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The physiological condition of tree seedlings at the time they

are planted can have a profound impact on their subsequent field

performance. Damaged or low vigor seedlings have a much greater

chance of dying in the field, or at best, of growing slowly during

their initial establishment period.

Several methods of evaluating the physiological quality of seed-

lings are currently used to try to predict how seedlings will perform

after outplanting. The root growth potential (RGP) approach measures

the ability of seedlings to initiate and elongate roots when placed in

an environment favorable to root growth. The vigor method, or test,

monitors the survival and bud burst of potted seedlings in a growth-

stimulating environment. While both methods reportedly provide a

general indication of seedling health or vigor, the effectiveness

of these techniques in actually predicting field survival and height

growth of Douglas-fir [Pseudotsuqa menziesii (Mirb.) Franca] seedlings

has either not been sufficiently documented, or there have been incon-

sistent results. A primary goal of this research was to evaluate and



compare how well these methods predict growth and survival of Douglas-

fir seedlings.

Another goal was to examine two new, more rapid, methods of eval-

uating seedling quality and determine how effective they are. The

first of these, called the PMS method, monitors changes in plant

moisture stress (PMS) of potted seedlings during a one-week interval

in the growth room. The second method measures the root respiration

rate of seedlings to determine if changes in seedling quality are

reflected in altered root respiratory activities.

Results from these studies indicated that measurements from both

the RGP and vigor method were significantly correlated with first- and

second-year survival and height growth for two Douglas-fir seed

sources planted on a variety of sites. For RGP, the best predictor of

field performance was the number of new roots greater than 0.5 cm

produced during 28 days in the growth room. For the vigor method, the

survival of both stressed and unstressed seedlings after 6 weeks in

the growth room were the best predictors. Seedlings from lots that

produced more new roots, or had higher growth room survival, also had

higher field survival and greater growth. The RGP procedure was the

best predictor of seedling terminal height growth, while the vigor

method was the best predictor of field survival. When these proce-

dures were used in conjunction, correlations with field performance

variables improved slightly, but not enough to justify the time and

expense of using both.

Measurements of plant moisture stress were found to reliably

predict damage to seedlings caused by accidental freezing. In addi-



tion, this pressure chamber method predicted reductions in field

survival and growth caused from several other types of injury. In

contrast, root respiration measurements were not consistently related

to growth-room survival or growth and this approach does not appear

promising as an effective evaluation procedure.
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CHAPTER I

INTRODUCTION

There are many ingredients that go into a successful refores-

tation program. An especially critical component is vigorous,

healthy seedlings at the time of outplanting. Regardless of the

time, energy and resources invested in site preparation, animal

protection or vegetation management, the regeneration effort will

fail if the seedlings have been seriously mistreated or damaged prior

to planting.

Fortunately, knowledge and understanding of the physiological

requirements of coniferous stock has expanded greatly during the last

several decades. For example, much more is now known about dormancy

initiation and deepening and the environmental signals which trigger

these physiological changes (Lavender 1985). This information has

helped nursery and greenhouse managers and others involved in rearing

outplanting stock to tailor culturing practices to satisfy the phy-

siological needs of seedlings. As a consequence of these improved

techniques, seedlings produced today are, generally, more vigorous

and healthy than ever before.

In spite of these improvements, however, seedling injury and

quality degradation still occur. An example occurred in October of

1985 when there was an unseasonal cold spell in the Pacific North-

west. Unprotected seedlings in bare-root nurseries were exposed to

temperatures which normally don't occur until a month later. Many



2

were not sufficiently conditioned or "hardened" to withstand these

low temperatures and, as a result, were severely frost damaged.

Another, more localized example of seedling injury occurs when

seedling roots are accidentally left exposed and dry out. Even if

the roots are quickly re-watered, there may be irreversible tissue

damage.

Some types of damage are relatively easy to detect. Stems

girdled by soil organisms, for instance, are visible on a grading

table, and nursery personnel can be trained to cull affected seed-

lings. In many other cases, however, there simply aren't visible

symptoms to indicate injury, and damaged trees remain unidentified.

In the above examples of freezing and desiccation injury, there may be

little or no visual symptoms until the summer after planting, when

high field mortality provides evidence that something went wrong.

The inability to identify damaged stock, or discriminate between

seedlings with high and low field performance potential, creates a

dilemma for the foresters or landowners who are preparing to plant

seedlings. If damage is suspected and seedlings are discarded,

there is a chance that healthy stock will needlessly be thrown out.

If, on the other hand, damaged, low-vigor trees are outplanted and

there is a plantation failure, substantial additional costs will be

incurred. Replacement seedlings will have to be purchased and plant-

ers hired to plant them. In addition, the interval between initial

and subsequent planting can allow competing vegetation to flourish,

requiring costly vegetation management procedures that were not

necessary for the original planting. Even if poor quality seedlings
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survive, they often grow slowly and develop a "bottle brush"

appearance. This reduced growth rate during the establishment period

also increases costs since it lengthens the rotation age and therefore

reduces the present net worth of the land. It also increases the

vulnerability of seedlings to competing fast-growing vegetation.

Clearly, it would be very useful to have a reliable means of

assessing the physiological status of seedlings before they are out-

planted. Such a procedure would enable foresters to identify and

discard poor quality stock before planting. If refined sufficiently,

it could also help reforestation personnel rate lots according to

their field performance potential and match lots with differing

physiological characteristics to different outplanting sites.

Another benefit of an effective evaluation procedure would be that

stock could be monitored in nursery beds or in cold storage, and the

effects of alternative regimes or treatments could be appraised.

Finally, information on the physiological status of seedlings at

outplanting, coupled with accurate record keeping, could facilitate

determining the relative importance of factors responsible for refor-

estation success or failure (i.e. initial stock quality, weather,

site characteristics, animal damage, etc.).

The idea of evaluating stock quality is not a new one. Initial

efforts to grade seedlings were premised on the view that "what you

see is what you get" and were based solely on morphological criteria.

In the late 40's, however, Wakeley (1949) introduced the concept that

there are also physiological grades of seedlings, unrelated to mor-

phology, which may be more important to field performance than
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physical appearance. Since that time, there have been a number of

attempts to develop methods of identifying the physiological status

of seedlings (Ritchie 1984). Probably the most widely tested and used

procedure is called the root-growth capacity or root-growth potential

(RGP) technique (Ritchie 1985). This method measures a seedling's

ability to grow roots when placed in an environment favorable to root

growth. If seedlings grow many new roots in a test environment, they

are rated as having a good chance of surviving and growing in the

field, since this ability confers on them an increased capacity for

taking up moisture and nutrients.

Another approach, more recently developed and used at Oregon

State University, is called the OSU vigor method or test (Hermann and

Lavender 1979; McCreary and Duryea 1985). This procedure uses the

survival and bud burst of potted seedlings placed in a growth-stimu-

lating environment as an index of vigor. In addition, this method

incorporates the idea that if seedlings can withstand a root-desic-

cating stress treatment before they are potted, they have a good

chance of surviving the normal stresses associated with operational

planting and first-year establishment.

There are other current evaluation methods that are designed to

measure a specific aspect of physiology, rather than trying to cha-

racterize seedlings' overall physiological status. For instance,

several procedures have been developed to measure frost hardiness

(Timmis 1976). Other techniques and instruments are used to assess

plant water potential (Joly 1985), or the nutrient content of foliage

(Landis 1985). More recently, researchers have started to examine
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levels of certain biochemical constituents in seedlings, including

carbohydrate reserves (Marshall 1985) and plant-growth regulators

(Zaerr 1985).

In spite of the great interest in developing reliable methods of

assessing seedling quality, and the relatively large amount of re-

search on this subject, it is generally recognized that there is

still no foolproof way of predicting how well seedlings will survive

and grow when they are outplanted. There is also little consensus,

either among foresters or researchers, about when seedling lots

should be tested (routinely, or just when damage is suspected), what

types of measurements should be made, and how the data should be

interpreted and used.

The goal of the research described in this thesis was to shed

light on this subject of evaluating seedling quality as it relates to

the survival and growth of Douglas-fir seedlings. The specific

objectives were: (1) to determine if a new assessment technique

using a pressure chamber can be used to identify freezing damage to

seedlings, as well as other types of injury; (2) to evaluate and

compare the RGP and OSU vigor methods and determine how well each

predicts survival and growth of seedlings planted on a variety of

sites in Oregon; (3) to see if a combination of evaluation procedures

can improve the accuracy of predicting field performance; and (4) to

determine if root respiration rates are related to seedling vigor and

can be used to predict the survival and growth of potted seedlings.

This thesis is written in manuscript form and contains four

separate papers, each of which has either been published or has been



submitted for publication in a research journal or as part of a

proceedings. Each of these papers constitutes a chapter and contains

its own illustrations. An overall literature review chapter on the

subject of evaluating seedling quality precedes these papers. All

references cited there, and in all other chapters, are listed in the

bib] iography.

The first paper describes an experiment which examined whether

or not measurements of plant moisture stress made with a pressure

chamber could be used to predict the growth room survival of seed-

lings previously exposed to a range of freezing temperatures.

The second paper outlines the principles, procedures and predic-

tive abilities of the OSU vigor method. Included in this chapter are

the results of a preliminary study which examined how well this

method predicted field growth and survival of outplanted seedlings.

The third paper describes a comprehensive experiment which eval-

uated three separate methods of assessing seedling quality - RGP,

vigor and PMS. This study compared the effectiveness of each method

in predicting first- and second-year height growth and survival, and

examined whether or not predictive models of field performance for

each method varied for different seed sources, planting sites or

planting dates. In addition, it tested whether or not using two,

rather than a single evaluation method resulted in better predictions

of field performance. Finally, it compared how well each procedure

detected different types of seedling injury.

The last paper describes an experiment designed to find out if

root respiration measurements can be used to index seedling vigor and



predict the survival and growth of potted seedlings of varying quali-

ty.

It is hoped that the information contained in these papers will

help nursery and reforestation personnel more effectively assess the

physiological condition of outplanting stock, thereby improving re-

forestation success in the Douglas-fir region.



CHAPTER II

LITERATURE REVIEW

It has long been recognized that the condition or quality of a

seedling at the time it is outplanted can have a pronounced effect on

its subsequent survival and growth. However, there has been little

consensus over the years as to what constitutes a high quality seed-

ling. Initially, seedlings were graded and culled solely according

to their physical appearance. Morphological grades were generally

based on seedling size, but occasionally also took into account root

form, shoot-root ratio, the appearance of winter buds, and presence

or absence of secondary needles.

The few early studies which examined the relationship between

seedling size and field performance supported the common belief that

bigger seedlings are better seedlings. In an experiment with several

coniferous species, Paton (1929) concluded that smaller trees in

nursery seed beds were small because of an inherent lack of vigor,

and that "small trees, being weaklings, are less desirable than the

larger ones.'t Chapman (1948) compared the field performance of var-

ious grades of 1-0 shortleaf pine (Pinus echinata) planting stock and

found that stem caliper was closely related to field survival and

growth. A year later, Pomeroy et al. (1949) compared four grades of

jack pine (Pinus banksiana) seedlings and reported progressively

better survival and early height growth with larger grades of seed-

lings -- those with taller tops and longer, more developed root

system. Similarly, in a study in the Lake states, it was reported

8
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that when 2-0 red pine (Pinus resinosa) seedlings were graded into

large, medium and small classes, the small stock had much higher

mortality than the large stock at age 10 (Stoeckeler and Limstrom

1950). Fowells (1953) reported superior performance of large ponde-

rosa (Pinus ponderosa) and Jeffrey pine (Pinus jeffreyi). He

concluded that in the absence of a better system of grading stock,

discarding the smaller trees results in better plantation survival and

growth. A more recent study by Zaerr and Lavender (1976) reported

lower survival for Douglas-fir seedlings with a fresh weight of less

than 4 grams than for seedlings that weighed more than 4 grams at the

time of planting.

In several of the above studies, however, results were not always

consistent and there were instances when smaller, or even cull

seedlings, outperformed larger stock. Chapman (1948) found that in

some plots, the shortest seedlings had the greatest survival and

height growth. Pomeroy et al. (1949) reported that inferior grades

that grew less initially, were about the same size as the thrifty,

well balanced trees after 13 years. And Zaerr and Lavender (1976)

showed that seedlings in the heaviest classes had lower survival than

medium sized seedlings.

Wakeley (1949) questioned the validity of using morphology as a

basis for grading stock. Reporting on the field performance of

southern pine nursery stock planted in the 1930's and 40's, he con-

cluded that morphological grades were not consistently dependable

guides to the selection of good seedlings, and that in some instances,

very large trees were inferior to smaller ones. Furthermore, he
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compared seedlings of the same morphological grade, but raised in

different nurseries, and observed that when they were planted on the

same site, survival varied by as much as 65%. Wakeley suggested that

initial survival and height growth of planted southern pines likely

depended on their ability to grow roots and stated that "a seedling's

ability to resist excessive water loss, to take in water, and to

extend its root system promptly, might depend far less on it size and

form, than on its internal chemical or physiological condition -- that

is, on its physiological grade."

Wakeley expanded on this idea of physiological grades of seed-

lings in a book on southern pines (1q54). He reported the results of

a two-year grading study which "showed conclusively that the physio-

logical qualities of seedlings can overbalance the effects of their

morphological grades on survival and growth." This conclusion did

not imply that morphology had little or no influence on field perfor-

mance. Clearly, that is not the case. A recent review article on

seedling mo'phology reported numerous studies which have found that

initial size often greatly influences both survival and growth

(Thompson 1985). Wakeley did demonstrate, however, that there are

internal physiological characteristics of seedlings which can be even

more important to outplanting performance.

In the 1950's and 60's, Stone and co-workers at the University

of California at Berkeley tried to develop a method of measuring a

seedling's physiological status. In an initial study, Stone (1955)

compared the root development of several conifers lifted and potted

at different times of the year. Although seedlings lifted on
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different dates looked almost identical, there were dramatic

differences in the number of roots they produced, as well as in their

survival after repotting. Almost all seedlings which had not produced

new roots during the initial 60 days in pots died during a subsequent

120 day interval

In a series of subsequent studies, Stone and co-authors sug-

gested that the root regenerating potential (RRP) or root-growth

potential (RGP) of a seedling is critical to its success or failure

in the field (Stone and Schubert 1959a; Stone and Schubert 1959b;

Stone et al. 1961; Stone and Benseler 1962). They defined both of

these terms as the ability of a seedling to initiate and elongate

roots when placed in an environment favorable to root growth, and

derived numerical RGP values by counting the number of new roots a

seedling produced during one month in a greenhouse with soil main-

tained at 20°C (Stone et al. 1963). These studies showed that there

was a marked periodicity in RGP for a variety of coniferous species,

and that RGP varied with lifting date (Stone and Schubert 1959d;

Stone and Schubert 1959f; Stone et al. 1962; Stone et al. 1963). The

studies also indicated that a number of other factors also influenced

RGP, including the length of cold storage (Stone and Schubert 1959c),

the nursery where seedlings were grown (Stone et al. 1963), nursery

fumigation (Krugman et al. 1965), night temperature (Krugman and

Stone 1966), and soil moisture levels (Stone and Jenkinson 1970).

Since these early studies, a number of authors have 'investigated

a variety of relationships between RGP and environmental conditions,

physiological parameters and culturing practices. Van den Driessche
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(1978) and Ritchie (1982) examined whether or not the levels of

carbohydrate reserves were related to changes in RGP, but neither

could demonstrate a strong link. Likewise, Zaerr (1q67) reported

that auxin concentration in shoots seemed to have little influence on

RGP. In contrast, repeated nursery root wrenching increased RGP for

Caribbean pine (Pinus caribaea) (Bacon and Bachelard 1978) and for

radiata pine (Pinus radiata) (Rook 1969), while low soil temperature

adversely affected the initiation and elongation of new radiata pine

roots (Nanibiar et al. 1979).

Most of the studies of RGP have used environmental conditions

and evaluation intervals similar to those initially described by

Stone. Burdett (1979), however, reported that a more rapid 1-week

test, using warmer temperatures, also successfully predicted the

survival of outplanted lodgepale pine (Pinus contorta) seedlings. He

also compared the results of seedlings grown for one week under two

separate temperature regimes and found extremely close correlations.

He concluded that, "for comparative purposes, the results obtained

are, within quite wide limits, largely unaffected by the test condi-

tions used."

Stone examined the relationship between RGP and field survival

and found that seedlings with high RGP had the best survival (Stone

1955; Stone and Schubert 1959a; Stone and Schubert 1959d; Stone et

al. 1961). Others reported similar findings. In reviewing the

literature on RGP, Ritchie and Dunlop (1980) stated that "while it

has been difficult to establish a clear cause-effect relationship

between RGP and seedling survival after planting, a compelling body
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of evidence indicates that the two are often closely correlated."

Most of the studies relating RGP and survival have measured the

effects of varying lifting dates and storage intervals on each

variable. From this research, the idea originated that there are

"lifting windows," or times during the year when seedlings can be

safely lifted. During these periods, RGP is high and seedlings can

be lifted, stored and outplanted without a serious degradation in

quality. Jenkinson researched this phenomenon extensively and

reported that lifting windows vary by seed source for both yellow

pines (1980) and Douglas-fir (Jenkinson and Nelson 1978). He also

reported that lifting windows can vary greatly among nurseries

(Jenkinson 1984).

Unfortunately there has been little data indicating that poor

survival resulting from causes other than untimely lifting and stor-

age is related to low RGP. One exception is a recent study (Feret et

al . 1985) which reported that varying storage temperatures and dura-

tions affected both RCP and field survival of loblolly pine seed-

1 ings.

There have been relatively few studies which have examined the

relationship between RGP and field growth. Sutton (1980) reported

significant correlations between height increment and RGP for both

jack pine and white spruce (Picea glauca), but noted that the great

variability in RGP measurements obscured these relationships. Feret

et al. (1985) found that the relationship between RGP and first-year

height increment of loblolly pine (Pinus taeda) seedlings was curvi-

linear, as did Burdett et a]. for lodgepole pine (1983). Feret and
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Kreh (1985) also reported significant correlations between RP and

both first- and second-year height increment.

While the current body of evidence supports the idea that RGP

can be used to predict field performance, it has not been established

that root growth measurements can identify seedling damage from causes

other than early lifting and long storage. Further documentation of

the relationship between RGP and field growth is also needed to more

fully evaluate the usefulness of this approach for predicting field

performance.

Another method of evaluating stock quality, developed and tested

at Oregon State University, is the OSU vigor method. This evaluation

procedure monitors the survival and bud burst of potted seedlings

placed in a growth-stimulating environment. Prior to potting, half

of the seedlings are placed in a "hot-dry" (32°C, 30% R.H.) room for

15 minutes, which dries out the roots. This stress treatment is

designed to simulate the stresses associated with planting and first-

year establishment. Theoretically, this exposure causes weak, low-

vigor seedlings that would die or grow slowly in the field, to also

die or have delayed bud burst in the growth room. Depending on the

extent of mortality and speed of bud burst, lots are rated for their

field performance potential.

There has been relatively little research or information pub-

lished on this evaluation technique. Hermann and Lavender (1979)

described the methods used in this procedure in a research note.

Lavender et al. (1980) reported a positive correlation between growth

room survival of stressed seedlings and field survival, although the
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relationship was not a strong one. In a preliminary study, McCreary

and Duryea (1985) reported positive correlations between both

stressed and unstressed growth room survival and the field survival

and height growth of Douglas-fir seedlings. They also reported signi-

ficant correlations between both stressed (R = .63) and unstressed

(R .44) survival and field survival for 106 lots operationally tested

in 1981 and planted on a variety of sites in Oregon.

Even though this limited amount of data suggests that the vigor

method can successfully predict field survival and growth, further

research is needed to delineate the relationships between growth room

responses and field performance.

Other methods or procedures for evaluating seedling quality have

also been developed and used, but most of these measure a specific

aspect of seedling physiology, rather than attempting to characterize

the overall physiological quality of seedlings. In a review article

on assessing seedling quality, Ritchie (1984) defined these ap-

proaches as measuring "material attributes" of seedlings, in contrast

to "performance attributes", which are measured in the RGP and OSU

vigor methods. Ritchie stated that material attributes are often

more easily measured, but " have relatively low predictive value,

unless they fall outside some normal range." This contrasts with

performance attributes which, he stated, "often correlate well with

seedling performance, but tend to require laborious and time consuming

procedures."

An important material attribute which is routinely measured in

bare-root nurseries is plant water potential, or plant nioisture
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stress (PMS). In a review article on seedling quality, Bunting went

so far as to say that moisture content "is the single most important

factor to consider in assessing physiological quality because if the

moisture content is allowed to drop below certain critical levels,

then other considerations are academics (Bunting 1980). Measurements

of PMS are made with pressure chambers and are used by nursery per-

sonnel to help schedule the proper timing of irrigation (Zaerr et al.

1981) and other culturing practices, including wrenching and lifting

(Edgren 1984). PMS measurements are also used to periodically check

seedlings in cold storage and determine if adequate moisture is

available (Cleary and Zaerr 1980). In these capacities, PMS measure-

ments are used to ensure that seedling quality is maintained in the

nursery and during storage, rather than to help assess the vigor or

quality of seedlings after they are harvested.

It has been suggested that PMS measurements could also be used to

measure frost hardiness of seedlings, since frost damage can rupture

cells and alter internal water relationships. Bixby and Brown (1974)

found that there was an initial decrease in water stress following the

freezing of black locust (Robinia pseudoacacia) and suggested that a

pressure chamber could be used to assess frost hardiness. Timmis

(1976) also tested pressure chambers for use in screening seedlings

for frost hardiness, and reported a similar change in the PMS of

seedlings following freezing. The reliability of this approach, how-

ever, has not been rigorously tested, and all research to date has

only measured the difference in PMS before and after freezing. An

alternative approach, yet to be tried, is to pot frozen seedlings and
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examine whether, or not their PMS values change over time. If success-

ful, this approach could be used to discriminate between seedlings

damaged by freezing and those not injured.

A relationship between plant moisture stress and root growth

was reported by Day and MacGillivray (1975). They measured both the

RGP and PMS of white spruce seedlings grown at different soil

moisture contents and found that reductions in root growth were ac-

companied by increases in moisture stress. They concluded that if

roots are regenerated, water is absorbed and turgor is maintained.

If, however, there is no root growth, the intimate contact with the

soil is lost, and PMS will rise. A significant correlation between

shoot xylem water potential and RGP at the time of removal from cold

storage has also been reported for several hardwood species (Webb and

Von Aithen 1980). These studies suggest that PMS may indirectly

measure RGP and thereby assess seedling quality. However, Zaerr and

Lavender (1986 pers. commun.) found that both PMS and subsequent

survival were both low for seedlings lifted and stored during October.

Another material attribute of seedlings is root respiration

rate. Several studies have shown that root respiration, like RGP,

does not remain the same during the year, but varies seasonally

(Láhde 1967; Johnson-Flanagan and Owens 1986). It is also influenced

by environmental conditions. Not surprisingly, root respiration rate

increases with increasing temperature (Boyer et al. 1971; Barnard and

Jorgensen 1977; Sorensen and Ferrell 1972). The effects of water

stress on root respiration, however, are not as clear. While in-

creased water stress has been reported to result in lower respiration
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rates (Zavitkovski and Ferrell 1968; Puritch 1973; Brix 1979), a

temporary peak in respiratory activity following moisture stress has

also been found (Brix 1962).

The presence of mycorrhizae on roots has been reported to

increase respiration rates (Mikola 1967; Barnard and Jorgensen 1977).

Similarly, rough handling of roots (Godwin 1935), or cutting part of

the root system (Láhde 1967) caused increased CO2 release. Nursery

chemicals, on the other hand, such as fungicides, insecticides and

herbicides, were reported to inhibit root respiration (Voigt 1953).

It's been suggested that root respiration rate is linked to root

growth and that measurements of respiratory activity could be used to

estimate the RGP of seedlings. For instance, Johnson-Flanagan and

Owens (1986) found that the respiration of root segments from seed-

lings grown under favorable conditions was proportional to the number

of white roots at the end of the test period. The authors concluded

that root respiration may even be a better indicator of seedling

survival potential than RGP, since changes in respiration were corre-

lated with both root and shoot development throughout the year.

Lhde (1967) also concluded that the health or vigor of root systems

could be determined from root respiration measurement. He stated,

"on the basis of respiration experiments, it is possible to describe

root vitality, both in terms of nutrient and ion uptake, as well as

growth rate."

On the basis of this limited data, it appears that measurements

of root respiration rate may be useful in assessing the physiological
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condition of planting stock and predicting their potential for suc-

cessful field survival and growth.

This overview of the literature of current and proposed methods

of evaluating seedling quality indicates that despite attempts to

develop procedures to characterize the physiological status of seed-

lings, there is, at present, no foolproof technique which can accur-

ately predict how seedlings will perform when they are outplanted.

This is partially due to the fact that planting conditions and en-

vironments often vary greatly, and a seedling lot of uniform quality

will likely survive and/or grow differently depending on how and where

it is planted. But it is also due to the nature of the seedlings that

are being evaluated. They contain many complex and interrelated

physiological systems, the sum of which constitutes their quality or

condition. While a given evaluation procedure may be able to identify

how one, or several of these systems are functioning, it is unlikely

that any single measurement or approach will be able to characterize

the quality of a seedling as a whole.



CHAPTER III

USING A PRESSLIRE CHAMBER TO DETECT DAMAGE TO

SEEDLINGS ACCIDENTALLY FROZEN DURING COLD STORAGE'

ABSTRACT

During cold storage, seedlings are sometimes accidentally

frozen. A study to determine if a pressure-chamber device could be

used to detect the extent of this type of injury indicated that the

change in plant moisture stress of potted seedlings during the first

week after freezing is a reliable measure for predicting seedling

survival
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'This chapter has been published as a paper in: McCreary, D.D.
1984. Using a pressure chamber to detect damage to seedlings
accidentally frozen during cold storage. Proceedings, Interniountain
Nurseryman's Association 1983 conference, Las Vegas, Nevada. USDA
For. Ser. Int. For, and Range Exp. Sta., Ogden, Utah, Gen. Tech. Rep.
Int-168. p. 58-60.



INTRODUCTION

Storage of bareroot seedlings is often a necessary step in the

reforestation of conifers, as labor, geographic, and climatic con-

straints make it virtually impossible to plant seedlings immediately

after they are lifted. It is well established that the temperature

during storage can greatly affect seedling quality (Hocking and

Nyland 1971). Currently, most conifer seedlings are stored between

00 and 3°C because cold temperatures reduce respiration and inhibit

the development of harmful molds. But, despite improvements in the

overall quality of refrigeration facilities, occasional equipment

malfunctions result in seedlings being exposed to subfreezing tempe-

ratures. Such exposure can be especially injurious to root systems,

which are more sensitive to freezing than shoots. Unfortunately we

know little about the tolerance of roots to this type of injury, nor

is there a simple and effective method of identifying its extent.

When such a storage problem is discovered and it must be decided

whether seedlings should be discarded or planted, there is little on

which to base a decision. Consequently, in December 1982, as part of

the Nursery Technology Cooperative at Oregon State University, we

initiated a study to determine if a pressure-chamber device could be

effectively used to identify seedlings that were severely damaged by

accidental freezing during storage.

21



METHODS

One-hundred 2-year-old Douglas-fir (Pseudotsuga nienziesii

[Mirb.] Franca) seedlings from a common seed source were randomly

divided into 10 equal groups for 10 temperature treatments. Each

group was placed in a sealed plastic bag in a freezing chamber

programmed to remain 1 hour at +10C. The temperature was then

lowered at the rate of 2°C per hour. We removed the first bag at

-3°C and continued to remove one bag every half hour at each drop of

1°C until the temperature was -12°C. Immediately after removal from

the freezing chamber, each bag was placed in a cold room (+1°C) and

left overnight to thaw gradually.

The day after thawing, all seedlings were tagged with their

freezing-treatment number and planted randomly in pots, one seedling

from each treatment in each pot.

The following day, a small lateral branch from each seedling was

removed and placed in a pressure chamber to determine its plant

moisture stress (PMS). This procedure was repeated on the fourth and

sixth days after potting. PMS was recorded as a positive number, so

that an increase indicated greater water deficit within the

seedlings. The night before each PMS determination, all pots were

watered to field capacity to ensure similar soil moisture conditions

for each pot on each evaluation date.

The seedlings were maintained for 2 months in a growth room

under a 16-hour photoperiod and constant 22°C temperature. During

this time, the pots were watered regularly and soil moisture remained

22
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fairly high. At the end of this period, we recorded the percentage

of dead seedlings from each of the 10 freezing treatments and calcu-

lated the average PMS per treatment for each assessment date. For

each treatment, we calculated the average absolute increase and

average percentage increase in PMS between the first and fourth and

the first and sixth days after planting.

We then determined if there was a significant relationship

between freezing temperature and P1S on each date. Next we calcu-

lated correlation coefficients for the relationships between mortali-

ty and absolute and percentage changes in PMS over all treatments.

Finally, we determined the average PMS for seedlings that lived and

those that died and tested for significant differences. All reported

differences were significant at P = 0.01 unless otherwise stated.



RESULTS

Twenty of the original 100 seedlings died during the 2-month

assessment period. Figure 111.1 shows mortality percentages for each

freezing treatment. Sixteen of the dead seedlings were from the two

lowest temperatures, which indicates that among seedlings of the seed

source used, the threshold temperature for lethal damage (-11°C) was

quite uniform. Figure 111.2 shows average PMS by treatment for each

assessment date. There are three interesting things to note: first,

that average PMS for all treatments increased over time; second, that

first-day PMS tended to be lower in the colder treatments (freezing

temperature and PMS were significantly and positively correlated); and

third, that this initial trend dramatically reversed during the

following 5 days. Seedlings from the two coldest treatments had the

highest average PMS values on the sixth day after planting, and

freezing temperature and PMS were significantly (P = 0.05) and

negatively correlated.

The relationships between lethal freezing injury and PMS (Fig.

111.3) show that seedlings that died had significantly lower initial

PMS values that then rose precipitously. Seedlings that lived had

higher initial PMS values that increased gradually between the first

and fourth days and then remained relatively unchanged. PMS on the

sixth day, and the percentage difference between the first and sixth

days, were significantly higher for those seedlings that eventually

died.
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As might be expected from this discussion, the percentage of

dead seedlings from a given freezing treatment was closely correlated
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with the absolute and percentage increase in PMS for that treatment.

There was a strong correlation between mortality and both absolute

and percentage increases in PMS for both measurement intervals (days

1 to 4, days 1 to 6). Significant correlation coefficients were:

Percentage mortality x absolute increase in PMS

Days I to 4 r = 0.80
Days 1 to 6 r = 0.98

Percentage mortality x percentage increase in PMS

Days 1 to 4 r = 0.85
Days I to 6 r = O.6

Although all correlations were significant, the larger coefficients

for the longer time intervals indicate that predictions of mortality

from PMS change are more reliable after 5 days than after 3 days.



CONCLUSIONS

Our initial hypothesis was that accidental freezing during cold

storage can injure root systems, so that seedlings cannot take up

water and maintain an adequate moisture status once they are planted.

The data are consistent with this view. Seedlings killed by the

freezing treatments became more stressed over time than seedlings

that lived, although they initially had lower PMS. An initial

reduction, also found by Bixby and Brown (1974) and Timmis (1976), is

apparently caused by internal rupturing of cells and release of water

into the xylem. Over time, the transpirational demand probably

depletes the available water in the seedlings, and PMS rises rapidly

as the water is not replenished by the injured root system.

Because we found considerable variability in the initial PMS

values of seedlings receiving the same freezing treatment, and

because the change in PMS was so closely correlated with lethal

injury, we believe that the procedure outlined--measuring seedlings

once soon after planting and once 5 days later--is a more reliable

technique for predicting injury than a single PMS measurement. The

exact magnitude of change in PMS that indicates severe freezing

damage, however, is not clear. In this study, a 4-fold increase

between the first and sixth days reliably indicated seedling

mortality; those with less than a 4-fold increase in PMS lived. The

4-fold separation value predicted the final survival status of g7

percent of the seedlings. In preliminary results from another trial,

however, a 3-fold increase during the first week after planting

29
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indicated mortality. In this second trial, there was little or no

change in the PMS values over time for most surviving seedlings, in

contrast to the rough doubling of PMS between the first and sixth

days for surviving seedlings in the study reported here.

Although some calibration must be done to perfect the technique,

the data clearly suggest that a pressure chamber can be a very useful

tool in identifying seedling injury caused by unintentional freezing

during cold storage. The assessment procedure outlined is simple,

requiring only a pressure chamber and a small amount of greenhouse or

growth-room space, and it can be completed within aweek after the

suspected injury occurs.



CHAPTER IV

OSU VIGOR TEST: PRINCIPLES,

PROCEDURES, AND PREDICTIVE ABILITY2

ABSTRACT

A vigor test has been developed at Oregon State University to

assess the quality of planting stock. The basic premise is that

seedlings are exposed to considerable stress during outplanting and

first-year establishment and that these stresses can be lethal to

weaker, damaged, or less vigorous lots. In the OSU vigor test,

seedlings are exposed to artificial stress and then placed in a

controlled environment and monitored. If they are unaffected by this

treatment and survive and grow well after potting, they are concluded

to be vigorous and healthy and to have a high potential for field

survival and growth. If, however, they die, they are judged to be of

poor quality with a low potential for field performance. Preliminary

results from two recent studies indicate that there is a highly

significant correlation between field performance and growth-room

survival.

2This chapter has been published as a paper in: McCreary, D.D. and
M.L. Duryea, 1985. OSU vigor test: principles, procedures, and
predictive ability. In Evaluating seedling quality: principles,
procedures and predictive abilities of major tests. (M.L. Duryea,
ed.). Forest Research Laboratory, Oregon State University,
Corvallis, OR. p. 85-92.
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INTRODUCTION

Factors Causing Seedlings Injury

A primary goal of any forest nursery or greenhouse operation is

to raise healthy, vigorous seedlings for outplanting. To the

outsider, this may seem an easy task. Yet experience over the past

several decades has indicated that many circumstances can contribute

to seedling injury and cause a reduction in the overall quality of

planting stock. Unseasonal weather patterns or improper nursery or

greenhouse cultural practices can interfere with the natural growth

and dormancy sequences and make seedlings susceptible to frost or

other environmental stresses after they are outplanted. For

example, too much irrigation late in the summer can cause prolonged

growth, late bud formation, and insufficient dormancy at the time

of lifting (Lavender 1984). Similarly, insufficient dormancy and

lack of frost hardiness can result from imposing the wrong

photoperiod or temperature regimes on greenhouse stock (Lavender et

al. 1968, McCreary et al. 1978). Poor culturing practices can also

lead to conditions favoring insect and disease attacks.

Seedlings can also be significantly damaged by careless lifting

and handling practices (Burdett and Simpson 1984). Lifting seedlings

from wet, heavy soils can cause root stripping and the loss of most

fine roots. Piling field containers too high or overstuffing

seedlings in storage boxes can physically injure seedlings. And root

desiccation during the lifting and processing of bareroot seedlings

can result in permanent damage to root systems (Coutts 1981).
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Improper storage conditions are another potential source of

injury (Edgren 1984). Malfunctions of coolers can result in warm

temperatures that greatly enhance the development of harmful molds

(Hopkins 1975) and induce physiological changes causing premature

growth. Excessively cold temperatures, on the other hand, can

severely damage or kill seedlings (McCreary 1984). Furthermore,

insufficient initial moisture or improperly sealed storage containers

can cause roots to dry out.

There are many more factors that can reduce seedling quality.

And although knowledge of the physiological requirements of seedlings

and the conditions that can injure them has greatly expanded in the

last 20 years, many other contributing factors and interactions are

not yet completely understood.

Sometimes injury to seedlings is obvious. If picking up

seedlings from a recently opened storage container reveals that most

of the needles are gray and immediately drop off, then the seedlings

have obviously been severely damaged by mold. Often, however,

seedling injury goes undetected because there are no outward visual

symptoms. A root system that has dried out and is then rewatered may

appear much like one from a properly treated seedling. Unless there

is a reason to suspect injury, seedlings that appear normal and

healthy are usually planted.

Consequences of Planting Damaged Seedlings

The consequences of planting dead or damaged seedlings can be

very costly. Plantation failures caused by stock of poor quality
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result not only in the additional expenses of procuring and planting

seedlings later, but often in much higher costs of site preparation

as well. On sites where vegetative competition is a problem, a

delay in planting can greatly modify the field environment and

require expensive silvicultural prescriptions that might otherwise

have been unnecessary (Newton and White 1983). Recent court rulings

limiting the use of herbicides could increase these costs even more

(Belloni 1983).

Even if seedlings of poor quality survive, their growth during

the first few years may be greatly reduced. Such a reduction during

the establishment period can result in an extended rotation age and

thus reduce the present net worth of the land (Brodie and Tedder

1982).

The Need to Assess Seedling Quality

Being able to assess the quality of planting stock before it is

outplanted would allow injured seedlings with a poor chance of survi-

val or acceptable growth to be identified. One method developed and

used at Oregon State University (OSU) for this purpose is the seed-

ling vigor or stress testing technique. The object of this paper is

to describe how this technique was developed, explain the principles

on which it is based and the procedures currently used, and finally,

to report on how well vigor testing predicts field survival and

growth.



Development of Vigor Testing Procedure

The current vigor testing procedure was largely an outgrowth of

research conducted in the mid 1960's to quantify the tolerance of

Douglas-fir seedlings to root desiccation. At that time, Hermann

(1967) published a paper on the seasonal variation in sensitivity

of Douglas-fir (Pseudotsuga menziesii [Mirb.J Franco) seedlings

to root exposure. In his studies, Hermann found there was a

marked periodicity in the tolerance of seedlings to such exposure,

with seedlings lifted in January exhibiting the greatest tolerance

and those lifted in November and March (outside of what we now con-

sider the optimal lifting windows) showing a much lower tolerance.

This research was instrumental not only in helping to understand the

dormancy cycle in Douglas-fir seedlings, but also in determining how

to time lifting operations to coincide with the greatest resistance

of seedlings to the shocks associated with lifting and planting.

Hermann (1967) also found that both survival and growth of

outplanted seedlings were generally well correlated with those of

seedlings placed in a growth room after root exposure. However, he

noted that in the growth room mortality was concentrated within a

month after planting, whereas in the field it was often not observed

until late in the growing season. Root exposure also tended to

accentuate differences in the survival of potted seedlings.

Seedlings potted without root exposure generally had less variation

in survival and growth than similar seedlings whose roots were

exposed before potting.
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From this research evolved the idea that the quality of

seedlings could be assessed by exposing their roots and then

observing them in a growth room. Because observed mortality

generally occurs within I or 2 months in the growth room, such

observation could be used to determine the vigor of planting stock

and predict subsequent field performance (Herniann and Lavender 1979).

Underlying Principles and Objectives of Vigor Testinq

In normal lifting, handling, storing, and planting operations,

seedlings undergo considerable stress. Bareroot seedlings are

physically removed from an environment where they have grown since

the seeds were sown, and their roots, which have been in contact

with the soil since germination, are suddenly exposed. In the

lifting of bareroot seedlings, many fine roots and mycorrhizae are

often torn off. The seedlings are then stored for varying periods and

then outplanted on sites where conditions are much more adverse than

they were in the nursery or greenhouse. In order to survive and grow,

these seedlings must adapt quickly to their new environment. They

must initiate new root growth, take up nutrients, and be able to

maintain an adequate moisture status. Vigorous healthy seedlings can

normally withstand the above-mentioned stresses and begin to initiate

the physiological processes required for survival and growth. Pre-

viously damaged or weakened seedlings, however, may have a much harder

time adapting and consequently may grow very slowly or even die.

The basic assumption of vigor testing is that the normal

stresses encountered during planting and first-year establishment can
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be roughly simulated by exposing seedlings to artificial stress.

After such stress is applied, the seedlings are placed in a

controlled environment and monitored. If they are unaffected by the

artificial stress and survive and grow well after potting, they are

considered to be vigorous, high-quality stock and to have a high

potential for field survival and growth. If, however, they are

adversely affected and a high percentage die, they are considered

to be of poor quality and to have a low potential for field

survival and growth. Vigor testing is an integrative approach to

evaluating quality because previous damage to a variety of

physiological systems within seedlings will presumably be expressed

by poor survival or delayed bud burst.



PROCEDLIRES OF VIGOR TESTING

Sampling from Seedling Populations

The object of any quality assessment of seedlings is to predict

quality of a population on the basis of measurements from a sample of

seedlings. Unless the sample is representative of the lot, the

prediction will be inaccurate. For example, if a cooler malfunctions

and seedlings are accidentally frozen, it is likely that the

seedlings in bags or boxes on the perimeter of the stacks would be

exposed to colder temperatures than those in containers near the

center and partially insulated by surrounding boxes or bags. It is

also likely that those seedlings on the outside of the more exposed

containers would be more severely frozen than those in the middle.

In order to predict the quality of the lot in general, the sample to

be evaluated should reflect all these varying levels of freezing.

Either several samples should be evaluated separately--each

reflecting a different suspected level of freezing--or a single

sample comprising seedlings from each of these groups should be

selected. The point is that the sample used for evaluation must

reflect the condition of the lot in general in order for the

prediction to be valid.

Time of Testing

38

Another important requirement if stress tests are to be used to

predict field performance is that seedlings be evaluated close to the

time they are outplarited. If seedlings are lifted and evaluated in
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December but not outplanted until March, the assessment may be in-

valid because the quality of the seedlings could change significantly

during the 3 months of storage.

Seedling Transport, Stress Treatment and Planting

For the OSU vigor test, we ask clients to send a representative

sample of 60 seedlings from each lot to be evaluated. Seedlings are

either delivered directly or shipped by bus or LIPS. If they are

shipped, we emphasize that seedlings should be sufficiently moist so

that they will not dry out during transit. If it is necessary to

transport seedlings long distances requiring more than one day for

travel, we also suggest that packing boxes be insulated and that ice

or blue ice be included. Once the seedlings arrive, we place them in

a cold room until they are tested. We then randomly divide the

seedlings into two groups of 30 and immediately plant one group into

three pots of 10 seedlings each. These pots are then placed in a

controlled environment (either greenhouse or growth room) where a 16-

hour photoperiod and a constant temperature of 22°C are provided.

We stress the second group of 30 seedlings. First, all soil is

washed from the root systems, which are then patted dry with absorb-

ent towels. The seedlings (with their roots exposed) are then sus-

pended in a hot, dry walk-in chamber for 15 minutes. The temperature

in the chamber is maintained at 32°C and the relative humidity at

30%. After 15 minutes exposure, most of the surface moisture is

evaporated from the root systems. We then remove the seedlings and

place them in water for 5 minutes. They are then planted in three



pots of 10 seedlings each and set alongside the three pots of un-

stressed or control seedlings.

Evaluation of Seedlings

We evaluate all seedlings after 2 weeks, 1 month, and 2 months;

then we discard them. On each assessment date we record the number

of dead seedlings in each pot. A seedling is judged dead when all

its needles have turned brown or are dry, brittle, and break when

bent.

We also record the percentage of seedlings that has broken bud

(needles emerging through bud scales from most advanced bud or

visible new needles at least 2 mm in length for pines). For seed-

lings planted before January 1, this assessment is made 2 months

after planting. For seedlings planted after January 1, the assess-

ment is made after 1 month. This difference is necessary because

seedlings lifted early generally have not received adequate chilling

and thus take longer to break bud. Our predictions of seedling

quality and potential for field performance are based on the 2-month

survival percentages and the difference in bud activity between

stressed and unstressed seedlings.

We also provide the 2-week and 1-month survival percentages to

clients interested in early information about seedling response.

Often the seedlings in a lot of extremely low vigor will begin dying

within 2 weeks. We relay the information and indicate that the lot

appears to be of poor quality.
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Table IV.1 shows the guidelines for predicting the quality of

tested lots on the basis of 2-month survival percentages and dif-

ferences in bud activity between stressed and unstressed seedlings.

If, for instance, survival within a lot were 93% for stressed seed-

lings after 2 months and 100% for unstressed seedlings, and there were

little difference in bud burst between these two groups (e.g., 79% vs.

87%), then we would judge this lot to be of excellent quality. If, on

the other hand, a lot had the same survival percentages but a larger

difference in bud burst between the two groups (e.g., 35% vs. 65%),

then we would rate this lot slightly lower: "excellent to good."

Thus, the larger difference in percentage of bud burst suggests a

greater adverse effect of the drying treatment and indicates the lot

is less vigorous than one in which bud activities were similar. In

another case, if survival within a lot were 74% for stressed seedlings

and 93% for unstressed ones, and the bud activities were similar, then

we would call the lot "fair." If the differences in percentage of bud

burst were greater than 25, however, we would call the lot °fair to

poor." If survival were less than 60% in either group, we would judge

the lot to be "poor."



TABLE IV.l. OSU Vigor Test--Guidelines for Predicting Quality of
Tested Lots.
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neg. to 25 Excellent
26 to 100 Excellent-good
neg. to 100 Good
neg. to 25 Good
26 to 100 Good-fair
neg. to 100 Fair
neg. to 25 Fair
26 to 100 Fair-poor
neg. to 100 Fair-poor
neg. to 100 Poor

91-100 91-100
91-100 91-100
91-100 81-90
81-90 81-90
81-90 81-100
81-90 71-80
71-80 71-100
71-80 71-100
60-70 60-100
<60 0-100

Difference in
% bud burst

% Growth (unstressed
room survival minus Predicted

Stressed Unstressed stressed) condition



PREDICTIVE ABILITY OF VIGOR TESTING

Previous Studies

Vigor testing is a relatively new technique, and most of the

research on its ability to predict field survival and growth is still

in progress. However, several papers have described the technique

and compared results in the growth room to field performance.

Hermann (1967) presented data on field and growth-room survival

of seedlings that were stressed by various periods of exposure.

However, this research was not aimed at using growth-room survival to

predict field performance. Hermann and Lavender (1979) described the

methods used in the OSU vigor test. Lavender et al. (1980)

correlated growth-room response to field survival of lots planted on

a variety of sites in Oregon. They found that both survival and

speed of bud burst of stressed seedlings in a controlled environment

were related to seedling survival in the field. The correlations

were not strong, however. When adjusted for lifting date and

differences in planting sites, the partial correlation coefficient

between growth-room survival of stressed seedlings and field survival

was, though significant, only 0.52. The coefficient between field

survival and speed of bud burst of stressed seedlings was 0.56.

However, there was no significant correlation between field survival

and either growth-room survival or bud burst of unstressed seedlings.

In 1982, the Nursery Technology Cooperative at OSU initiated a

survey to determine how closely growth-room survival of lots

submitted for testing that year correlated with actual field
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survival. Everyone who had had seedlings evaluated was requested to

supply percentages of field survival. Altogether, we received infor-

mation on 106 lots planted on a variety of sites. The correlation

between field and growth-room survival was 0.63 for stressed seedlings

and 0.44 for unstressed ones, both highly significant.

Problems with Previous Field Trials

One problem in determining the strength of the relationship

between growth-room response and field survival is -that, in most of

the trials to date, the lots tested have been planted on different

sites. Thus, one lot may have been planted on a relatively moderate

site with favorable moisture conditions while another, tested at the

same time, may have been planted on a much harsher site. The varia-

bility in site and planting conditions, if substantial, can interfere

with accurate predictions of field performance because survival and

growth can be affected more by the environment where seedlings are

planted than by their condition at the time of planting.

Another difficulty with most previous attempts to correlate

growth-room and field response has been the lack of variability in

the quality of the lots tested as determined by growth-room survival.

For instance, of the 106 lots evaluated in 1982, more than 80% had

growth-room survival of 70% or higher, even after stress treatment.

This lack of variation in stock quality means that many of the data

points are clustered together, thus making it difficult to establish

correlations.



Current Studies

In addition to its previously mentioned survey, in 1982 the

Nursery Technology Cooperative also initiated a study to evaluate the

vigor testing procedure more thoroughly and look at the ability of

such tests to predict field performance. The approach differed from

previous studies in that all seedling lots tested were planted on

common, relatively uniform sites; thus, the variability in field

survival as a result of site and planting differences could be

minimized. We also tried to ensure a gradient in the quality of the

seedlings lots by such methods as cutting the roots of the various

lots to different lengths before the study began. The objective of

these pre-treatmerits was to create a range in the quality of tested

seedlings from vigorous, healthy lots to extremely poor ones.

Thirteen such lots were tested.

The main objective of this study was to evaluate the ability of

the vigor testing procedure to predict potential, rather than actual,

field performance. As mentioned, the actual field performance of any

outplanted seedling will depend on the site where it grows as well as

on planting technique, planting conditions, and yearly weather

patterns. Minimizing the variability associated with these factors

would enhance our ability to determine the relative field performance

of lots of varying quality.

Clients had previously indicated that lots of poor quality, as

identified by stress testing, may have fairly high survival, yet very

poor initial growth. Therefore, first-year terminal growth was also

45



46

recorded on surviving outplanted seedlings and correlated with growth-

room survival.

Preliminary results from the study were analyzed and presented

to Nursery Cooperative members. These results indicated that there

was a highly significant correlation between field and growth-room

survival of both stressed and unstressed seedlings. Furthermore,

there were also highly significant correlations between terminal

growth of surviving seedlings in the field and growth-room survival

of both groups.

In the study, field outplantings were replicated on two sites:

one on the OSU McDonald Forest near Corvallis and the other on the

Glide Ranger District of the Urnpqua National Forest in southern

Oregon, the seed zone of the seedlings used. Overall year-end

survival on the McDonald Forest site was 70%, while that on the

Umpqua site was 57%. The correlations between field survival and 2-

month growth-room survival of both stressed and non-stressed

seedlings were highly significant for both sites. The correlations

between field survival and 1-month growth-room survival were also

highly significant arid were only slightly smaller than those for 2

months. We did not find any significant correlation between bud

burst in the growth room and either field survival or growth. These

results are summarized in Tables IV.2 and IV.3.

We concluded from this study that potential field performance

could be accurately predicted by measurements of growth-room survival

of either stressed or non-stressed seedlings arid that evaluation

after 1 month was sufficient to give a good indication of seedling



Table IV.2. Results of Stress Tests and First-Year Field Performance.

Grovth-rooi Survival (%)

aFISld height measurements were not possible at the Umpqua site because of severe browsing.

Unstressed Stressed Field survival (%)
Field heigh
Growth (cm)

1 mo. 2 mo. 1 mo. 2 mo.
McDonald
Forest Umpqua

McDonald
Forest

Conro]. (no treatment) 100 100 100 100 97 73 4.82
-8 C freezing for 2 hrs.
-10°C freezing for 2 hrs.

80 80 50 50 63 77 4.58

-12°C freezing for 2 hrs.
57 43 40 37 30 47 3.89
50 7 43 7 7 23 3,35

3-in, root prune 97 93 87 73 73 77 4.28
5-in, root prune ioo 100 90 83 97 87 5.07
7-in, root prune 100 100 100 100 97 77 4.89
1-day hot storage (32 C) 100 100 100 100 100 80 4.06
2-day hot storage 80 70 87 73 93 63 3.21
4-day hot Storage
Water submersion at

23 13 30 20 17 0 2.03

44°C for 15 mm.
Water submersion at

100 100 100 100 97 73 4.80

47°C for 15 mm.
Water submersion at

90 90 100 97 100 47 4.28

50°C for 15 mm. 30 20 40 20 41 17 2.76



Table IV3. Correlation Coefficients for Field Performance with Growth-Room Survival.

Correlation Coefficiext.

McDonald Forest survival Unstressed (1 month) r 0.89
McDonald Forest survival Unstressed (2 months) r - 0.94
McDonald Forest survival Stressed (1 month) r 0.94
McDonald Forest survival Stressed (2 months) r - 0,96
Umpqua survival Unstressed (1 month) r - 0.94
Umpqua survival Unstressed (2 months) r - 0.92
Umpqva survival. Stressed (1 month) r - 0.76
rJmpqua Burvival Stressed (2 months) r - 0.80
Field height tJnstressed (2. month) r - 0.89
Field height Unstressed (2 months) r - 0.85
Field height Stressed (1 month) r - 0.71
Field height Stressed (2 months) r - 0.75
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quality. We were surprised that the correlations were as high or

higher for unstressed seedlings as for stressed ones, indicating that

merely potting seedlings and recording their survival after 1 or 2

months could reliably predict field performance.

We decided to initiate a second study and include several new

quality-reducing treatments including early lifting, cold storage,

and root desiccation and to exaniine two Douglas-fir seed sources. In

addition we wanted to look at the effect of storage on stress testing

by evaluating all seedling lots both before and after a 2-month

storage period.

Preliminary results from this study also indicated that, for the

one site so far evaluated, the correlation between mid-summer field

survival and growth-room survival at 8 weeks was again highly

significant for both stressed and unstressed seedlings, but was higher

for stressed ones. Furthermore, the linear regression of field survi-

val on growth-room survival for stressed seedlings had a slope closer

to 1.0 and passed nearer the origin than did a similar regression for

unstressed ones (Fig. TV.1). Thus, there was nearly a one-to-one

correspondence between field and growth-room survival for stressed

seedlings, indicating that the field survival for a given lot and seed

source was closely approximated by the corresponding growth-room sur-

vival for stressed seedlings.
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LIMITATIONS OF VIGOR TESTING

Length of Evaluation Period

Current techniques for vigor testing, like those commonly used

for assessing root growth capacity, require a long time before

results are obtained. At present, we evaluate seedlings for 2

months, although, as mentioned previously, extremely poor lots may

begin dying within 2 weeks. Studies in progress indicate that a 1-

month evaluation may be adequate, but even this brief delay may be

too lengthy for making decisions about whether to plant a lot sus-

pected of being damaged. Furthermore, conducting a test several

months before the seedlings are outplanted may result in inaccurate

predictions because the condition of the seedlings may change during

this period.

Variability in Field and Planting Conditions

A second limitation of vigor testing, as well as any current

method of evaluating seedling quality, is that predictions of actual

field performance are difficult to make from test results because

site and planting conditions greatly affect seedlings regardless of

their quality. A lot identified as "good" may perform well on a

moderate, protected site but poorly on a hot, dry site with shallow,

rocky soils. Similarly, seasonal weather patterns can greatly affect

field performance. Thus, during planting years with favorable

weather, even lots identified as "poor" may survive and grow ade-

quately. The important point is that until we refine our ability to
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identify the limiting factors associated with different sites and

planting conditions, it will remain difficult to predict percentages

of survival or growth increments--no matter how accurate the assess-

ment procedure we develop.

Equipment Necessary for Vigor Testinq

Another drawback of our current procedure is that it requires

costly facilities including a controlled drying chamber and

greenhouses or growth rooms. The critical factor in this procedure

is that root drying during stressing be consistent and uniform. At

OSU we have a large walk-in chamber in which constant temperature,

humidity, and wind movement are maintained. Duplicating these

conditions in small ovens would be difficult, and a change in any of

them could substantially alter actual root drying. Building large

chambers that provide the required conditions would generally be

prohibitively expensive for small, local operations.

Other Factors Influencing Test Results

Finally, almost all of the research on stress testing has been

done with Douglas-fir seedlings. Although we do test other species,

we do not know if this procedure is equally effective for all of

them, However, the Forestry Sciences Laboratory of the USDA Forest

Service, Wenatchee, WA, has been using the OSU vigor test with a

variety of east Cascade species including several species of pine

(Pinus spp.), Engelmann spruce (Picea engelmannil Parry ex Engeim.),

and western larch (Larix occidentalis Nutt.); it reports generally
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good results (Lopushinsky 1984, pers. coniniun.). Such factors as the

time of lifting and length of cold storage may influence the ability

of stress testing to predict potential field performance. Some types

of seedling injury may also be more easy to detect with this

procedure than others. Needless to say, there is still work to be

done in calibrating and fine tuning this assessment technique.



BENEFITS OF VIGOR TESTING

Ability to Predict Potential Field Performance

The preliminary results of two recent studies conducted by the

Nursery Technology Cooperative have indicated that for Douglas-fir

seedlings, stress testing gives a reliable indication of seedling

quality and potential field performance. This is especially true for

lots of poor quality that can be identified by low survival in the

growth room. The ability to identify such lots gives foresters the

opportunity to discard seedlings that have little chance for field

survival or acceptable growth. The cost savings from not planting

such seedlings have been previously discussed. Being able to assign

a relative vigor index to different lots may also enable foresters to

make better decisions about matching seedling lots to specific sites.

Determining Seedling Quality at the Nursery

Another important benefit of this technique is that it provides

a means of determining whether seedlings shipped from the nursery are

of good quality at the time of delivery. Plantation failures often

lead to heated discussions about whether the stock was already

damaged when it left the nursery or whether faulty storage conditions

and improper planting practices resulted in poor field performance.

If nurseries submit seedlings at the time of shipment and they

perform well in the stress test, there is evidence that any problems

associated with low survival or poor growth occurred after they left

the nursery.
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Identifying When Injury Occurs

Submitting repeated samples for stress testing can also help

identify the stage in the culturing, lifting, handling, and planting

process where problems resulting in low vigor occur. If repeated

samples of a given lot are tested at each stage in this process

(i.e., at the time of lifting, after processing, during nursery

storage, after transport, etc.) and suddenly vigor goes down as

measured by stress testing, this information can be used to help

determine when the damage occurred.
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CONCLUS IONS

The current program of stress testing at OSU has been used

operationally for 6 years. Approximately 1,500 seedling lots have

been evaluated. During this period, the demand for this service has

grown steadily, as evidenced by the number of samples submitted for

testing. Responses from clients have indicated that this procedure

is useful in assessing the quality of planting stock and predicting

potential field performance. Recent studies by the OSU Nursery

Technology Cooperative support this view. We have found consistent

and highly significant correlations between field performance and

growth-room survival. In particular, lots with low field survival

have been successfully predicted by stress testing.

The major limitation of the current technique is the time

involved in generating results. At present we evaluate seedlings for

2 months, although we can often determine if a seedling lot is of

poor quality within a month or even 2 weeks. One of the major

objectives of the current research effort at OSU is to determine if

the time required for making an assessment of quality can be

shortened so as to provide more timely information to clients.
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CHAPTER V

PREDICTING FIELD PERFORMANCE OF DOUGLAS-F:[R

SEEDLINGS: COMPARISON OF ROOT GROWTH POrENTIAL,

VIGOR, AND PLANT MOISTURE STRESS3

ABSTRACT

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] seedlings were

evaluated by three tests of seedling quality--root growth potential or

RGP, vigor, and plant moisture stress or PMS--and the results of these

tests were correlated with subsequent field performance. Measurements

made by each test were significantly (P < 0.05) correlated with first-

and second-year survival and terminal height growth. Seedlings from

lots that grew many new roots during a 28-day interval in a growth

room (RGP test) or that survived for 6 weeks in the growth room and

initiated rapid budburst (vigor test) or whose plant moisture stress

values remained fairly constant during 1 week after potting (PMS test)

had the greatest field survival and height growth.

The RGP approach was the best predictor of first-year height

growth, while the vigor test was the best predictor of first- and

second-year survival. All tests predicted second-year height growth

equally well.

These results demonstrate that all three tests can be success-

fully used to predict field performance of Douglas-fir seedlings.
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Each has its advantages and limitations, and none can be considered

"best." The test used should be selected on the basis of time

constraints, equipment and resources available, and specific objec-

tives, such as whether it is considered more important to estimate

field survival or growth.
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INTRODUCTION

Successful reforestation depends on stock of good quality.

Unfortunately, seedling quality is not easily determined from

external observation or measurement. Seedlings can be

physiologically damaged, yet appear perfectly healthy. Both

foresters and nursery personnel recognize the need for evaluating

the physiological status of seedlings so that only vigorous,

healthy ones with a high potential for successful field performance

are outplanted.

Several methods of evaluating seedling quality have been

proposed. Probably the most widely tested and used is the root

growth potential (RGP) approach, which was initially developed in

the late '50's and early '6Os (Stone 1955, Stone and Shubert

1959a, 195gb, Stone et al. 1962). It consists of placing seedlings

in an environment favorable to root growth and determining the

amount of such growth after a specified period (usually 28 days).

If many new roots have formed, seedlings are judged to be of good

quality with a high potential for field survival and growth.

Numerous studies of the RGP approach have been conducted on a

variety of species, and the correlations between RGP measurements

and field survival have generally been high (Ritchie and Dunlap

1980, Ritchie 1985). There is less evidence linking RGP and field

growth, but several studies have reported a positive correlation

(von Althen and Webb 1978, Sutton 1980, Burdett et al. 1983, Feret

et al. 1985).
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A different approach, developed and used at Oregon State

University, is the vigor test (Hermann and Lavender 1979, McCreary

and Duryea 1985). It consists of monitoring survival and bud

activity of potted seedlings for 2 months in a growth room. Prior

to potting, seedlings are divided into two groups. One, called the

stressed group, is exposed to hot-dry conditions (32°C, 30 percent

relative humidity) for 15 minutes before potting. This desiccation

treatment can be especially damaging if seedlings have been

previously weakened or injured. The second group is potted without

a stress treatment and is also placed in a controlled environment.

Depending on the extent of mortality and budburst of these two

groups, the seedling lot is characterized as excellent, good, fair,

or poor. The basic premise is that the performance of seedlings in

a controlled environment parallels and can be used to predict field

performance but that visual evidence of poor quality occurs much

more rapidly If growth-stimulating conditions are provided.

Another assumption is that simulating the stresses seedlings

undergo during outplanting and establishment can accelerate the

expression of quality.

There has been less research on this method of evaluating

seedling quality than on the RGP approach. Lavender et al. (1980)

reported a positive correlation between survival of stressed

seedlings In the growth room and field survival, although the

relation was not a strong one. In a preliminary study, McCreary

and Ouryea (1985) reported a positive correlation between survival

of stressed or unstressed Douglas-fir seedlings in the growth room

and their survival and growth in the field.
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A new approach, only recently tested as a method of assessing

freezing damage to seedlings (McCreary 1984), involves measuring

the water potential or plant moisture stress (PMS) of seedlings

with a pressure chamber. The basic idea is that seedlings damaged

prior to potting will probably be unable to maintain an adequate

water balance. Even if such seedlings are kept well watered, their

water potential will decrease (become more negative) within a week

after potting because of their inability to take up water. Thus,

damaged seedlings can be identified within a fairly short interval.

In this paper, we report on how well each of these three

methods actually predicted field performance of Douglasfir

seedlings. Our overall method was to see how well measurements in

the growth room (root growth potential, survival and budburst, and

changes in PMS) correlated with field variables (survival and

height growth). We also sought to determine if these methods could

be used together to improve predictions of field performance.
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MATERIALS AND METHODS

Liftinq and cold storage

Two Douglas-fir seed sources were used--one an inland Cascade

Range source at 600 m elevation in Oregon seed zone 491, the other

a coastal source at 460 m elevation in Oregon seed zone 072

(U.S.D.A. Forest Service 1974). All seedlings were 2-0 stock and

had been sown and raised at a southern Oregon nursery near

Medford. In early November and again in early December 1983, we

lifted 260 seedlings from each seed source, sealed them in plastic

bags so their roots would remain moist, and placed them in cold

storage at 2° to 4°C. In early January 1984, we lifted an

additional 3,390 seedlings from each source.

tnu1ledlately after the January lifting, all seedlings, including

those lifted in November and December, were root-pruned to 23 cm

(9 inches). They were then grouped by seed source and lifting

date, and each group was halved. With seedlings lifted in November

and December, half were either outplanted or evaluated for RGP, PMS,

or vigor in the growth room; the other half were cold-stored in

sealed plastic bags at 2° to 4°C for 2 additional months and then

subdivided for outplanting or growth-room evaluation (Fig. V.1.).

With seedlings lifted in January, half were immediately subjected

to quality-reducing treatments and then subdivided for outplanting

or growth-room evaluation; the other half were cold-stored

for 2 months and then subjected to quality-reducing treatments

before being subdivided for outplanting or growth-room
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evaluation. All outplantings occurred in January or March. The

quality-reducing treatments are described below.

Quality-reducing treatments

One of our initial goals was to create a broad range in quality

among the test seedlings so that we could determine how well each

method of evaluation predicted field performance. Several types of

quality-reducing treatments were imposed; each was designed to

simulate a harmful condition seedlings can be exposed to during

lifting, handling, storage, or outplanting (Table V.1.). All such

treatments were imposed in early January or early March.

The first type consisted of exposure to freezing temperatures.

Three 130-seedling groups from each seed source were placed in a

programmable freezer whose initial temperature was +1°C. The

temperature was then lowered 2°C per hour. The first group of

seedlings was removed when the temperature reached -9°C. These

seedlings were immediately placed in a cold room maintained at

2°C, where the seedlings gradually thawed overnight. The second

and third groups were removed at -12°C and -15°C, respectively, and

were also allowed to thaw overnight.

The second type consisted of hot storage for various periods.

Three groups of 130 seedlings from each seed source were sealed in

bags and placed in a hot (32°C) environment for either 1, 2, or

4 days. These treatments were designed to induce symptoms, such as

mold development and depletion of carbohydrate reserves, that can

accompany lengthy storage or storage at warm temperatures.
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Table V.1. Qualityreducing treatments imposed on test seedlings.

No. Treatment

Freezing to

1 9°C

2 12°C

3 15°C

Hot storage (32°C) for

4 lday

5 2days

6 4days

Root submersion for 15 minutes in water at

1 44°C

8 47°C

9 50°C

Exposure to desiccating conditions for

10 15 minutes

11 30 minutes

12 60 minutes

Lifting on

13 January 10 (control)

14 December 10

15 November 10
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The third type consisted of root submersion in hot water. The

roots of three groups of 130 seedlings from each seed source were

submerged for 15 minutes in water heated to 44°, 47°, and 50°C.

These treatments simulated the rapid heating that can occur when

seedlings are improperly stored or left unprotected in direct

sunlight.

The fourth type consisted of various levels of drying. Three

groups of 130 seedlings from each seed source were placed for 15,

30, or 60 minutes in a controlled environment maintained at 32°C

and 30 percent relative humidity. These treatments simulated

damage that can occur to roots left unprotected or allowed to dry

out.

The final type consisted of 130 seedlings lifted on each of the

three dates from each seed source. November and December are

outside the optimal lifting windows for Douglas-fir seedlings

(Cleary et aT. 1978), and liftings were made at those times in an

effort to reduce seedling quality, as in the other quality-reducing

treatments. The seedlings lifted In January served as controls.

None of the seedlings In this group were treated in any way before

being outplanted or evaluated in the growth room.

Growth-room evaluation

Out of the 130 seedlings in each quality-reducing treatment and

seed source, 40 were selected for outplanting and 90 for evaluation

in one of two growth rooms. [valuation was by one of three

tests---RGP, vigor, or PMS. The two growth rooms were maintained at
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21°C and 16-hour photoperiods. Because of the possibility that

conditions varied within the rooms, each was divided into three

zones and equal numbers of seedlings from each quality-reducing

treatment and source were randomly placed in each zone.

For the RGP test, 30 seedlings from each treatment and source

were randomly selected and examined, and any new roots were

removed. These seedlings were then potted in forest soil

(3 12-liter pots of 10) and placed in a growth room for 28 days.

At removal, their roots were washed and examined for active new

roots longer than 5 miii. From these measurements, we calculated the

average number of new roots per seedling in each treatment and

source, as well as the percentages of seedlings having more than

20, 30, and 40 new roots. The latter calculations were made

because Sutton (1980) and Feret and Kreh (1985) have suggested that

there are threshold values beyond which the number of new roots is

immaterial to seedling performance.

For the vigor test, 60 seedlings were randomly selected from

each treatment and source. Half (the unstressed seedlings) were

then potted as in the RGP test and placed in a growth room for

8 weeks. The roots of the other half (the stressed seedlings) were

washed and blotted dry, after which these seedlings were placed in

a hot-dry room at 32°C and 30 percent relative humidity with roots

exposed for 15 minutes. They were then removed and soaked in

tapwater for 5 minutes, then potted as in the RGP test and placed

in the same growth room as the unstressed seedlings for 8 weeks.

Each stressed and unstressed seedling was assessed for survival and

budburst 2, 4, 6, and 8 weeks after potting. A seedling was judged
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to be dead when all its needles turned brown or when a

representative number of them broke when bent. Budburst was judged

to have occurred when needles at least 2 mm long emerged through

the scales of the most advanced bud. The assessments were used to

calculate the percentages of survival and budburst at the various

intervals after potting.

For the PMS test, five seedlings from each of the three pots of

unstressed seedlings from each treatment and source were randomly

selected. One and 8 days after potting, a small lateral branch was

removed from each of these seedlings and measured for plant

moisture stress in a pressure chamber. (All pots had been

thoroughly watered the Lcecà icülated the

average PMS of the seedlings from each treatment and source on each

date, the percentage of seedlings whose PMS doubled or tripled by

the second date, and the percentage whose PMS was greater than

3.0 MPa on the second date. (The latter three calculations

revealed the proportion of damaged seedlings.)

We did find one anomaly In the PMS measurements. Many of the

seedlings that had been placed in a hot room for 4 days before

being potted subsequently developed a noticeable gray leaf mold;

this infection resulted in almost all of their needles falling off

and in an infection of the cambjum. These seedlings had very low

PMS values on both the first and second dates, and almost all died

in the growth room. Therefore, when we calculated the percentage
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of seedlings whose PMS values indicated damage, we included

seedlings whose PMS was less than 0.5 F4Pa on the second date.

Outplanti nq

Forty seedlings from each source and quality-reducing treatment

(including the early liftings in November and December) were

oijtplanted in January and another 40 in March of 1984. Seedlings

from each source were planted at McDonald Forest, 11 km north of

Corvallis, Oregon, and on a plot in their originating seed zone.

Because site conditions greatly influence the expression of

seedling quality (Sutton 1979), we laid out small field plots

(about 25 x 37 rn), each with little variation in topography,

vegetation, and soil type.

Each outplanting site was divided into 20 blocks. At McDonald

Forest, each block contained 60 seedlings--one from each

combination of the 15 quality-reducing treatments, 2 seed sources,

and 2 planting dates. At each site in an originating seed zone,

each block contained 30 seedlings from that zone--one from each

combination of the 15 treatments and 2 planting dates. All

seedlings were randomly planted within each block. Spacing was

0.61 x 0.61 m at McDonald Forest and 1.22 x 1.22 m at the other two

sites. At each site and planting date, all seedlings were planted

with shovels In a single day.

All outplanted seedlings were protected from animal damage. At

McDonald Forest, we constructed a 1.8-rn-high fence around the
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entire plot. On the other two sites, each seedling was enclosed

with 15-cm-diameter Vexar tubing.

In early spring of 1984, we sprayed Glyphosate on the McDonald

Forest site to curtail competing grass and herbs. On the other two

sites, vegetative competition was less severe, and no herbicides or

other control measures were used.

In October of 1984 and 1985, at the end of the first and second

growing seasons, we recorded the survival or mortality of each

seedling and the height growth of surviving seedlings. Percentages

of survival and height-growth averages were then calculated on the

basis of seed source, planting date, quality-reducing treatment,

and outplanting site.

Statistical Analysis

We subjected first-year field data to an analysis of variance

to determine if quality-reducing treatments, planting dates, seed

sources, or outplantlng sites significantly (P < 0.05) affected

seedling survival or height growth. Prior to analysis, all

percentages of survival were subjected to an arcsine

transformation. In analyzing the variance in height growth, the

influence of seedling size at planting was minimized by using

height and caliper at age 2-O as covariates.

To determine how well a given test predicted field performance,

we regressed first-year field survival and height growth on each of

the measured and computed growth-room variables. Correlations were

considered significant if P < 0.05.
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For each growth-room test, we selected the 'best" measurements

(those with the highest R2 values in the regressions) and then

determined whether the full models could be reduced. A model that

could be reduced to a comon slope and intercept indicated that a

given test could predict field response independently of seed

source, site, and date.

It has been reported that the relation between RGP measurements

and both field survival and height growth is curved rather than

straight (Burdett 1979, Burdett et al. 1983, Feret et aL 1985).

Therefore, we also determined whether adding quadratic terms to the

best linear models for each test improved their predictive

ability.

To determine if a combination of growth-room tests, rather than

individual tests, improved the ability to predict field

performance, we developed models of all possible pairings of the

four "best" variables.

To determine If type of seedling injury (e.g., freezing,

desiccation) affected the ability of each test to predict field

performance, we used analysis of variance to examine the residuals

(difference between predicted and actual values) of the best

predictive equations relating field and growth-room measurements.

Finally, we measured field growth and survival after the second

growing season and tested whether the ability of the different

tests to predict field performance changed over time.
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RESULTS AND DISCUSSION

The analysis of variance indicated that both first-year field

survival and height growth were significantly affected by

quality-reducing treatments, planting dates, and outplanting sites

(coastal seed source only). When planted on the same site,

seedlings from the two sources did not differ significantly in

survival, but they did in height growth. At all three sites,

seedlings planted on the earlier date had significantly greater

survival and height growth than those planted later. Seedlings

from the coastal source had significantly greater survival and

height growth when planted at the coastal site than when planted at

McDonald Forest, but at McDonald Forest they grew significantly

more than did those from the Cascade source. As anticipated,

average field survival varied widely, by quality-reducing treatment

(FIg. V.2.). WithIn each type of treatment except early lifting

(freezing, heat application, hot storage, and desiccation), there

was also a wide range In this variable.

All measured and computed variables from each of the three

growth-room tests were significantly correlated with first-year

survival and height growth (Table V.2.). However, in each test

except vigor, one measurement best predicted both height growth and

survival; in the vigor test, two measurements--survival of stressed

or unstressed seedlings at 6 weeks--predicted equally well.

All full models relating the four °best° growth-room variables

to first-year field survival and average height growth could be

reduced. All but one collapsed to a common slope, an indication
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Figure V.2. Field survival of seedlings subjected to the various quality-reducing treatments.
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2
Table V.2. The coefficients of determination (R ) for full

linear models relating each measured and computed growth-room

measurement to first-year field survival and height growth.

RGP

* The °best measurement variables, used in subsequent statistical

analysis.
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* Average number of new roots (> S m) 0.65 0.10

% of seedlings with 20 or more new roots 0.62 0.66

% of seedlings with 30 or more new roots 0.54 0.63

% of seedlings with 40 or more new roots 0.52 0.64

PMS

Average PMS 1 day after potting 0.27 0.20

Average PMS 8 days after potting 0.46 0.43

% seedlings whose PMS doubled (day 1 to day B) 0.62 0.51

% seedlings whose PMS tripled (day I to day 8) 0.66 0.48

% seedlings with PMS > 0.5 MPa or

< 3.0 MPa (day 8) 0.78 0.51

Vigor

Survival of unstressed seedlings at 2 weeks (%) 0.51 0.38

Survival of stressed seedlings at 2 weeks (%) 0.62 0.40

Survival of unstressed seedlings at 4 weeks (%) 0.78 0.51

Survival of stressed seedlings at 4 weeks (%) 0.80 0.51

Survival of unstressed seedlings at 6 weeks (%) 0.86 0.56

* Survival of stressed seedlings at 6 weeks (%) 0.87 0.55

Survival of unstressed seedlings at B weeks (%) 0.87 0.58

Survival of stressed seedlings at 8 weeks (%) 0.86 0.56

R2 values
Test and Field Height

type of measurement survival growth



that the change in field performance was the same for a given

change in the growth-room measurement, regardless of seed source,

outplanting site, or planting date. For survival, three of the

four models retained all eight intercepts (a different one for each

combination of source, site, and planting date), while the models

for height growth reduced to a common intercept for RGP and to two

Intercepts for the other three growth-room measurements. The

relationships indicate that seed source. outplanting site, and

planting date had a larger influence on first-year survival than on

height growth. In the height growth models that collapsed to two

intercepts, the larger intercept was always for seedlings planted

on the first date. Thus, for a given growth-room measurement, one

should expect smaller height growth for seedlings planted later in

the growing season, after lengthy storage.

The slopes of the survival models for both stressed and

unstressed seedlings were very close to 1.0 (0.96 for unstressed

and 0.94 for stressed). These slopes indicate that any reduction

in growth-room survival should result in approximately the same

reduction in field survival. Thus, if a group of seedlings were

accidentally frozen and then had 30 percent lower survival in the

growth room than did unfrozen stock, we could expect them to have

approximately the same reduction in field survival after the first

year.

When a quadratic term was added to each of the full linear

models for survival, significantly increased. The reduced

quadratic model for RGP (Fig. V.3a.) had an R2 of 0.75 (as

compared to 0.60 for the reduced linear model). For PMS, the
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Figure V.3. The best predictive models of first-year survival
for each test. Circled nunters refer to the following:

1 1st planting date., Cascade source, Cascade site

2 1st planting date, Coastal source. Coastal site

3 2nd planting date, Cascade source, Cascade site

4 2nd planting date, Coastal source, Coastal site

5 1st planting date, Cascade source, McDonald Forest

6 1st planting date, Coastal source, McDonald Forest

7 2nd planting date, Cascade source, McDonald Forest

8 2nd planting date, Coastal source, McDonald Forest
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quadratic model was difficult to interpret biologically. We

therefore decided to use the reduced linear model (Fig. V.3b.) to

predict survival. For both vigor measurements, the addition of a

quadratic term did improve the explained variation, but not

greatly. Also, neither of these quadratic models could be

reduced. We therefore concluded that using a quadratic model to

predict survival was not appropriate for either vigor measurement

(Fig. V.3c. and d.). For height growth, adding a quadratic term

did not significantly improve any of the models (Fig. V.4.).

Although combining two growth-room measurements did improve the

ability to predict field performance in most cases, the increases

in R2 were fairly small and never exceeded 0.04. Similarly,

combining budburst percentages at either 4 or 6 weeks with

percentages of survival of either stressed or unstressed seedlings

significantly improved the predictive ability of several of the

equations, but the increases in R2 were again 0.04 or less. The

only budburst variable that significantly improved the models for

both first-year survival and height growth was budburst of

unstressed seedlings at 6 weeks.

Our analysis of different types of seedling injury indicated

that the cause of damage had relatively little effect on how well

any of the growth-room tests predicted field performance. Of the

eight models relating growth-room measurements to survival and

height growth, with only two did actual and predicted field

performance differ significanfly among seedlings subjected to the

various quality-reducing treatments (freezing, heat application,
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hot storage, desiccation, and early lifting date), and even in

those cases, the differences were small.

During the second season in the field, less than 2 percent of

the seedlings died; consequently, the linear models relating

growth-room measurements to first- and second-year survival were

similar. For each test, such models had the same number of

coefficients except that the one for PMS had eight slopes in the

second year and only two in the first. Also, the R2 values

changed by less than 2 percent between the first and second year.

For height growth, however, there were substantial differences

between first- and second-year linear models. First-year models

all reduced to a common slope with one or two intercepts. In

contrast, second-year models for all four measurements could not be

reduced from the full models. That each source-site-date

combination had a separate equation suggests that site and genetic

factors exerted a greater influence on height growth during the

second year than during the first. This is not surprising since

planting shock often limits the expression of growth potential

during the first year. First-year growth in the field is also

influenced by the number of primordia laid down the previous year,

when seedlings are usually growing in a relatively uniform nursery

environment. During the second season in the field, seedlings

begin to recover from planting shock and their growth largely

reflects their genetic makeup and specific environmental conditions.

We were surprised to find that the correlations between field

performance and survival of both stressed and unstressed seedlings

in the growth room were nearly equal. Also, the improvement in
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R2 from combining measurements of stressed and unstressed

seedlings, though significant for first-year field survival, was

fairly small (0.03). We therefore concluded that survival of

either stressed or unstressed seedlings at 6 weeks could be used to

predict field performance but that it would not be necessary to use

both. Since it is much easier merely to pot seedlings and monitor

their survival and bud activity in a growth room than it is to

stress them first, we concluded that unstressed seedlings would

suffice in the vigor test.

While the RGP measurement had the highest correlations with

first-year height growth, it had the smallest correlations with

both first- and second-year survival. Adding a quadratic term to

the first-year survival model did significantly improve the

explained variation and resulted in the largest increase in R2 of

any of the quadratic models tested (from 0.60 to 0.75), but the

resulting R2 was still less than that of the linear models for

unstressed seedlings (R2 = 0.85) or for PMS (R2 0.71).

While the PMS test predicted field survival fairly effectively,

it had the smallest R2 values for both first- and second-year

growth. The PMS test, however, has an advantage over the other two

in that it can be completed more quickly. In certain situations,

this benefit could outweigh a lower predictive ability. For

instance, if a decision had to be made in a limited time about

whether to plant a given lot or which of several lots to outplant,

the PMS test would be the logical one to use. A rapid test also

provides nursery personnel with the opportunity to take preventive
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action If stock quality is being tracked and a reduction in quality

is observed.

in other instances, however, it may be irrelevant how long it

takes to evaluate seedlings. For example, if a forest manager

routinely samples outplanting lots and evaluates their quality to

help identify the causes of poor field performance, it would make

no difference how long it takes to evaluate seedlings, as long as

the results were available when the field surveys were completed.

In these situations, either the RGP or vigor test would probably be

preferable.
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SUMMARY

All three tests of seedling quality provided good estimates of

first- and second-year field survival and height growth. With each

test, one measurement best predicted field performance. In the RGP

test, this variable was the average number of new roots per

seedling. Seedlings from lots that produced the most new roots had

the highest field survival and the greatest height growth. In the

vigor test, the best predictors were survival of stressed or

unstressed seedlings at 6 weeks. Because combining these two

measurements did not substantially improve predictive ability, we

concluded that survival of unstressed seedlings after 6 weeks in

the growth room was both the easiest and best measurement to use.

Seedlings from lots that had the highest survival and the most

budburst after 6 weeks had the greatest field survival and growth.

In the PMS test, the best predictor was percentage of seedlings

whose PMS values were greater than 0.5 MPa or less than 3.0 MPa on

the eighth day after potting. The greater the percentage of

seedlings in this range, the greater the field survival and growth.

The RGP test was the best predictor of first-year height growth

of surviving outplanted seedlings, while the vigor test was best at

predicting first- and second-year field survival. All models

predicted second-year height growth equally well.

Using a pair of measurements slightly improved the ability to

predict field performance, but not enough to justify the time and

expense necessary for two separate tests. Analysis of the

residuals for each of the three models indicated that the cause of
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seedling injury (e.g., freezing, heat damage) was not related to

how well a given test predicted field performance.
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CHAPTER VI

ROOT RESPIRATION--CAN IT BE USED TO ASSESS SEEDLING QUALITY?4

ABSTRACT

Root damage is a principal cause of poor seedling quality.

Currently, the most widely used seedling-quality test measures a

seedling's ability to initiate and elongate roots in a favorable

environment; however, this test requires a lengthy response period and

tedious, time-consuming measurements. Alternatively, the respiration

rate of roots could be measured much more quickly and easily. Results

of this study, which examined whether root respiration could success-

fully predict the survival and growth of potted seedlings in a growth

room, indicated that respiration may help assess root damage caused by

desiccation but not that caused by freezing, hot storage, or heating.
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INTRODUCTION

Seedling quality at the time of planting can profoundly impact

subsequent field performance. Seedlings damaged during lifting,

handling, or storage grow slowly or even die, depending upon the

extent of the injury and the severity of the outplanting

environment.

Poor seedling quality has been attributed variously to rough

handling or lifting from wet, heavy soils, which can cause direct,

physical injury; exposure to low or high temperatures, which can

result in freezing injury to cells or heat denaturation of

proteins; and exposure to extremely dry conditions, which can

damage tissues irreversibly. Generally, roots are less resistant

to the above types of stresses than are shoots because roots have

adapted to a much more insulated environment. For instance,

Lavender and Warelng (1972) found that moderate root abrasion

greatly reduced the survival of potted seedlings. Weiser (1970)

stated that roots are consistently less resistant to freezing than

are overwintering stems. And Hermann (196]) demonstrated that

relatively short intervals of root desiccation can reduce the

survival and growth of Douglas-fir [Pseudotsuqa menziesii (Mirb.)

FrancoJ seedlings.

Because roots are more vulnerable than shoots to injury,

seedling damage occurring between lifting and planting is often

primarily associated with root injury. One widely accepted test

for evaluating seedling quality--measuring root-growth potential

(Ritchie 1985)--can identify seedlings that have damaged roots
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because such injury generally inhibits a seedling's ability to

develop new roots. Unfortunately, this test takes from 1-4 weeks

to complete, requires a controlled environment, and relies on

fairly tedious, time-consuming root measurements.

An alternative test is to measure root-respiration rate. To

date, apparently no studies have directly addressed whether this

parameter, which could be measured at a single point in time and

without a lengthy response period, can be used to evaluate the

physiological condition of seedlings. There are seasonal

variations in root-respiration rate associated with changes in root

growth (Lähde 1967; Johnson-Flanagan and Owens 1986), but it is not

clear how stress or damage affects the roots' ability to respire.

Rough handling of tissues causes short-term increases in

respiration rates (Godwin 1935), and cutting part of the root

system can increase CO2 release (Lähde 1967); yet increased water

stress causes root-respiration rates to drop (Zavitkovski and

Ferrell 1968; Puritch 1973; Brix 1919), although a temporary peak

in respiratory activity also has been reported (Brix 1962). In

this study, we examine the association between root respiration and

seedling quality and assess whether respiration measurements can be

used to predict growth and survival by relating root-respiration

rate to growth-room performance.
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METHODS

In mid-January 1986, approximately 500 2-year-old Douglas-fir

seedlings from Oregon seed zone 491 (USDA Forest Service 1974) were

shovel-lifted from the D.L. Phipps Nursery in Elkton, Oregon.

Afterwards they were graded and culled to standard specifications

(4-nm caliper, 15-cm top), root pruned to 25 cm, and randomly

divided into 13 groups of 36 seedlings each. Each group was

treated differently:

Group no. Treatment

1 Control (no treatment)

2 Freezing at -9°C for 2 h

3 FreezIng at -12°C for 2 h

4 Freezing at -15°C for 2 h

5 1 day of storage at 32°C

6 2 days of storage at 32°C

7 4 days of storage at 32°C

8 15 mm of root submersion in 44°C water

9 15 mm of root submersion in 47°C water

10 15 mm of root submersion in 50°C water

11 15 mm of desiccation (32°C, 30% relative humidity)

12 30 mm of desiccation (32°C, 30% relative humidity)

13 60 mm of desiccation (32°C, 30% relative humidity)

Similar treatments used in a previous study (D.D. McCreary and M.L.

Duryea, in review) produced a broad range in seedling quality as
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measured by both growth-room and field survival. That study, as

well as a preliminary one (McCreary and Duryea 1985), also

demonstrated a close correlation between growth-room survival and

field performance over various environments.

Treated seedlings were placed in sealed plastic bags in a cold

room (2-4°C) for 1 month. Then each group was divided into one set

of 16 seedlings whose root respiration would be measured and

another set of 20 seedlings to be potted and placed in a growth

room.

Root respiration

On each of 4 days during a 5-day Interval, roots of four

seedlings per group were washed for 1 h in running cold water to

reduce surface populations of bacteria and fungi, which could

contribute to CO2 evolution. After washing, seedlings were

returned to the cold room, and one group at a time, randomly

selected, was brought to the laboratory for measurement. The roots

of the four seedlings were gently patted dry with a cloth, severed

from the tops just above the topmost root, and placed for 30 mm in

four identical 2-L cuvettes set in a 35-L water bath maintained at

20°C (±0.5°C). The cut end of each root was snugly fit into a hole

drilled into but not through the end of a rubber stopper secured in

the center of a flat plexiglass lid. Each cuvette, 9.5 cm in

diameter and 28 cm tall, had a rubber gasket on its top end to help

form an airtight seal when the lid (holding the root) was in place,

and a small battery-operated motor connected to a fan 5 cm in
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diameter at Its bottom end. Fans ran continuously while roots were

in the cuvettes to mix the air.

At the beginning and end of the 30-mm interval, 10-cc air

samples were extracted from each cuvette with a syringe inserted

through the serum stopper in the lid. Samples were injected into a

continuously flowing stream of nitrogen (1 L/min) which passed

through a Beckman model iSA infrared gas analyzer (IRGA) and then

into the atmosphere. A 12-cm drying column was positioned between

the injection port and the analyzer to remove water vapor. The

analyzer was connected to an amplifier with a microampere scale

which responded to electrical signals from the analyzer; these

signals were proportional to CO2 concentration. The actual CO2

concentrations in the air samples were detemined by comparing the

signals from the samples with those of a known CO2

concentration. We recalibrated the analyzer before each set of

four measurements by Injecting 10 cc of a known CO2 concentration

(382 ppm) and recording the output. The resulting "base-line"

values were then used for making minor adjustments in calculating

the differences between Initial and final concentrations. However,

these adjustments were fairly small (highest to lowest varied by

only about 10% of the highest during a day) relative to the large

changes in CO2 concentration due to respiration. Clegg et al.

(1978) compared this syringe approach to conventional IRGA methods

and concluded that it was accurate and greatly increased the

efficient use of the analyzer. Other researchers, including van

den Driessche (1979) and Parke et al. (1983), have also used a

similar procedure successfully.
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Cut roots were removed from the cuvettes in the 20°C water

bath and placed in an identical set of cuvettes in a 30°C (±0.5°C)

water bath for 30 mm. Syringe extraction and base-line

calibration were repeated as before. After this second 30-mm

interval, the roots were placed in bags, dried at 70°C for 72 h,

and weighed. Respiration rates, expressed as milligrams of CO2

evolved per gram of dry matter per hour, were calculated for each

seedling. In addition, a temperature coefficient of respiration,

(the ratio of respiration rate at 30°C to that at 20°C) was

computed. In the few instances in which the recorded respiration

rate at 20°C was actually higher than that at 30°C, we assigned

a value of 1. We also assigned a maximum of 3 in the

several cases where were >3.

Growth room

During the same 5 days that we measured respiration, 20

seedlings from each group were potted and placed in a growth room

(21°c, 16-h photoperiod). Five seedlings from each group were

planted in a pot, and one of the four pots per group was randomly

positioned in one of four blocks. Pots were watered regularly to

maintain soil moisture near field capacity.

After 6 weeks, we examined each seedling and counted the

number of actively growing buds. A bud was recorded as flbrokenH jf

green needles at least 2 mm long were emerging through the bud

scales. All new foliage was removed, dried at 10°C for 24 h, and

weighed. Seedlings remained in the growth room for another
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2 weeks, when mortality was recorded. A seedling was judged as

dead if all its needles were brown or were brittle and cracked when

bent. If a few needles were green but the seedling otherwise

appeared dead, we scratched the bark at the base of the seedling.

If any cambium was still green and fleshy, the seedling was rated

as alive. If the entire circumference was dry and brown, the

seedling was considered dead. None of the dead seedlings broke bud

during the 8 weeks.

Statistical procedures

We used analysis of variance to assess significant (p <0.05)

treatment differences among the 13 groups for three respiration

variables (respiration rate at 20°C, respiration rate at 30°C, and

lo
and three growth-room variables (mortality, number of active

buds/seedling, and dry weight of new foliage/seedling). Individual

means were compared (p <0.05) with a protected least significant

difference test (Snedecor and Cochran 1967).

To examine possible relationships between the respiration and

growth-room variables, we constructed simple linear regression

models using all nine combinations of variables; the growth-room

measurements were the dependent variables. Each model consisted of

13 data points--one for each group, averaged over all four blocks.

The correlation coefficients for these models were tested for

significance (p <0.05).

We also plotted scattergrams of each pair of variables to

determine if the data fit curved functions.
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RESULTS AND DISCUSSION

Generally, the different treatment types (freezing, hot

storage, heating, and drying) had a much more pronounced effect on

growth-room variables than on respiration variables (Table VI.l.).

For the growth-room variables, the severest of each of the treatment

types caused the greatest mortality and growth suppression. For

respiration at 20 and 30°C. however, the only treatments with

markedly lower respiration rates were numbers 12 and 13 (30- and

60-nun desiccation). When these two treatments were removed from

the analysis, there were no significant differences among the

remaining 11 groups for respiration rate at 30°C, and the F value

for respiration rate at 20°C, although still significant, decreased

by more than half. Of the regression models, only and

mortality were significantly but weakly (r2 = 0.36) correlated.

Groups with smaller Q101s had higher mortality. No consistent

patterns were apparent in the plotted scattergrams.

Root respiration seemed a reasonable candidate for indexing

root vigor and, ultimately, seedling quality. For example, Lähde

(1967) states that, on the basis of respiration experiments, root

vitality can be described both in terms of nutrient and ion uptake

as well as growth rate. Johnson-Flanagan and Owens (1986) found

that the respiration of root segments from seedlings grown under

favorable conditions was proportional to the number of white roots

at the end of the test period. The authors concluded that root

respiration may be even a better indicator of seedling survival

potential than root-growth potential in that changes in respiration
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TABLE Vii. Seedling response, as measured by respiration and growth-room variables,a

to different treatment types

a
In each column, means not followed by the same letter are significantly different (p <0.05,

protected least significant difference test; Snedecor and Cochran 1967).
b

10 is the temperature coefficient of respiration.
C
See in-text listing of treatment-group descriptions.

Group
numberC

Respiration variablesb Growth-room variables
Respiration Respiration
rate at 20°C rate at 30°C
--(my CO2/g dry matter/h)-- Qi

Ne foliage!
Mortality Active buris/ seedling

(%) seedling (dry wt., g)

0.0161 cde 0.0268 Cd 1.77 abcde 0 a 16.9 cde 1.42 e

2 0.0144 cii 0.0250 ccl 1.86 bcde 0 a 16.4 cde 1.32 de

3 0.01 74 clef 0.0262 d 1.74 abcde 30 b 8.1 b 0.42 abc

4 0.0100 ef 0.0259 Cd 1.52 a 50 c 5.0 a 0.24 ob

5 0.0152 cde 0.0257 cd 1 .74 abcde 0 a 19.7 e 1 53 e

6 0.0134 bc 0.0239 bc 1 .85 bcde 0 a 17.9 de 1 38 e

7 0.0138 c 0.0255 ccl 1.91 cde 5 a 14.3 cd 0.83 Cd

8 0.0161 cde 0.0303 d 1.94 cde 0 a 20.9 e 1.33 de

9 0.0194 f 0.0282 d 1.58 ab 5 a 17.0 cde 0.64 bc

10 0.01 79 ef 0.0276 Cd 1.63 abc 05 d U a 0 a

11 0,0139 c 0,0257 Cd 1.95 de 5 a 17.2 de 1.12 UE'

12 0.0095 a 0.0186 b 2.01 e 5 a 11.8 bc 0.59 bc

13 0.0107 ab 0.0152 a 1,67 abcd 25 b 0.4 a 0.01 a



were correlated with both root and shoot development throughout the

year. However, our data Indicate that respiration measurements did

not consistently predict how well potted seedlings survived or grew

in a growth room. Respiration rates of seedlings from several

groups with high growth-room mortality and little or no dry-matter

production did not differ substantially from those of seedlings

from groups with high survival and rapid growth.

Yet root-respiration rate did seem related to one type of

injury--that caused by desiccation. More severe desiccation

increased mortality and reduced growth and respiration rates.

Therefore, in instances where concern about seedling vigor is

related solely to the uncertain effects of accidental root drying,

respiration measurements may be useful for identifying the extent

of the damage. As a general indicator of stock quality, however,

they do not appear promising.
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CHAPTER VII

CONCLUSIONS

The studies described in this thesis were designed to evaluate

the effectiveness of four methods of testing stock quality. The root

growth potential (RGP) approach and the vigor test are two procedures

that are currently used by nursery and reforestation personnel to

assess seedling quality and predict field performance. Although these

tests have been used operationally for a number of years, their effec-

tiveness has not been adequately evaluated. A primary goal of this

research was to evaluate and compare these approaches and determine

how well each method predicts the survival and growth of outplanted

Douglas-fir seedlings.

Another goal was to examine two new, more rapid evaluation pro-

cedures and find out if either could successfully identify damaged

seedlings. The first method measures the change in plant moisture

stress (PMS) of potted seedlings during one week in a growth room.

The second measures root respiration rate.

Results indicated that growth room measurements from both the RGP

and vigor test were significantly correlated with field survival and

height growth of two Douglas-fir seed sources planted on three sites

in Oregon. For RGP, the number of new roots greater than 5 mm pro-

duced during 28 days in a growth room was the best predictor of field

performance. For the vigor test, the best measurement variables were

the survival of either potted stressed or unstressed trees after six

weeks in a growth room. Seedlings from lots that grew a large number
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of new roots, or that had high growth room survival, also had high

field survival and large height growth.

A comparison of these two procedures indicated that RGP was the

best predictor of field height growth, while the vigor test was the

best predictor of survival. For RGP, the model relating root growth

to height growth was linear and had an of .64. This model was a

single line, indicating that predictions of height growth from RGP

measurements were the same for each combination of seed sources,

planting sites and planting dates used in the study.

The models relating six-week stressed and unstressed survival in

the vigor test to first-year field survival were also linear and had

R2 values of .86 and .85, respectively. Each of these models

consisted of eight separate but parallel lines. Thus, the change in

predicted field survival resulting from a change in growth room sur-

vival was the same for each of the eight seed-site-date combinations.

In addition, the common scope of the lines for both models was very

close to unity, making interpretation of test results easy. This

means that the difference in field survival of two lots planted on the

same site (i.e. frozen seedlings, compared to unfrozen stack), should

approximately equal the difference in growth room survival between

them.

Of the two new evaluation procedures tested, the PMS approach

showed considerable promise as a quick and easy method of testing

stack quality. Potted seedlings that were severely frozen and subse-

quently died, had large increases in moisture stress during the first

week in the growth room. Seedlings that survived, on the other hand,
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were able to maintain a more favorable water balance and their PMS

values were significantly lower after a week.

Root respiration measurements, however, were not effective

indicators of seedling quality. Seedlings from lots that had large

differences in growth room survival and growth did not exhibit similar

variations in respiration rates and there were no significant correla-

tions between growth room responses and respiration rates at either

200 or 30°C.

Taken together, these results suggest that there is no single

"best" method of evaluating the quality of Douglas-fir seedlings.

Several different approaches can be successfully used to identify

severely damaged seedlings and predict field performance. The method

selected for use will depend on whether an estimate of field survival

or growth is considered more important, and on time constraints and

resources available.

In addition to quantifying the effectiveness of the different

testing procedures, this research also developed a new and reliable

method to assess how well a seedling evaluation method actually works.

Most previous studies of seedling testing have either sampled seed-

lings from operational lots--where quality differences between them

are often small and difficult to detect--or have used lots from a

gradient of one varying factor. In many of the RGP studies, for

instance (Jenkinson 1q80, Stone and Schubert 1959a, Stone and Schubert

1959c, Stone et al. 1962), the comparisons between survival and root

growth have been based solely on samples lifted at different times

during the year. While these studies have shown that both survival
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and root growth are strongly affected by lifting date, they have not

indicated whether quality degradation from other causes (i.e., physi-

cal damage, freezing, mold) also result in a similar decline in both

RGP and survival. The research described in this thesis developed a

new approach. It generated a broad range in the quality of lots to be

tested by using several different types of quality reducing treat-

ments. Subsequent comparisons of growth room and field measurements

demonstrated that the RP, vigor and PMS methods could all detect

reductions in quality from a variety of causes, and that the type of

seedling injury had relatively little effect on their predictive

abilities:

Another problem that was overcome in this research was that

associated with only testing lots of high and low quality. For the

vigor method, for instance, it is possible to derive regression equa-

tions with high correlation coefficients by measuring field and growth

room survival of only two types of seedlings--healthy, vigorous ones

and severely damaged, poor quality ones. While the R2 of these models

may be high, the resulting equations do not reliably predict the

relationship between field and growth room survival for lots of inter-

mediate quality. The technique used in this research of providing

varying levels of several different types of quality reducing treat-

ments resulted in not only a broad range of quality groups, but also

in an excellent distribution of lots of high, medium and low quality.

Future studies designed to evaluate new testing procedures would

benefit from using similar quality reducing treatments, whose effects

on field performance have now been documented.



99

While three of the techniques evaluated in these studies were

shown capable of providing a good general indication of seedling

quality and identifying severely damaged lots with little or no chance

of surviving in the field, none of the procedures can precisely pre-

dict the survival percentages or growth rates of outplanted seedlings.

This is partially due to the fact that there is a great deal of

variability in planting sites and lots respond differently depending

on where and how they are planted. Simply put, there are a number of

factors other than initial stock quality that influence field per-

formance, and until we are able to identify and measure all of these,

we can't hope to accurately predict what will happen after outplant-

i ng.

Part of the problem with field predictions, however, is also the

lack of precision of the current methods. Although average RGP was

significantly correlated with field survival and height growth for

instance, there was tremendous variability in the number of new

roots produced by seedlings that were treated identically. For all of

the tests, more accurate estimates of field performance would be

possible by increasing the number of seedlings sampled and tested.

However, there would be substantial costs associated with enlarging

sample sizes, and it is unclear if the benefits or gains would justify

the expense.

As mentioned previously, another problem with the evaluation

methods described here is the time required to complete them. In some

instances, it may not matter how long it takes to evaluate seedlings

since test results are used ex post facto to help identify causes of
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regeneration success or failure. In these cases, the RGP, vigor and

PMS methods can be very useful in identifying the general physiologi-

cal status of seedlings at the time of outplanting and estimating

their potential for growth and survival. In other situations however,

there may be a need for immediate information about seedling quality

to make a decision about whether or not to plant a lot suspected of

damage. A delay of even a week may render the test results useless.

The fact that these tests do require from one to six weeks to complete

is their primary shortcoming. For this reason, I feel that future

research in the area of seedling testing should focus on developing a

rapid screening procedure that could be completed within one day and

could pinpoint seedlings that are so severely damaged that they have

little or no chance for field survival. While such a technique would

not likely provide accurate estimates of survival percentages or

growth rates, it would offer an alternative in situations requiring

immediate feedback and would be a useful addition to the current

battery of seedling tests that are available.
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