

At the secord harvest, there was a significant (p<0.0l) culuvar
effect and Vernal had a higher mean ADF (38.3 % ) than Algonquin
(35.3 %) (Fig.3.49). There was no significant effect of plant spacing or
cultivar x plant spacing interaction on ADF. The ADF content at the
second harvest (i.e., average of 36.8 %) was a little lower than at the
first harvest (i.e., average of 38.9 %) at all plant spacings.

3.3.5.3. Neutral Detergent Fiber (NDF).

Similar to the trend for ADF, there was a significant (p<0).05)
effect of plant spacing on NDF at the fall harvest of the establishment
year, 1992. The greatest NDF occurred at a 4.5 cm plant spacing in
both cultivars, and the lowest NDF was attained at a 25 cm plant
spacing in Algonquin and a 6 cm plant spacing in Vernal (Fig.3.50).

In the first production year, 1993, there was a significant
(p<0.05) cultivar effect and Algonquin had lower NDF (47.5 %) than
Vernal (49.1 %) at the first harvest (Fig.3.51). But there was no
significant effect of plant spacing or cultivar x plant spacing
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interaction on NDF. The NDF range was between 47 - 50 % at the first
harvest.

At the second harvest there was a significant (p<0.001)
difference in cultivars and Vernal had higher NDF (45.6 %) than
Algonquin (42.6 %) (Fig.3.52). However, there was no significant
effect of plant spacing or cultivar x plant spacing interaction on NDF,
The NDF range was between 41 and 48 % at the second harvest. The
mean NDF content at the second harvest (i.e., 44.1 %) was a little
lower than at the first harvest (i.e., 48.3 %) at all plant spacings.
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3.4. Discussion

Stand density is one of the factors that determines yield and
persistence of alfalfa. However, the optimum stand density varies
with climate and soil conditions. As establishment costs increase, the
question arises whether present seeding rate or population densities
are optimum for obtaining maximum yield and quality.

Yield of alfalfa (Medicago sativa L) can be described by three
yield components: plants per area, shoots per plant, and yield per
shoot (Volenec et al, 1987). During the seeding year of the alfalfa
plants transplanted in 1992, plants grown at the highest stand
density (494 plants m-2) had a lower yield because they were
younger and smaller than plants at other stand densities. However,
in the seeding year 1993, as plant spacing increased, yield was stand
density-dependent (Fig.3.2). Although plants grown at a 25 cm
spacing had more shoots per plant and a higher yield per shoot than
plants at other plant spacings, these increases could not compensate
for the low population density. The difference in yield in the fall
harvest during the establishment year 1993 between 4.5 and 25 cm
plant spacings was 1.6 ton ha'! even though 31 times as many plants
were transplanted at a 4.5 cm plant spacing compared to 25 cm plant
spacing. The difference in yield at the high stand density in the
establishment years of 1992 and 1993, might be attributable to the
earlier seeding date in 1993. Thus, when alfalfa plants grown at a 4.5
cm plant spacing were seeded earlier in the season and harvested at
the same growth stage as the other transplanted plants, yield in the
establishment year was density-dependent.

In the first production year, the annual total yield from alfalfa
plants grown at a high population density was greater than that of a
low population density. Although plants grown at a low stand density
had more shoots per plant (Fig.3.18-3.19), a higher yield per shoot
(Fig.3.22-3.23) and a better winter survival (Fig.3.6) than those at a
high population density, all these factors combined could not
compensate for fewer plants per unit area at the low population
density. This indicated that good winter survival, resulting in more
surviving plants per unit area, was able to compensate for lower
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shoots per plant and yield per shoot at a high population density. The
higher yield of Vernal is partly attributed to its better winter
survival although overall there was a low correlation between winter
survival and yield. Similarly, Bolger and Meyer (1983) in North
Dakota, USA found that forage yield at the highest plant density was
not significantly greater than that of the lower densities.

It was hypothesized that winter kill would be higher in the
first winter after seeding at the high stand densities due to the
population densities, winter survival in 1992-1993 was very high
(Fig.3.6) even though the monthly minimum temperature (Fig.a.2)
was lower during the winter of 1992-1993 than during 1991-1992.

30 year average. This suggests that although plants with small roots
and crown are generally more susceptible to winter kill, it is not
always true. In Bolger and Meyer's study (1983), 24 to 36 % of the
plants at the 22 to 43 plants m2 densities, and 10 % of the plants at

reported that after the first winter, different seeding rates had
similar plant density counts in North Dakota, USA. In this study, less
than 5 % of the plants at the low population densities (i.e.. 16 and 45
plants m-2) failed to survive their first winter, and less than 7 % of
the plants at the high population densities (i.e., 278 and 494 plants
m-?) failed to survive. In both Vernal and Algonquin, winter survival
was maximized at a population of 45 plants m-2 or less.

When TNC was expressed as grams of TNC per root, plants at
the 25 cm spacing contained higher levels of TNC than plants at a 4.5
cm plant spacing. This was because the root size declined linearly
from the 25 cm to the 4.5 cm plant spacing. Thus, if the total amount
of TNC per root affects winter survival, it would be expected that
plants with larger roots at the low population densities would
survive better than those at high population densities. These findings
are consistent with the previous work of Sund and Barrington
(1976). The grams of TNC per root measured in the spring of 1993
had declined compared to the previous fall. This indicates that
carbohydrate reserves were used for plant metabolic activities
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during the winter and to sustain winter survival. -

The higher TEG in plants sampled in the fall compared to those
sampled in the spring after winter indicates that carbohydrate
reserves were used during winter to survive winter weather
conditions. Since plants grown at a 25 cm plant spacing had the
largest root mass, their TEG was lowest in spite of higher etiolated
shoot weight. However, in terms of absolute etiolated shoot dry
weight, plants grown at a 25 c¢m plant spacing produced more grams
of etiolated shoot than at the other spacings. Thus, TEG results reflect
the same trends as grams of TNC.
highest plant density, respectively. This suggests that larger alfalfa
plants having more grams of TNC tolerate cold temperature stress
better than smaller alfalfa plants. _

Plants grown at the high population density had fewer shoots
per plant and yield per shoot than those grown at a low population
density. This is partly attributable to a smaller root and crown size
resulting from intra-specific competition for light, moisture, and
nutrients. As plant spacing increased, shoots per plant increased

studies (Bolger and Meyer, 1983; Rumbaugh 1963; Volenec et al.,
1987).

The smaller stem diameter recorded at high plant densities is
partly due to intra-specific competition for light. At a high population
density the basal leaves are heavily shaded resulting in a lower
photosynthetic capability, and a smaller shoot biomass than for
plants at a low population density. Volenec et al (1987) reported that
stem diameter decreased significantly as plant population increased.
An alfalfa seeding rate study carried out in Oregon, USA,
(McGuire,1981) showed that stem diameter and weight decreased as
the season advanced for each harvest for the cultivars of Vernal and
DuPuits. It was also shown that larger stemmed cultivars retained
their large stem size, regardless of seeding rate and row spacing. This
suggests that stem diameter is a genotype specific trait and not
affected by seeding rate.
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Trends in stem diameter, stem length, number of nodes per
stem, leaf area m-2 and L/S ratio trends did not follow the yield
trends at each harvest. This resulted in very low correlations
between yield and each of these parameters and indicates that yield
was not directly affected by stem diameter, stem length, or number
of nodes per stem, leaf area m-2, or L/S ratio and yield.

In the first production year there was a significant difference
in C.P. between the cultivars Vernal and Algonquin. Algonquin had a
higher percent of crude protein at each harvest (Fig.3.45-3.46). This
was consistent with the trend of the leaf to stem ratio, with
Algonquin having a higher leaf to stem ratio than Vernal. However,
percent C.P. showed very low correlations with the leaf to stem ratio
at each harvest. This suggests that % C.P. is genotype-dependent and
is not greatly influenced by population density. The C.P. content at
the second harvest was higher than at the first harvest. This might
be attributed to the differences in L/S ratio. According to Kreuger
and Hansen (1974) in South Dakota, during the seeding year and the
first production year, the percent of C.P. in alfalfa was not affected
by the seeding rate even though alfalfa stems were finer at the
higher seeding rates. McGuire (1981) also reported that in Ohio, the
C.P. content was not influenced by the seeding rate. In this study,
although C.P. of stems alone was not measured, the finer shoots
produced at high population densities didn't have higher C.P.

Acid detergent fiber (ADF) includes cellulose and lignin content
which affects digestibility. Generally, as ADF increases the
digestibility decreases. In this study, there was a significant cultivar
difference in ADF at each harvest in the first production year of
1993, with Algonquin having a lower ADF content (Fig.3.45-3.46).
Algonquin had a higher L/S ratio than Vernal at each harvest
(Fig.3.42-3.43) and for each plant spacing, therefore the differences
in ADF appeared to be genetic rather than environmentally
controlled effects. This agrees with Bolger and Meyer's results

concentrations of C.P. or ADF in alfalfa. Sund and Barrington (1976)
also reported from Wisconsin, USA that seeding rates of 6.7 to 40.4



kg ha!did not influence yield or cell wall constituents (CWC), ADF, or
acid detergent lignin (ADL). There were low negative correlations
between the L/S ratio and ADF.

At the first harvest during the first production year of 1993
NDF differed between cultivars, Vernal having a higher NDF than
Algonquin (Fig.3.51). This result was opposite to the leaf to stem
ratio results with Algonquin having a higher L/S ratio than Vernal at
each harvest (Fig.3.42-3.43). This suggests that the high L/S ratio in
Algonquin resulted in lower NDF contents (hemi-cellulose, cellulose,
and lignin). These findings are consistent with previous studies
(Meyer 1985; Van Keuren 1973; Cherney et al.1986). The NDF at the
second harvest was somewhat lower (Fig.3.52) than at the first
harvest, while the L/S ratio was somewhat higher. These difference
between the first and second harvest might be partly attributable to

stems from crown buds in spring growth have a low L/S ratio
compared to stems from axillary basal buds in regrowth.

In this study, over a period of two years high stand densities
(278 plants m-2 or more) appeared to be of little advantage in terms
of increasing winter survival, yield, or forage quality compared to
low population densities (45 plants m-2or less).
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3.5. Conclusions.

Total annual yield was greatest for plants grown at a high plant
density (494 plants m-?) in Algonquin and a moderate plant density
(45 plants m-2) in Vernal, and the least for a 25 cm plant spacing (16
plants m-2) in both cultivars in the first production year. However, at
the highest plant density, annual total yield was only 0.4 ton ha-!
more in Vernal and 2.5 ton ha! more in Algonquin than at the lowest
plant density in the first production year.

Winter survival was maximized at a plant population of 45
plants m-2 or less. The grams of TNC per root increased and TEG
decreased as the stand density decreased. The lowest LT 50 occurred
at the lowest stand density (16 plants m-2) and the highest LT 50 was
attained at the highest stand density (494 plants m-2).

The number of shoots per plant, yield per shoot, and stem
diameter increased linearly with decreasing population density.
However, the other morphological characteristics, stem length, node
number per stem, leaf area per m-2, and leaf to stem ratio showed
variable responses.

C.P. was affected by the density quadratically showing the
highest C.P. at a 10 cm plant spacing in the first harvest and there
was no effect of plant density at the second harvest in the first
production year. ADF and NDF were not affected by the population
density. Cultivar Algonquin had higher C.P., and lower ADF and NDF
contents than Vernal.

From this study, high stand density appeared to be of little
economic advantage compared to low stand density in terms of
winter survival, yield and quality.
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Chapter 4. General Discussion and Conclusions.

4.1. Discussion.

At a high population density the major factor affecting yield
was the number of plants. A high level of winter survival could
compensate for fewer shoots per plant and lower yield per shoot,
whereas, at a low population density the major factor was high shoot
number per plant and yield per shoot, which could compensate for
fewer plants per unit area. Thus, where winter survival was high at a
high population density, yield exceeded that of a low population
density.

Although 25 times more plants were transplanted at a 6 cm
plant spacing compared to the 30 cm plant spacing, there was only a
1.2 ton ha-l difference in the second production year compared to 7.0
ton ha-! in the first production year. As well, the difference in annual
total yield between a 4.5 cm and a 25 cm plant spacing was only 1.5
ton ha-l in alfalfa plots in the first production year. This suggested
that a high seeding rate gave very little economic advantage.

There were cultivar differences in annual total yield at a range
of plant densities. In this study, the cultivar difference was due to
better winter survival of Vernal than Algonquin. This suggests that
selecting a winter hardy cultivar would result in a higher
productivity.

Although there were very low correlations between winter
survival and measures of parameters thought to be associated with
cold hardiness (TNC, TEG, and LT 50), the large alfalfa plants had a
higher survival rate than smaller plants. There were few or no dead
plants at populations of 45 or 11 plants m-2,

The number of shoots per plant and yield per shoot increased
linearly with decreasing plant population densities. This is attributed
to a smaller root and crown size resulting from intra-specific
competition for light, moisture, and nutrients at high plant densities.

Crude protein increased to a 10 cm plant spacing and then
decreased with increasing plant spacing, whereas, ADF, and NDF
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content was not affected by the plant spacing. In this study, there
was a cultivar difference, with Algonquin having higher CP and
lower ADF and NDF than Vernal. These results might be attributed to
the higher L/S ratio in Algonquin than in Vernal. Thus, selecting a
cultivar with high L/S ratio may increase quality. Several
researchers reported no significant effect of plant population density
on quality parameters (Bolger and Meyver 1983; Mever 19835;
McGuire 1981).

In these trials, shoots per plant and vield per shoot were
influenced by stand density. These tfactors in combination with
winter survival determined the yield.

4.2. Conclusions.

1. High stand densities appeared to have little economic advantage
over low population densities in terms of yield over a density range
of 11 to 494 plants m-2.

2. The winter survival was higher at a low population density with
few or no dead plants at populations of 45 plants m-? or less. Thus,
winter survival is greater in large plants.

3. The weight of TNC per root increased and TEG decreased as the
stand density decreased. The lowest LT 50 was associated with the
lowest stand density (16 plants m-?) whereas the highest LT 50 was
associated with the highest stand density (278.plants m-?). However,
there were very low correlations between winter survival and cold
hardiness parameters (TNC, TEG, and LT 50).

4. The number of shoots per plant and yield per shoot increased
linearly with increasing plant spacing. However, the other
morphological characteristics, stem diameter, stem length, number of
nodes per stem, leaf area m-2, and L/S ratio, had responses that were
more variable.
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5. Crude protein increased to the 10 c¢m plant spacing and then
decreased with increasing plant spacing, whereas ADF and NDF
content were not affected. There were cultivar differences with
Algonquin having a higher C.P. content, and lower ADF and NDF

content than Vernal.

In this study, high stand densities (278 plants m-?2 or more)
appeared to be of little economic advantage in terms of winter
survival, yield, and forage quality. It will be necessary to continue
this study to ascertain the long term effects of stand density on
productivity, persistence, and quality of alfalfa.
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Table 1.1. Correlations between yield and winter survival, shoot number per plant,
yield per shoot, stem diameter, stem lenght, nodes per stem, and leaf area in the

first production year, 1992.

116

Parameters Annual yield Ist harvest 2nd harvest 3rd harvest
Winter survival -0.09 - - -
Shoots per plant - -0.3 -0.23 0.27
Yield per shoot - 0.66 0.88 -0.21
Stem diameter - -0.05 0.13 0.07
Stem length - 0.12 0.01 0.19
Nodes per stem - 0.01 0.04 0.13
Leaf area - -0.09 0.26 -0.07
Tioie ..2. Corrsiations dSetween wieid and stoot numzer jer pian:, vieid per

.
-----

sesond produciion year,

1693.

shoot. stem diamessr, siem lemgat. nodes per siem. and leaf area n Uie
ot

Parameters

1st harvest

Shoots per piant
Yieid per shoot
Stex= diammeter
Stem leagth
Nodes per siem

Lear arez

0.21
-3.09
0.02

2ad harvest

-3.3

-3.27

-2.C
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Table 1.3. Correlations between yield and winter survival, shoot per plant, yield per
shoot, stem diameter, stem length, nodes per stem. and leaf area in the first
production year, 1993.

Parameters Annual vyield 1st harvest 2nd harvest
Winter survival -0.3 - -
Shoots per plant 0.07 -0.06
Yield per shoot - -0.18 0.31
Stem diameter - 0.06 -0.03
Stem length . 0.31 0.11
Nodes per stem . -0.04 0.18

L2af area - 0.23 -0.1




Table 1.4, Correlations betwcen winter survival and TNC, TEG, and LT 50 in the fall 18

of 1992,

Parameters TNC (%) TNC/root (g) TEG LT 50

Winter survival 0.06 0.23 0.19 -0.04

Table 1.5. Correlations between winter survival and TNC, and TEG in the

Parameters TNC (%) TNC/root (g) TEG

Winte: survival -0.04 0.25 -0.03

Tible 1.6. Correiations between lear to siem ratio and C.D.. ADF, and NDF corntenats.

ad harvest, 1693

Paramecars Fall of 1992 ist Rarvest, 1993
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NDF -0.08 -0.36 -9.12




Table 2.1. Analysis of variance of the effect of plant spacing on yweld 1¢ the firsg
harvest in the first production year of 1992.

Source of Degrees of Mean
variance fresdom squaire P> F
Replicates 3 2121246 0.5766
Plant spacing b $066709 0.2164
Linear 1 11107340 0.0695
Quadratic 1 2313014 0.4042
Ecror 15 1139200

Tible 2.2. Analysis of variance of the effect of plant spacing on yeid it the second
jarvest in the first producuca vear of 1992.

Source of Degrees of Mean
variance freedom square 2> F
Repiicates : 1299¢7°8 §.23351
Plan: spacing : £2513803 DEDI) it
Linear ! 21297176 §.J00!
Quzasaiie . 1480228 0173l

Z:ooc 13 321282

s sifscs of niant spacing on ve:d 2t e wmird

—abie 1.3. Anaivsis of vamaaze of
narvest in tne fisst procucuon vear ¢f 592.

Source of Degress of Mean
variansse freedom jquare ?>F
Replicates 3 242766 ).5363
Planc spacing s 2338717 0.0242
Lineas 1 10026349 .00
Quadratic : 91045 0.7.3%
K ie-14 18 £66499
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Table 1.4. Analysis of variance of the effect of plant spacing on annual ol yeld in

the first producuon year of 1992.

Mean

“Source of Degrees of
variance _ fresdom __sauare _ P>F
Replicates 3 1152633 0.3739%
Plant spacing 3 30337310 0.0007
Linear 1 123863243 0.0001
Quadrauc 1 239961 0.303
Error 15 3722330 e

Table 1.5. Analysis of variance of the effect of plant spacing on yield at the first

warvest in the second producuoc vear of 1993.

Source of Degress of Mean
variancs freedom  §cuirs ) ?>F
Replicates : 12583514 2.:233
Plant spacing H 1242812 297
Linear ! 22159653 J.0645
Quaariiie . 1123016 J.2251

. Error ) 15 i - 704833

Tible 1.6. Anaiysis of vanance of the effes: of plant spaciag orn vieid 3¢ e secaad

harvest in the second produczon vear of 1993.

Source of ~ Degrees of Mean
_variance resdom ___sauare 2> 7
Replicates 3 308204 9..806
Plant spaeag 5 2155898 7.0082
Linear l 738918 3.2191
Quadratic t 432953 0.3418
_Ecror _ 15 449305




Table 1.7. Analysis of variance of the
the second production year of 1993.

effect of plant spacing oa

121

annual ol vield in

~ Source of " Degrees of M
_ variance _ fresdom squire -
Replicates 3 iTé1242 0.031%
Plant spacing 5 6613326 J.0017
Linear l $513965 J.0311
Quadratic 1 163238 0.5882
Erroe 15 975118

—ible 1.3. Analysis of variance of the effec: of plant spacing on winter surnval in
ne spring of 1992.
Source of Degrees of  Meazn -
arizncs fresdom iquare _ >>F
Replicates 3 1T.99 3324
Planc spacing s 373.2 9.200!
ingear ! 25823 0.9001
Quidraos Tii 3 ).000¢
Irrsr -k 18 I
<ibie 1.7. Analysis of variance of e efface 3f niaar ipacing on winier survivalan
me spning of 1997.
- Source of Degrees of Mean
7ariafncse ‘resdom jauare P F B
Replicates 3 1.1% 7.793¢
Plant spacing L] jd44 22 2.9001
Linear l £0:.37 0.9001
Quadriuc 1 168.3< n.0001
_Error o 15 ) 2.4 .




Table 2.10. Analysis of vanance of the effect of piant spacing on shoows per plant in
the spnng of 1992.
Sourze of " Degress of Mean
variancs freedom square  ®>F

40.53 0.0305
207.73 0.0001
1023.77 0.0001

1.76 0.6372

_Error s 1023 i 7 -

Replicates
Plant spacing
Linear
Quadratic

BT

Tible a.11. Analysis of vanance of the effect of plant spacing on shoos per plaac in

the spnng of 1993,

Sourcs of Degrees of Mean
variancs ) {reedom _ jSuane

0.22%%
9.0CC1
0.0001
0.1775

Replicates
Plant spacing
Linear
Quaarius

S:ror

o Ry ek

I
LY

Tible 2.12. Anaiysis of vamance Of the eflect of piant spacing on shoots per planc ¢ the

siest harvest :n e first procucton vear of 1992
Source of Degress of Mean
ireedom sguare P> S

vAr1tancse

Repiicates 32.06 0.2497
Plant spac:ng L1 O,QOQI
3729.54 0.2001

Linear x 1
Quadratic i 279.01 0.0235

E:ror , 15

[ Y™ ]
Ll
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second harvest in the first production vear of 1992.

Source Of Degrees of - Mean
variance freedom jauare P> F
Replicates 3 29 s 0.4455
Plant spacing 5 1384 .47 0.0001
Linear 1 64359.39 0.0001
Quadratic 1 400.2 0.0027

Ezror ) 13 _ 31.98

Tiple 1.14. Analysis of variance of the effect of planc spacing on shoots per plant it the
third harvest in the first producuon year of i592.

- jguars ?=>F

Replicates z 102.475 DIRET. I

Plant spasing 5 1149.37 0.0001
Linear ' ez ll 3.0001
Quadrauc i 138.7% IR

_ Srrer 1£ _ie89 _ _

—ibie 2.1%. Analysis of vasance of the effect of Jiant spacing on 3ROOL per pant it ine
firs: Sarves: 1o we jecond preducion vedr of 1993.

Source of Degress of Mean
varigngs frescdem square 73 F
Reglicates 5.5 9.5237
Plant spaciag 5 506.31 7.00010
Linear i 29458.32 7.000!
Quadratic l 15.62 7..999

Srroc 1S _3.:2




~iole 1.15. Analysis of variance of the effect of plant spacing on shoots per piant at

'ne second harvest in e second producuon year of 1993.

Sourne of Degress of Mean
variance freedom sguare P>F
Repiicates 3 8 n.3762
Plant ipac:ng s 203.27 0.0001
Li:near 1 3946.25 0.0001
Quadrauc 1 11.27 0.2964
Zrror L3 ) 36.27 _

ifezs of plant spacing on vield per shoot

~ipie 2.17. Anaivsis of variance of the &zl
‘ae cizse harvest in the irst producuon vear of 1992.

al

Source of Degrees of Mean
7ariance ireegom ) sguare 2>F
eziicaces : 0.1 R.E272
Plant spacing b 1.3 0.z%2
L.near 1 8. 3.501
Quadraiic . 2. n. 1822

Torar LS 9.29

~imie 113, Anaiveis of vamance cf the effect

af plant spacing on vieid per sacor at e

secone aarvesc :n the {irst producuon vear of 1992
Sourse af Degrees of Mean
v17:30C8 ‘seecom ) fauire ?>F
Reolica:es 3 0.08 0.229%
2tant spacing s 0.3 0.2033
L.near ! 1.43 0.0001
Quaarauc l 0.03 9.4248
Serot 15 . nos _
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Tible 3.19. Analysis of vanance of the effect of piant spacing an vield per shoot at the
third harvest in the first production year of 1992,

Saurce of Degrees of Mean
variance freedom square P>F
Repiicates 3 0.003 3.779
Plant spacung 3 0.108 0.001:2
Linear i 0.433 0.0001
Quadratic 1 0.9037 0.1373
Srror LS Q013 _

~1ble 2.20. Analysis of variance of the effect of plant spacing on vieid per sAgoC 1t
the first harvest in the sesond producuon year of 1993.

Source of Degress of Mean )
variaace Sreedcem sQuire 2> F
Repiicates 3 0.213% )27 1
Plant spacing 3 0.717 7.3001%
~inear ! T 3.9001
Quadratic l 0.32 3,271
Srroc 1S .22 i B

~ibie 1.21. Anaiysis of variance of e effsc: of piant spacing on vieid per iAot it e

cacond harvest in :he sesdnd progucion vear of 1993.

Source of Degrees of Mean
73r:aace fresdcm tguarce _ 2> 7
Peplicates : 0.933 10593
Plaat spacing s ).332 5.900.
Linear i 1722 7.2G01
Quadratic l N.136 0.5C6=

-
“n

Esror A.01é




~ible 1.22. Analysis of variance of the eifect of plant spacing on stem diameter it the
first harvest in the first producuon year of 1992.

Source of 7 Degrees of Mean — —
vamance  freedom square P>F
Replicates 3 9.1%9 5.0039
Plant spacing H 0.827 0.0001
Linear l 3.716 0.0001
Quadrauc 1 0.385 00333
Eorof 12 ___0.082 7 S

Table 1.23. Analysis of vanancs of tie effect of plant spacing on stem diame:sr at the

second harvest :n the first producuon year of 1992.

Source af ’ Degrees of Mean
vas1ance - irasdom X _ jguars ¥ F
Replicatas : 0.026 3.30C9
Plant <pacing k] 0.z02 2.019
Linear 1 1192 J.3014
Quadrauc : 9.3<3 Q.2261
Sreor - 11 9.97°8% -

Tible 1.24. Analysis of variance of the effsct of plant spacing on stem diameier it the

tai=d hapvest in the firs: producuon year of 199Z.

Source Of ) Degrees of ' Mean -
virance _ _lreedom __iguare _P>F
Replicates 3 0.02% 0.23332
Plant spacing § 0.315 0.9s¢C!
Linear 1 1,252 0.0001
Quadraac i 0.176 0.004=2
Ecror _ 15 0.016
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Table 2.25. Analysis of vanance of the effect of plant spacing on stem Jdiameter it the
first harvest in the second producuon year of 1993

Source of Degrees of Mean
_ variance _ _ freedom square P>F
Replicates 3 0.0%0 9.193°
Plant 3pacing 5 1.01 J.9001
Linear 1 4,984 0.0001
Quadratic l 9.042 0.2545
Error ) 15 J.02

Tible 1.26. Analvsis of variance of the effect of plant spacing on stem diameter it the
second harvest in :ie sscond producuon vear of 1993.

Sourcs of Degress of Mean
_ viriaacs ) ‘resdom jquars PxF
Repiicate 3 0.046 Q.73
Plant spacing s ¢.231 D.aLis
Linear 1,344 .J0C$§
Quadriuzs . 0.2003 D.%113
Errgr ) 13 - D.109% B

Table 1.27. Analvsis of variance of the effect of plant spacing on stem eagy it tne
fipg: magvest in :me first progucuon vexr of 1991

Source of Degrees of Mean
vaifriance ~ freedcm ) s2uare _ 2>7
Rapiicates 3 05243
Planr spacing 5 370 7 9002
Linear l 1491.24 2.2001
Quadratic l 239.97 0.0223

__S:ror 15 37.19




28. Analysis of variance of the effect of plant spacing on stem length ac the
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Table a.
second harvest in the first producuon year of 1992.
Source of Degrees of Mean -
variance freedom _ square P>»F
Replicates 3 16.062 0.5563
Plant spacing b4 74,199 0.0324
Linear 1 113,263 0.0398
Quadratic 1 37.097 0.2172
Error 15 _ _22.339 _

Table 2.29. Analysis of vanance of the eifect of plant spacing on stem leagth ac the
thied harvest in the first producuon vear of 1992.

Source of Degress of Mean ]
variance fresdom sguare 2>7F
Replicates 15,322 2.27%8
Plant spacing H 132.02 9.0001
Linear : 537.038 0.C0o01
Quadrat:c : 1T 383 2.3013

Erroc 1 1256 _

first harvest :n tae second production vear of 1993,

<iole 2.30. Analvsis of vanance of ine effect of plant spacing o iiem iengal at e

Source of Degrees of Mean
variance fresdom _scuare ?>F
Replicatss 3 5.319 0.78:51
Plant spacing 5 312.67¢ 0.J001
Linear } 1379.36 0.0001
Quadratic 1 194,928 0.0042
Seror 15 _16.319




Table 3.31. Analysis of vanance of the effect of puant spacing on stem length it the
second harvest in the second producdon year of 1993.

Source of
variance

ﬁeg:-e:zs of

fresdom

Mean

squire

Replicates
Plant spac:ng
Linear
Quadratic
Errer

L]

— e

0.0694
0.0001
0.9001
0.9016

Table 1.32. Analysis of variance of the effec:
first producton vear of 1992.

first harvest in we

of plant spacing on nodes per stem it the

Sourse of

vimance

‘Degrees of
fresdom

]
W
ull

Replicates
Planc spacing
Linear
Quadratic

Error

0.0113
0.3001
¢.00cC1

A Ape

4w ===

Table 2.33. Analysis ¢f vanance of the effect of piant spacing on 10des

second harvest in the fizst producuoa year of 1992.

per iiem 2t e

Source of
73riance

Degress of
fresdom

Mean

1quire

)
|
|

Replicates
Plant spacing
Linear
Quadratic

BT EN

e
Wy

0.:49

-
s

1.406
0.057

0479

LR
L 1 ]
R

[t
i~
£

L L K LY. ]

'_OI [ TS T

Error



Table 2.34. Analysis of variance of the effect of plant spacing on nodes per stem at the
third harvest in the second production year of 1993.

Source of Degrees of Mean
variance freedom square P>F
Replicates 3 0.01 0.9949
Plant spacing b} 4.777 0.0002
Linear 1 19.594 0.0001
Quadratic 1 1.058 0.1432

Error 15 0.443

Table 2.35. Analysis of vanance of the effect of plant spacing on nodes per stem at the
first harvest in the second production year of 1993.

Source of Degrees of Mean
variance freedom square P>F
Replicates 3 1 0.197
Plant spacing 5 4.5 0.0008
Linear 1 18.32 0.0001
Quadratic 1 2.145 0.0707

Error 15 0.567

Table 2.36. Analysis of variance of the effect of plant spacing on nodes per stem at the
second harvest in the second production year of 1993.

Source of Degrees of Mean
variance freedom square P>F
Reolicates 3 0.042 0.8948
Plant spacing 5 2.942 0.0001
Linear 1 14.219 0.0001
Quadratic 1 0.03 0.7086

Esror 15 0.208
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Tibie 2.37. Analysis of vaniance of the effect of plant spacing
first harvest in the first producuon year of 1992.

131

on leaf irea at the

Souree of Degrees of ~ Mean )
variancse B freedom jguares ?sF
Replicates 3 9 Z1E=-08 0223
Plant spzcing 3 2 41E=)9 0.90112
Linear 1 T 41E=09 J.0033
.adratic 1 1.20E~-10 0.0003
Zrrar Ry _ §.09E =8 ) -
Tanle 1.38. Anaiynis of vanance of the effect of piant spacing on jear irea it the
second hasvest in the first producuon vear of 1992,
Sourze of Degrees of Mean )
variancs - {resdom jguars 3T
Repiicates :
Plant spacing z
Linear : z
Quadrai:c .
Error z

~iple 1.39. Analysis of vanancs of the effect of Jiant spacing n eal IR 0 e
cmird narvest in the first jrodqusion vear 3f 1992,
Source of Degraes of Mean
B v3r1ancse freedam - jauare 2> F _
Replicates 3 13600923 7..°71
Plant spacing H £5606903 3.232%
Linear l taZ.Tilf 7.2350
Quadratic i 12177272 n.:04z
Srroc 15 47381323 -
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Tible 2.40. Analysis of variance of the effecz of plant spacing on leaf area at the
first harvest in the second producuon year of 1993.

Source of " Degress of Mean
v3ar13NCe fresdom jquare P>F
Replicates 3 1.35E-08 0.5255
Plant spacung ] 1.09E-08 0.0921
Linear 1 1.25E-07 0.7923
Qu;d:;ué 1 2.33E+07 0.72

Error ) 15 1.74E=08

Table 3.41. Analysis of vanance of the sifsct of plant spacing on leaf area at the

second harvest in the second producucn vear sf 1993.

Source of Degrees of Mean
yarangs: frasdom §Juare . P>F
Reolizacss 3.:771
Plaac spaceag £ 0.3347
Liasar L 23273
Quaarac . =7 n,2¢23
Srror 1 £ 2.312=99

=ible 1.42. Analysis of vanance of the effect of pianc spacing on ieaf 0 siem rauo i

tne first harvest . e first producuen years of 1992.

Sourse of ) Degress f ~ Men
v3r1aace freedom jouare a7
Repiicates 3 0.0009% 0.3635
Plaat spaciag H 0.00816 9.:21<
Linear ! 2.003< 2.2627
Quadratic 1 0.023 0.0278%
Error 15 0.00388




Tible 1.43. Analysis of vanance of the efject of plant spacing on leaf o stem rauo i

the second harvest in the first producaon year f 1992,

“Source of ~ Degress of Mean

_variance R freedom jquare

3.20E-04
i.81E-02
1.71E-02
1.79E.02
1.60E-J3

Reaplicates
Plant spacing
Linear
Quadratic
Error ) 1

— e LN

oy

0.00:27
g.0217
0.0192

D.248

Tible 2.42, Analysis of variance of the effzct of plant spaciag on leaf 0 s

tne third harves: in the (irst producuon year of 1992.

E=m raud at

Source of Degrs=s of Mean
variance frsedom o jQuars

W
1w
L1

Repiicates : 2.3 ).3308
Plant spacing s 1.2 pIRII
_inear l g7l 2.2C01
Quadracc i 9.1 MO LT-

_ seror i - . 1.20%-0% ) o

~ible 1.45. Analysis of vanance of the effec: Of piant jpacing on ieaf 10 stem rauo it

ne first harvest in che sesand pregucucn vear of 1997

Source of Degrees of Mean
variance ) freedom ARV

0.50135

Replicates
79123

2lant spacing
Ligear 2.919
Quadratic n.024

Error i £ 2.00338

B T Y

Crowd W
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Table 2.46. Analysis of variance of the effect of plant spacing on leaf (0 stem ratio at the
the second harvest :n the second producuon year of 1993,

Source of ~ Degrees of Mean
_ variance _freedom _ ____sauare P>F -

1.00E-03 0.4484
3.50E-03 0.0443
8.00E-03 0.0178
5.00E-03 0.0481
1.20E-03 _

Replicates
Plant spacing
Linear
Quadratic

Error 12

Y ™)

Table 1.47. Analysis of variance of the effect of plant spacing on vield in Algonquin
and Vernal in the fall of eswablishment year of 1992.

Sources of Degrees of Mean
variance freedom square , P>F

Replicates (R) 3 5352281 0.0001
Cultivar (C) 103628 0.57%
RxC 215119 0.7296
Plant spacing (P} 7176643 0.2601
+89309 0.3295%
78690463 0.0005
632365 0.27
493923 _ .

Nk

Lol
= ™
[
1 n. “
-y
[ ]
o
1]
DI S I |

Table 2.48. Analysis of variance of the effect of plant spacing on yield in Algonquin
ind Vernal at the first harvest in the first production year of 1993,
Sources of ~ Degress of Mean
___variance freedom sguare P>F _
Replicates (R) ' 329117 0.158
Culdvar () 14171950 0.0088
RxC 258877 0.9296
Plant spacing (P} §79820¢ 0.0265
Linear 8194587 0.0402
Quadratic 14552059 0.008
PxC 999104 0.6845
Error 1742130

[ O T W

S OO

[
'™




Table 2.49. Analysis of variance of the effect of plant spacing on vield n Algonquin
and Vernal at the second harvest in the first producuon vear of 1992,

Sources of Degrees of Mean

variance freedom square ) P>F
Replicates (R) 3 394557 0.5964

Cuitivar (C) 1 18523872 0.0957
RxC 3 1475691 0.09132
Plant spacing (P) 4 1227074 0.150%
Linear 1 33031 0.313%
Quadratic 1 1088259 0.0166
PxC < 34452 0.9669

Ecror 24 616001

Table 2.50. Analysis of variance of the effect of plant spacing on total annual vield
Algonquin and Vernal in the first producuon year of 1993.

Sources of Degress of Mean . B
variance ireedom square P> 7
Repiicates (R) 3 1837043 - 0.2539
Cultivar (C) l 2827278¢ 0.003<
RxC 3 2670757 0.377+
Plant spacing (P} 2 1058427 0.3523
Linear 1 71885473 3.10186
Quadratic 1 2213910 0.2561
PxC < 1086236 0.7797
srror 22 2473652 ) B

—able 2.51. Analysis of variance of the effect of plant spacing on Winter survival 1n
Algonquin and Vemal in the spnng of 1993 after first winter.

Sources of Degrees of Mean
variance freedom square __P>F
Replicates (R) 3 £.479 0.5822
Cultivar (C) 1 3.01 n.3322
RxC 3 2.995 n.7381
Plant spacing (P) 4 29.959 c.0189
Linear 1 $1.514 0.0042
Quadratic ! 21.957 0.1158
PxC 4 3.705 0.7719

Esror 24 3,229




Table 3.52. Analysis of vanmance of the effect of plant spacing on % TNC in Algonquin
and Vernal in the fall of establishment year of 1992.

Sources of Degrees of Mean
variance freedom square P>F
Replicates R) 3 5.243 0.0623
Culuvar (C; 1 0.144 0.7843
RxC 3 0.339 0.7041
Plant ;spacing (P) 4 5.258 0.0488
L:near 1 6§.616 0.0728
Quadratc 1 12.034 0.0134
pxC 4 3.89 0.1164
Error 24 ) 1.38 ) A

Table 2.53. Analysis of variance of the effect of plant spacing on grams TNC per root in
Algonquin and Vernal in the fall of esuablishment vear of 1992,

Sources of Degress of © Mean
variance freedom sguare PsF
Replicates (R) i 0.385 - 10.0005
Culuvar (C} ! 0.012 0.%323
RxC 3 0.03< 0.2907
Plant spacing (P) < 1.389 0.0001
Linear 1 5.292 0.0001
Quadraus l 0.022 0.2136
PxC < 0.016 0.3133
Error =4 2.041 -

Table a.5¢. Analysis of variance ol the effect of plant spacing on % TNC in Algonquin
and Vernal in the spring of 1993 after first winter.

Sources of ~ Degrees of @ Mean
variance freedom ____sauare _____P>F
Replicaces (R) 3 O 11.414 ) 0.0281
Culuvar (©) l 0.001 0.986
RxC 3 3.48 0.369%
Plant spacing (P} 4 0.463 0.963
Linear 1 1.069 0.567
Quadratic 1 0.177 0.3154
PxC 4 5.632 0.3527
Esror P . 53.173 -




Table 2.55. Analysis of variance of the effect of plant spacing on grams TNC per root in
Algonquin and Vernal in spnng of 1993,

Sources of ) Degi'eesrcf ‘Mean
variance freedom ) ~gquare P>F
0.174 0.0001
0.03 0.1631
0.0007 Q9853
0.431 0.0001
1.684 0.0001
0.032 0.i471
0.003 J.936
0.014

Replicates (R)
Cultivar (C)
RxC
Plant spacing (P)
Linear
Quadratic
PxC
Error

" e e e e el e b

'
[

Table 2.56. Analysis of variance of the effect of plant spacing on TEG in Algonquin ind
Vernal in the fail of esiblishment vear of 1991.

Sources of Degress of Mean
var:ance fresdom sqQuars
Replicates (R} ) ' ) 70,18 0.0013
Cultivar (C) 0.27°"
RxC 1224 g.74%3
Planc spacing (7) 969.76 0.0001
3227.% 2000t
0.9022

38.2 0.20i2

2xF

Nad e Nk
ar. |
<)

L=
N

Quadratic
PxC

Zrior

| TR
L
L ]
e
L |
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Table 2.§7. Analysis of vanance of the effect of plant spacing on TEG n Algonduin and
Vernal in the spring of 1993 after first wnter.

Sources of Degrees of Mean

variance {reedom square
Replicates (R) B 310.55
Culavar (C) 19.13
RxC 32.38
Ptant spacing (P) 8§3.3
Linear 98.3
Quadritic 135.1
PxC 24.33

W
alv
[0 B T
N I RN ]

[
[ T

Wl e

W ek

N

"y
[~ T

Do 000 oo
o "= T X

[ MR ™
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B M =i

~ Error 24 313.06




~.ble 1.53. Analysis of vanance of the effect of plant spacing on LT 50 in Algonquin
and Yemal in the fall of establishment year of 1992.

Sources of Degrees of Mean

43r13NCe freedom sguare P>F
Repiicates R) 3 4.971.6 0.0455
Cuiuvar C, i 1.60E+00 L3273
RxC 3 7.30E-01 0.7139
plant spacing (P) 4 1.04E+01 0.0011
Linear ! 23.28 0.0008
Quadratie l 2.1 0.2631
PxC 4 2.16E+00 0.2801

Error 24 1.60E+00

Tible 1.59. Analysis of variance of the
Algonquin and Vernal in the fall of establishment year of 1992.

effect of plant spacing on shoots per plant in

138

Sources of Degrees of Mean
variance {reedom square 2>F
Rapuicates (R) 3 1.57 0.-822
Ciluvar (C} ! £ 2.102
RxC 5 0.8: 9.7311
2tant spacing (P) 4 177.52 0.0001
Linear 1 §%7.32 J.0001
Quadrauc 1 0.13 ).7922
PxC 4 3.28 0.1502

Eroes 2 1.87

Tible 1.60. Analysis of variance of the effect of plant spacing on snoots per piant in
algonquin and Vernal in the spring of 1993 afier first wincer.

Sources of Degrees of Mean
variance ‘reedom square P>F
Repiicates (R) 3 15.77 0.0352
Culuvar (C) 1 0.68 0.7049
RxC 3 1.99 0.3691
Plant spacing (P) 4 367.67 9.0001
Linear l 1395.6 0.0001
Quadratic 1 16.14 0.0734
PxC 3 2.68 0.6782

Error 4 4.6




Table 2.61. Analysis of variance of the effect of plant spacing on shoots per plant in

Algonquin and Vemal at the first harvest in the first producuon year of 1993,

139

Sources of Degrees of Mean
variance freedom square P>F
Repiicates (R) 3 135 0.0442
Cultivar (C) 1 0.73 0.7291
RxC 3 4.23 0.5543
Ptant spacing (P) 4 170.79 0.0001
Linear 1 1381.03 9.0001
Quadratic 1 0.61 0.7512
PxC 4 1.33 0.9222

Error 24 §5.94

Table 2.62. Analysis of variance of the effect of plant spacing on shoots per plant in

Algonquin and Vemnal at the second harvest in the first production year of 1993,

Sources of Degrees of Mean
variance freedom square P>F
Repijcates (R) 3 12.35 0.1089Y
Cutuvar (C; ! 11.13 0.1677
RxC 3 5.50 0.3273
Planc spacing (P) < 1026.21 0.0001
Linear 1 20%6.51 ).0001
Quadgrat:c i 13,34 1.0067
PxC 4 7.06 0.30<2

Ecror 14 3.5

Tabie 1.65. Analysis of variance of the effect of plant spacing on vield per
Algonquin and Vernal in the fall of establishment vear of 1992.

jncot in

Sources of Degrees of Mean
variance freedom sguare ?>F
Replicates (R) 3 0.156 J.0135%
Cuidvar (C) 1 0.024 0.4252
RxC 3 0.089 n.083<
Plant spacing @) < 1.796 0.0001
Linear 1 6.317 0.000!
Quadratic 1 0.716 0.0002
PxC 4 0.012 0.8429

Error 24 0.036




of plant soacing on yieid per shoot in

Table a.64. Analysis of variance of the effact
he first production year of 1993.

Algonquin and Vernal at the first harvest in t

Sources of Degrees of Mean
vanance ‘reedom sguare _ ~ BsF

Repiicates (R) 3 0.04 B 0.5481
Cuitivar (C) 1 0.203 $.0688
RxC 3 0.108 0.1616
Plant soacing (P) 4 3.367 0.0001
Linear 1 13.45 0.0001
Quadratic 1 0.001 0.8863
PxC 4 0.044 0.5435

Error 24 . 0.0586

Table a.65. Analysis of variance of the effect of piant spacing on yield per sicot in

Algcnguin and Vernal at the second harvest in the first oroduction year of 1993.

Sources of Degrees of ~ Mean
vanance N fresgom sguare PaF

‘Reciicates (9) ) 3 9.039 0.1238
Cultivar (C) 1 0.482 £.1274
AxC 3 0.018 0.43¢2
P'ant soacing (P) 4 c.ne" ¢.oce1
Lirear 1 3.894 g.26C1
Cruacrilic 1 0.278 2.cC0
PxC 4 0.005 8.20338

) Erear 24 C.213

Table 2.66. Analysis of variance of the effect of plant spacing on stem diameter in
Algonquin and Vernal in the fall of establishment vear of 1992.

Sources of Degrees of Mean ]
variance ____ freedom _square __P>F
Replicates (R) 3 ’ 0.486 0.0001
Culuvar (C) l 0.025 0.2741
RxC 3 0.044 0.1117
Plant spacing (P) 4 1.73 0.0001
Linear 1 4,939 0.0001
Quadratic 1 1.565 0.0001
PxC 4 0.041 0.1213

_Error 24 0.02




Table 2.67. Analysis of variance of the effect cf plant spacing on stem dJdiameter in
Algonquin and Vernal at the first harvest in the first producuon vear of 1993,

141

Sources of Degrees of Mean
variance freedom square P> F
Replicates (R) 3 0.013 0.4733
Cultivar (C) 1 0.00025 0.9143
RxC 3 0.08 9.0232
Plant spacing (P) 4 1.70s 0.0001
Linear 1 6.68 0.0001
Quadratic ! 0.085 0.0558
PxC 4 0.02 0.443

Error 24 0.021

Table 2.68. Analysis of variance of the effect of plant spacing on stem Jdiameter in
Algonquin and Vemal at the second harvest in the first production year of 1993.

Sources of Degrees of Mean
variance fresgom square 2> F
Repiicates (R) 3 J.135 2.9531
Culuvar (C) 1 0.064 02516
RxC 3 0.041 2.1669
Plaat spacing @) < 1.508 0.0001
Linear 1 432 n.6001
Quadratic l 0.367 2.0097
PxC 4 0.066 0.2575

Error P 0.046

Table 2.69. Analysis of variance of the effect of plant spacing on stem length in
Algoaquin and Vernal in the fall of esublishment year of 1992.

Sources of Degrees of Mean
variance freedom sguare P> F
Replicates (R) 3 336.65 0.0001
Cultivar (C) 1 11.88 0.4292
RxC 5 13.56 0.5397
Plant spacing (P) ) 1037.3 0.9001
Linear l 2192.52 0.0001
Quadratic 1 1181.58 0.0001
PxC 4 35.93 0.1338

Error 24 18.38




Table 1.70. Analysis of variance of the effect of plant spacing on stem length in
Algonquin and Vemnal at the first harvest in the first production year of 1993.

142

Sources of
variance

D:grees of

freedom

‘Mean

__Sguare

P>F

Replicates (R)
Culuvar 7C)
RxC
Plant spacing (P)
Linear
Quadratic
PxC
Error

3

L ]

B o o

109.49
65.03
96.49
501.9
1633.77
253.98

-~

._.

LS

5
~J

0.0016
0.0542
0.0031
0.0001
0.0001
0.0005
0.7597

Table 1.71. Analysis of variance of the effect of plant spacing on swem length in

Algonquin 2an

d Vernal at the second harvest in the first production year of 1993.

 Sourcas of

Degrees of

fresdom

2>F

variance
Replicates (R)
Cuiuvar Q)
RxC
Plant spacing ()
Linear
Quadratic
PxC

Error

3
1
3
4
1
1

T 0.0007

0.1178
0.1:76
¢.0001
0.0001
0.0208
0.4573

Sources of

Degrees of Mean

variance

freedom

sgquare

P>F

Replicates (R)
Cultivar (C)
RxC
Plant spacing (P)
Linear
Quadratic
PxC

ETOr

m

5.9
0.11
1.1
32.56
43.98
68.47
0.44
1.45

0.0183
0.7854
0.5277
0.0001
0.0001
0.0001
0.8718




Table 2.73. Analysis of variance of the effect of plant spacing on nodes per stem in

Algonguin and Vernal it the first harvest in the first production vear of 1993,
Sources of Degrees of . Mean

variance ~ freedom _ sgquare P> F

Replicates (R) 0.63 ) 0.3421

Cuitivar (©) .0 0.0165

RxC 2 0.1124

Plant spacing (P) 0.65 0.3365

Linear 1.98 0.0679

Quadratic 0.4 0.3979

PxC 0.1 0.9411

Error _ 4 0.54 ,

1

B 2 e N P R ]
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Table 2.74. Analysis of variance of the effect of plant spacing on nodes psr stem in
Algonquin ind Vernal 1t the second harvest in the first production vear of 1993.

Sources of "~ Degrees of Mean
variancs . freedom square 7 _P>F
Replicates (R) 0.7: 0.0868
Culuvar (C) 0.63 0.i9i4
0

RxC ).28 0,2155
Plaat spacing ) .36 0.0001
insar 0.0001 0.0001
Quadratic 0.0109 0.0109
?xC 0.2303

Error

[T T ™ e Y

e

'™

P
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Tabie 2.75. Amalysis of variance of the effect of plant spacing on leaf area in Algonquin
and Vernal in the fall of establishment vear of 1992.

Sources of Degrees of Mean
variance . freedom - squirs P>F
Replicates (R) ' 3.S6E+)8 0.0015
Cultivar (C) 4 46E=Q7 0.358
RxC 2.11E-08 0.0168
Plant spacing (P) 1.29E+09 0.0001
Linear 323838216 0.0186
Quadratic 692937028 0.0011
PxC 3.44E~07 0.6142
Error $.08E+07 : —

‘PF“H‘I‘E‘I-—‘M

‘N‘
[




Table 2.76. Analysis of vanance of the effect of plant spacing on leaf area in
Algonquin and Vernal at the first harvest in the first producaon year of 1993.

Sources of Degrees of Mean

variance freedom square ?>F
Repiicates (R) 3 6.68E+08 0.55
Culuvar (C) 1 3.00E+08 0.5748
RxC 3 1.S1E+09 0.2088
Plant spacing (P) 4 5.21E~09 0.0024
Linear 1 1.71E+10 0.0C03
Quadratic 1 7.10E+08 0.3901
PxC 4 5.39E+08 0.3308

Error 24 9.28E+08

Table 2.77. Analysis of variance of the effect of plant spacing on leaf area in Algonquin

and Vernal a¢ the second harvest in the first production vear of 1993.

Sources of Degrees of Mean

variance freedom squars P>F
Replicates R) 3 2.152-09 0.031%
Cultivar (C) 1 1.59E-09 0..717
RxC 3 3.00E-09 0.3302
Plant spacing (P} < 6.225+09 0.0005
Linear 1 2.31E+19 0.0001
Quadratic ! 2.23E+08 0.5979
PxC 4 7.57E-08 0.2794

Ecror 24 $.52E+08

Table 2.78. Analysis of vaniance of the effect of piant spacing on leaf to stem raud in
Algonquin and Veral in the fall of esublishment year of 1992.

Sources of Degrees of Mean

variance freedom square P>F
Repiicates (R) 3 4.971.6 0.0455
Culuvar (C) 1 1.60E+00 L3273
RxC 3 7.30E-01 0.7139
Plant spacing (P) 4 1.04E+01 0.0011
Linear 1 23.28 0.0008
Quadratic 1 2.1 0.2631
PxC 4 2.16E+00 0.280!

Error 24 1.60E+00
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Table 2.79. Analysis of vaniance of the effect of plant spacing on leaf to stem rauo in
Algonquin and Vernal at the first harvest in the first production vear of 1995..

Sources of
variance

Degrees of
freedom

 Mean

square

_P>F

Replicates (R)
Cultivar (C)
RxC
Plant spacing (P)
Linear
Quadratic
PxC

____Error_

B T N N A"

[ ]
S

4.70E-03
3.97E-02
2.48E-03
6.59E-03
2.57E-02
3.55E-04
4.46E-04

_1.86E-03

0.0814
0.0001
0.2361
0.0207
0.0011
0.6662
0.9128

Table 2.80. Analysis of variance of the etfect of plant spacing

Algonquin and Vemnal at the sscond harvest in the first production yeas of 1993,

on leaf to stem rigo In

Sources of
variancs

Dgg'reeé af

{reedom

Mean

~ sguare

P>F

Repiicates (R)
Culuvar &)
RxC
Plant spacing )
Linear
Quadratic
2xC
Error

e P T L]

[P

[ ]
| e

< 00E-93
$0E-02
* 00E-03
.00E-03
6.00E-03
= 00E-03
1.00E-03
3.00E-03

L

0.0631
0.9001
0.0315%
D.1236
0.0%9%2¢
0.0592
0.2016

Table 2.81. Analysis cf variance of the effect of plant spacing on crude protein in
Algonquin and Vernal in the fall of establishment year of 1992

Sourzss af
variance

Deérggs of

fresdom

Mean
square

" Replicates (R)

Cuidver (©)
RxC

Plant spacing (P)

Quadratic
PxC
Error

B e b Wb e b

And
| '™

[.17E+01
2.12E+00
9.00E-01
9.36E+00
41.53
0.29
2.00E+00
431E-00

0.2653
06184
0.9542
n.1672
N.4674
0.853¢
0.9127




Table 2.82. Analysis of vanance of the effect of plant spacing on crude protein in

Algonquin and Vernal at the first harvest in the first production year of 1993

Sources of  Degrees of ‘Mean

variance freedom square P> F
Replicates (R) 3 9.09E-01 0.3172
Culuvar (C) 1 7.74E+00 0.0034
RxC 3 1.30E+00 0.1803
Plant spacing (P) 4 2.33E+00 0.0313
Linear 1 2.01E+00 0.1107
Quadratic 1 3.77E-00 0.0526
PxC 4 6.70E-01 0.4721
Error - 24 ____T33E-OL _ i

Table 2.33. Analysis of variance of the effect of plant spacing ¢rude protein in
Algonquin and Vernal at the second harvest in the first production year of 1993.

Sources of Degrees of  Mean . ’
variance ) _fresdom square ) 2>F
Replicates (R) ER ] 3.37E~00 C0.::8
Cuitivar (C) 1 3.19E+00 5.0394
RxC 3 2.10E-00 ).32%3
Plant spacing (P) < 31.59E~00 0.1147
Linear 1 7.35E-00 0.0233
Quadratc 1 1..7E=00 0.2893
PxC < 6.7<E-00 0.0139
Error e _ 1.73E+<00 -

Table 2.34. Analysis of variance of the effect of plant spacing on ADF in Algonquin
Vernal in the fall of eswblisnmenc vear of 1992.

and

Sources of ~ Degrees of ~ Mean

var:ance _ freedom square_P>F
Replicates (R) 5 9.29E+01 0.0045
Cultuvar (C) l 3.97E+00 0.6282
RxC 3 2.09E+00 0.9433
Plant spacing (P) 4 6.55E+01 0.013
Linear 1 38.13 N.1a14
Quadratic 1 6.11 0.5483
PxC 4 §.07E+00 0.828%9

Error 24 _1.65E+01 )
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Table 1.85. Analysis of variance of the effect of plant spacing on ADF in Algonquin

and Vernai at the first harvest in the first production year of 1993.

Sources of Degrees of Mean -
_____ variance freedom square P>F
Replicates (R) 3 - 1.1I9E+01 70.0254
Cultivar (C) l 2.24E+01 0.0145
RxC 3 %.00E-01 0.9243
Plant spacing (P) 4 4.96E+00 0.2221
Linear 1 5.57E+00 0.2005%
Quadratic 1 2.06E+0Q0 0.4312
PxC 4 4.23E+00 0.2953
__Error 24 - 3.22E+00 7 )

Table 2.86. Analysis of variance of the effect of plant spacing ADF in Algonquin and
Vernal at the second harvest in the first production year of 1993.

Sourcss of
varidnce

Degrees of
fresadom

Me;nﬁ

PsF

 Replicates (R)
Cuitivar (C)
RxC
Plant spacing (P)
Linear
Quadratic
PxC
Error

[RO— B gl g Lk

']
'Y [

L TIUT
[+

~l g
mopm
*

Lw

—

o ke &
[

0,48932
0.0003
5.2381
0.3986
0.7696
0.5¢17
0.1169

Table 3.87. Analysis of variance of the effect of plant spacing on NDF in Algonquin
Vernal in the fall of establishment year of 1992.

and

Sources of
__variance

" Degrees of

freedom _

~ Mean

sguare

23 F

Replicates (R)
Cuitivar (C)
RxC
Plant spacing (P)
Linear

[ "L B ™

1.25E+02
1.04E+01
2.96E+00
6.25E+01
51.9
38.34
.30E+Q0
2.25E+01

N-¥

0.0049
0.5027
0.9403
0.0498
0.1417
0.2725
n.9807
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Table 2.88. Analysis of vanance of the effect of plant spacing on NDF in Algonquin
and Vernal at the first harvest in the first producuon year of 1993.

Sources of Degrees of Mean
___variance __freedom _ square _P>F
Replicates (R) 2.01E+01 0.0185

Culuvar (C) 2.64E+01 0.0299

RxC 1.23E+00 0.3623
Plant spacing (P) 6.36E+00 0.2041
Linear 1.12E+01 0.1456
Quadratic 1.43E+00 0.5959
PxC 6.49E+00 0.2953
Error 4.96E+00

B o b =

[
[ K]

Table a.89. Analysis of variance of the effect of plant spacing NDF in Algonquin and
Vernal 3t the second harvest in the first production year of 1993.

Sources of Degrees of  Mean

~ variancs ] freedem ) sguarse ) P> F
Replicates (R) ) B o 7.40E=00 0.3412

Cuitivar (C) §.97E<01 0.0G09

RxC <.78E+0Q0 0.52293%

Plant spacing (P) 1.59E-00 0.9062

L:inezr 1.§1E+00 0.6136
Quadratic 1.30E-01 0.8688
1.
6.

LRI S YR Y

[T

PxC : 1.26E+01 0.128z
Error 24 32E+00

Table 1.90. Analysis of variance of the effect of plant spacing on yield in Algonquin
and Vernal in the fall of esublishment year of 1993.

Sources of " Degrees of Mean o
__variance i fresdom . sguare P>F
~ Replicates (R) 3 4.25E+05 0.7581
Cuitivar (©) 1 $.15E+05 0.3983
RxC 3 1.15E+06 Qé?
Plant spacing (P) 4 5.68E+06 0.0038
1
1
4

Linear 1.74E+07 0.0006
Quadratic 4,69E+06 0.0502
PxC §.43E+03 0.6651
_Error A ___6.39E+03

| ]
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Table 2.91. Analysis of variance of the effect of plant spacing on shoots per plant in
Algonquin and Vemal in the fall of estblishment vear of 1993.

Sources of Degrees of Mean
variance __ freedom jquare PsF
Replicates (R) 3 2.32E+00 o 0.3327
Cuitivar (C) 1 1.00E-01 0.3223
RxC 3 3.18E+00 0.2065
Plant spacing (P) 4 2.95E+02 0.0001
Linear 1 1.17E+03 0.0001
Quadratic 1 5.30E+00 0.1114
PxC 4 9.70E-01 0.7357
Ector 24 1.94E+00 -

Table 1.92. Analysis of variance of the effsct of plant spacing on yield per snoot i
Algonquin and Vernal in the fall of esabiishment year of 1992,

Mean

Sources of ~ Degrees of
variance ~ fresdom - square . P>xF -
Replicates (R) R L 20E-01 9.0338
Culuvar (C) 1 2.30E-0! 01515
RxC 3 <4 00E-02 9.3092
Plant spacing (2} 4 F13E-00 0.3001
Linear 1 12.26 2.260!
Quadratic ! 0.C6 n2139
PxC 4 1.90E-01 0.2491
Ecror 2 1.20E-N1 _

Table 2.93. Analysis of variance of the effect of plant spacing on siem dizmeier in
Algonquin and Verral in the fall of establishment vear of 1993,

Sources of Degrees of ' Mean B
variance freedom square. . 2>F
Replicates R) ' 50 1.93E-01 9.1549
Cultivar (C) 1 2.10E-01 2.152
RxC 3 3.00E-03 0.9694
Plant spacing (P) 4 1.43E+00 0.0001
Linear 1 5.59E+00 0.0001
Quadratic 1 1.00E-04 0.9553
PxC 4 6.80E-02 n.6136

ssror 24 1.01E-01 R




Table 3.94. Analysis of variance of the effect of piant spacing on stem length in
Algonquin and Vemnal in the fall of esublishment year of 1993.

Saurces of Degrees of Mean

variance freedom square P>F
Replicates R) 3 8.96E+01 0.0466
Culuvar (C) 1 $.93E-00 0.6556
RxC 3 3.19E+Q1 0.3695
Plaat spacing (P) < 9.78E+01 0.0255
Linear 1 1.50E+02 0.0325
Quadratc ! 6.90E+01 0.1365
xC 4 4.42E+01 0.2285

Error 24 2.91E+01

Table 2.95. Analysis of vanance of the effect of plant spacing on.nodes per swem in
Algonquin and Vernal in the fall of eswablishmeat vear of 1992.

Sources of Degrees of Mean

variance fresdom square ?>F
Repitcates (R) 3 4.20E-01 0.5979
Cuiuvar (C) 1 3.00E-24 0.28¢€6
RxC 5 3.28E-01 J.7691
Plant spacing (P) 4 2.70E~CO 2.0337
Linear 1 10.72 2.0013
Quadratic 1 9.08 0.3:1=1
PxC 4 1.12E+00 0.2994

Error PR §.70E-0L

Table 1.96. Analysis of variance of the effect of plant spacing on leaf area in
Algonquin and Vemal in the fall of eswablishment year of 1995.
Sources of Degrees of Mean

variance freedom square ®>F
Replicates (R) 3 7.66E+08 0.6429
Culuvar (C) 1 2.56E-09 0.182
RxC 3 1.22E+09 0.4559
Plant spacing (P) < 3.76E+09 0.0499
Linear l 1.30E+~10 0.00S
Quadratic 1 4 64E+06 0.9538
PxC ) 4.39E+08 0.8587

Ertor L 1.3SE+09
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Table 31.97. Analysis of vaniance of the effect of plant spacing on leaf (0 stem raQo in
Algonquin and Vernal in the fall of establishment vear of 1993

Sources of Degress of Mean
variance fresdom square P~ F
Replicates (R) 3 3.10E-92 0.00381
Culuvar (C) 1 0.60E-32 J9.0033
RxC 3 1LICE-D2 0.1728
Plant spacing (P) 4 1.10E-02 0 Ses
Linear ! 3.00E-J4 D B
Quadratic 1 2.32g.02 00033
PxC 4 T.Q0E-03 0 4010

Error 4 6.00E-03




