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- FOREWORD

Since 1920, large increases in productivity have been achieved with agricultural plants
suchas corn,butno comparableincreaseshave been attainedwithwoody plants.Thus,in
the last10 years,increasedattentionhas beenfocusedon theneedformore intensivesilvi-
culturalpractices to increase fiber production per unit area of land. m
..

Populus clones are currently being examined for use in intensive silvicultural systems
because of their rapid growth, ease of propagation, and high utility for a.variety of wood-fiber
produc_ (Schreiner 1959, Cram 1960, Larson and Gordon 1969, Dawson and Hutchinson 1973).
Because more Populus species and variants are available than can be reasonably field tested,
a rapidtechniqueforsel.ectingsuperiorclonesmust be devised.A desirabletechniquemust
be simple and fast, in contrast to field-growth studies that might take from 3 to 20 years and
would occupy large areas. If controlled-environment growth studies and physiological indi-
_catorscan be used to select genotypes capable of rapid growth, field trials can be smaller, with
attendant savings in time, effort, and money.

The chancesofsuccessfulearlyselectionofpoplarclonesare enhancedby the genetic
• constancyofclonalmaterial, by the great amount of knowledge about poplars and their curare
alreadyaccumulated,andbythewell-definedculturalconditionsandrelativelyshortrotations
usedin the intensivesilviculturesystemsnow emerging(e.g.,Larsonand Gordon 1969).
Intensivecultureandshortrotations,particularly,improvethechancesofsuccessfulselection
becauseenvironmentalvariationand timearebothsmall.

: For maximum efficiency, early selection systems must be integrated with overall yield
improvement efforts. Selection systems should also be capable of continuous improvement

i

wl'l_le in use. The early selection methods described here are to be used in the yield improve-
ment mcdet illustrated below.
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Since 1920, large increases in productivity have been achieved with agricultural plants
such as corn, but no comparable increases have been attained with woody plants. Thus, in
the last 10 years, increased attention has been focused on the need for more intensive silvi-
cultural practices to increase fiber production per unit area of land.
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Populus clones are currently being examined for use in intensive silvicultural systems
. because of their rapid growth, ease of propagation, and high utility for a.variety of wood-fiber

products (Schreiner 1959, Cram 1960, Larson and Gordon 1969, Dawson and Hutchinson 1973).
Because more Populus species and variants are available than can be reasonably field tested,
a rapid technique for selecting superior clones must be devised. A desirable technique must
be simple and fast, in contrast to field-growth studies that might take from 3 to 20 years and
would occupy large areas. If controlled-environment growth studies and physiological indi-

, _cators can beused to select genotypes capable of rapid growth, field trials can be smaller, with
attendant savings in time, effort, and money.

The chances of successful early selection of poplar clones are enhanced by the genetic
constancy of clonal material, by the great amount of knowledge about poplars and their culture
already accumulated, and by the well-defined cultural conditions and relatively short rotations
used in the intensive silviculture systems now emerging (e.g., Larson and Gordon 1969).
Intensive culture and short rotations, particularly, improve the chances of successful selection
because environmental variation and time are both small.

• For maximum efficiency, early selection systems must be integrated with overall yield
improvement efforts. Selection systems should also be capable of continuous improvement
while in use. The early selection methods described here are to be used in the yield improve-
ment mcdel illustrated below.
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Described herein are methods of propagation, culture in controlled environments, and con-
struction and testing of selection indices for poplar clones. The next obvious improvement is
the use of physiological, as well as growth, measurements to improve the predictive capability
of selection indices. Such possibilities for poplars have been examined (Gordon and Promnitz
1976) but will not be discussed here.

The primary objective of this manual is to describe, for researchers in intensive poplar w
culture, ways of using controlled environments to select clones that have a high probability
of rapid growth in the field. Our system has some limitations: We have no guidelines yet for
early selection for insect and disease resistance, nor for resistance to extreme environmental
stress (late frost, drought). We can identify clones with high growth potential relative to the
tested group of clones and we can make probabalistic statements about the stability of per-
formance across environments for tested clones. J. Gordon and L. Promnitz
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•.PROPAGATION OF POPLAR CLONES
" FOR CONTROI.I,ED-ENVIRONMENT STUDIES

R. Faltonson, Research Facilities Supervisor,
Forestry, Iowa State University, Ames, Iowa,

- D. Thompson, Research Assistant, Department of Forest Science,
Oregon State University, Corvallis, Oregon,

and J. C. Gordon, Head, Department of Forest Science,
- Oregon State University, Corvallis, Oregon

Producing Populus clone materials for research because of the continual wetting of the surface from
necessitates an efficient, reliable, uniform system of the mist, and because algae accumulations can be
vegetative reproduction: efficient, in the sense that more easily cleaned from the metal and asbestos sur-
there be little time lag between demand and mate- faces. The pipe frame also allows better air circu-
rial availability; reliable, in that materials should lation under the benches.
be available with reasonable expectation of success;
and uniform, in that growth studies should not have Bench dimensions can be adjusted to meet the
to cope with a great deal of variability in plant size, needs of the operation, size of the propagation area,
form, and vigor, available water pressure, and spread of the mist noz-

zles selected. In a 20- x 20-foot greenhouse bay, three
We have developed a system using greenhouse cul- benches (18 x 2.5 x 0.5 feet) will fit nicely. This pro-

ture ofst0ck plants, and an intermittent-mist system rides ample working space between benches and ad-
for vegetative propagation of softwood tip cuttings, equate a_ to the perimeter of the benches. A bench
The system described here may prove practical not height of 45 inches provides a comfortable work area.
0nly for research, but for nursery production and
forest industry intensive-culture systems. We have 2. The water source is important; water high in
al_begun development ofatissueculture, nutrient- calcium and magnesium salts will result in un-
film technique method of poplar propagation, which sightly and perhaps detrimental accumulations on

provides savings in propagating "easy" poplars, and leaf surfaces. Although often not economically prac-
hope for mass propagation of "difficult" ones. tical, steam distillate as a by-product of the green-

house heating system makes an excellent choice.
• • Q

Internuttent=Mist Facilities Where standard water sources are unacceptable, an-
other alternative is to construct a rainwater ira-

Propagationofleafycuttingsrequiresthata high- poundment.Water cycledthrougha watersoftener
humidity environment be maintained. Without such should not be used.
an environment leafy cuttings quickly become
stressed, and fail within minutes. 3. Line strainers with 100- or 200-mesh screens

should be placed in between the water source and
• , The intermittent-mistsystemmaintainsa filmof anyboosterpump, solenoidvalve,ormistnozzle.The

waterOn the leafsurfacefromthetimeofsticking strainerfiltersoutdamaging particlesand thereby
(placing' new cuttings in the mist bench) until roots protects mist system components.

- are well established. An intermittent mist is desir-
able to reduce excessive leaching of nutrients from 4. The solenoid valve is an electrically activated
the leaves that would result from a continuous mist. valve in the water line. Its function is to provide an
The system is composed of a bench, water source, intermittent flow of water, and it is interconne_
line strainer, solenoid valve, mist line, nozzles, and with the control unit. Two types of solenoid valves
a controlunit. areavailable:normallyopen and normallyclosed.

The normallyopentypeispreferredifpowerinter-
1.we use elevatedbenches made withasbestos ruptionsare expected.Becauseitopenswhen the

bottomsand sides,supportedby a galvanizedpipe currentisinterrupted,a power failurewillnotde-
structure.Thisconstructionispreferredoverwood siccatethecuttings--themistwillruncontinuously

.



as long as the power is off. Waterproof solenoid valves because of water lost through dripping. This causes
are also desirable. This can be accomplished by coy- problems with uniformity, because the nozzles are
ering the valve coil with a silicone sealer. The so- activated beginning with the nozzle closest to the
lenoid valve should be located below the level of the water source and progressing outward.
mi_t line to avoid dripping of the mist nozzles during
the off cycle. Depending on the type of mist nozzle selected, noz-

5. The mist lines may be made of iron pipe, PVC zles should be spaced from 2.5 to 3 feet apart. The
primary consideration is to provide uniform coverage

(plastic), or copper. The lines should be of sufficient over the surface to be misted. Natural dra/ts and
diameter tO serve the pressure needs of the system, drafl_ associated with the heating and air circulation
Several Commercially available mist systems may systems may make closer spacing more desirable. -
be selected, depending on preferences dictated by

use, durability , and initial cost. 7. The control unit must regulate the mist cycle
PVC has become increasingly popular because of so that leaf surfaces of the cuttings are wet at all

its ease of assembly and low cost. Iron pipe is difficult times. Five general types are available: (a) electronic
to fit. Copper tubing is initially more expensive, but leaf, (b) thermostat, (c) counter- balance, (d) photoe-
is dtU'able,Tairly easy to work with, and is essentially lectric, and (e) clock.
trouble-free. Also, copper fittings arereadily av_l-
ablethroughlocal plumbing supply outlets. The electronic leaf is a sensor made up of two

electrodes. As the water film evaporates from its sur-
6. Two general types of mist nozzles are availa- face, simulating a leaf surface, the electrical current

ble: deflection and oil burner. Deflection nozzles op- between the electrodes is broken, activating the mist
erate by water Striking a fiat surface, which may be cycle until the surface is wet again.
simply a wire located above the orifice, or a solid
metal or plastic deflection plate. Several types of A thermostat control monitors the temperature
deflection nozzles are available. Some are specially of the leaf surface. As the water evaporates, the tern-
constructed for PVC systems, and all are relatively perature rises to a critical level, activating the mist
trouble-free. Oil burner nozzles work on a principle cycle.
of whirling the Water through the orifice. This type,
though often more expensive, is very durable, par- The counter-balance control is regulated by a
ticularly when equipped with a stainless steel tip. simulated leaf surface, normally a wire screen sur-
The oil burner nozzle is also better suited for situ- face. This is counter-balanced with a weight at the
ationS requiring water conservation, since the de- opposite end; the assembly is then hung on a fulcrum
flection nozzle uses considerably more water. Oil with a mercury switch to activate the solenoid. As
burner nozzles work well at 30 psi, while deflection water evaporates from the screen, the imbalance
nozzles may require 50 to 60 psi to obtain the fine causes the weight to shift, allowing the mercury switch
mist desired, to turn on the mist system. Algal and metallic salt

• accumulations cause this system to lose its precision
The nozzles may be placed on the mist line in a over time and periodic cleaning of the screen is nec-

_ rmmber of ways. Some are positioned on risers suf- essary.
ficiently above the line to clear the plant materials,

while others may be positioned on overhead lines Photoelectric cells work on the relation of light
directed downward. Another method is to elevate the intensity and evapotranspiration--the higher the
mistline, with the nozzles teed from the line upward, light intensity, the more frequently the mist cycle is °
to provide a uniform umbrella of spray over the bench activated. They are used, but not commonly.
Surface. The line can be located approximately 10
inches above the bench, with the tee and nozzle ex- Control units utilizing clocks, which may be "
tending an additional 5 inches. This provides excel- hooked together to provide just about any uniform
lent access to the bench without interference from mist cycle over a 24-hour period, have been success-
lines and nozzles. It allows for maximum distribu- fully employed by many propagators. Normally two
tion of the mist spray, and the line is easily reached clocks are hooked together to provide on and off pe-
for maintenance without disturbing plant materials riock for day and night, and mist cycles within the
on the bench. Overhead lines with nozzles directed on period of about any duration desired. This system
downward tend to drip more freely, and the mist line has been employed by Iowa State University re-
must be recharged with Water with each _on" cycle searchers and has proved most reliable. One time

.
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clock is used for the 24-hour day ight sequence with is probably due to the propagation medium absorb-
the second clock providing 30-second mist bursts, ing heat and naturally retaining somewhat more

warmth than the surrounding environment.
Different mist cycles will be dictated by environ-

mental factors such as relative humidity, light in- Stock Plants
tensity, and temperature. Closer frequencies, even

continuous mist, may be required during summer A reserve of stock plants must be maintained in
months. Fresh, succulent cuttings may require a con- the greenhouse to supply cuttings. A schedule should
tinuous mist for the first 2 or 3 days during daylight be established to provide suitable cuttings whenever

. hours.High temperaturesand lightintensitiesin theyareneeded.
latespringand summer causestresseson thefresh

cuttingthatmust be neutralized.Populuscuttings A goodcuttingcomesfroma vigorousstockplant
do notappear to be severelyaffectedby nutrient showingno signsofdiseaseor seriousinsectinfes-
leachingthatwould otherwisemake a continuous tation.Althoughsucculenceleadstosusceptibility
mistundesirable.Formostcircumstances,a cycleof topathogenattack,itisthenatureofPopulusthat
30 secondson and 30 secondsoffisadequate, vigorand succulencearevirtuallyinseparable.Be-J

causesome succulencewillhavetobe accepted,lat-
The intervalbetweenmistburstsmay be length- eralcuttingsarepreferredoverapical.The carbo-

enedduringwinter.Thirtysecondson and 2.5rain- hydrate-to-nitrogenratiohasbeensuggestedasthe
utesoffhasworkedsuccessfully,butpropagatorsmust primaryinfluencerelatedtosucculenceand rooting
varythecycleaccordingtoweatherandconditionof ability.High nitrogenandlowcarbohydrateconcen-
cuttings, trations provide soft, succulent tissues that often de-

Misting during the dark should be avoided when velop stem rot. This may be offset somewhat by using
possible to prevent disease. In practice, however, dark- lateral shoots as previously suggested, by reducing
period misting may be necessary, particularly during fertilization somewhat, and by reducing the amount
'the winter when the heating system can lower rel- of water provided the stock plant.
ative humidity considerably. One or two mists dur-

Toprovide a continuous supply of cuttings through
ing the dark period is ordinarily sufficient, the year and to maintain stock plant vigor, a rotation

The primary purpose of the intermittent-mist sys- schedule should be followed. Stock plants are most
tern is to allow as much light as possible without productive if changed every 4 or 5 months. The 4-
stressing the cutting. However, shading may prove month schedule offers the most cuttings over time,
desirable during high light intensity periods of early with the 5-month schedule extending the use of the
summer. Shade cloth can be hung above the bench, stock plant for one more cutting collection.
but it should be high enough to ensure good air move-
mentwithin the cuttings. Incandescent lights to ex- A 4-month rotation can be set up to provide cut-
tend the photoperiod to 18 hours are also used. tings every 3 weeks throughout the year. This will

accomplishthe objectiveofhavingplantmaterial

Special circumstances, or individual preferences, available for propagation without undue delay. The
may require mist durations of less than 30 seconds. 4-month rotation involves eight actual rotations
For example, cuttings propagated with flower buds within a 12-month period. The sequence of 4 weeks,
intact, although ordinarily not acceptable, may be 6 weeks, 3 weeks, and 3 weeks, illustrated below, is

" , neededforhybridizationstudies.A 30-secondmist standard.The number ofrotationscanbe adjusted
providestoomuch moistureand willdamage the tofittheneedsoftheoperation.

catldn_ An additional timer allowing 1- or 2-second • Week 1--Start cuttings to be used for rotation I.
" burstscanbe addedtothesystemtoaccommodate

such special situations. • Week 4--Pot rooted cuttings as stock plants for
• rotationI.Grow for6 weeks,pruning

Bottom heat providedby thermostaticallycon- lateralbranchesasneededtoprovidea
trolledsoilcablesishelpful,especiallyduringwin- singlestem.Heightat6 weeks should
ter.Airtemperaturesof21 to24°Cand bottomheat be 60 to80 cm.
temperatures of 3°C higher than air work well. The • Week 10--Decapitate approximately 20 cm from
bench temperature does not appear significant dur- stem to force lateral growth on rotation
Luglatespringandsummer propagationperiods.This I.

.,
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• Week 13--First cuttings should be available from for stock plants and first cuttings available from two
" rotation I plants. An average of seven rotations behind. For example, cuttings for January

cuttings per stock plant can be ex- 1 (Rotation I)mustbe taken from cuttings scheduled
pected from this first cutting. (See sec- for January 7 (Rotation VII). Ordinarily, there are
tion on clonal differences.)At this point enough good cuttings after 2 weeks' growth to pro-
the stock plant should be pruned to two vide for the few that will be needed for replacement
tofourstronglaterals.The selectedlat- stockplants.
erals must be headed back to approx-

imately 15 cm, with four to five avail- Rotations such as this have been kept active for
ablebudsperlateralforforcingasecond severalyearswithno apparentdegenerationofthe
cutting, clone.However,itisa goodpracticetoannuallyre- -

• Week 16--SecondcuttingofrotationI.An aver- new eachofthestockclonesusingcuttingsobtained
ageof10 cuttingsperstockplantcan fromfield-grownclonalorchards.Careshouldbetaken
beexpected.Atthistimethestockplant nottointroducepathogeninfectionsfromfield-grown
can be cut back to approximately 25 materials.
cm, with any lateral shoots below this
height pruned off, provided there are The rotation described has some inherent unpre-
buds remaining for additional growth, dictability. The average number of cuttings taken
This will allow a few more cuttings in from either the first or second propagation is usually
another month. The stock plant is pref- as indicated. But there may be times when more
erably discarded at this point, in favor stock plants will be necessary to ensure an adequate
of the better cuttings that will be avail- supply of good material because the number of good
able in 3 weeks from rotation II plants, shoots for cuttings is less than expected. Generally,

it is a good idea to have as many stock plants on
AnnualRotationSchedule hand as space permits. This is especially true when

RotationI RotationII preparing for field studies where scheduling may be
,Jan.1--Start cuttings Feb.15--Start cuttings critical.
Feb.1--Pot rootedcuttings Mar.15--Pot rootedcuttings
Mar_15--Decapitate Ma_1--Decapitate
AP 7--First cuttings Ma_21--First cuttings Most of the principles of rotation scheduling can
May1--Second cuttings Jun 15--Second cuttings also be applied to field-study scheduling. The field

Rotationtll RotationIV study is especially critical, because planting dates
i_ayr,l--Start cuttings May15--Start cuttings are often unyielding. The first rule in field studies

T--Pot rootedcuttings Jun. 15--Pot rootedcuttings is not to rely on hardwood cuttings as a shortcut for
Jun. 15--Decapitate Aug.1--Decapitate _ plant material. Hardwood cuttings may be rooted
•Jul. 7--First cuttings Aug.21--First cuttings and in cutting production 6 weeks before the stan-
Aug.1.Second cuttings Sep.15--Secondcuttings dard stock plant is ready, but growth is often much

Rotationv RotationVI more procumbent, requiring two or three stakes per
Jul.1--Start cuttings Aug. 15--Start cuttings pot. The lateral regeneration, after cutting back to

" Aug.1--Pot rootedcuttings Sep.15---Potrootedcuttings forcegrowth, is markedly slowerdue to a muchpoorer
• Sep.15--Decapitate • Nov.1--Decapitate root system. Finally, the cuttings themselves are of-

Oct.7,-First cuttings Nov.21--First cuttings ten too succulent from trying to pushthings too fast
NOV.!--Second cuttings Dec.15--Secondcuttings culturally.

' RotationVII • ' RotationVIII
Oct. 1--Start cuttings Nov.15--Start cuttings A production schedule for field planting may look
NOV.1"-Pot rootedcuttings Dec. 15--Pot rootedcuttings something like the following:
Dec.15--Decapitate Feb.1---Decapitate
Jan.7---Firstcuttings Feb.21--First cuttings
Feb.1--Secondcuttings Mar.15--Secondcuttings March 1--Stm-t cuttings tp be used as stock plants

• April 1--Pot rooted and weaned cuttings as stock
This system conserves space, since there are never plants

more than two sets of stock plants on hand at any May 6--Cut to force first shoots
time. As the second cutting is made, stock plants can May 19--Cut to force second shoots
be discarded and replaced with materials scheduled June 6--Take cuttings
from the mist bench. It should be noted that there June 20--Cuttings rooted, begin weaning
is a 1-week discrepancy between the propagation date June 26--Cuttings ready for planting
o
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One final note on stock plants: As may be evident Attention must be given to propagating in a san-
from the above schedule, growth is often somewhat itary environment. The bench and perlite should be
faster during spring thari during the rest of the year. sterilized with a dilute household bleach solution

prior to setting out the Jiffy-7's. The peat pellets are

Rooting Medium placed on the bench after running the mist system
. for an hour or two to leach out any remaining bleach.

A rooting medium should be porous enough to The peat pellets should be spaced to allow plenty of
allow good aeration, uniformly retentive of moisture, room for air circulation between the cuttings and to

"and physically able to support the cutting. A great minimize leaf overlap after the cuttings have been
variety ofplantable containers satisfy these criteria, stuck. As an example for spacing, a bench 2.5 x 18
The Jiffy-7 _ peat pellet is one of these, and has pro- feet will accommodate 700 peat pellets. This provides
vided excellent results for Populus cuttings. 9.25 square inches per peat pellet, or one pellet in

the center of a 3- x 3-inch area. Adequate space is

The Jiffy-7 (No. 700) is composed of peat with a extremely important, since closer spacing almost in-
small amount of added nutrients, bound in a plastic variably results in pathogen problems, particularly
mesh net. It stores as a wafer 1-3/4 inches in di- stem rot.

,

ameter by inch thick. This saves storage space irt
the greenhouse. When water is added it expands to After the peat pellets have been placed, the mist
1'3/.4inches in diameter by 2 inches thick. The pellet system is again turned on to a constant mist and
has a pH of 5.5 to 6.0. allowed to run for another hour or two until the Jiffy-

7 is thoroughly expanded and uniformly wet. The

The real advantage in rooting cuttings in the Jiffy- peat pellets are then dibbled, being careful not to
7 is thatthe complete unit is plantable upon root insert the dibble much more than three-fourths of
initiation. The rooted cutting can be moved from the the way through the pellet. Otherwise, the cutting
bench to the pot orfield location with very little root may be inserted through the pellet, producing an
disturbance, thus avoiding much of the transplant undesirable rooting environment. Dibbles made of
shock associated With bare-root methods, nylon are available through horticulture suppliers.

The nylon keeps the peat from sticking to the dibble,

The propagation bench should be filled with hor- thus avoiding tearing up the pellet. The dibble should
ticultura!, coarse-grade perlite. This may also be used be inserted and given a slight twist before extract-
as a rooting medium for special use situations where ing.

a plantable container is not desirable. In addition, Atter the pellets have been dibbled, a drench of
the perlite provides a sterile bed for the cuttings in Captan wettable powder fungicide should be applied.
Jiffy'7's to rest on. The emerging roots can continue Use 8 teaspoons per gallon of water per 100 square
into the perlite without danger of desiccation, feet, and apply over the surface of the pellets and

entire bench surface using a sprinkling can. The

Making and Rooting Cuttings propagation medium is now ready to accept the vetl-etative cuttings.

• Three types 0fcuttings are associated with prop- A few easily obtained items for taking (or making)
agation of woody plant materials: (a) softwood, (b) cuttings should be assembled. These include single-

" , semi-hardwood, and (c) hardwood. Each requires a
edge razor blades, a rubber stopper (size 11 or 12),

different technique, although much of the operation two plastic beakers (1,000 ml), and a lab cart for ais the same.
- working surface.

Softwo0dcuttings, sometimes called "green- Razor blades are suggested rather than pruning
wood" Or"sOftWoodtip" cuttings, are used in the ma- shears, because they are sterile and provide a much
jority of research applications. Studies involving top cleaner cut. The cleaner cut allows less vascular
growth comparisons where form and initial uniform- damage, better water and nutrient uptake, and less
ity are important require softwood cuttings, general tissue damage that might provide pathogen
- entry. The razor blades should be changed at least

_Mention of trade names does not constitute en- every 50 cuttings, and even from plant to plant if
dorsement of the products by the USDA Forest Serv- there is any suggestion of disease in the stock plants.
/¢e. (Sometimes it may be necessary to propagate suspect
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plants to find Out if their disorder is pathogenic or This usually means sometime prior to 10:00 a.m. An
physiologica ! by growing new ramets.) alternative is early evening or at night, providing

the stock plants have been watered and are not under
A rubber stopper is used as a backing to ensure any transpiration stress. Cool, cloudy days are also

a clean cut. Thestopper tends to keep the plant, and good for making cuttings.
not fingers, properly positioned for severing.

Usually, however, the mist system should be op-
Two plastic beakers are used when there are two erating during sticking. On cloudy, cool, humid days .

or multiples of two people making cuttings. One per- one may stick the cuttings without the mist system
son prepares the cuttings and keeps them fresh by being on, except while the "sticker" is out of the
inserting them in a beaker containing water. The propagation bay collecting another batch of cuttings.
second individual takes this beaker (with 30 or 40
cuttings) to the mist bench and sticks the cuttings. In sticking the cuttings, the peat should be firmly
The person making cuttings can then continue with tamped around the stem of the cutting. It is impor-
the second beaker. The person sticking cuttings re- tant that there be good contact on as much of the
turns with the empty beaker, rinses it out and refills stem within the pellet as possible.
it with fresl_ tap water. The use of water in a beaker
is contradictory to some sanitation principles. But, Our experience has shown that with softwood cut-
due to the extreme succulence of most Populus cut- tings, with few exceptions, no hormone treatment is
tingS, methods such as wet toweling do not work necessary. In fact, treating with hormones often re-
well. The fresh cuttings will droop from wilt in a suits in stem burn and accompanying rot. One ex-
very short time if not kept in water. Working with ception may be the Crandon clone (NCFES 5339).
clean hands and not smoking while taking cuttings Crandon can be propagated without hormones, but
are other important sanitation axioms that should seems to respond favorably to a 500-ppm IBA solu-
be observed, tion applied as a dip.

• The lab cart provides a handy place to keep the There is evidence that Captan, used as a fungi-
razor blades and beakers. The cart can also be used cide, may have an additional benefit to the cutting.
as a receptacle for leaves trimmed from the cutting. With some species, fungicides and particularly Cap-
Trimming the cuttings over the cart is more conve- tan, seem to have a hormonal effect in stimulation
nient than cleaning the floor after the job is finished, of rooting.

The cuttings should be taken when possible from Rooting for most clones will take place in about
lateral growth on the stock plant. Terminal cuttings 2 weeks. It is preferable to allow 3 weeks before
may root, but generally do not make good propa- transferring to the container. Some clones, such as
gation material. If the rotation schedule for stock NCFES 5323, 5377, and 5339, may need 3 weeks to
plants is followed, the first and second cutting dates properly root. This may vary with rooting conditions.
will only have lateral growth available anyway. A Generally, one should allow an additional week to
_inch cutting is normally selected, although some- wean the cuttings from the mist. Weaning involves
times du_ng early summer a 3-inch cutting may be reducing the mist frequency gradually down to once
preferred. The shorter cutting has less tendency to every 15 minutes. For example, change from 30 sec-

• stress with the accompanying droop. The smaller onds on and 30 seconds off, to 30 seconds on and 5
cuttings will survive this stress better, have less minutes off for the first 2 days. The second 2 days
overlap in the bed from drooping, and stand up under increase to 10 minutes off. Increase to 15 minutes
the rigors_Of field planting more satisfactorily. In off for the last 2 or 3 days.
either case, leaves should be removed from approx-
imately two-thirds of the stem, retaining the leaves If the cuttings are going to the field, this hard-
at the apex. The pruning of leaves should in most ening-off process should be given special attention. -
cases be done with a razor blade. The removal of Be sure the cuttings will be able to survive before
leaves reduces transpiration and limits leaf overlap subjecting them to a field environment. Any shading
in.the bench. Overlap should be avoided as much as that has been provided should also be removed for
possible because the mist may not reach some leaves at least a week prior to field planting. Hardened
and leaves sticking together often decay, materials, however, can be placed in the shade for a

few days, such as under a greenhouse bench if such
Cuttings should be taken, whenever possible, in accommodations are available. A watch_l eye and

the morning when the stock plants are fully turgid, a fog nozzle can prevent damage to newly potted
o
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trees retained in the greenhouse. This care is seldom twisted. Otherwise, the young tree will develop roots
practi_l in field plantings, which again emphasizes that will encircle and eventually strangle the re-
the need for special care in hardening materials for maining roots. Poor root arrangement will also favor
such use. windthrow.

Semi-hardwood cuttings are actually stem-sac- Where irrigation is available the trees should be
tieR cuttings that include at least one node and in- "watered in". This helps to reduce stresses associated
ternode segment. These cuttings, if taken from ac- with transplanting and serves to settle the soil around
tively growing greenhouse stock plants, will root the root system uniformly.
easily. Their use is generally limited to studies where

- form is not a factor. Similar cuttings can be taken Clonal Variation
from field-grown trees during late summer or early
fall. In this case, it is advantageous to use a rooting
hormone. Such nongrowing cuttings.will usually root, Clones used in vegetative propagation have shown
but there may be some difficulty in forcing new bud variation in: (a) the number of available cuttings
growth, from the stock plants and (b) time required to root.

CuttingsAvailablePerPlant--FirstCuffing
Hardwood cuttings can also be rooted under the Clone Meannumber/stockplant Range

mist. Late-season cuttings--taken when buds' are 5377 7.7 5-12
swelling--may even require mist propagation. The 5321 6.9 5-10
advanced stage of bud development will usually re- 5323 7.4 5-10
suit in the cutting leafing out before the roots are 5328 6.1 5-10
sufficient to support transpiration. 5339 7.6 5-105260 9.4 6-13

For hardwoodcuttingsit is desirableto either stick 5351 7.8 6-11
CuttingsAvailablePerPlant--SecondCutting

the cutting directly into the perlite, or partially bury Clone Meannumber/stockplant Range
.the peat pellet containing the cutting. This allows 5377 11.1 7-16
better response from the soil cables. In some cases, 5321 11.3 10-.15
when treated this way roots may emerge in 3 or 4 5323 10.4 8-13
days. Ordinarily, if cuttings are taken during the 5328 9.0 8-11
winter months, there is no need for the assistance 5339 11.9 8-15
of a mist system. Cuttings may be stuck directly into 5260 7.1 5-95351 9.0 6-13
the container or field-planted when conditions are

favorable. Differences in time required to root are closely
By far the most cuttings for research are estab- associated with rooting ability and general rooting

iished as softwood cuttings, unless a large cutting success. Clone 5260 can be expected to root in 10
orchard has been established to provide hardwood days and rarely has difficulty in getting established.
cuttings for some field applications. Nearly 100 per- Most clones will root in approximately 14 days. Clones
cent success can be expected from softwood cuttings 5323 and 5377 may lag behind by 5 to 7 days; they

• propagated as described. As a cushion, an additional generally are more difficult to root, and have occa-
• 20 percent can be started to allow for some selection signal stem rot difficulties. Clone 5377 is somewhat

at time of planting, slower than 5323. Clone 5339 (Crandon) is the most
difficult to root, although it seldom takes longer than

Outplanting 4 weeks. The difficulty with the Crandon clone is
' probablyassociatedwithitsaspenandEuropeanwhite

. Assuming thattherootedcuttingshavebeenad- poplarparentage.Clone4877,aP.albaclone,isvery
equatelyweanedfromthemistenvironment,thenext similarto5339.Neither5339nor4877willrootwith
stepmay be plantingthem toestablisha fieldstudy, much successas hardwoodcuttings.
Some protectionshouldbe providedintransporta-
tiontotheplantingsite.Iftransportedinan open The intermittent-mistsystemprovidesthe pro-
truckbed,windswillseverelydesiccateand bruise ductionmanager a relativelysimpleway ofproduc-
leavesifthematerialsarenotcovered, inga largenumber ofgeneticallyandphysicallyuni-

formplants in a limited space. The simplicity of the
When planting the cutting it is important to be system also allows minimally trained personnel to

sure the root system is well distributed and not do the work with high probability of success.
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Propagation of Poplars by mixture. Phosphate was added to this (170 mg/1)in

Shoot Apex Culture the form Na H2 P04 x H20. The organic portion con-sisted of 0.4 mg/1 thiamine HC1, 80 mg/1 adenine
and Nutrient Film Technique fate, 1DOmg/1 myo-inositol, 20 g/1 sucrose and

10 g/1 Difco Bacto agar. To determine the most ef-
Plant tissue culture offers a form of vegetative fective hormone combination for the multiplication

propagation that may be able to overcome some of of shoots, 30 combinations of five levels of indole-
the problems encountered in the standard methods acetic acid (IAA) (0.0 M, 5.7 x 10-8M, 5.7 x 10-_M, -
of woody plant propagation. Shoots have been ini- 5.7 x 10-eM and 5.7 x 10-5M) and six levels of ben-
tiated on callus cultures of a number of woody plants, zylaminopurine (BAP) (0.0 M, 1.3 x 10-7M, 1.3 x
Several reviews are available (Durzan and Campbell 10-6M, 1.3 x 10-5M, 6.6 x 10-5M and 1.3 x 10-'M) "
1974, Pierik 1975, WAntonand Huhtinen 1976). The were tested.
production of shoots from callus cultures, however,
has several limitations. Shoots may" appear irregu- The IAA and BAP were dissolved in water by heat-
larly and in limited numbers on the callus. For this ing in an autoclave for a few minutes and then added
reason_ the production of large numbers of woody in the appropriate amounts to the medium to producethe 30 hormone combinations. The medium pH was
plants is not usually possible, adjusted to 5.7 with 1 N KOH or HC1. The sucrose

A second problem with shoots produced on calius and agar were then added and dissolved by heating
cultures is that callus tissue in culture tends toward in an autoclave, and 25 ml of the medium was poured
endopolyploidy (Murashige and Nakano 1965, Par- into each 25- x 150-mm culture tube. The tubes were
tanen 1963). This increase in the ploidy level in cul- capped with Bellco Kaputs and all components were
ture may result in the loss of totipotency, the ability autoclaved together at 121°C for 15 minutes.
Ofevery individual cell in a plant to regenerate a Plant material
complete plant. Perhaps more importantly, poly-
ploidymay result in production of a plant genetically Shoot tips of Populus tristis x P. balsamifera cv.
different from the original plant, and hence the loss Tristis #1 (NCFES 5260) were used in this study
of the originally desired characteristics. (Cram 1960). They were collect_ in mid-August from

a plantation near Ames, Iowa. All leaves were re-
The culturing of shoot apices has been used in the moved and the shoot tips were washed in a detergent

large-scale, clonal propagation of a wide variety of solution. Surface sterilization was found to be un-
herbaceous, horticultural plants (Murashige 1974). necessary. The bud scales and all but the last pair
By using shoot apices of Gerbera daisy, the produc- of leaf primordia were removed under a dissecting
tion of 1 million plants from one original shoot apex microscope. A shoot apex 1- to 2-ram tall was planted
in 1 year is possible (Murashige 1974). The shoot in each tube of culture medium.
apexis perhaps the most totipotent part of the grow-
ing plant. The cells of the shoot apex are less differ- Multiplication of shoots
entiated and more uniformly diploid than those of
most Other parts of the plant (D'Amato 1952, Par- Tabes containing the excised shoot apices were
tanenet al. 1955). Thus, the production of only a few placed in a growth chamber with a day temperature

of 24°C and a night temperature of 18°C. The irra-polyp!oid plants would be expected in plants regen-
erated from shoot apices, and this has been dem- diance was 90.0 microeinsteins/m _ sec -_ and was
onstrated (Hasegawa et al. 1973, Murashige et al. supplied by fluorescent lamps for 14 hours of every

' 1974). 24. -

Because shoot apex culture offers a system for the A/ter the first 2 to 3 weeks in culture, some of the
large-scale clonal propagation of herbaceous plants, apices had senesced and died, while others had grown .
we attempted to determine if the same basic tech- to five to six times their original size. Some of the• treatments stimulated the formation of small amounts
_ques could be applied to the propagation of woody of callus where the base of the original apex came
plants, in contact with the medium. After 3 to 4 weeks in

Culture medium culture, some of the apices initiated small green areas
of organized growth on the callus. These areas con-

The complete medium consisted of an inorganic tinued to grow and became the sites for the formation
and organic portion. The inorganic portion was the of adventitious buds that developed into adventitious
basic Murashige and Skoog (1962) inorganic salt shoots.
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These adventitious shoots occurred where treat- of 4.9 x 10-_M, 4.9 x 10-6M, 2.5 x 10-6M, and 9.8 x
ment consisted of 1.3 x 10-_M, 1.3 x 10-6M, and 1.3 10-6M IBA, shoot internodes elongated and roots were
X 10-6M BAP with 0.0 M, 5.7 x 10-8M, 5.7 x 10-_[, formed. The 4.9 x 10-_M IBA treatment rcsulted in
and 5.7 x 10-6M IAA_ The largest number of shoots formation of the most normal-looking root system,
occurred when the medium contained 1.3 x 10-6M complete with lateral roots. A second rooting exper-
BAP and 5.7 x 10-TM IAA. iment was condu_ to determine the optimal IBA

concentration for root formation. IBA was applied at
This treatment produced an average of 8 to 12 0.0 M, 2.5 x 10-TM, 4.9 x 10-_M, 2.5 x 10-6M, 4.9 x

adventitious shoots from each original shoot apex, 10-6M, 1.2 x 10-5M, and 2.5 x 10-6M. Again, the 4.9
and it was selected as the medium for all further x 10-_ IBA treatment resulted in the formation of

" shoot multiplication experiments. The adventitious the most normal-looking root system.
shoots developed on the callus at the base of the
original apex, and as they grew, they produced a Once the roots begin to appear on the shoots on
mass of leaves that surrounded the original apex. the rooting medium, they should be transplanted to
These shoots typically grew as a whorl of leaves minimize the damage done to the root system during
without well-developed stems. The stem internodes transfer. Rooted shoots were removed from the bottle
failed _to elongate on the shoot multiplication me- of rooting medium and, after the medium was washed
dium, perhaps because of the high level ofcytokinin, from the roots, planted in a peat pellet placed under

a shaded, intermittent-mist system in the green-
These adventitious shoots could be divided and house. In this way, plants could be '_ardened off"

placed on fresh multiplication medium, which re- gradually to the environment outside the culture
suited in the initiation of new adventitious shoots bottle. Once plants were hardened off they were moved
without the formation of an intermediate callus, to a Nutrient Film Technique (NFr) (Cooper 1975)
Again, the shoots consisted only of a whorl of leaves system for further growth.
without well-developed stems.

Applications
Roon ofshoots

Tristis #1 is routinely propagated by rooting shoot
To induce root formation on the multiplied shoots, tip cuttings. In this way, one shoot tip cutting can

the basal medium was modified by the omission of produce one complete plant in 2 weeks. By using
both the adenine sulfate and the additional phos- excised shoot apices, however, each Tristis #1 apex
phate. Also the rooting medium did not contain any can produce between eight and 12 adventitious shoots
BAP. Six levels of IAA (5.7 x 10-_[, 5.7 x 10-6M, in 4 to 6 weeks, each of which can be rooted to pro-
2.8 X I0-5M, 5.7 x I0-6M, 1.1 x 10-'M, and 2.8 x duce a complete plant. If the adventitious shoots are
10,'M) were tested for their ability to initiate roots, divided and placed on fresh multiplication medium
Later, six levels of indolebutyric acid (IBA) (4.9 x instead of rooting medium, each shoot can produce
10-_M, •4.9 x I0-6M, 2.5 x I0-6M, 4.9 x 10-6M, 9.8 another eight to 12 adventitious shoots. Thus, the
x 10-6M, and 2.5 x 10-'M) were also test_ for their number of shoots increases geometrically each time
ability to initiate roots. Shoots to be rooted were the shoots are subcultured.
placedin 117.6-cm s french square bottles contaim'ng

In shoot apex propagation of Gerbera daky, each• 40 ml of rooting medium. Cultures were placed in a
growth chamber with a day temperature of 24°C and subculture results in a fivefold increase in the num-

. a night temperature of 18°C. The irradiance was 125.0 ber of shoots, and ff the subcultures are made every
microeinsteins/m s sec- z supplied by a mixture of flu- 4 weeks, I million plants can be produced in I year
•orescent and incandescent lamps for 14 hours of every (Murashige et al. 1974). Similar results have been
24. o_ed by using the runner apex of Boston fern

• (Burr 1976). One runner apex, subcultured three times
When adventitious shoots were placed on a root- during a 5_/2-month period, can produce 5,000 plants.

ing medium containing either 5.7 x 10-_M or 5.7 x Adding a fourth subculture and extending the time
10-6M IAA, without any BAP in the medium, the period to 6_'2 months allows production of between
internodes of the stem Rbegan to elongate, producing 10,000 and 20,000 plants, all from one original rtm-
normal-looking stems. None of these shoots, how- her apex. Unfortunately, Boston fern has notbeen
ever, formed roots even after 5 weeks on thLRme- found to be very stable in culture for long periods.
dium. IBA was test_ because of its ability to stim- The longer it is kept in culture, the greater the chance
ulate roots on cuttings ofmR-y plant_ In the presence that "sports" or mutant plants will appear. When
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subcultured a fourth time, between 10 and 20 per- the risk of contaminating the cultures. The glass-
cent of the plants are mutants. This can be avoided ware washing area should contain an autoclave, sink,
simply by subculturing only three times and then dishwashing machine, and storage area for glass-
starting with new cultures freshly initiated from ex- ware. It should also be used in preparing plant ma-
cised runner apices, terial to be used to initiate cultures. The media prep-

aration area should contain balances, refrigerators,
The stability of each plant to be propagated in a water deionizer, a pH meter, storage area for glass-

culture should be established before large-scale ware and reagents, and bench space. The transfer
propagation is begun. Not all plants may exhibit the room should have storage space for freshly prepared -
genetic instability of Boston fern; for example, there media and also a sterile area with either a filtered
has been little evidence of the development of sports air or leminar air flow hood for initiating or sub- .
in the apex propagation of asparagus and Gerbera culturing cultures. The culture room should contain
daisy (Hasegawa et al. 1973, Murashige et al. 1974). several sets of shelves with fluorescent lamps. Con-
Even if sports do develop, it is a s'tmple matter of trol ofphotoperiod and light intensity is useful. Each
subculturing less than the number of times when room should have separate controls for temperature,
the sports become a problem. Apex propagation of especially the culture room, because of the sensitiv-
Boston fern is currently done on a commercial scale ity of cultures to extremes in temperature. The
in California; the cultures are subcultured only three greenhouse should have space for the maintenance
times, and then new cultures are started. In this way, of a few stock plants and also a shaded, intermittent-
one nursery has been able to produce about 80,000 mist system for the plants after they have been re-
plants per month: moved from culture.

Because shoots are grown and multiplied in cul- About 25 commercial nurseries in California pres-
ture tubes 25 x 150 mm, a large number of shoots ently use shoot apex propagation of herbaceous, hor-
can be grown in a relatively small space. Cultures ticultural plants. The smaller nurseries produce
can be grown on shelves illuminated by fluorescent 10,000 to 20,000 plants per month, while the larger
lamps mounted on the bottom of the shelf above. ones are capable of producing up to 100,000 plants
With this system, it has been estimated that a room per month. One of the larger nuseries propagating
13 X13 x 9 feet could contain about 10,000 tubes. In Boston ferns employs about 11 people and can pro-
the propagation of Tristis #1, each tube would con- duce about 80,000 plants per month. The initial cost
tain between 8 and 12 adventitious shoots, each ca-

pable of producing a complete plant. By using con- - " "1
ventional shoot tip propagation techniques, a 13- x

LJmlnor olr

13-foot space in a greenhouse could support between s_,- ..h_ s_,.,
150 and 200 stock plants, each of which could pro-
duce about 20 cuttings. By using shoot tip propa- 2.8 4.8 2._ .._..,_ u.m.
gation_ between 3,000 and 4,000 plants could be pro- .,, T,..S,..OO. ""flow flow

duced in this area. Shoot apex propagation using ,.d
Tristis #1 has the potential of producing between COLTO.E.oo.
80,000 and 120,000 shoots after 4 to 6 weeks in cul- _/

ture wit"hout any subculturing. 2.. _ /_ 2"4 8heWn MEDIA_#'STORAGE Shelves

I

Another advantage of shoot apex propagation is 26. _ i
that because there is a multiplication of shoots in
culture, fewer stock plants need to be maintained in "
the greenhouse. This lowers the cost of the green- O_SSWA.E .EO,. •
house operation by reducing the amount of space w_,.,.o PREPARATION -

taken up by stock plants.

The facilities for a shoot apex propagation oper- o_..,- o,,....

ation consist of laboratory and greenhouse space. [. ,,. .[
Ideally, the laboratory consists of separate areas for
washing glassware, preparing media, transferring Figure 1.--Floor plan of a hypothetical laboratory
cultures, and growing cultures (fig. 1). The use of facility for the propagation ofplants through shoot
separate rooms for these Operations greatly reduces at_ culture.

10



JJ

r .I.°

°

" for starting a small operation has been estimated at be produced (ten Houten et al. 1968). The culturing
between $20,000-and $30,000, while a larger one of the apical dome alone makes possible the produc-
would require between $60,000 and $100,000. tion of plants free from fungi, bacteria, viruses, vi-

roids, mycoplasmas, spiroplasmas, and rickettsias.
The low-capital-cost hydroponic technique known These organisms cause plant disease and thus re-

as Nutrient Film Technique (NFT) may have several strict the growth and productivity of the host plant.
advantages over other systems for further growth of The apical dome is one of the few parts of the growing
the propagules derived from apex culture. This sys- plant that may be free of these organisms. Pathogen-

" temis commercially used for the greenhouse culture free plants will grow rapidly after they are field-
of vegetable Crops and has been advocated for pro- planted until they become naturally reinfe_. The
duction of ornamental nursery stock (Cooper 1975). increased growth rate after planting, however, may
Propagules in which root primordia have been in- be critical to the survival and subsequent growth of
duced are transferred to troughs containing trickling the plant. Plants so produced could also meet the
nutrient.solution and grown until they reach a de- pathogen-free requirements encountered in the in-
sirable _size for field planting. The system is flexible ternational exchange of plant material, an impor-
in that propagules can be grown-on in containers tant part of many tree improvement programs.
such as Jiffy-7's or fiber blocks, or as bare-rooted
stock. The latter option greatly reduces root malfor- Apex propagation is usually easiest with both her-
marion and binding that occur in container-grown baceous and woody plants whose cuttings can be rooted
stock. Bare-root plants grown in NFT gutters pro- without difficulty (Murashige 1974). This, however,
duce a uniform, continuous root mass which, when does not mean that only "easy" plants can be prop-
separated into individual plants, shows rapid root agated by these techniques. The shoot apex is prob-
regeneration. 2 Plants could conceivably be shipped ably the most totipotent part of the growing plant,
and machine-planted as a continuous strip, sepa- second only to the embryo of the seed or a young
rated 0nly before insertion into the soil. The advan- seedling. Indeed, recent success in producing shoots
tagesofNFT culture over other growing-on methods from callus cultures of white spruce and Douglas-fir
are: has depended on the use of excised embryos or hy-

pocotyls of young seedlings (Campbell and Durzan
1. Precise control of plant nutrition and control of 1975). The advantage of using excised shoot apices

diseases and insects are possible through the use of is that they can be colle_ from mature trees se-
nutrient solutions containing systemic pesticides. 1_ for their observable desirable characteristics.

The use of excised embryos or seedling parts depends
2. COntinuous recirculation allows complete use on the assumption that they will retain the desired

•of fe_ilizer and minimum evaporation loss of water, characteristics of the parent tree.

3. Root temperatures can be precisely specified Because ofthe totipotency of the shoot apex, prop-
and maintained, agation should be possible in a wide range of woody• .

plants. With further experimentation, these tech-
. .4.Optimalnutritionand roottemperatureresult niquescan possiblybe appliedto otherhardwood

inbettergrowthrates, speciesandperhaps,intime,totheconifers,forwhich
standard methods of vegetative propagation have not

" . Gutterand otherequipmentforNFT systemare beenverysuccessful.
now commercially available.

• Shoot apex culture offers the possibility of rapid,

Another possible advantage of shoot apex propa- large-scale, clonal propagation of plants. TbiR can be
gati0n is the production of pathogen-free plants. In done in a relatively small amount of space, thus re-
standard propagation of plants, the shoot tip is dis- ducing propagation costs. However, the cost of prop-
s_ down to an apex 1-to 2-ram tall, which con- agating a particular plant by apex culture should

sists of the apical dome and several pairs of leaf first be compared with the cost of propagating the
primordia. If the explant is made smaller (between plant by existing vegetative means. Where the time
0.05-and 1.0-ram tall), a pathogen-free plant may required for a tree to reach seed-producing age is

long and where standard methods of vegetative prop-
agation may notbesuccessfulorpracticalon a large
sere,tissueculture(inparticular,apexculture)may

sPersonalcommunicationwithA. J.Cooper. offera solution.
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CONTROTJF,D-ENVIRONMENT CULTURE OF
POP ULUS CLONES

R. Faltonson, Research Facilities Supervisor,
Forestry, lowa State University, Ames, lowa

Growing Populus in the greenhouse presents some culation and cooling. Although the greenhouse was
challenges not ordinarily faced in greenhouse pro- designed to provide adequate air exchange using
duction Of horticultural plants. The forestry re- shutter-like exhaust vents in the curtain wall, this
searcher is Often confronted with problems more has proved ineffective without supplementary shad-
common _ imrsery container production than to typ- ing. During summer the ridge vents are opened suf-
ical greenhouse applications. The following sections fi©iently to allow warm air to rise and escape, when
describe equipment and procedures that have been the cool air from the evaporative coolers displaces
used to successfully culture Populus clones in the it. The sidewall ventilators are rarely used, except
greenhouse, when there is a cooler failure, requiring natural cool-

ing of the bay.
Facilities

3. Pressurized steam unit heaters are used during i
ForestresearchersatIowaStateUniversityhave the coldmonths fora thermostaticallycontrolled

use of 9,000 square feet of greenhouse space under source of heat. The unit heaters are thermostatically
glass and an additional 2,800 square feet of head- interconnected with the cooling system to provide a !1

house Space. The portion under glass is divided into reasonably constant temperature. Equally impor- !14 bays of varying dimensions, with 7,600 square tant is the function of the heater fan in providing
feet of usable space. The headhouse provides office, air movement. The unit heaters are hung overhead !
laboratory, storage, and utility space. (9 feet), with a horizontal air draft that provides

critical air circulation during both summer and win-
Each of the bays is equipped with individual cool- ter, although during summer the steam lines remain

era for ventilation and cooling, ridge and sidewall closed. During sub-zero weather this mixing prop-
ventilation, unit heaters, perimeter radiation heat, erty of the unit heater is especially evident. On days
Overhead electrical unistruts, a concrete floor and when outdoor temperatures drop to zero or below,
gutter system, and movable benches. This equip- the unit heaters are unable to provide sufficient air
ment is described in detail below: movement below the benches. Air stratification may

result in temperature differences of 30 to 40°F (-1.1
1. Evaporative coolers of varying sizes are pro- to + 4.4°C) from the bay floor to the bench level of

vided individually for smaller bays, or in pairs for 40 inches (100 cm). Adequate temperatures normally
larger bays. Effective cooling from April through can be maintained at the plant level, but irrigation
September is essential for maintaining tempera- hoses will freeze at the floor level. This points out
turessuitableforplantgrowth.Poplarsrespondbest theimportanceofraisedbenchesforplantgrowth "
to day temperatures of 75°F (24°C) and night tern- under acceptable temperatures. The complication that
pvratures of 65°F (18°C). The capacity of the coolers arises from trying to compensate for stratification is
is frequently insufficient for maintaining these that trees grown on the raised benches have limited
greenhouse temperatures when outdoor tempera- space for height growth. They may either grow be-
tureS reach or exceed 85°F (29°C). Shading the glass yond the artificial light source, or if directly in the
with a spray-on compound is used to compensate, path of the unit heater, suffer desiccation from the
but temperatures during late June through August warm air flow. Additionally, mite populations may
are ordinarily too high for studies involving growth prosper on tall trees in line with the warm air move-
responses, ment. This problem can be alleviated by growing

trees during more favorable growing periods, or by
2. Ridge and sidewall, manually operated, sash keeping taller trees out of areas in the bay subject

ventilation systems are essential for effective air cir- to this warm air blast.,
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4. Perimeter hot (finned radiation) heat is used as 4. Avoid splashing soil particles around when
a•constant heat source. The amount is regulated by cleaning or watering. (This is another advantage of
an ou_ide thermostat that calls for additional heat elevated benches.)
to supplement°the unit heater when temperatures
fall. Heat from this source alone is not sufficient to 5. Hang up hose ends. If the breaker comes in
keep bay temperatures at a desired level. It does aid contact with the floor, be sure to clean it prior to

- in Supplying a more uniform heat for the bays and using for irrigation.
is the sole source of heat in the headhouse. .

6. Use sterile tools when mixing soils. A dilute
5. Overhead electrical unistruts provide struc- formaldehyde solution (1:18) works well. Keep un-

tural support for artificial lighting, and electrical sanitary tools and unwashed hands out of containers
outlets for lights and instruments, full of soil.

,

6. •Floors are concrete with a gutter and sump " 7. Use a sterile soil medium.:.
system at the lower end of a slight slope to provide
drainage of irrigation water. Although concrete makes 8. Keep pots and fiats sanitary. Wash them thor-
maintaining humidity somewhat more difficult, this oughly after use. Do not store cleaned containers
liability is more than offset by its ease of cleaning, near used and contaminated containers.

important factor in successful sanitation. Also it
is easier to move bencheson rollers on concrete than 9. Provide good air circulation. This seems to be
on gravel or packed earth, particularly important. For example, it is standard

practice to have only 12 2-gallon (8-inch) containers
7. Movable benches are used in most studies to on a 2.5-x 6-foot bench. Considerably closer spacing

facilitate changing bench patterns within the bays, is acceptable when trees are getting s_, but space
cleaning bay floors, gaining access to overhead struc- them out amply when they begin touching each other.
_ures and equipment, and transporting plant ma- This not only provides a less desirable environment
terials from one location to another. Each bench is for pathogens, but aids in miticide application by
constructed of galvanized pipe with 5-inch casters allowing more thorough coverage.
for wheels. The bench top, a 4-inch-high box, is con-
structed of redwood with inside dimensions of 2.5 by Pest Control
6 feet. The bench also has a redwood pallet at 12

inches above the floor, which is useful for hardening The most sensible approach to greenhouse pest
succulent materials in partial shade before placing management is to effectively control pest popula-
them on top of the bench, tions while minimizing human health hazard. With

this in mind, many of the traditional pesticides have
Sanitation been withdrawn from use with no apparent backslide

in control effectiveness.

Proper sanitation is the key to any greenhouse
operation. The following rules should be observed: In Populus culture, spider mites are the major

pest. Effective control can be accomplished with Pen-
I. Keep floors clean and free from algae. Period- tac miticide (Pentachloro-2, 4-Cyclopentadien-l-yl).

ical!y scrub with soap and water, then hose with a Dosage rates of 2 level teaspoons per gallon of water,
high-pressure nozzle. When weather permits vent- plus an added surfactant such as Triton B-1956
ing of sidewall and ridge, sanitize by scrubbing with spreader-sticker at teaspoon per gallon, have proved

• soap and water; then apply a dilute bleach mixture effective with no apparent phytotoxicity. Application
(1 pint bleach to 8 quarts water) with a watering with a 3-gallon, hand-operated pressure sprayer is
can.. adequate. However, a gasoline-powered KWH Knap-

• sack Mistblower/Duster will improve coverage and
2. Periodically scrub benches with soap and water, reduce application time. Label regulations should be

FOllowup with a rinse of dilute bleach, allow to stand rigorously followed, of course.
for a few minutes, then rinse off.

Sanitation, pest control, and adequate air circu-
3. Keep leaves that have fallen into pots or bench lation are interrelated. During summer, whenever

tops picked up. Remove weeds that become estab- possible, remove all plant materials from a bay. Clean
lished ' inpots or benches, thoroughly as previously described, spray with an,
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ovicide, and allow the bay to "dry out" for 2 or more The soiless mix is prepared by sterilizing a portion
weeks, of a bay floor. Two bags of Jiffy-Mix and one bag of

perlite are then dumped onto the floor. (Jiffy-Mix and
Soiless Mix perlite are obtained in 4-cubic-foot bags.) Terra-Lite

brand perlite is used, because the coarse grade has
larger particle size than some other brands. Perl-Gro

Soiless mixes get around the problem of obtaining is another brand that has been used. Some brands
uniform soil from year to year, plus the associated have a smaller particle size, in fact rather fine, and -
complications of residual herbicides or high salt con- do not provide the proper knit. They tend to drain • "
tent in field soils. Originally, we selected a soiless too fast as a mix, thus they do not retain nutrients .
mix using two parts Jiffy-Mix and one part coarse- well and must be fertilized more frequently. Medium
grade horticultural perlite. We later tested this ratio granual Mag-Amp (7-40-6) at a rate of 2.95 Kg (6.5 :
against several other combinations of Jiffy-Mix to pounds) per 12 cubic feet is then added to the pile.
perlite (i:0, 1:1, 2:1, 3:1, and 0:1), with and without The components are then mixed thoroughly with a
Mag.Amp slow-release fertilizer. The results showed sterile shovel. Both the Jiffy-Mix and perlite have a
clearly that a ratio of 2:1 with Mag-Amp is superior, lot of fine dust-like particles that can get into eyes

' or impair breathing. It is a good idea to wear a dust
Soiless mixes provide the researcher with several mask or respirator and goggles when pouring out

advantages: and mixing the components. Also, any fans that could
pick up the dust Should be turned off.

1. Precise repeatability of growth medium for re-

Pots and Potting
2. A sterile medium with no potential for herbi-

cide, Weed seed, insect, or pathogen contamination. ARer thoroughly blending the soiless mix com-
ponents, pots and potting is the next consideration.

3. Expensive steam or electric sterilization equip- A 1-quart aluminum scoop is ordinarily used, al-
ment is unnecessary, because the mix is sterile when though a bleach bottle cut to a scoop shape also works
purchased, nicely. Bronze screening material is cut into 1.25-

inch squares and placed over the drainage holes of
the containers. The copper in the bronze alloy helps4. Toxicity problems that often accompany con-

ventional sterilization processes are avoided, keep the roots from escaping the pot when plants i
are grown for long periods. Aluminum screening can

5. Ease in preparation, which again economizes be used for short-duration studies, but should not be
labor and time. used for plants grown more than 2 months. Enough

potting medium is put in the container to fill it to

6. Light in weight, allowing fairly large trees and within 1 inch of the top. The peat fraction of the soil
containers to be moved without back-breaking effort, mix is difficult to wet, so at this stage, the container

should be watered two or three times to settle the

7.Problemsofsaltaccumulationareminimaldue mix andprovideuniformwetting.Settlingshouldbe

totheloosenessofthemixtureand freedrainage, toabout2 inchesfromthetopofthepot,sothatan
adequate amount of water can be applied during ir-

8. Excellent, uniform air-water-particle relation, rigation to permit drain-through without floating out :
the perliteor washing out othermedium compo-

9. Ease' of storage. Roughly 50 8-inch containers nents. Some of the soil should be scooped out (with
can be filled with a single batch of soiless mix. This clean hands) to provide a cavity for the young tree; _
involves twobags of Jiffy-Mix and one bag ofperlite, after planting, water again lightly to settle the soil
An adequate supply can be stored in a comparatively and clean up the container. I
small space, without special holding bins as would
benecessaryforsoil. Formoststudies,and particularlyforstockplants

• thatmay begrown3 to4 months,an 8-inch,2-gallon
10. Season-to-seasonmix uniformityallowsa plasticpotissuggested.Polyethylenefieldcontain-

standardizedfertilizationprogram.Traceelements, ersarelight,durable,and reusable.Individualpref-
•plusN-P-K insmallamounts,areincludedin the erencesvaryconcerningtheuseofplasticpotsrather
mix. thanclay.Althoughclaypotsareporous,allowing
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betteraeration,theyalsodryoutfasterand tendto theperlite"floats"may be a littledifficulttojudge
encouragerootgrowthalongthesidesofthepotrather atfirst.Statingthismore precisely,1 literofwater
thanuniformlythroughout.With soilessmixesaer- shouldbe appliedtoa 2-galloncontainer.
ationisprovidedby-theloosepropertiesoftheme-
dium.Plantsinclaypotsrequirewatering1.5to2 .Althoughfrequencyofirrigationcouldbe Varied
timesmoreOftenthanplantsofthesame sizegrown forindividualplants,a happy medium isnormally
in plasticcontainers(Ball1975).All-purpose,all- soughttoavoidcomplicatedand time-consumingad-

- weather,heavy-dutypolyethylenecontainersare justments.FertilizationincludestheMag-Amp slow-
availableinsizesrangingfrom Iquartto7 gallons, releasefertilizermentionedinthesoilessmixsection
Havingseveralsizeson handwillmeetthechanging fora constantsupplyofnutrients.To complement
needsofa researchgreenhouse, thisa Peters20-20-20water-solublefertilizerisap-

_ plied while irrigating with a 1:24 proportioner, a

Irrigation and Fertilization de_ce that meters liquid fertilizer into a hose or
• . irrigationsystem.One pound ofthisfertilizerisdi-

Becauseoftheloosepropertiesofsoilessgrowth lutedin5 gallonsofwatertoprovide,afterthe1:24
media,wateringisnotas criticalas itwould oth- proportioning,a 200ppm N, 88ppm P,and 166ppm
erwisebe.But do notallowthistopermitlaxityin K nutrientboost.Thisisappliedtwiceaweek during
one ofthemost importantphasesofplantgrowth, favorablegrowingconditions,and oncea week dur-
Timelyirrigationaccordingtoplantsize,light,tern- ingcloudywintermonthswhen wateringislessfre-
perature;and aircirculationisstillextremelyira- quentand saltaccumulationbecomesa threat.
portant.Ironically,one ofthemost difficultthings
forthe_eenhouse manager togetacrosstohisor Chelatedironisappliedoncea week and micro-
herhelpistheimportanceofproperirrigation.Here nutrientsareprovidedataboutthe 12-weekstage
is where the free-draining property of the soilem of growth, or when deficiencies are noted. To avoid
growth medium is perhaps most valuable, a precipitate, use distilled water for mixing the che-

lated iron and N-P-K fertilizers in the 5-gallon stock

Too little Water applied too frequently will not solution. Chelated iron is added at 2 ml per liter
allow the soil to become uniformly moist. It also will applied to the plant, or about 900 ml per 5 gallons
reduce oxygen penetration to the root system. Enough stock solution. Micronutrients are added at I ml per
water should be applied to allow a small amount to liter applied. Half concentrations are provided newly
drain from the pot. This flushing will leach out any planted rooted cuttings for the first 2 weeks. This is
salt accumulation and ensure uniform moistening of accomplished by saving these applications until most
the s0il. Plant size and "drying down" characteristics of the stock solution has been used, then simply add-
provide the best information on how often to water, ing enough water to double the existing volume. Any

•Many of the larger stock plants may r.equire irri- conifers in the greenhouse will also do better with
gation twice daily. A good practice is to water thor- this 100 ppm N concentration.
oughly:in the morning, then follow up in the after-

n0on where needed. About a 6-hour interval should r_EDTA(Che[mofIronStockSolutioM I ml/[= §ppm
be allowed between irrigations.

Compound (g/I) (0/41)

HOWthe water is applied is also important. The Iron(11Sulfate 24.9 99.6
natureoftheSoilessmix willindicatewhetheritis FeSO,x7H_)

" . beingdonecorrectly.The perliteoftheupperinch
or so of the mix will float, and when it floats uni- Ethylenediaminetetraaceticacid 26.1 104.4
formlyfrom sidetoside,enoughwaterhasbeenap- EDTA

plied. If it floats out or is washed out by a sideways Sodiumhydroxide 10.5 42.0
direction of the hose and water breaker, the plant is Na0H
being improperly watered. The rate of water flow
from the breaker should be adjusted to avoid wash-
ing the mix from the pot and the breaker should be Mixing Apparatus
held above the pot and aimed downward. Watering
with too much force from the side will wash out the 1.4,000 ml beaker.
mix, distribute it unevenly within the pot, and create 2. Magneticstirrer (use long rod magnets).

a sanitation problem on the bench. Irrigating until 3. Aeration tube and tubing.
.,

15



"- !

One-liter Preparation muminance is only sufficient to extend the photo-
period and prohibit dark respiration, it is insufficient

1. Set up beaker on magnetic stirrer, for active photosynthesis. The system provides for
2. Fill beaker with approximately 900 ml dis- an 18-hour photoperiod from 6:00 a.m. until 12:00

tilled water, midnight.
3. Insert stirring rod.

4. Add 24.9 g FeSO, and 26.1 g EDTA. Misce]]aneolL_ Cultural
5. Attach air tubing to air supply; couple tube

with glass tubing and insert into beaker. Suggestions
6. Gently aerate while mixing with magnetic

stirrer for 1 hour before adding NaOH. Staking is necessary after about 2 weeks' growth.
Aerate at rate that minimizes spattering. Without staking, and in the absence of winds to pro-

7. Add 10.5 g NaOH. vide an environmental stimulus for initiating sup- '
8. Add water to bring to 1,000 ml. porting fibers, the tree will grow over to one side.
9. Continue aeration for 3 hours. ° Increased branching will accompany this procure-_

10. After the 3 hours, adjust pH to 5.0 for better bent form. Four-foot bamboo cane _es are used,
storage characteristics. Normally involves with '_wist-em" ties locat_ as necessary to provide
adding additional NaOH. support. Tie loosely and check frequently to avoid

11. Continue aeration and stirring overnight, or constricting the expanding stem.
• for several hours.

12. A clear, coffee-colored solution should be the A time-saver in applying miticides is to spray only
final result. Store under refrigeration, the bottom two-thirds of the tree when it gets about

3 feet high. This can be done because normally the
tree will grow faster than the mites can migrate

Micronutrient Stock Solution upward. It also provides an advantage in that the
Grams

dissolvedIn new, more succulent growth is not subjected to po-
Compound 1Ilter_O tentially phytotoxic chemicals.

)S - • BoricAcid 2.8612x4H20 ManganeseChloride 1.81 The soiless mix cultural system described in thiA
ZlrlS04x71_0 ZincSulfate 0.22 section allows essentially all clones to be treated
CuS0,X5H_0 CopperSulfate .08 alike, thus vastly reducing management complexi-
H_o0, X_0 MolybdicAcid .02

(assaying85percent ties. The system not only works well with all Popu/us
Mo0s) clones, but with most other woody plants as well,

MoS0,xTH20 MagnesiumSulfate .20 except conifers. They just do not do well with the
soiless mix sugge_. About the only exception to

Add 1.0 ml. of this stock solution for each liter of the blanket applicability of this system to Populus
water applied, is with Tristis #I (NCFES 5260). It does not require

as much water for some reason, which in turn means

• PpmforI liter it does not need to be fertilized as frequently. When
.. Bement nulflentsolutionapplied fertilized like the rest, however, it does not seem to

B 0.50 msffer.
.50

Zn .05 Temperatures fluctuate diurnally between 7b_ day
Cu .02 and 65_F night as a normal reaction to light andMo .01 -

. dark periods. It has never been necessary to daily
set and reset the thermostats of each individual bay.

IAghting w _, potting, and potting mi.es described for

Lighting consists of a very basic system of alter- greenhouse use are equally suitable for growth-room
nating incandescent and fluorescent fixtures. Spac- culture of poplar clones. Nutriculture techniques for
ing is approximately 3 feet apart, with the lamp 7 the production of uniform poplars have been de-
feet from the floor and 4 feet from the bench surface, scribed by Dykstra (1972), but are not routinely used

for rapid-selection purposes.
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On the basis of several studies, we have estab- "field" environments is called for. Repeatability
lishedPrinciples for deriving best estimates of growth and reliability are more important than varying
potential differences for poplar clones from con- environmental parameters over wide ranges or
trolled environment studies. These are: establishing elaborate temporal programs.

7. Photoperiod and temperature, _Anipulated for
1. Environments that are most favorable for growth plants optimally supplied with nutrients and wa-

• expose greatest differences Rmong clonal growth tar, can provide sutBcient environmental differ-
potentials. Thus, long photoperiods, higher light ence to expose the relative "environmental eta-
intensities, and rich nutrient and water regimes bilities of several clones. For stability across
are preferred, nutrient and water potential gradients, clones

2. For est'mmting environmental stability (the abil- should, of course, be evaluated in environments
ity of a given clone to grow similarly under a differing in these parameters. Stability tospecific
wide range of environments), the use of a few, pathogen levels could probably be evaluated in
Widely divergent environments is preferred to the same way.
the use of a larger number of similar environ- 8. At least 6 weeks are required to conduct selection
ments, trials in controlled environments, assuming clones

3. With limited controiled_environment capacity, the are rooted and established in pots at the begin-
number of clones should be increased at the ex- ning.
pense of a larger number of environments in se- 9. Height is not well-correlated with other growth
lection trials. At least three environments must variables (e.g., leaf area, dry weight) as a rule.
beincluded if est'mmtes of environmental stabil- Thus, if ability to accumulate dry weight is of
ity are to be calculated, however. Three to five interest, dry weight must be measured--i.e., it
replications per clone and environment are needed probably cannot be predi_ accurately from

- , for materiak as variable as the poplar clones used height measurements.
in these studies. 10. Total dry weight accumulation over the trial pe-

4. Selection efficiency, both in resource and staffs- riod appears to be the single best predictor of field
- tical terms, increases with the number of clones growth potential.

included in a given trial.
5. In a time series of selection trials, a minimum Two iterations of c°ntr°lled'envir°nment selec-

of one common clone should be included in all tion trials for field growth potential are described
tri'als as an internal standard. Internal standard below. The data from both are used to calculate se-
elones should be good growers that are environ- leeti0n indices. The outcome of the trial is a ranking
mentally stable, according to estimated growth potential. Any subset

6. Elaborate environmental control systems are not of the ranked test group can be chosen for field trial.
necessary for early selection trials of the kind The smaller the mflmet,the greater will be the chance
descri'bed here, in that no attempt to simulate of excluding good clones and including bad ones.
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Steps in a generalized trial are: Table 1.--Populus clones included in triaJs

1. Decide upon specific objectives, and choose en-
vironments and measurements. Iwa State

UnlvemltyNorthCentralForest
2. Assemble and propagate plant material, clone ExperimentStation
3. Grow and measure clones in controlled environ- number number Nameandparentage

merit. 1 4877 PopulusalbaL.
4. Analyze variances to see if clonesdiffer. 2 4878(5327)Populusx euramericanaGui- "
5. Rank clonesby mean performance, nier(deltoidesxnigra)
6. DO?distance" multivariate analyses. 3 4879 Populusx euramericanaGu|-
7. Do "environmental stability" analyses, mer ,
8. Choose clone subset for field trials. 4 5258 Populus sp.
9. Do field trials. 5 5262 PopuluscandicansAit,x Pop-ulusberolinensisDipp_

10. Calculate field/controlled-environment correla- 6 5263 PopuluscandicansAit,x Pop-
ulusberolinensisD/pp.

tions for use in future selectiontrials. 7 5264 Populus de Marsh.x
_, . Populus plantierensisControlled-Enwronment Schneid.

I * e 5265 PopulusdeltoidesMarsh.x
PopulustrichocarpaTorr.et

. uray
Twenty-fivePopulus.clones were chosen from those 9 5266 Populusde Marsh.x

gathered by the Maximum Yield Project of the North Populustncho_rpa Tortet

Central Forest Experiment Station for possible use uray " M h xin field trials (table 1). No particular mix of paren- 10 5267 Popu/usde ars .
rage or origin was chosen;for someclones(e.g.,5258), Populuscaudina
no reliable information on lineage was available. 11 5271 Popu/us charkoviensis• Schroed.x Populusdel-
(Clones 2 and 19 probably are the same; this was totdesMarsh.
discovered a/ter all the data were analyzed.) 12 5272 Populusnigra L. x Populus

laurifoliaLedeb.
In all three environments (GreenhouseI, Green- 13 5321 Popu.lusx euramericanaGui-

nler
house ]I, Growth Chamber), apical cuttings rooted 14 5322 Populusx euramericanaGui-
under mist were grown in 2-gallon plasticpotscon- nier
:raining a 3:1 Jiffy-Mix:perlite artificial substrate. 15 5323 Populusx euramericanaGui-
The growth chamber environment had the following nier
characteristics: growth period, 6 weeks; photoperiod, 16 5324 Poou.lusx euramericanaGui-
18 hours (in Percival, Model PT-80 growth chain- nler
hers); and temperature, 25°C day and 15°C night. 17 5325 Populusx eurame#canaGui-• nler
The growth-chamberenvironmenthadthe leastvar- 18 5326 Populusx euramericanaGui-
/at/on in photoperiod,light intensity, and tempera- nmr
ture. GreenhouseH had a muchhigher temperature 19 5327(4878)Populusx euramericanaGui-

• and a longer natural light photoperiod than did mer
Greenhouse I. Light intensities were highest in 20 5328 Popu.lusx euramet_canaGui-•. • nler
Greenhouse II because of seasonal changes in solar 21 5331 POpulus betulafoliaDipp. x

, position.. In both greenhouse experiments natural Populustri_oc_ Torr.et .

photoperiod was Supplemented with additional ar- uray Iia Oi x
tificial light to extend daylength to 18 hours. 22 5332 Populus betulafo _p.

PopulustnchocarpaTorr.et
u_y

The plants were placedon benchesin the green- 23 5334 PoPulusdeltoidesMarsh.x
house and in growth chambers at random. Populus_chocarpaTorr.et

uray
Growth rates were determined from weekly total 24 5260 PopulustristisFish,x Populus

leaf countsand total height measurements(cm), be- balsamiferaL.
ginning with initial measurementswhen the rooted 25 5377 Pooulusx euramericanaGui-

nier,"WisconsinNumber
cuttings were removed from the propagation bench. 5"

ovendry weight (g) and stem ovendry weight
(g) were determined at the end of the growth period.

o
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• Table 3.---Duncan's new multiple range test for sig-
' nificant differences in leaf dry weight for the three

= varied greatly in all growth characteristics environments (any two means not next to a common
but showed some consistency when corn- line are significantly different)

the thz_ test environments. Totalheight
weight of leaves and stems varied widely Growth

clonesand environments (tables 2, 3, and 4). chambers GreenhouseI GreenhouseII
Clone Mean Clone Mean CloneMean

all clones were pooled, mean leaf and stem Grams Grams Grams

and total height were all greatest in 9 22.371 9 32.49l 23 54.88
H (table 5). The greater total solar ra- 2_ 19.84I I o 29.71I! o 49.2719.52il 2329.59 II

due to longer natural daylight, greater av- 4 19.02 III 4 27.38 II 8 45.46• 43.76

light intensity during the longer days, and a 25 18.63 III 3 27.28 II
4 42.99

proportion of clear days during the 8-week 18.37 I[] 7 25.36 Ill 15 39.22
period all contributed to greater growth in 18 17.75 I1[ 15 24.36 III 18 39.01

environment.The growth chambermeanswere 1_ 17.40Ill 5 24.33Ill 1737.90
_thanthe greenhousemeans, primarily be- 1116.866"96IIIIII 118721.23"8675IIIii 25 36.3437"27

of the shorter growth period (6 rather than 8
16.77lll 1621.50 II 1434.63but also because of lower growth-chamber 15 16.76111 14 21.32 II _ 32.82

intensities. Because total photoperiod was the 1216.06 Ill 2121.22 tl 2031.44
in all three environments, photoperiodic re- 21 15.88 II 1220.44 II 1 31.23

2_ 15.51 II 20 20.41 IIshouldnot havecauseddifferencesin growth 1230.6915.18 II 1918.42 I 29.56
18.311 28.73

environments. 20 14.85 II 22 1216 14.83 II 18.04 I 28.59
14.28 II 13

2.--Duncan's new multiple range test for sig- 13 17.95 I 16 28.2613.74 II 17.93 I
niflcant differences in stem dry weight for the three 2213.60 II 25 21 26.1417.40 I 2422.07

(any two means not next toa common 19 12.44 I -6 16.94 I 22 21.80
significantly different) 14 12.091 10 13.00 10 18.59

":" 10 10.331 12.85 13 17.74
_'Ilmwth 11 7.90 11 9.91 11 11.45
•limbers Greenhousei GreenhouseII

CloneMean CloneMean CloneMean
__ ,

Grams Grams Grams Within each environment a high rank forone var-
24 7.96 3 18.80 4 32.49 iable did not necessarily indicate a high rank for
4 6.71 4 18.01 2331.89 other variables. Moreover, clonal ranking based on186.68 5 17.58 1831.28
5 6.65 9 17.32 25 30.88 individual variables or sums varied from environ-

_: 25 6.62 23 15.40 9 27.97 ment to environment. Further analysis beyond aim-
- 35.95814.73 327.25 pie ranking and summing was necessary to indicate9 5.91 15

4.57 17 24.81 clearly which clones had the greatest juvenile growth
;_:; 15.83 • 18 ,4.42 1523.82 potential and stability across environments. There-
"': 6 5.78 21 ]4.31 7 23.54

i _ _ 17 5.55 16 t4.19 5 23.16 fore, growth variables for clones within environ-
- _: 21 5.46 17 14.14 20 22.78 manta were subjected to analysis of variance, and

......_::...... 23 5.33 14.13 8 22.19 differences among clones (for each growth variable

_- 15 5.32 13.52 6 20.62 in each environment) were examined by use of Dun-

' :_' _ 7 4.95 i 13.46 1 20.23
, __ '- 12 4.94 2 2.64 12 19.51 cart's new multiple range test (tables 2, 3, and 4).

:_: _ 22 4.91 2.10 2 18.88

.... 8 4.77 24 12.01 16 18.11 Greenhouse II produced the greatest number of
" . 134:66 19 1.54 14 18.08 significant differences among clones in stem weight

, 24.47 1411.35 1917.3416 4,30 0.35 22 17.26 aswell asthe greatest stemweights (table 2). Seven
19 3.98 13 10.15 21 16.43 clones produced significantly greater mean stem
20 3.38 20 8.39 24 15.51 weight than others regardless of environment. These
14 3.27 10 6.91 10 10.47 seven clones (3, 4, 9, 17, 18, 23, and 25) may be

10112.573:20 111 6.126"87 111310.257.38 regarded as consistent producers of heavy stems across
all environments.

.
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Table 4.--Duncan's new multiple range test for sig- _[hble5.--Avera#es and ranges for leaf and stem weight
nificant differences in total height for the three en- and total height for all clones pooled in each en-

" vironments (any two means not next to a common vironment
line are significantly different) 6mwlh

• chambers Greenhousei Greenhousell
Growth

chambers GreenhouseI GreenhouseII Leafweight .......... --Grams.............
CloneMean CloneMean CloneMean Mean 15.79 20.68 32.79

• _ High 22.37 32.49 54,88 "
cm cm cm Low 7.90 5.82 11.45

5 94.8 5 181.21 23 192.8] Variance 15.46 39.92 55.12 "
6 86.9 3 163.4 5 188.811 Stemweight .............. -Grams................
24 85;5 9 158.2 9 180.0111 Mean 5.18 12.54 21.29
3 82.1 22 157.6 3 172.11111 High 7.96 18.80 32.49 •
181.9 6 156.4 18 171.61]11 Low 2.57 3.04 7.38

12 80.7 23 155.9 7 170.611l[ Variance 2.72 15.10 23.69
2 79:7 12 151.0 25 170.41111 Totalheight -_ ............ cm..................
9 79.0 19 144.0 o 170.2|l[] Mean 74.3 134.7 155.7

18 78,.9 15 141.8 17 169.51]l] High 94.8 181.2 192.8
23 ' 78.6 8 141.4 22 167.7[][ Low 49.9 82.5 98.8
22 78.1 16 140.8 4 166.6IIII Variance 68.24 25.79 219.28
7 77.0 4 140.4 12 164.9II]1

15 76.5 17 137.9 15 160.6 II[ by the slope of thisregression line, was an indicator
25 75.6 2 136.8 2 160.0 Ill of final weight or height or both. Ifit were, it might
17 " 75.2 7 135.4 8 156.4 Ill be possible to reduce or eliminate destructive mea-

4 75.1 25 134.2 2_ 154.2 |J21 74.9 t8 130.5 153.8 /I surement.Again, GreenhouseH producedthe great-
19 72.8 24 124.4 16 147.9 /I est slopes, reiterating the generally better growing
8 71.9 13 121.8 19 142.6 / conditions in this environment. There was little con-

16 65.5 1 120.9 24 134.7 sistency, however, between leaf production and final
' 13 65.4 14 117.5 14 133.4 weight and (or) height. For example, clone 23, one

1.164.3 21 115.2 20 124.6 of the best performers in terms of stem and leaf weighti0 58.6 10 110.3 118.7
1lo14 55.6 11 104.8 lll 112.6 and height growth, had one of the lowest rates of

20 49.9 20 97.9 113 108.8 leaf production.
|

Controlled-Environment
Clones producing the greatest total leaf weight

were. also consistent for all three environments (ta- Trail IX

ble 3). As with stem weight, Greenhouse H produced Growth chamber procedures
the greatest number of significant differences in leaf
weight. Three clones, 8, 9, and 23, constituted the The experiment was conduct_ in Percival, Model
top group. Two of these (9 and 23) also were in the PT-80 growth chambers. The average light intensity i
top group for all environments in stem-weight pro- at the top of the plant crowns was maintained at ,
duction, approximately 3,000 foot-candles. The relative hu- !

midity was not controlled. Plants were watered to
Total_ height analysis presented a somewhat dif- the saturation point (water dripping out the pot bot-

ferent picture. Greenhouse I produced the greatest tom) once every 2 days. Each week every pot we
number of significant differences in total height (ta- flushed with demineralized water followed by 200 -
ble 4). But of the six tallest clones in Greenhouse I, ntis of the prepared nutrient-micronutrient solution.
only three (3, 9, and 23) appeared in the group show- The temperature was controlled to within _ 2"Cand
ing consistently greatest stem weight, and only two the photoperiod to within _+15 minutes. Row tern- "
(9and 23) appeared in the group showing consist- perature treatments with day temperatures (D)and
entiy greatest leaf weight. Thus, high potential for night temperatures (N) corresponding to light and
weight production is not necessarily related to high dark (D) portions of low light treatments, making a
potential for height growth, total of 16 treatment combinations, were randomly

assigned to growth chambers. Temperature treat-
number increased roughly with time; there- ment levels were: 17D-5N, 23D-11N, 29D-17N, 35D-

fore, regressions of leaf number on time were ex- 23N; light treatment levels were: 12D-12N, 141_10N,
amined to see if rate of leaf production, as indicated 16D-SN, 18D-6N.

.

o
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Duringthe6 weeks thattheplantsremainedin (_-J39)'X'X (_'_o) Fkz.p,wherethe chambers, the following measurements were re- T_ = ks _
corded':total number of leaves, length and width of
every leaf to the nearest 0.1 cm, total plant height k = number of parameters in joint null hypothesis
to the nearest 0.1-cm (HT), and basal diameter to under test, and
the nearest 0.1 mm (DIA). n = number of observations (Kempthorne 1972)

When the plants were harvested at the end of 6 l{n _ 2}-_ weeks the followingmeasurementswere alsore- and T_=--- _I[R(X(")-2i]2+ R(Y_))-2j;corded:leafdry weight(LFWT), stem dry weight 4n2 iffi jffi1
(STMWT), and rootdryweight(RTWT).Severalad-- n
diti0nai variables were calculated from these latter Ts ffi Z (y_ - _)_,

• three:totalplantweight(TOTWT), stem-to-rootra- iffiI
tio(SRR),top-to-rootratio(TRR),andleaf,stem,and

root weight ratios (LWR, SWR, RWR). the sum of squares between observed and predict_
leaf areas and

Leafsumacsarearelations
n

Many direct measurement methods to obtain leaf T, ffi Z [y_ - :_1,
surface area are available (Sest_ et a/. 1971). All i ffi1
of them involve destroying the leaves and are tedious
and tlme-consuming. Therefore, we used an indirect the sum of absolute deviations.
method that involved developing regression equa-
tions using leaf length (L) and width (W) to predict
leafarea (A).

• Plants were select_ at random to yield a sample Table 6.--Regression coefficients and associated sta.
of at least 30 leaves for each of the eight clones. All tistics for eight clones included in 7Yial II
the leaves, both juvenile and expanding, were taken
from these plants; the leaf circumferences were then "'-So,beast of
traced on paper. The areas were obtained by using Clone Coefficient coefficient n St: I_
a planimeter that measured to the nearest 0.1 cm_. 5321 0.50868 0.52286 37 3.184 0.9972
It was assumed for all clones that leaf shape was .54004 .03332

independent of the environment in which the leaf .09037 .03587
was grown. 5323 .43073 1.05231 40 10.389 .9977

.52406 .05146

Variousmodels were analyzed usingordina._ least .14628 .046665326 - .07917 1.32275 39 14.590 .9953
squares;the final model chosen was .27336 .04602

• .38605 .04257
A ffi a + bCLW) + c(W=). 5328 -3.48530 1.15573 36 12.001 .9982

.64992 .04883
• Parameter estimates and associated statistics were .12364 .04511

obtained for each clone (table 6). To test the relia- 5377 1.26054 .64691 50 7.383 .9975• .29245 .02778
• _ bility of prediction of the above model, additional .36252 .02795

data were collectedfor clones5321, 5323, 5326, and 5260 - .58338 .73483 50 4.856 .9964
. 5377. .63068 .05760

• .06288 .07197

Fourstatisticswerecalculatedfor thesefour clones 5339 .81738 .85277 41 8.087 .9967.51805 .04154
using the observed and predicted leaf surface areas .21589 .05168
(table 7). The predicted areas were obtained by sub- Balsam - .06247 .82671 39 6.448 .9945
stituting the corresponding values of the indepen- .69543 .04729
dent variables associated with a particular observed .01553 .08489
area into the correct clonal prediction equation. The
statistics were:
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'llzble 7.--Several statistics to show the prediction where :_
reliability of the leaf area model Y - a + b(LW)

c(W_) for four clones (Y - leaf area, L = leaf LFWT ffi leaf dry weight, and
length, W - leaf width) __

- T(YIRVT ffi total plant dry weight. :.
Rangeof

Clone n 1", T2 Ts 1"4 Y,-Y, Vegetative growth

i cm2

i 5321 2 _26.12 20.025 548.63 97.25 - 5.21 to 7.50 Because the three-factor interaction (photoperiod
: 5323 25 '7.58 2.020 248.56 63.89 - 6.10to3.55 x temperature x clone) was not significant to the 6
•, 5326 28 _10.82 2.054 i ,111.81 125.70 - 15.94 to 2.11 percent level for each ofthe three vegetative growthI 53.7726 '49.35 2.067 707.03 112.90 - 8.99to1.61

variables (DIA, HT, and LFAREA), we considered
'SignificantatP< 0.01. the mean response of each of the eight clones over
2NotsignificantatP < 0.05. levels of photoperiod and temperature for each of

these variables (table 8). With a few exceptions,
The Cramer-von Mises Two-Sample test was used growth in basal stem diameter, height, and leaf area

. to check increased rapidly as photoperiod increased from 12
, _, Ho: F(x) = G(x) for all x to 16 hours for all eight clones, although not at the q
; vs. H_: F(x)4=. G(x) for at least one value of x same rate for each clone. The increase in growth web _
t where n = m ffi number of observations in each, less rapid as photoperiod was increased further to'i

I " sample' 18 hours. Clone 5260 had the greatest height growth
F(X_")- the rank of the i-th smallest of the X's in rate as photoperiod increased from 16 to 18 hours,

the combined ordered sample, and and attained the greatest mean height of all eight

I! R(Y_)) = the rank of the j-th smallest of the Y's in clones at 18-hour photoperiod.the combined order sample (Conover 1971). _

Balsam poplar exhibited the poorest growth for
• Test statistic T_ is significant at a = 0.01 for all all three variables (DIA, HT, and LFAREA), while
_i ' four clones, implying that the joint null hypothesis clone 5328 displayed the best growth in diameter
!': 13_o is rejected and that the equations do not fit and leaf area over all photoperiod levels. Clone 5323

the new data very well. The test statistic '['2 is not showed the greatest growth in height over all pho-
significant at a = 0.10 for all four clones, implying toperiods.
that the null hypothesis F(x) = G(x) is accepted, and

that the equations do fit the new data. The effect of temperature on growth in dili_eter
• and leaf area was quadratic, in that DIA and LF_

These two statistics give conflicting results, but increased rapidly as the day-night temperature in-
basedonthe factthatthe leavesoftheseclones vary creased from 17-5°C to 29-17°C, then decreased as

somewhat in shape, the estimate, s2, in the denom- _'
inator of statistic T_ may be difficult to estimate.

'l_ble 8.--F-values for vegetative growth variables of .,
With the exception of clone 5326, the estimated leaf eight Populus clones associated with eight mqjor "

i areas were within _+.10.0 cm2of the actual leaf areas(table 7). For clone 5326 only five out of the 28 areas sources of variation (P = photoperiod, T = tern- _
• calculated exceeded this tolerance. Therefore, the perature, C = clone)

model Y =a + b(LW) + c(W2)appearssatisfactory Dependentvadables _
for estimating leaf surface areas for the four clones Soume DIA HT _EA

t • ' (table 7).
' ' Replicate _12.55 ,9.62 _11.56
I in addition to the estimated leaf surface area P '11.65 '31.34 '17.66

(LFAREA), we calculated specific leaf area (SLA), T _29.55 '51.08 '37.78PxT 232.35 32.59 _2.41
leaf weight ratio (LWR), and leaf area ratio (LAR). C _24.16 _24.51 '32.23
The relations are: ' P xC 231.06 _2.09 21.25

Tx C 231.55 _2.31 '3.30

LAR = LFAREA LFAREA LFWT PxTx C 231.21 21.22 21.00_TOTWT = LFWT x TOTWT ,SignificantatP< 0.01.
2NotsignificantatP< 0.05.... !|

i ffi (SLA) x (LWR) (Sestdk etal. 1971), 3Stgnihcantat P< 0.05.
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temperature was further increased to The dry weight of leaves, stem, and roots in-
This trend was not so obvious for height creased sharply as the day-night temperature in-

Generally, height growth levelled off as the creased from 17-5°C to 29-17°C, and decreased as the
temperatu_ increased from 29-17°C to 35- temperature increased from 29-17°C to 35-23°C. The

_or all eight clones, although there were some classic quadratic response to temperature was ex-
The rate of growth over temperature lev- hibited by all eight clones.

not the same for each clone.
The photoperiod, temperature, and clone sources

-.

effects--experiment, photoperiod, tem- of variation were all significant at the I percent level •
and clone--were significant at the 1 per- for all four dry weight variables, with the exception

level for all three growth variables; the tern- of the photoperiod source of variation for RTWT.The
x clone interaction was significant for the effect of photoperiod on RTWT was not even signif-
HT and LFAREA, and the photoperiod x icant at the 10 percent level (table 9).

was significant for.variable HT (ta-
This meant that the clones responded signif- The temperature x clone interaction was sig__ifi-
differently over temperature levels for the cant at the 1 percent level for LFWT and TOTWT

HT and LFAREA and for HT over photo- and at the 5 percent level for STMWT and RTWT.
levels. _ This indicated that the response of each clone over

_ • temperature was significantly different, one from
another. In fact, the differential response of clones
over temperature with respect to LFWT was much

Again, the three-factor interaction, photoperiod x more pronounced than the responses with respect to
x clone, was not significant at the 5 either STMWT or RTWT.

level foreach of the four dry weight variables

STMWT,RTWT, and TOTWT(table 9). With The effect of the experiment was significant at the
exception of clone 5339 and balsam poplar, dry 1 percent level for STMWT only and significant at

of leaves, stem, and total plant increased the 5 percent level for the other dry weight variables.
with increase in photoperiod from 12 to 16

and less rapidly from 16 to 18 hours, although This may indicate that stem dry weight production
at the same rate for each clone, was altered to a greater degree than either leaf or

.... root dry weight production by the change in '_soil"
composition from Experiment I to Experiment 2.Balsam poplar yielded the lowest dry weight ac-

!__ulation with respect to leaves, stem, roots, and Distribution of assimilate
plant, while clones 5328 and 5323 yielded the

highest dry weight production for all the dry weight The distribution of assimilate was expressed in
variables except STMW over all photoperiod levels, dry stem weight-to-root weight and top-to-root ratios
Clones 5377 and 5326 produced the highest STMW as well as leaf, stem, and root dry weights as pro-
in allphotoperiods except for 18 hours, portions of total dry weight. With the exception of

SWR, the photoperiod x temperature x clone inter-
ilkbleD'--F-values for dry weight variables of eight action again wasnot significant atthe 5 percent level

Populus clones associated wffh eight major sources
ofvariation for all the other assimilate distribution variables

(table 10).

.. Dependentvariables The 8RR and TRR increased rapidly as photoper-
Ikmrce . _ S1MWr _ T01WT iod increased from 12 to 16 hours for all clones with

_eplicate '6.01 the exception of balsam poplar. As photoperiod con-
15.96 29.39 17.91
29.91 =13.30 30.97 26.61 tinued to increase from 16 to 18 houri, clones5260,

TpxT =26.9831.69222"16_1.60=15.7830.89225.96Sl.37 5339, and balsam poplar continued to increase in
C 225.82 213.80 222.04 220.73 SRR and TRR at a high rate. Clones5377, 5323, and
PxC 31.00 31.36 30.62 30.94 5328 continued to increase at a low rate and clones
TxC =2.60 _1.66 _1.67 =2.06 5321 and 5326 decreased in SRR and TRR (fig. 2).
PXTxC s0.91 31.08 31.01 s0.96

_$1gnificantatP< 0.05. As the day-night temperature increasedfrom 17-
2Significantat P < 0.01. 5°C to 35-23°C, most of the clones increased rapidly
8NotsignificantatP< 0.05. in SRR and TRR.
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Table lO.--F-values for assimilate distribution var- The main effects--photoperiod, temperature, and
iables ofeight Populus c/ones assoc/ated with eight clone--were significant at the I percent level except
mqjor sources of valn (P ffiphotoper/od, T ffi for the variable LW/L Here the photoperiod effect
temperature, C = clone) was only significant at the 5 percent level and the

temperature effect was not significant at all. Possi-
.Dependentvariables bly photoperiod affects LWR more than temperature.

Source SRR TRR LWR' SWR' RWR'

Replicate' 22.81 20.13 20.80 39.98 20.78 The effect of the experiment was not significant .
p 333.27 320.53 43.66 329.15a22.65 at the 6 percent ]eve] for any of the assimilate dis-
T 330.73 a16.11 20.91 a31.24313.19 tribution variables except SWR, for which it was 1:
PxT 21.67 20.72 21.89 22.44 21.18 highly significant at the 1 percent level.

I
C s22.43 329.49 359.18 338.73326.72 '

PXC 32.13 =1.46 32.26 s2.39 33.74 The photoperiod x clone interaction was signifi- PTxC 41.74 32.62 _1.62 20.96 s2.49
PxT xC 21.31 20.97 21.03 41.61 21.06 cant at the I percentlevel for all the variables except

TRR. For this variable the above interaction was not
,T_e proportionsweretransformedbythefunctionarcsin siipziflcantat the 5 percent level. This implied that
V' P.Theanalysesofvariancewereperformedonthese there was no significant difference in response withtransformedvariables.
eNotsignificantatP< 0.05. respectto TRR from onecloneto anotherover levels
sSignificantatP< 0.01. , of photoperiod. Similarly, the temperature x clone
'Significantat P< 0.05. interaction was significant at the I percent level for

14 _ leafweight

stemweight

rootweight
12

10

8
I-.

|
_. 6

4

2

(.1:1) (1:2) (1:3) (1:4) (2:1) (2:2)(2:3) (2:4) (3:1) (3:2) (3:3)(3:4) (4:1) (4:2) (4:3) (4:4)

ENVIRONMENT, PHOI_PERIOD BY TEMPERATURELEVELS

Figure 2.--Average dry weight distribution over all clones in each of 16 environments (numbers
in parentheses along the x-axis represent photoperiod and temperature levels, respectively).
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TRR and RWR, at the 5 percent level for SRR, and Only the main effects--photoperiod, tempera-
not significant at the 5 percent level for LWR and ture, and clone source--were significant at the 1

" SWR. The response of RWR from one clone to an- percent level. The remaining sources were not sig-
other, therefore, was significantly different over tern- nificant at the 5 percent level (table 10).
perature, but the responses of LWR and SWR were
not. Except for clone 5260, which decreased sharply,

all clones increased in SLA and LAR as photoperiod
- The combined action of photoperiod and temper- increased from 16 to 18 hours. As temperature in-

ature produced noticeable shii_ in the average dry creased, LAR and SLA generally increased for all
r weight distribution of all eight clones combined (fig. clones; no quadratic response was observed. With the
I - 2), even though the photoperiod x clone interaction exception of clones 5323 and 5377, all clones in-

for LWR, SWR, and RWR was not significant at the creased rapidly in SLA at first, then moderately, and
5 percent level (table 10). finally very sharply as the day-night temperature

. , increased from 17-5°C to 35-23°C.
-Relative.size of assimilatory apparatus

_Thephotoperiod xtemperature x clone interaction Selection Indices
wasnot sigu_ificant at the 5 percent level, so we con-
Sidered leaf area ratio (LAR) and specific leaf area Selection indices have been used for selection in
(SLA) versus levels of photoperiod and temperature animal and plant breeding programs when several
separately for all eight clones (table 11). quantitative Characters are considered (Elston 1963,

Hazel 1943, Hazel and Lush 1942, Kempthorne and

Generally, the relative size of the leaves on a square Nordskog 1959, Panse 1946, Smith 1936, and Tallis
decimeter per gram basis yields information about 1962). Hanson and Johnson (1957) have discussed
leaf density. The magnitude of the variables SLA methods for calculating a general selection index
(ffiLFAREA/LFWT) and LAR (= LFAREA/T(YINYT) based on pooled information from two or more ex-
indicates the degree to which assimilation rate and periments. Their index was similar to our index I_,
!efficiency are affect_ by changes in photoperiod and which is discussed below. Two data sets were corn-
temperature, bined to minimize Sampling errors and to improve

the estimation of the genotype by environment in-

SLA was definitely more sensitive to changes in teraction. The two combined populations were grown
environment than LAR. The former varied from 1.6 under identical environments. In this manner a se-
to 2.6 and the latter from 0.8 to 1.5. Clone 5339 had lection index determined from one data source could
the densest leaves (large SLA) and balsam poplar be used successfully as a general index. The expected
hadthe least dense leaves (small SLA) over all tern- genetic advance was used as a means of index reli-
perature levels, ability.

Okuna et al. (1971) evaluated the performance of
29 rice varieties grown in several environments us-

Table 11.--F,values for relative leaf size variables of ing seven different methods, and one of the methods
eight Populus clones associated with eight major they used involved principal component analysis.

* sources of variation (P = photoperiod, T = tem-

perature, C -- clone) A selection index often considered appropriate is

* , • • Dependentvaflable " a function of the form:
,. ' Source' LAIR SLA. -

I --w_x_ + w2x2 + ... + WpXp; i = I, ... p,
" Replicate. ,- _0.88 _3.90

• .P 210,69 27,74 where:
T ' =14.12 _17.16
P xT _.57 _1.40 w_ = i-th known or unknown economic weight,
C "8.46 =20.24 and
PxC 11.23 11.40
Tx C _1.39 _1.23 x_ffi i-th measured trait (Hazel 1943, Smith 1936).
PxTxC ' _.82 _1.02 However, such a linear function may not be appro-,,

_NotsignificantatP< 0.05. priate, or, if the economic weights are unknown, the
2SignificantatP< 0.01. experimenter may not want to go through the in-
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volved estimation procedure necessary. The re-
searcher.mayn0t even want to consider any weights. A
. .

An alternative is _toconsider a nonlinear function
of the form

I ffi (wlx_)(w_x2)... (wpxp) = w'x_x_ ... Xp. For
simplicity, suppose p ffi 2 so that only two traits are x1
being Considered. Then figure 3 illustrates selection
on the basis of a linear index, x_ + wx2, and figure
4 illustrates selection on the basis of a nonlinear
index, wx,x2. In both cases, the shaded area repre-
sen_ the specified fraction, _,, of the individuals to
be select_ from the known population. This fraction
is obtained by assigning ranks within the group of

clonal values for each index and selecting the clones x2
with _ghest rank from each group. This way the
selection ability of each index can be compared with Figure 4.--Selection based on the nonlinear index
that of another. wx_x_ for the selection portion (k) of the population.

In addition tO linear or nonlinear indices of the

formsmentioned above, the literature suggests a va- where
riety of approaches to the problem of discriminating
among individuals on the basis of several traits. These a ffi vector of known economic weights, and
are discussed below, together with our own further

development of some of them. X ffi vector (mxl) of unknown genotypic values of
the individual clone for the m attributes of

H-S index. -- Consider the index (in matrix nota- interest on which selection is to be based.
tion) of the form

H ffi a'X,
Because index H cannot be easily estimated, let se-

• lection be based on a linear function, I, which cor-
relates best with the index H of the form

I1 = b'Y,

where

. .

Y = vector (mxl) of phenotypic values of the in-
dividual clone for the m al_tributesof interest
on which selection is to be based, and

xI b ffi vector of coefficients to be determined from -
the system Pb = Ga (Hazel 1943, Smith 1936),
and where

P ffi matrix of phenotypic variances and covari-
• " ances,

• G ffi matrix of genotypic variances and covari-

x2 ances, and
a = vector of previously defined constants.

Figure3.--Selection based on the lineer index x_ +
wx_ for tl,_ ;_ccw ,,_..,_.._.n(A) of the population. This implies b = P-_ Ga and I_ = (P-_ Ga)'Y.

• ,
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Provided the following conditions hold, the selec-
tion index, I_,will be a correct predictor of superior I_ ffi _ (x_ - k_)," iffil
growth potential:

where
(1) The phenotypic value, P, for the i-th trait of

an individual clone will be made up of the sum of xl ffi logto(x, - k_), and
two parts, the genotypic value, G, defined as the K| ffi lower bound of x_.
average of the phenotypic values possible over a range
Of environments and the environmental contribu- The index I_was evaluated foreach clone within each
ti0n, E_--i.e., P, = G, + E,. The Cov(G_E_)= 0, but environment and, since environments were assumed
genotypic by environment interactions, (GE),, can be independent of each other, a simple average value
presented provided genotypes and environments are foreach clone over all environments was calculated.
associated with each other at random and (GE), is
incorporated with E,. ° Adaptation i_.--Finlay and Wilkinson (1963)

proposed a method of analyzing the adaptation of a
(2) The genetic value, G,, is composed entirely of randomly chosen group of 277 varieties of barley

additive gene effects, from a world collection, grown in replicated trials
for several seasons at three sites in South Australia.

(3) The quantities Y, and H are such that the For each vari'ety, they computed a linear regression
regression of H on any linear function of the Y, is of individual grain yield on mean grain yield over
linear (Kempthorne and Nordskog 1959). all varieties for each environment (site and season).

A slope of 1.00 meant that the variety was well
(4) The matrices of variances and covariances P adapted to all environments. This regression coef-

and G are known, ficient was then a measure of Variety adaptation. The
authors transformed their data logarithmically to

. Weight.free i_.--Elston (1963) suggested the index independence between means and their vari-
following nonlinear index for selection with respect ances.

• to p traits at a time:

The study was assisted by the use of a scatter

I2 ffi _ (x, - kJ diagram that plo_ variety regression coefficients
i ffiI (slopes) against variety means. However, no at-

tempts were made by the authors to select a fraction,
where k, of the varieties "showingsuperior growth potential

with respect to yield over all environments. We pro-

x, = i-th trait measured on a particular individ- pose to go a step further than Finlay and Wilkinson
ual clone, and and create the following index:

k_ = greatest lower bound of the x, for all the in-
dividuals under consideration for selection, where I3 = (P'L- k_) (b, - 1.0)2 - k2,

A

However, this index is not independent of the scales _Lffi mean of i-th variety over all environments
Used to measure the x_'s,thus: for a particular variate of interest on which

selection is to be based, and
x! ffi log,o(X_ - kJ,

' b, = regression coefficient (slope) of Yu on _j,
_. and the index becomes

where

p

• _xl Yu = mean ofi-th variety at the j-th environment,
• i ffiI l_.j ffi mean ofj-th environment over all varieties,

k_ = greatest lower bound of _. and
If the index is to be based on weighted measure- kt = greatest lower bound of (b, - 1.0P.
ments, w_x_, w2xs, ..., w_, and the w_'s are un-
known, then an index that is invariant under the The index Is was evaluated for each clone for each
choice of the w_'sshould be used. The index becomes: of several variates of interest.

.

.
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An alternative approach was to consider a can- However, this index deals with only one trait at a
onical variable (Morrison 1967)--which is a linear time, so consider the index:
combination .of all the variates of interest in the se-
lection pr0cess--as a variate on which selection is I+e_ = (yce> _ k,) k_ - Ipe-_ - (P-)e-'l,

to be based. New environment and variety of envi- where
ronment means were found and the coefficients b_(+)
were obtained by linear regression techniques. _e_- i-th clonal mean of the _-th canonical

variable associated with the clone source
_Then the index: of variation in the MANOVA, +

p_ _ = curvature of the i-th clone based on _)-th

Is<e>= (fti!e>-k,)Col°)- 1.0)_ - k_ (6) canonicalvariable,
was calculatedforeachclone,wherethesuperscript (p-')+-'= averagecurvatureoverallclonesbased
•_)standsforthe{)-thcanonicalvariableusedtoeval- on _-thcanonicalvariable,

uatetheabovepreviouslydefinedparameters, k,= greatestlowerbound ofy_o),and
ks= greatestlowerbound ofIPe-_ - (P-')e-'[.

Curvatureind_.--Wu (1973)proposedthatifthe
responseof a varietytovariousenvironmentsis With thisindex,cloneswithcurvatureneartheav-
quadratiC,thatis: eragewillbepreferredoverthosewithcurvaturefar

fromtheaverage.

Y_ffia + bx_+ c_,i ffi1,m, Hamiltonianindez.--Wu(1973)alsoconsidered

Where . thefunctionH fly,r),wherey ffig(x)andr ffih(x).
m ffinumber ofenvironments, Here y and raretotalgrowthandgrowthrateofthe
Y, ffiobservedresponseofa cloneatthei-th clones,orvarietiesovervariousenvironments.The

environment, and function, H, is the Hamiltonian for the system rep-
x_ ffi independent i-th environmental measure, resented by the equations:

• y' ffi b + 2cx ffi r,
then a measure of plant stability is the reciprocal of
theradius of curvature as expressed below: y" = 2c

(Brauer and Nohe11969). If the above system is writ-
p ffi 1 + (y')2 m. , and ten in the form:

f' dy _H
ffi y' ffi

y' ffi b + 2cx ffi r, and dx 8r '

y" ffi 2c. Hence, dr aH
2m-1 dx ffi y" ffi - ay

1 + (b + 2cx)
2c With H defined as the total energy of the system

+ and, assuming the principle of conservation of en-,

Where X is day temperature and is evaluated at _, ergy, the function H is a constant for different values
and b anc c are coefficients. (A curvature of nearly of x. Therefore:

• zeroimpliedthecurvewas nearlylinearand clonal dH
responseto various environments was stable.) Next dx ffi 0, and
consider the index:

usingoneofthechainrulesofcalculus .

* I_ffi(y,- k,)(ks-[p-' - (p-')-zl), dH aH dy _H dr
dx ay dx ar dx

where whichleadstothesystemderivedpreviously:
/y, i-thclonalmean overallenvironments

for a particular trait, dy = y, ffi aH
p"' fficurvature of the i-th clone, dx 8r

(p-)-_ffiaverage curvature over all clones,
k, ffigreatest lower bound of y,, and dr _H
ks ffigreatest lower bound of IP-' - (P-)-'[ "_- = y" = _

28



Substituting values for y' and y" the system (Equa- graph (McCammon and Wenninger 1970). The den-
tion !0) becomes: drograph is looked at subjectively to determine which.

8H clones demonstrate superior growth.
m _ r

_r
Canonical/ndez.--A canonical analysis is per-

8H formed on the combined data over all environments

_ /_y = -2c. for the variates (dependent variables) on which se-
lection is to be based. Canonical variables of the form

The Solutions of this system of equations are H ffi

rZ/2 + c_ and H ffi -2cy + c_, where c_ and c_ are y_e_ = R' oX
constants. Since a linear combination of these two

•solutions is also a solution to the system, are formed
rs

H ffi _.- 2cy where
Offi 1, ..., s,

is als0 a solution; substituting for y and r produces s ffinumber of variates considered in the
"_ analysis,

X = a vector of correlated dependent varia-1

• H = _If - 2ac, bles on which selection is to be based,
and

wliere a, b, and c are coefficients. Similar to the cur- Re = 8-th normalized characteristic vector of
Vature index, consider E -z H

Ip_ = (y[o__ kz)(k2 -[He - H,I), (11) where

where yte_and k_ are defined as the index Ip_ and R' ,E Re ffiI (a scalar),
He Hamiltonian of i-th clone based on 8-th E= pooled error matrix, and

• _ canonical variable, H ffipartial sums of squares and cross prod-
He average Hamfltonian over all clones based ucts matrix due to clone by environment

on 8-th canonical variable, and source of variation in the Multivariate
Analysis of Variance (MANOVA) table.

kt = greatest lower bound of JHe - HeJ.
Means of the canonical variables are obtained by

Again, clones with a Hamiltonian, H close to H, will replacing the vector X by X such that
be preferred. _' = R_ _f_

Distance ind,.--The first step in this procedure where
is to calculate all the possible pairwise squared gen- i ffi1, ..., p,
eral_ distmlces between the clones of interest us- j = I, ..., m,
ing a pooled Variance-covariance matrix whose rank p ffinumber of clones,
equals the number of variates used as discrim!na- m = number of environments, and
tors. Then x_ = a vector of means (s x 1) for the i-th clone

" , IP(i_) = (_ - _j)' Cov-_(F_- _j), at the j-th environment.

whe/_ Then Y'*_is plo_ against Y's_and the resultant plot

" Y_ -_j_ffi a vector (s x 1) ofclonal mean differences, viewed subjectively.One looks for the clones in each
Coy ffipooled variance-covariance matrix (s x environment that consistently are farthest from the

origin. These are the superior clones.s), and
s = number of variates used as discrimina-

• tors. Diffw, ulties

Next, these distances are used to cluster the clones As stated earlier, the H-S index is a correct pre-
into subgroups which are more homogeneous than dictor of superior growth potential only if all the
those determined by the unweighted pair group mentioned assumptions hold. Immediately one ob.
method; the results are then displayed as a dendro- serves that the variance-covariance matrices, P and
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G, are now known and that only estimates of these The Hamiltonian index comes from a principle of
are available. Da_ are Often insufficient to estimate motion in physics which states that the total energy
G. So the index is subject to sampling and estimation of a system is equal to the sum of the potential and
errors. Also the assumption that P_ = G_ + E_ is kinetic energy. Applying this idea to biology involves
usually unrealistic and Cov (G_Ei _ 0). This would substituting growth and growth rate for potential
change the estimation procedure for obtaining the and kinetic energy. The index I5 represents the bi-
vector of coefficients, b. There also exists the problem ological total energy of the system. The principle of
of assigning the proper weight to each trait in the conservation of energy is assumed so that along any
index, solution of a Hamiltonian system the total energy is -

, - constant. This may not be true when one considers
It shouldbe noted that even if some of the weights growth and growth rate of a plant as position and

in the original index, H, are zero, all of the coeffi- speed of a particle.
cients estimated for !_ will be nonzero.

The problem with the distance index is that it
The weight-free index, contrary to its name, is involves a subjective instead of objective procedure.

really an index which assigns equal Weights to all Certain clones will be segregated from the main group
variates or traits. This may not be desirable, since but it will not be clear from the dendrograph whether
onemay want_to select a small fraction of individuals these segregated clones are superior or inferior. Ad-
on the basis of several traits that are to be unequally ditional prior information is needed to interpret the
emphasized. This index also selects individuals with results correctly.
larger measurements on each trait, so Onemust ar-

range to measure each trait on a scale that will meet The canonical index again is a subjective proce-
this criterion. Thus, if there is a trait for which a dure, but seems to hold great promise, especially if
smaller measurement is desired, one would change y(2) and y(3) are plotted against each other instead
the direction Ofthe scale on which the trait is mea- of Y(_)and Y(_).This procedure appears to work best
sured, when the number of clones is greater than the num-

The distributions of the measurements on each of ber of environments.

the traits should be as similar as possible for the Reliability of indices
weight-free index to be reliable. Frequently, when

•his_grams are drawn up for the various traits con- To make reliability statements (such as confidence
tained in the index, the distributions of the mea- intervals) about the various indices, their probabil-
surements on some of the traits are of an entirely ity density functions (p.d.f.'s) or distributions must
different type--e.g., bimodal instead of unimodal-- be known exactly or approximated by some known
from those of others. Those measurements should be tabulated distributions. An alternative is to assume
transformed to lessen the differences, some limiting distributions.

The adaptation index seems the most promising,
_though index I3selects individuals on the basis of For the H-S index, I, one could easily find the

• onlyone trait at a time. One must either look at each expected value of I, E(I_), and the variance of I_,
group of clonal values for index I3 for each trait of (V(I_), if the P and G matrices were known. Then, if

one assumed that the phenotypic values, Y, wereinterest in the selection process separately, remem-
bering that these traits are highly correlated with distributed normally with some finite mean and var-
each other, _oruse index I3(°).With this index, how- iance, the distribution of index I_could be found. But
ever, it is difficult to know which canonical variable matrices P and G must be estimated because they
to use. are usually not known. This makes it extremely dif- "

ficult to find the variance of I_.
The curvature index, like the adaptation index,

selects individuals based on only one trait at a time. On the other hand, the p.d.f, for the weight-free
It also requires an independent variable with at least index, I2, and adaptation index, I3,can be found, but
three levels to fit the assumed quadratic. The radius only under very restricted conditions. Without these
of curvature of this function varies with different restrictions some limiting distributions must be as-
values of the independent variable (some environ- sumed.
mental measure), For comparison, index I4 is eval-
uated at the mean of the independent variable, but For example, let selection be based on two traits
this may not be appropriate, only (p ffi 2) and assume x_ and x2, the two traits,
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are distributed lognormsl with means, I_ and I_ and then confidence intervals can t_ coustnleted of thevariances, (r_ and _, respectively. Then if one ira- form
poses the restrictions k_ = k2 = 0 (lower bound for

x_ and x2 is zero) and x_ and xs independent, then Prob (L < I_ < u) _ 1 - _ _ " 2,3," the index I2 = t = x_xshas the following p.d.f.: where
' 1

_ e- _ t-(iz1+lz2)}2t(_12-_22J p 0e_.t._%00
g(t) t V_2+_22 ' L = some lower limit,

•

- - = 22 = 1 then the above p.d.f.
If _ - 2 = 0 and_ u ffi some upper limit,becomes

, l-a = confidence coefficient, and
• 1 e -_'el°gt)2,0<t<_

. _ g(t) = 2tV _ " _ ffi significance level.j

If k_ / k= / 0 then the p.d.f, cannot be found analyt- Likewise, the variances of indite, l, and I8 can
ically. Note that the restriction xt and x2independent also be found. It should be noted tltltt a I_iven index
has not been relaxed, which is the case with this is more reliable if it fails to ,elect ,t superior clonestudy- than if it includes a bad clone.

The next step would be to find the first and second Evaluation of indices
moments of indices I2and I3, assuming the traits on

which selection was to be based are normally dis- Data collected by Wray (i974)('[Yial [)were used
: tributed with finite mean and variance. Then Monte to evaluate the seven indices demcribed on the pre-
' Carlo techniques could be used to artificially con- ceding pages. One growth chamber and two green-

struct indices I2and Isbased on sampling procedures, house environments were utilized to a_ss the ju-
and frequency curves could be drawn. Next, known venile growth potential of 2_ Populu8 clones. There
distributions such as t or F would be used to ap- were four replications in each environment, yielding
proximate the p.d.f.'s of index I2 and I3based on the 300 observations. The variables measured were total
previously calculated moments, and frequency curves plant height (HT), and stem and leaf dry weightsWould again be drawn. Goodness-of-fit tests could (STMWT and LFWT).
"then be used to determine how well the known dis-

tributions approximate the sample-based p.d.f.'s of Data from Trial IIwere also u_ed to evaluate seven
indices I2and Is. of the selection indices. Eight cloneMwere _own twice

in 16 environments, yielding 256 obm)rvations. Six
The simplest method is as follows: Deming (1943) variables were measured: baAal diameter (DIA), to-

' stated that the variance of a function g of a number tal plant height (HT), lea/' surfhce area (LFAREA),
of correlated random variables x_, ..., Xncould be and leaf, stem, and root dry weights (LFWT, STMWT,approximated by the expression RTWT).

n n

"_ ag _g Cov(x,x,j. H-S index.--Before estimating the coefficients of
, V(g) = _: __ ax_ axj this index, the P and G matrices had to be obtained.

. i=l j-I

The elements of these variance-covariance matrices
Now. recall the Central Limit Theorem (Hogg and were procured by performing all poMible analyses

, Craig 1969), which states that if xt, ..., x, denote of variance (ANOVA)and cross-product analyses for
the items of a random sample of size n from any the traits of interest (three traits fbr '[Yial I and six

•distribution having finite variance (r2,then the ran- traits for Trial If). Assuming all factors as random,
• dom variable _ (_ - I_)/(rhas a limiting normal except replicates within environmentl forTrial I, the

•distribution with zero mean and unit variance. Uti. expected mean squares were determined.
]izing this fact, assume the expression

• Assuming the model

_-I_--- N(0,1) as n -. oo
(Ie) P = G + E + EG

• 0 = 2,3; and (r_ = _r_+ (r_.+ "i_
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where Table 13.--Estimated coefficients for i_ I_ asso.
ciated with various traits by data base and trial

P phenotypic value,
G ffi genotypic value, Tfl|lI TrialII
E = environment component, Trait Database Database

EG ffi genotype by environment interaction corn- Odginal Transformed Original Transformed
portent, DIA -- -- 6.8974 27.4666

o_ = phenotypic variance, HT 0.3137 0.6631 1.0832 9.8186 "
o=o= genotypicvariance, LFWT 2.1883 1.9500 118.9613 1.9062

• STMWT - 3.3192 - 1.1332 66.0984 - 4.4460
oakffi environmental variance, and RTWT -- -- -35.5430 8.0979

o_o = genotype by environment variance, LFAREA -- -- -61.9364 -15.7343

the component of variance estimates, (_uand P_, were
other for both the original and transformed data (ta-obtained (table 12).
ble 14). However, Within each environment the ranks

Elements of the vector, _, of economic weights were approximately the same for both the original
were set equal to 1. Coefficients for index I_ associ- and transformed data. Since the three environments
ated with each trait were obtained for the original were independent of each other, these index values
data and the data transformed by means of loga- were summed for each clone and ranks were assigned
rithms to the base ten. to these values for both the original and transformed

data.

From the signs and magnitudes of the coefficients,
index I_ .appeared to be a contrast between LFWT Index I_was not evaluated for each environment
emd STMWT in Trial I (table 13). For Trial II, how- in Trial II because the main objective was to select
ever, index I_ appeared to be a comparison of LFWT

• and STMWT versus RTWT and LFAREA, and DIA, Table 14.--Ranks associated with index 11values by
HT and RTWT versus STMWT and LFAREA for the environment for both the original and transformed

data in Trial l
original and transformed data, respectively (table
•13). Environment

1 2 3
Index I_ was evaluated by environment for Trial Clone O' 1_ 0 T 0 T

I for both the original and transformed data. Ranks 4877 11 12 20 22 14 15
were assigned to the index values within each group. 4878 16 19 10 14 8 11
The ranking of the clones within each environment 4879 19 22 8 7 18 12

5258 5 5 18 8 22 9varied substantially from one environment to an- 5262 13 20 6 10 9 10
5263 10 14 13 20 16 20

Table 12.---Formulas to obtain component of variance 5264 4 3 5 5 4 4
estimates for each trial 5265 2 2 3 2 1 2

5266 1 1 1 1 3 3
Compoaor Tdzll Td.lii 5267 22 17 22 24 17 21
.... 5271 25 25 25 25 23 25

' _ M.S.(Clone)l- M.S.(ExC), M.S.(Clone)_-M.S.(ExC)_ 5272 9 8 15 16 13 17
_'"eC, _ 12 32 5321 20 18 17 18 21 24

5322 24 24 14 11 5 8
' t 2 M.8.(ExC),-M.S.(Error)_M.S.(ExC),-M.S.(Error 5323 7 7 7 6 6 5 "

_-_=_;EC_ ' 4 (b)), 5324 17 15 19 13 15 18
2 5325 6 6 9 9 10 7

{M.S.(Envir)I-M.S. (Error 5326 8 11 21 15 24 13 -

•% M.S.(Envir)l-M.S.(ExC)_ (a))I 5327 14 13 11 17 11 14' 100 , - M.S.(ExC)_ 5328 21 9 4 4 7 6
+M.S. (Error(b))l}/16 5331 15 16 12 12 12 19

5332 18 21 16 19 19 22
fori,jffi 1,2,3(numberof fori,jffi1..... 6 5334 3 4 2 3 2 1

• variables) (numberofvariables) 5260 23 23 24 23 20 23
,Thethreecomponentslistedwereusedtoobtainthequantity: 5377 12 10 23 21 25 16

'Originaldata.
P,= a_+ _C_+ _ _'ransformeddata.
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clones exhibiting rapid juvenile growth over all 16 Table 16.--Ranks associated with the values of seven
environments. Marked variation in the ranking of different indices in Trial II

" the clones was found from one environment to the
next. , - Index

Clone 1 2 3 4 5 6 7
For Trial I, clones 5266, 5334, 5265, 5264, and 0' _ 0 0C* 0C 0--C-O 0CI' 0C_

5323 were selected when the original data were con- 5321 3 2 5 5 4 4 3 3
sidered, and clones 5266, 5265, 5334, 5264, and 5328 5323 1 4 1 4 2 5 2 2
+whenthe transformed data were used(table 15). This 5326 4 7 2 1 1 3 3
selection was based on the assumption that the top 5328 7 5 4 7 6 6 1 1 2

- 20 percent of the clones under consideration was to 5377 6 6 3 6 3 1
5260 5 3 6 3 5 2 8 1

bechosen.Es_ntially the same cloneswere chosen, 5339 8 1 7 2 7 7
regardless of the data base (original or transformed). Balsam 2 8 8 8 8 8 8 8

The data, therefore, need not have been transformed '0dginaldatabasedonsixtraits.from a selection viewpoint.
2Transformeddatabasedonsixtraits.

+ In Trial H, clone 5323, balsam poplar, and clones s0flginaldatautilizinga canonicalvariable.
,CanonicalvariablesassociatedwithPhoto/Cloneinteraction.

+5339and 5321 were selectedbasedon the original 5CanonicalvariablesassociatedwithTemp/Cloneinteraction.
and transformed data, respectively (table 16). The
resultsotthis indexare unexpected,sinceclone5339 One critical assumptionassociatedwith this index
and balsam poplar are definitely not superior, states that index I_ is effective as a discriminator

only when the genotypic correlations between the
Table 15.--Ranks associated with the values of five traits included in the index are high. The following

different indices in Trial I statistics were calculated from the relation:
Index

CUono I 2 3 O 7 rg ffi ,_._zu _/z_._
' 0" 'P 0 TLP T$1_ THP OP' 0 0'

4877 14 19 17 18 19 18 14 ij ffi 1,...,3(Falconer1960)
4878 9 13 18 16 17 13 6
4879 18 12 5 8 4 3 13 7 for both the original and transformed data.
5258 17 7 3 2 1 8 23 9
5262 6 9 11 11 6 1 2 4 All the correlations between the three traits of
•5263 13 20 15 15 10 2 7 5 interest in Trial I were high, with the exception of"5264 4 4 8 9 16 14 .5 4
5265 3 2 6 3 9 16 11 3 3 the genotypic correlation between LFWT and HT for
5266 1 1 2 1 3 4 1 1 1 both the original and transformed data. Correlations
5267 22 22 24 21 23 21 17 based on the transformed data were slightly higher
527..1_ 25 25 25 24 24 2225 than those based on the original data (table 17). In-
5272 11 11 14 12 13 6 8 de]( It, therefore, is an effective discriminator for•5321 20 21 23 23 21 20 18
5322 15 15 13 25 22 23 21 Trial I. In Trial H, however, there are low genotypic

" 5323 5 6 10 6 8 9 3 10 correlations between the traits DIA and HT, and
5324 16 16 16 13 14 19 15 LFWT and HT for both the original and transformed
5325 7 8 9 5 7 7 4 data (table 18). This may indicate that index I_ is
5326 21 10 4 4 2 10 22 5 not an effective discriminator in Trial II, possibly5327 !0 14 20 14 18 17 9

- . 5328 8 5 1210 20 24 16 becauseof the large number of traits being consid-
5331 , 12 17 19 17 11 12 10 ered.
5332 19 23 22 20 12 5 12

• 5334 _. 2 3 1 19 15 15 19 2 2 Weight.free i_.--Before evaluating this index,

•5377.5260" 2423 2418217 2272552511 2420 68 the assumptionsthat the distributions of the traits
" ' are similar (at least unimodal) and that selection of

'0flginal databasedonthreetraits, individuals with large measurements on each trait
•rransformeddatabasedon threetraits, is desired were verified.
•Oflginaldatabasedon twotraits.
'Transformeddatabasedon LF_.
rrransformeddatabasedonSTMWT. For Trial I, the trait HT was found not to be as
crransformeddatabasedonHT. important asthe traits LFWT andSTMWT, thus HI'
70dginaldatautilizingacanonicalvariable, was omitted. Lower boundsfor the remaining two
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'l_le 17.--Geno_p/c corre/at_ns between three traits Table 19.--Lower bounds for two traits LFWT and
based.on original transformed data (n ffi 300) for STMWT by environment

Tr/a/I Environment
i

Trait Trait Trait 1 2 3

LFWT STMWT HT LFWT 7.223 9.458 11.451
LFWT 1.00001 0.8490 0.5139 STMWT 2.580 5.987 7.379

1.0000 .8464 .5574
STMWT 1.0000 .7513

1.0000 .7974 5334, 5266, 5258, 5326, and 4879 were chosen (tableHT. 1.0000
1.0000 15). For both index I_ and 12 only clones 5334 and .

5266 were chosen by each index.
_Upperfigureisbasedonoriginaldataandlowerfigureon

. transformeddata. For Trial II, index 12 was not evaluated for each
• ° of the 16 environments. Based on the ranks associ-

traits Were obtained for each environment and then aCedwith index I2 values over all environments, clones
ranks were assigned to the index values within each 5323 and 5326 were selected (table 16). Only clone
environment. The lower bounds for both traits in- 5323 was chosen by both I_and I_.
creased from environment 1 to environment 3, in-

dicating improved growing conditions from the growth Adaptation i_. -- Regression analyses of the
chambers to the greenhouse environments (table 19). clone by environment means on the environment

means (over all clones) were performed for each trait.
Ranks associated with index I_ showed marked Only the transformed data were used, since the log-

variation from one environment to another. For ex- arithmic transformation helped to linearize the data
ample, clones 5260, 5326, 5258, 5266, and 5377 were as well as decrease the dependence between means
select_ in environment 1, while clones 5266, 4879, and variances.
.5258, 5334, and 5265 and clones 5334, 5258, 5266,
5326, and 5377 were select¢_ in environments 2 and
3, respectively. The only clones select¢_ in all three Table 20.--Ranks associated with i_12 values based
environments were 5266 and 5258 (table 20). This on two traits by environment for Trial I

index appeared to be less consistent than index I_ Environment
from one environment to another.

• Clone 1 2 3

Index values were also summed over environ- 4877 9 24 13
ments for each clone and ranks were assigned. Clones 4878 21 22 16

4879 11 2 8
Table 18.--Genotypic correlations (over all clones) for 5258 3 3 2

six trai_ based on the original and transformed 5262 14 6 115263 8 20 15
data (n ffi 256) for Trial II 5264 12 8 6

"" TniH 5265 13 5 7
5266 4 1 3

Trait DIA HIT LFWT STMWTRTWI"LF-AREA 5267 23 23 23
5271 24 25 25

DiA 1.0000' 0.3267 0.9256 0.7143 0.8512 0.9619 5272 19 13 17
t.0000 .2764 .9031 .6923 .7879 .9222 5321 20 21 24 -

FIT . 1.0000 .4451 .8644 .6731 .6060 5322 25 16 14
1.0000 .4730 .8251 .6724 .6056 5323 10 7 10

LFWT 1.0000 .7774 .9192 .9707 5324 17 11 19
• 1.0000 .8248 .8921 .9620 5325 6 9 9 "

STM_ 1.0000 .8588 .8676 5326 2 10 4
1.0000 .9132 .9048 5327 18 18 18

RTWT 1.0000 .9455 5328 22 14 12

LFAREA 1.0000 .9569 5331 15 12 201.0000 5332 16 15 21
1.0000 5334 7 4 1

5260 1 19 22
1Upperfigurebasedonoriginaldataandlowerfigurebasedon 5377 5 17 5
transformeddata.

.

34



P

By definition, a clone is stable across all environ- I
ments fora particular trait if the slope of the straight
line fitted through the above-mentioned means is
near 1.0 (Finlay and Wilkinson 1963). Via the method
of simPle least squares, these lines were fi_ and ADAPTED TOFAVORABLE
regression coefficients were obtained. Considering ENVIRONMENTS

Trial I and the trait LFWT, clones 5258, 5325, 5326,
5327, and 5377 are stable, while clones 5321, 5322, b.

5334, and 5260 are highly unstable. For the trait _ BELOWAVERAGE
STMWT, clones 4878, 5324, 5325, 5326, 5327, and o..,. STABILITY

5377 are stable, while clones 5271, 5322, 5334, and
5260 are unstable (table 21). For the trait HT, clones o POORLY ADAPTED TO WELLADAPTEDTOt) 1.0
5258, 5262, 5264, 5265, 5272, 5323, 5325, and 5377 z ALLENVIRONMENTS ALLO
are stable, while clones 5271, 5334, and 5260 are _ ABOVEAVeRAGe
unstable. All three traits considered jointly revealed _ STABILITY

J
clones 5325 and 5377 as stable, and clones 5334 and _ ADAPTED TO
5260 as unstable. _ UN_AVORAeLS

' ENVIRONMENTS

Toassistdata interpretation, we made scatter dia-
grams by plotting clonal regression coefficients (slopes)
against clone means (over all environments) for each
of the three traits. Using figure 5, we determined
the general significance of the location of the points CLONE MEAN

Table 21.---Estimated regression coeff_ients associ- Figure 5.--General interpretation of the scatter dia.
• ated with .the simple linear regression of clone by gram when clonal regression coeff_ients are plot-

environment means on environment means for three ted against clone means.
traits, based on the transformed data

on these scatter diagrams. For the trait LFWT,clones
LFWT STMWT HT

5258(4), 5265(8), and 5266(9) appear well-adapted to
Clone a' b" a b a b all environments; for the trait STMWT, clones4879(3),

4877 0.044 0.915 0.128 0.798 0.471 0.769 5258(4), 5266(9), and 5326(18); and for the trait HT,
4878 -.206 1.126 -.034 .989 .182 .920 clones 4879(3), 5262(5), 5263(6), and 5266(9) (figs. 6,
4879 -.322 1.287 .029 1.108 -.073 1.063 7, and 8).
5258 .166 .981 .096 1.083 -.018 1.019
5262 -.252 1.206 .000 1.088 .027 1.036 In Trial II the slopesof the fitted lines indicated
5263 .148 .862 .123 .907 .176 .942
5264 _ -.371 1.340 -.162 1.157 -.049 1.030 that balsam poplar was unstable for all traits while
.5265 -.106 1.190 -.092 1.127 -.066 1.035 clone 5326 was stable for all traits except DIA (table
5266 .063 1.099 .037 1.097 -.197 1.122 22).
5267 .239 .675 -.207 .934 .056 .925

• 5271 :184 .583 .078 .598 .314 .794 Index Is (adaptation index) has a form similar to
5272 .077 .929 -.117 1.112 .002 1.016 index I2because individuals are select¢_ on the basis5321 .797 .308 .163 .695 .246 .834

• , 5322 -1.118 1.804 -.658 1.510 -.901 1.386 of large values of clone means (over all environ-
5323 -,172 1.189 -.023 1.089 .076 .973 ments). In addition, individuals are selected on the
5324 .187 .846 -.029 1.014 -.418 1.191 basis of small values of the squared deviations of the

- 5325 .049 1.022 .062 1.018 -.002 1.012 slope about the mean slope, 1.0 (i.e., rain (b_-l.0)s).
5326 ;091 .993 .202 .956 .160 .934 These requirements led to the form of index I8:
5327 -.049 1.009 -.007 .960 .234 .887
5328 -.304 1.258 -.365 1.261 -.546 1.206
5331 .349 .722 .163 .848 -.094 1.055 Is = (_i.- k_){k, - (b_- 1.0)=}
5332. .379 .649 .092 .905 -.067 1.054
5334 -.623 1.590 -.245 1.341 -.442 1.241 The lower bounds for the expressions I_and (b_-l.0) =
5260 .785 .363 .705 .353 .943 .540
5377 -.036 1.054 .060 1.051 -.012 1.015 were obtained for the traits used in Trials I and II

...... (table 23), and index I3 values and associated ranks

'lntercept. were calculated. For Trial I, clones 5266, 5258, 5265,
2Slope. 5326, and 5325 were chosen for the trait LFWT;, donee
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Figure 6.--Clonal regression coefficients (slopes) mznts) for the trait STMWT, based on the trans.
plotted against clone means (over all environ- form+d data.
ments) for the trait LFWT, based on the trans-
formed data.

5258,5326, 5266,4879,and 5377for the trait STMWT;
.andclones 5262, 5263, 4879, 5266, and 5332 for the
trait HT (table 15). When all three traits were con- 1.4 e14

sideredj0intly, only clone 5266 was selectS. Due to
the dependence between traits, the index values could • 20
not besummed over all traits for each clone. _.,1.2 .2o .is

• O_

.21 22 e3
+ ¢J ee+ee4+_,2 • SIn Trial]I, clones5323 and 5326were chosenwhen

+ each., of the six traits Were considered separately, even _ 1.o .+o _._.+_ • +
though clone 5326 ranked low with respect to the _ lo.

t trait DIA. Balsam poplarranked last forall six traits _ "+ "++ .1 ++
! (table 24), which is understandable since this clone p,
] is a naturally occurring Populus species and not a Q

purposely chosen hybrid like the other seven clones. _ .e
• e24

An al_rnative procedurewas to constructindex .4
Is (e)utilizing the th canonical variable associated 1.9o +oo _Io 2_
with the clone source of variation in the MANOVA HT (log10 ¢me)

table (see Canonical index). The canonical variable:

Figure 8.--Clonal regression coefficients (slopes)
ym) ffi 0.02016(LFWT)- 0.03383(STMWT) + plotted against clone means (over all environ.

0.00455(HT) was chosen for Trial I and the canonical mznts) for the trait HT, based on the transform+d

variable, data.
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Table 22.--Estimated slopes of the straight lines fit- Table 24.--Ranks associated with values of i_ Is
ted by regressing the clone by environment means for six traits, based on transformed data in Trial
on the environment means for six traits, based on H
transformed data (7_t lI) Trait

., , Trait Clone DIA HT LFWI"STMWTRTWTLFAREA

Clone , OUt HT LFWTSTMWTRTWTLFAR_ 5321 4 5 4 5 2 4r

, 5321 0.942 0.926 0.881 0.942 1.019 0.872 5323 2 1 1 2 3 1
5323 .927 1.008 1.111 1.093 1.132 1.034 5326 7 2 2 1 1 2
5326 .490 .970 .992 .990 .983 1.020 5328 1 7 3 6 4 5
5328 1.028 1.097 1.241 1.171 1.155 1.238 5377 3 3 5 4 7 3
5377 1.243 1.087 1.243 1.159 1.164 1.142 5260 6 6 6 3 6 6
5260 1.039 1.225 .959 1.016" .823 1.018 5339 5 4 7 7 5 7
5339 1.189 .983 1.047 1.071 1.037 1.061 Balsam 8 8 8 8 8 8
Balsam _.546 .703 .525 .556 .687 .614

J

From the ranks associatedwith the values of in-
Y_) ffi-0.03020(DIA) + 0.00437(HT) - _ dex Is(=),clones 5266, 5262, 5323, 5325, and 5264

0.07773(LFWT) were selected for Trial I and clones 5326 and 5339
-0.05162(STMWT) + 0.11780(RTWT) + for Trial H (tables 15 and 16).

0.03984(LFAREA)
For Trial I there seems to be no consistency be-

Was chosen for Trial H. tween this index and the previous two indices. Per-
Imps another canonical variable should have been

Through this canonical variable, the clone, envi- chosen, although the signs and magnitudes of the
ronment, and clone by environment means were coefficients of y(z are acceptable from a selection
transformed to produce new canonical means. Slopes viewpoint. In Trial II, the lack of consistency between
were obtained by fitting lines through these new the indices may be due to the large number of traits
means--i.e., regressing the canonical clone by en- on which selection is based.
Vironment means on the canonical environment
means. Cu_re ind,.--Like the adaptation index, this

• index selects clones on the basis of one trait at a thne
index I_"_)was of the form over the range of some independent environmental

measure. Because none of the clonal responses over
ijz = (y_z_ 0.4258){0.8604 - (bl2) - 1.02} environments in Trial I was quadratic, this index

was not evaluated. In Trial II, this index was eval-
for Triall and uated but an interpretation problem existed when

the ranks associated with the index values for each
IJz ffi (Yiz - 0.00272){0.4009 - (bp) - 1.0_} of the six traits were considered simultaneously.

for Trial II, where Consequently, the canonical variable 2 given in
•Y_(_)=clone mean of canonical variable 2, and the previous subsection was used to obtain a linear

- b__zffi slope of line fitted through canonical variable combination of all six traits. For each clone the quad-
2 means, ratic

- Table 23.--Lower bounds for two expressions which Y_) = a + bT_ + cTr_
form i_13 for the appropriate traits by trial,

based On transformed da_ where
Trait Tdail expression TdalIIexpression

t_ (b,-1.0)' p, (b,-1.0)t T_ = day temperature (17, 23, 29, 35°C) and
DIA -- -- 0.7623 0.2601 i = 1, ..., 4; j = 1, ..., 8
HT i .9385 0.2116 1.5492 .0882 was fitted, as well as the quadratic over all clones.
LFWT .9522 .6464 .5170 .2256 The curvature parameter, p, for eachcloneand_over
STMWT .6838 .4186 .1258 .1971 all clones was evaluated by setting T ffi T ffi 26.
RTWT -- -- -.0954 .0980 Clones with curvatures near the average were con-
LI;AREA -- -- .7687 .1490 sidered stable and those with curvatures much above
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or below the average were considered to have below- Hamiltonian indez.--Using only the data from
" and above-average _ility, respectively. Clone 5326 Trial II and the estimated coefficients of the quad-

exhibited average stability, while clone 5339 and ratic equations developed for the curvature index,
balsam poplar showed below-and above-average eta- " the parameter H was calculated for each clone and
bility, respectively (table 25). over all clones. Clone 5377 exhibited average sta-

bility, while clone 5339 and balsam poplar showed
Index I, was of the form below- and above-average stability, respectively (ta-

ble 25). The interpretation of H is the same as that

I, =(_z_ 0.00272)(0.00205 - [p_- 0.00304]) for parameter p.

From the ranks associated with the values of in-where
dex 15, which has the form 15 = (YP - 0.00272)

YP has previously been defined, {0.00101 - [H_ - 0.00104]} with the constant insidethe absolute value signs denoting H, clones 5377 and
5260 were selected (table 16). The results obtained

_ p_ _ i-th clonal curvature, from this index were completely different from those
obtained from any of the other indices. Possibly the

and the constant inside the absolute value signs is principle of conservation of energy does not hold and
P" the function H = fig(x), h(x)) is not constant for

different values of x.
From the ranks associated with the values of in-

dex I,, clones 5326 and 5323 were selected (table 16). Distance index.--A discriminant analysis was
These results are consistent with those obtained via performed on the original data and the generalized
index I_ and are inconsistent with the results ob- squared distance between each possible pairofclones
tained via indices I_and I8. was calculated considering the traits LFWT,STMWT,

. and HT. A pooled covariance matrix was used to
ensure consistency with the standard analysis ofvar-

Table 25.---Regression coefficients for the model Yu lance assumption of equality of variance. Although
ffi a + bTs + cTg_, the parameters p and H for a test for the equality of a group of variance-covar-
each clone, and the overall average lance matrices was made and resulted in the rejec-

Regmuion tion of the null hypothesis Ho: _ = _ = ... = _p
Clone Nslllclents p H ffi _ where p equals the number of clones, this test
5321 -1.26370 0.00340 0.00127 is not a good one. Even if o/le element of one of these

.10552 matrices is different from the corresponding ele-
-.00170 ments in the other matrices, Howill be rejectS.

5323 _ -1.26032 .00346 .00134
•10678 A better plan isto lookat the correlationmatrices,

-.00173 one for each clone, and see if the signs and magni-5326 -1.04387 .00294 .00115
.09194 tudes of the coefficients are similar from one clone

-.00147 to the next. When this was done the correlation ma-
5328 -1.57985 .00434 .00154 trices were found to be quite similar.

.12965
-.00217 Next a cluster analysis was performed on these

, 5377 -1.08102 .00264 .00104 clonal distances and a dendrograph was construct¢_, .08832
-.00132 to display the results. From this graph clones 5266,

5260 -.87136 .00203 .00090 5334, 5265, 5264, and 5326 were chosen for Trial I.
.07313 In Trial II, clone 5328 and balsam poplar were se-

-.00102 lect¢_ (fig. 9). Recall that this technique, however,
5339 -1.66792 .00509 .00203 separates very poor clones also. Based on the clonal.14504

• -.00254 means over all environments for each of the six traits,
Balsam -.29345 .00038 .00003 balsam poplar was the poorest overall performer of

.01662 the eight clones. Balsam poplar, therefore, was re-
-.00019 jected and clone 5323 was selected instead (fig. 10).

Average -1.13267 .00304 .00104 With the exception of index I_based on the original.09462
-.00152 data, balsam poplar was ranked the lowest of all

. eight clones by all the other indices considered so
i
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4877(011) '_ SQUARED so.,t.toOS.,:RAL,ZSOmST,,CE

5377(18)i I GENERALIZED DISTANCE .. ., .,. o ,,., ,. a co 3 !,, ,

4878(02) o .- _ ¢_ b b _ o _, b o b _o
" " " " • I I I I I I I I I I I I I I I I5272(12) o b o o .26

5331(21) - smSSn
5263(06) s2u

5321

5324(16) .23

5262(05)

o 5262(22)

5267(10) . sm
5321(-13)
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5322(14)
5328(17)
5323(18)

BALSAM

Figure l O.--Dendrograph displaying the results of
52S8(04) a cluster analysis performed on the generalized

squared distances between eight clones based on

5260(24) six traits.

4879(03) far. To interpret the dendrograph correctly when
5377(25) widely different clones are present, the mean clonal
5326(18) response over all environments for the traits of in-

terest must be considered.

' The results obtained via index 16 agree closely
_ with those obtained by index I_ for Trial I, but are

inconsistent with all the other indices for Trial H.

' Canonical index.--A multivariate analysis of var-
iance was performed on the combined data over all

5264(07) environments with all traits considered jointly for
5265(08) both Trials I and ]I. The form of the univariate anal-
5334(23) ysis of variance associated with each trait prior to

• 5266(09) the multivariate analysis was identical to that as-
Figure 9.--Dendrograph displaying the results of a sunned for the H-S index in Trials I and H (table 11).

cluster analysis performed on the generalized
squared distances between 25 clones based on three Canonical variables were derived from the partial
traits in Tr/a! I. sums ofsquares and cross-products matrix due to the

39

.......L_..................................
, _ : . ._ .. _ / .. : -: ........ . .



clonebyenvironmentinteractionforTrialI.ForTrial cloneinteractionarereversedascomparedtocoef-
TT,canonicalvariablesassociatedwithboththepar- ficientsforthe ssme traitsand correspondingcan-
tialsdms ofsquaresand cross-productsmatricesdue onicalvariablerelatedto the photoperiodx clone

" tothephotoperiodby cloneandtemperatureby clone interaction.
interactions,respectively,were calculated.

Anotherreasonwas thattheelementsofthepar-
Generallythe firsttwo canonicalvariablesac- tialsums ofsquaresand cross-productsmatrixas-

countfor80 percentormore ofthetotalvariation sociatedwith the temperaturex cloneinteraction
in the data and thus are good for data condensation were much larger than the elements of the corre- "
and description purposes (table 26). These first two sponding matrix related to the photoperiod x clone
canonical variables, however, are poor discrimina- interaction. Thus, the temperature x clone means .
tors. The means of canonical variable 1 (one for each were more variable than the photoperiod x clone
clone) within each environment tend to cluster around means.
the overall mean. This is not true for the means of
canonical variables 2 and 3. As a'result, the plotting The results of I7based on the photoperiod x clone
0f canonical variable I means versus canonical var- interaction agreed with those obtained from index
iable 2 means yielded no good clonal separation, but I6, but not with any of the other index results.
the plotting of the means of canonical variables 2
against 3 did. _ Appraisal of ind_ reliability

For trial I, three distinct clusters of points ap- Confidence intervals about the values of indices
peared, one for each environment, and the superior I_ through I5 were determined to appraise the reli-
clones stood out clearly. Clones 5266(9), 5334(23), ability of the indices. However, due to the large var-

• 5265(8), 5262(5), and 5263(6) were selected (fig. 11). iances and positive covariances between traits, the
_ The results of this index also compare favorably with approximated variances associated with some index
' thoseobtainedby theH-S index,I_,andthedistance valueswere solargethatconfidenceintervalswere
i. index,le. meaningless.A more usefulapproachwas toapply

an indexwith coefficientsestimatedfrom existing
For TrialII,fourdistinctgroupsofpointswere datatonew dataand viceversa.Thiswas done for

exhibitedby bothplots,oneforeachphotoperiodor indicesI_throughIs.
temperaturelevel.

IndexI_withcoefficientsderivedfromTrialIwas
Consideringthe means ofcanonicalvariables2 appliedto boththe originaland transformeddata

and 3 associatedwiththephotoperiodx cloneinter- from TrialH, and rankswere assignedto the re-
action,clones5323(2)and5328(4)werechosen(fig. suitingindexvalues.Clones5323 and 5328 were
12).When themeans ofY(_)and y(3)associatedwith chosen.Theseresultsagreedwiththoseobtainedby
thetemperaturex cloneinteractionwereconsidered, indexIsand 17basedon thedatafromTrialH only.
the selectionofcloneswas notsoobvious.Balsam

poplar (8) Was definitely the poorest performer, while To apply index I_with coefficients, b, derived from
clones 5260(6) and 5339(7) were '"vest" at two out of Trial II to Trial I, the coefficients had to be recal-
the four temperature levels (fig. 13). One reason for culated because not all traits were present in both
this dilemma might be the magnitude and signs as- data sets. From the ranks associated with the values
sociated with the coefficients of the canonical vari- of this latter index, clones 5326, 5377, 5334, 5266,
ables. For example, the signs of the coefficients for and 5325 were selectS. With the original index I_ _
the trm.'tsLFWT and RTWT for the temperature x clones 5334 and 5266 were chosen. Apparently the

Table 26.--Coefficients of each canonical variable index derived from an experiment involving few en-
(CANVAR) and the percentage of the total varia- viro_nments and many clones gives more reliable re- .
tion explained by each CANVAR for 7Y/al I suits than one obtained from an experiment involv-

Canonical Walt ing many enviro_n_mentsa_d few clones.
-vaffable LFWT STMWT HT Percentage Sim__flarly,index I_ with coefficients derived from

Trial II was applied to Trial I, and clones 5334, 5266,
1 ,0.01614 0.04589 -0.00257 59.12 5258, 5326, and 4879 were chosen. These results
2 .01842 -.02041 .00257 24.57 comparedfavorablywiththoseobtainedby indexI_
3 -.00804 -.00979 .00709 16.31 when it was derived from and used in Trial I. When
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•Figure l l.--Plot of the means of canonical variable 2 versus the means of canonical variable
3 for each environment based on three traits for Trial I (Y(_)and y(s) are associated with HCF).
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index Y with coefficients derived from Trial I was I were greenhouse environments with means for all
applied to Trial II, clones 5323 and 5326 were se- traits significantly higher than those for the growth
lect_. Lower bounds derived from Trial I, however, chamber environments of Trial II. Consequently, no
could not be used in Trial II since these bounds were valid comparisons could be made for index Y other
too high. These bounds, therefore, were set equal to than those already mentioned.
zero because two of the three environments in Trial
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Similar problems with lower bounds arose when were based on both original and transformed data),
index I_, based on Trial I, was applied to Trial II. clone 5323 was in the top 20 percent five times and

Also, index I3,with coefficients derived from Trial II, clones 5326 and 5328 were each included three times.
could not be evaluated for all clones when applied The reliability of an index apparently decreases as
in Trial I. Only clones common to both experiments -the number of traits on which selection is based in-
could be evaluated, creases.

In Trials I and II the coefficients of index I_were
These results demonstrate the data-dependence of estimated from both original and transformed data.

• all the proposed indices and their coefficients. In other Since the variances associated with the traits of in-
. words, two experiments could not be combined if the terest tended to increase with increasing mean, and

clones associated with Trial II were grown under since the coefficients of index I_ were based on es-
conditions different from those of Trial I. timated phenotypic and genotypic variances, the

• transformed data were thought to improve the re-
The number of traits on which.selection is based liability of index I_. A comparison of index I_ in Trial

appears to influence the reliability of an index. For I based on both the original and transformed data
example, when the number of traits associated with revealed identical results. In Trial II the results of
indeX I2in Trial H was reduced from six to two-- index I_ based on both types of data were dissimilar.
STMWT and SLA--and individuals were selected The data transformation (logarithms to the base ten),
on the basis of large values of STMWT and Small therefore, did not improve the reliability of index I_.
values of SLA, clones 5323 and 5328 were selected.

When all six original traits were considered, clones Unlike the other indices, index I_has the built-in
5323 and 5326 were chosen, facility of assigning weights, either economic or bi-

ological, to the traits on which selection is to be based.
As a further extension, index I_ with coefficients The sign and magnitude of these weights depend on

deriVed from Trial I was applied to first-year field the goals of clonal selection. In Trial I equal weights
data composed of clones 5321, 5326, 5323, and 5377. were assumed for lack of other information. As in-
Clone 5323 was chosen after assigning ranks to the formation about the relative importance of these traits
index Values. This compares favorably with results becomes available it can be incorporated into the
o)_tained by indices Ie and I7 applied to Trial II. index and a new set of coefficients will be formed.

The computations associated with indices I6 and Kempthorne and Nordskog (1959) point out that
I?must be executed again whenever a new group of index I_ is reliable only when the genotypic corre-
clones is tested, lations between the traits forming the index are high.

Irtdices and their reliability These correlations were high for the traits in Trial
I, and most, but not all, traits in Trial II.

Five of the seven proposed selection indices were
Bridgwater (1972) used different weights and var-

evaluated using data obtained from Trial I. The cur-
ious combinations of six traits (height, diameter, to-vature and Hamiltonian indices were not evaluated
tal dry weight, specific gravity, volume, and number

because none of the clonal responses over environ-
of limbs per foot) to construct many indices. The form

ments was quadratic and no independent environ-
of these indices was the same as index I_ in our study.• mental measure could be associated with each en-

•vironment. The expected gain (Falconer 1960) was employed as
a means of deciding which index was best according• ..

All seven selection indices were evaluated using to the selection goals. The expected gain was found
data obtained from Trial II. to be high only when the traits height, diameter, and

, total dry weight were incorporated into the index.
In Trial I, reasonable consistency was exhibited Bridgwater (1972) found that a reliable index was

by indices I_, I2,I6, and I7, which selected clones 5265, one containing traits with high genotypic correla-
5266, and 5334 in the top group of five superior clones, tions, such as the three listed above. Our results tend
These result_ compare favorably with those obtained to support these findings.
by Wray (1974).

Index I_ with coefficients estimated from Trial I
In Trial II, the indices produced less consistent was applied to Trial II, and clones 5323 and 5328

results than they did in Trial I. For example, out of were selected. This procedure produced good results
nine cases (seven indices of which indices I_ and Is compared with other indices. After some additional
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calculations, indices I_ and I2 based on data from Indices I6 and I7 are constructed by methods that
Trial II were applied to Trial I, and clones 5334 and involve complex computations, but existing com-
5266 Were among the top five superior clones. These puter programs partially solve this problem. Since

results are acceptable when compared with the re- final selection is a visual process, no mathematical
suits of other indices, functions are needed. Only the plotting of the com-

puter results is required to produce a visual display.
Index I_, when derived from an experiment in-

volving few environments and many clones, gave The computations associated with index Is can
more reliable results than when obtained from an easily be performed on any computer accepting FOR- -
experiment involving many environments and few TRAN. The computations associated with index I7

clones, are performed by an IBM-dependent package called
SAS, which is not available for use on a non-IBM

Index I2 is easy to calculate and, unlike index I3, computer. A procedure called REGR, a subprogram
which bases selection on one trait at a time over of the SAS package, was used to perform MANOVAs
severalenvironments, index I2 bases selection on and produce the canonical variables associated with
several traits over one environment. The latter index various sources of variation of the assumed model.
is preferred because an average value over all en- There is the limitation that the degrees of freedom. . ;.

vironments can be caIculated (environments are as- associated with the source of variation due to regres-
sumed independent). This cannot be done with index sion must be 80 or less. Otherwise the procedure
I3because the traits measured on the same plant are REGR breaks down and the plot of canonical means
•correlated with each other. Index I3must, therefore, cannot be constructed.
be evaluated for each trait separately, which leads
to interpretation problems if there are many traits. In summary, an index based on existing data can
Even ifa canonical variable is used to evaluate index be used reliably to select clones from a new data set

I8, its reliability is.totally dependent on the canonical or a combined data set of new and previously tested
variable. A canonical variable which "explains" a clones--provided the new clones are grown under
large percentage of the total variation in the data-- environmental conditions similar to those under which
say 50 to 80 percent--is not desirable. Canonical the previously tested clones were grown. Given sire-
variable 2 was usually a better discriminator, even ilar environments, all indices present useful infor-
though it "explained" only 10 to 30 percent of the mation in condensed form. Because indices I_and I5
total variation, can be computed only when some independent mea-

sured environmental factor produces a quadratic
Wu (1-973) originally proposed using the curvature growth response, the other indices should be consid-

Of a quadratic equation that was a function of some ered more general. Index I2should be chosen if corn-
indePendent environmental variable as a measure putational base is important. However, index I_ is
of adaptation, in contrast to the procedure outlined best if selection is to be based on unequally weighted
byFinlayand Wilkinson(1963).Wu (1973),however, traits.Indices16and I7are mostusefulifa graphical
s_ted thata varietyisstablewhen itscurvature displayisdesirable.

, approacheszero.We feelthata cloneisstableacross
..- '-alltemperaturesifthecurvatureofaparticularclonal

responsewas near.theoverallaveragecurvature.
_' Thisideawas incorporatedintoindex14.

',I •IndexIs.wasalsoevaluatedbasedon datafrom
' TrialIi,butdidnotperformaswellasindexI4.Pos-

siblynofunction,formedbytheproductofa growth
and growth rate function, which remains constant
over increasing temperature exists. Indices I4 and Is
were not evaluated in Trial I because some necessary
information was absent. Index I4 performed as well
as index I2 when both were based on data from Trial
H. Clones 5323 and 5326 were selected in both cases.
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PREDICTION OF FIELD GROWTH POTENTIAL
_

T. Henn_essey, Assistant Professor, Department of Forestry,
- Oklahoma State University, StiUwater, Oklahoma,

and J. C. Gordon, Head, Department of Forest Science,
Oregon State University, Corvallis, Oregon

J

How well do controlled-environment measure- Source d.f.
ments predict growth in the field? We present here Blocks/Locations 4
guidelines foi_ conducting field trials, methods for Locations(L) 3
relating controlled-environment to field results, and Clones(G) 15LxC 45
actual results of controlled-environment field-cor- Error 60
relation studies. Total 127

• Guidelines for Field Trials Several authors have examined the analysis of
repeated-measurements experiments. Generally,

The most important consideration is to conduct analyses are kept simple if equal subclass numbers
replicated field trials under the environmental and can be maintained. By utilizing plot averages, the
cultural conditions that will prevail in actual prac- experimenter has greater assurance of a balanced
tice. Weed control, planting density, water manage- experiment.
ment, and location should all be similar to intended
practice. Plots should be large enough to exclude The problem of plot size has also been investi-
edge effects, and genotypic composition should be gated. They state that if most of the total cost is
what might be used in practice if specific clones were assignable on a per-plot basis, a small number of
accept. In short, proven field procedures with proper trees should be assigned to each plot. However, ifthe
statistical design should be used. plot is too small, the problem of missing plots arises.

Finally, the authors suggest that the biological ad-
For example, a study could run from 1 year to 3 equacy of data collected from small plots depends on

years, or to rotation age. Sixteen clones could be the magnitude of the correlation between the per-
grown at four locatiorL_ in a two-replicate, random- formance of varieties grown in mixture and that of
ized-block layout. The experimental plots would each the same varieties grown in pure stands. Four clones
Contain four clones spaced 6 feet apart. To eliminate per experimental plot, therefore, appear minimally
border effects, each block would be bordered by two adequate for a field study.
rows ofwhatever clone the experimenter desires. Basal
diameter, total height, and top dry weight should be Field study
the variables on which selection is based. Root var-
iables would be of interest to many silviculturists; In this study, three Populus clones, adapted to
sampling methods for poplar are available. Plot av- southern Canada (5260), southern Wisconsin (5377),
erages would be analyzed so that the analysis would and central Iowa (5339) were used. Tip cuttings taken
be balanced even if mortality occurred in some of from stock plants growing in the greenhouse were
the plots, individually planted in commercial Jiffy-7 pellets,

then placed under an alternating mist system on
The ANOVA table analyses could be carried out greenhouse benches. When the roots emerged from

foreach year separately, then combined for all years, the pellets, 45 of the plants were planted in five Latin
,
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square designs at each of two locations--the State differed from those 2 years, but differed in the same
Nursery in Ames, Iowa (latitude 42°N) and the Hugo way at both locations.

. Sauer Nursery in Rhinelander, Wisconsin (latitude
45°1_. Three degr__s difference in latitudewasenough To supplement the harvest data, the seasonal
to give markedly different environments, and hence growth patterns of the clones were examined. Tr con-
different growth patterns were expected. High levels sistently set bud by mid-July in Ames, whereas in
of nutrients and moisture were maintained in both Rhinelander it grew longer but more slowly than
locations. Stem height and number of leaves were during the first half of the growing season. In Ames,
recorded every 2 weeks. In addition, at approxi- Tr showed approximately the same growth trends
mately 30-day intervals (July, August, and Septem- for all 3 years. At Rhinelander, however, Tr grew
her), a destructive harvest was made of one Latin differently in different years. At the end of the 1972 .
square _(three plants per clone, three clones), and growing season, for example, the total top dry weight
stem height, stem diameter, stem dry weight, leaf of Tr in Rhinelander was almost twice that in Ames,
number, leaf area, leaf dry weight, and total top dry although in 1973 the total top dry weights were al-
weight were measured. This procedure was repeated most identical.

in 1971, 1972, and 1973 at both locations. Cr grew throughout the growing season at both
Growth room locations for all 3 years, although it did not grow

well at either location in 1972. In 1972, Cr grew best
The three Populus clones were placed in Latin in Ames with respect to stem height, stem diameter,

square designs in Percival growth chambers (three and leaf number, while in Rhinelander it grew best
plants per clone, three clones, three photoperiods) to with respect to leaf weight, total top dry weight, and
examine the productivity of individuals as affected leaf area; stem weights were nearly identical. In 1973,
by genotype and photoperiod. Cuttings were taken Cr grew much better in Rhinelander with respect to
from stock plants and rooted under mist, then trans- stem height, stem diameter, and leaf area; other var-
ferred into photoperiods of 13,14, and 15 hours, with iables were similar in both locations, with the ex-
day temperature of 25°C and night temperature of ception of stem weight and total top weight, which
15_C.High nutrient and moisture levels were main- were slightly larger in Ames.
:tained throughout the experiment. Stem height and
number of leaves were recorded approximately every By the end of each of the three growing seasons
4 days until the end of the experiment, when all in Ames, W-5 far surpassed Cr and Tr for all vari-
plants Were harvested and measured as in the field ables measured. In Rhinelander, W-5 usually ranked
s_dy. This portion of the study was replicated four ahead of the other two clones. The differene_ I_etween
timeS, with the total growing period being either 6 the fn_t- and second-ranking clones, however, was
Weeks (one time) or 71/2weeks (three times). Results not as consistently large as in Ames. In 1972, W-5
Were analyzed with correlation analysis as well as grew better with respect to six variables at the
simple ranking according to size. Rhinelander site, with only tree diameter being

slightly larger at Ames. In 1973, W-5 grew better
Field, first-year growth with respect to six variables at the Ames site, with• ,

" Clones were ranked first, second, or third on the only leaf area being slightly larger at Rhinelander.
• basis of their size at the end of each growing period Field, 2- and 3-year growth

for all 3 years. This was done for all seven variables
measured at both locations. Trees that were not harvested by the end of the

1971 and 1972 growing seasons were left to grow _
Wisconsin #5 (W-5) r_nked first or tied for first until the end of the 1973 season. Rankings for 2-

with Crandon (Cr) for all variables measured for all year-old material in Ames were W-5, Cr, Tr for the
three growing seasons at both locations. In Ames, variables stem height and stem diameter, and W-5, •
the ranking was W-5, Cr, Tristis #1 (Tr) for each Tr, Cr for stem weight. Ran_ngs for 2-year-old ma-

variable measured for both 1971 and 1973; for 1972, terial left at Rhinelander were W-5, Tr, Cr for all
the ranking was always W-5, Tr, Cr. Similarly, in variables measured. All three clones, however, were

.. Rhinelander, W-5 r_nked first or tied for first with larger in Rhinelander than in Ames after 2 years.
Crandon for all variables measured for years 1971 For example, Tristis stem weight at Rhinelander was
and !973; for 1972, the ranking was always W-5, Tr, approximately six times that in Ames, and W-5 stem
Cr. In general, growth trends were the same at both weight was approximately twice that in Ames. This
locations for the years 1971 and 1973; 1972 growth is most probably a result of more frequent irrigation

°
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and fertilization in Rhinelander. Rankings for ma- To quantify the relations for the measured vari-
terial left 3 years (planted spring 1971, harvested ables between growth room and field growth, cor-

"- faii 1973) at the Ames location were Cr, W-5, Tr for relation matrices were calculated for three combi-
all variables measured. At Rhinelander, the rank- nations of variables: (1) all variables in one location
ings were W-5, Cr, Tr for all variables measured, with all variables in the same location; (2) each var-

iable in one photoperiod with each variable in the

In general, after 3 years' growth, Cr grew much same photoperiod; and (3) each variable in each 1o-
" better at Ames, W-5 grew somewhat better at cation with each variable in the different photo-
_ Rhinelander, and Trgrew only slightly better at Ames. periods. Thus, it was possible to get "r" values, for
. example, between stem height in Ames and stem

Growth Chamber height in a cert_n photoperiod (table 27).

Clones were ranked first, second, or third for each Discussion
variable at the end of the growing period. The one

growth period of 6 weeks was combined with the By examining the values in table 27, it can be
three.growth periods of 71/2weeks, and the pooled seen that the 13-hour photoperiod yielded the poor-
means were used as a basis of comparison. Thus, each est growth_mmber and field correlations. This would
mean value represented 12 trees (three trees per indicate there is less discrimination in ranking of
clone, four replications), clones in this photoperiodic treatment than in the

longer photoperiods. The results, indeed, showed that
In the 13-hour photoperiod the ranking was W-5, the magnitude of the difference in performance be-

Cr, Tr for the variables stem height, stem diameter, tween the three clones was least under the 13-hour
leaf weight, number of leaves, and total top weight; treatment. Higher "r" values were obtained between
for the Variable leaf area, ranking was Cr, W-5, Tr. field and 14-hour growth-chamber performance, with
In the 14-hour photoperiod the ranking was again the highest values being obtained between field
W-5, Cr, Tr for the variables number of leaves, leaf growth and 15-hour growth. Greatest differences in
weight, leaf area, stem weight, and total top weight; performance between clones were observed in the
but the stem diameter ranking was W-5, Tr,Cr. Stem growth room at the longer photoperiods.
height exhibited a third order: Cr, W-5, Tr. In the
15-h0ur photoperiod treatment, the ranking was W- An average correlation value was calculated for
5, Cr, Tr for leaf weight, number of leaves, and leaf each location and photoperiod; this value increased
area. Ranking for stem height, stem weight, and progressively by photoperiod for both locations. Thus,
stem. diameter was W-5, Tr, Cr. Thus, W-5 ranked ranking of clones between the growth room and the
first in all variables except 13-hour leaf area and 14- field appears consistent for each variable measured,
hour stem height. Tr ranked last in 16 of the 21 and variability in the field when averaged over sev-
measurements. Differences among clones were least era] trials is evidently not large enough to disrupt
in the 13-hour photoperiod, greater in the 14-hour this ranking.
phot0period, and usually greatest in the 15-hour

• photoperiod.

. Table 27..---Correlation coefficients (_r") between growth chamber and field growth, by growth chamber pho.
w

toperiod and field location, with clones and years pooled

Reid Growthchamber
location photopedod SH SO LW TTW LA I.H SW XR

• 13HR 0.82 0.44 0.44 0.57 0.31 0.60 0.90 0.58
Ames 14HR .33 .91 .79 .83 .79 .81 .82 .75

15HR .80 .85 .86 .88 .78 .89 .90 .85
13HR .65 .34 .26 .34 .32 .47 .65 .43

Rhinelander 14HR .30 .65 .70 .59 .69 .66 .53 .59
15HR .61 .61 .56 .59 .68 73 65 .63
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Values for the correlations between Ames and the Burr, R. W. Mass propagation of ferns through tissue
three photoperiods are larger than those between culture. In Vitro 12(4): 309; 1976.

. Rhinelander and the three photoperiods. This may Campbell, R. A.; Durzan, D. J. Induction of multiple
be because there was less difference between the buds and needles in tissue cultures of P/c_ g/auc_
first- and sec0nd:ranked clones at Rhinelander for Can. J. Bot. 53(16): 1652-1657; 1975.
many variables. Cheng, T. Y. Adventitious bud formation in culture

of Douglas fir (Pseudotsuga menziesii (Mirb.)
Ranking. was consistent in the field at both loca- Franco). Plant Sci. Letters 5(2): 97-102; 1975.

tions for 1971 and 1973. Although W-5 did rank first Cooper, A. J. Crop production in recirculating nu-
in 1972 also, the fact that the rankings were incon- trient solution. Scientia Horticulturae 3(3): 251- :
sistent with the other 2 years with respect to Tristis 258; 1975.
and Crand0n was due to the poor growth of Crandon Cram, W. H. Performance of seventeen poplar clones
in 1972. It is possible that differences in climate in South Central Saskatchewan. For. Chron. 36:
caused this difference in growth pattern. First, the 204-208; 1960.
monthly averages in temperature forJune, July, Au- Dawson, D. H.; Hutchinson, J. G. Farming for fiber.
gust, and September were all below the 10-year av- WI. Conserv. Bull. (May-June): 24-26; 1973.
erage at the Ames!ocation (National Oceanic and Durzan, D. J.; Campbell, R. A. Prospects for the mass
Atmospheric Administration 1972). Second, the production of improved stock of forest trees by cell
monthly solar radiation totals for June, July, and and tissue culture. Can. J. For. Res. 4(2): 151-174;
August Were lower in 1972 than in 1971 at Ames. 1974.
Third, the percentage of possible sunshine days (100 Dykstra, C. F. Critical nitrogen level of two Populus
percent ffi full sun) was significantly below average clones: growth, nitrate reductase and allometive
•for July, August, _and September in 1972, and below response. Ames, IA: Iowa State University; 1972.
averagefor July and August in 1971 and 1973 (Waite Unpublished Ph.D. thesis.

I and Shaw 1961). Temperature readings also were Elston, R. C. A weight-free index for the purpose of
belownormal forJune, July, August, and September ranking or selection with respect to several traits

._ at the Rhinelander location in 1972. at a time. Biometrics 19: 85-97; 1963.
Falconer, D. S. Introduction to quantitative genetics.

By the end of the third year at Ames, Crandon New York: The Ronald Press Company; 1960. 117
was firmly in first place. Tristis continued to set bud p.
early in the season at Ames, resulting in its being Finlay, K. W.; Wilkinson, G. N. The analysis of
considerably behind the other two clones after 3 years, adaptation in a plant-breeding program. Austra-

• lian J. Agric. Res. 14: 742-754; 1963.
This study showed that there was consistency in Gordon, J. C.; Promnitz, L. C. Photosynthetic and

ranking of clones between the growth chamber and enzymatic criteria for the early selection of fast-
the field for many variables for 1- and 2-year growth, growing Populus clones. In: Cannell, M.; Last, F.,
Although growth differences did occur between years, eds. Tree Physiology and Yield Improvement. Lon-
the variability, when averaged over several years, don: Academic Press; 1976: 79-97.
Was not enough to disrupt these rankings. Hanson, W. D.; Johnson, H. W. Methods for calcu-

lating and evaluating a general selection index
Therefore, it seems that it may be possible to es- obtained by pooling information from two or more

timate initial field growth potential of clonal ma- experiments. Genetics 42: 421-432; 1957.
terialby means of a preliminary analysis of selected Hasegawa, P. M.; Murashige, T.;_mtori, F. H. Prop-

. Variableswhen thematerialisgrown incontrolled agationofasparagusthroughshootapexculture -
environments. II. Light and temperature requirements, trans- ,

w

plantability of plants, and cyto-histological char-
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