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The relationships among total water potential (40, osmotic

potential (7r), pressure potential (P), and relative water content

(R*)
were determined during four consecutive soil drying cycles for

shoots of Douglas-fir (Pseudotsuga menziesii [Mirb.1 Franco) seed-

lings. In each cycle, seedlings were sampled for pressure-volume

determinations as soil water was depleted gradually from saturation

to pre-dawn plant 4J of 0.8-1.0 MPa (after 7-9 d) and 2.O_2.L MPa

(after an additional 16 d); tissue responses were compared against

that of frequently irrigated controls. In non-stressed seedlings, 7r,

the relative water content of the apoplasm (R), and the weight of

symplasm water each exhibit significant decline during the period

from 2 June to 16 September; the relative water content at the turgor

loss point and the volumetric elastic modulus (e) each exhibit signi-

ficant increases during this period. The osmotic potential at full

turgor of irrigated seedlings was not different from that of non-

irrigated seedlings in any of the four drying cycles. However,

increases in R, and decreases in e are induced in shoots of stressed
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plants relative to unstressed plants in each of soil drying cycles 2,

3, and Both variables are sensitive to water deficit but return

to seasonal baseline values during periods of stress relaxation.

Diurnal changes in çL, ,r, P, R, and were measured on two days

in both irrigated and non-irrigated seedlings. Osmotic adjustment

plays a small, though significant, role in diurnal turgor regulation

of non-stressed seedlings; release of water from cell walls and

increases in wall elasticity are more important features of turgor

regulation. In stressed seedlings, osmotic adjustment and changes in

*
Ra act to maintain positive P in shoot tissue.

Phenological and morphological responses to water deficit were

compared in progeny of 5-7 trees from each of four populations.

Highly significant differences were observed among populations for

each of '19 traits. Further, a significant fraction of total vari-

ability for each trait was attributable to differences among families

within populations. The irrigation X population interaction was non-

significant for all traits with the exception of seedling height,

average rate of growth, and leaf area : sapwood area ratio. Popula-

tions and families within populations each exhibit significant

interaction with irrigation in multivariate analyses of variance. A

canonical discriminant analysis shows distinct separation of groups

when the classification variable is based on the region of origin and

level of irrigation and when the quantitative variables include six

measures of seedling morphology. Coefficients of the allometric

formulae of seedling progeny of both coastal and southwestern Oregon

populations are significantly altered by the level of soil moisture.
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Physiological and Morphological Responses

to Water Deficit in Seedling Progeny

of Four Populations of Douglas-fir

(Pseudotsuga menziesii tMirb.] Franco)

INTRODUCTION

Drought resistance in plants results from the expression of

numerous morphological, anatomical, and physiological traits which

interact to permit the maintenance of growth and developmental

processes during periods when external factors cause the development

of internal water deficits. The degree to which a soil water deficit

influences plant performance depends on soil physical properties, the

rate of evaporation during the dry period, and the water content of

the atmosphere. However, it also depends on many plant characteris-.

tics which interact to determine the cell and tissue water status in

relation to the prevailing environment. The resultant water status

may permit unimpaired function or may span the spectrum from slight

impairment to lethality. The degree to which a species or genotype

can withstand the soil-water depletion relative to other species or

genotypes constitutes its drought resistance.

Drought resistance within a particular species is the result of

heritable modifications in structures or functions that increase the

fitness of certain genotypes, i.e., enhance their ability to survive

and reproduce in a hostile environment. Those genotypes with greater

fitness will, on the average, leave more offspring than do less fit

genotypes. If natural selection is sufficiently intense to discrimi-
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nate against infiltration of genes from individuals adapted to adja-

cent less droughty sites, then drought resistant genotypes will

increase in frequency in the population. Resistance to drought is

thus ultimately a function of the amount of genetic variation for

stress-ameliorating traits present in populations. If variation is

large, then the array of possible genotypes at many loci will be

correspondingly large. Natural selection, acting on the phenotypes

determined by these loci and environmental factors, could begin to

alter the genetic composition of a population, driving it toward

greater adaptation of the organisms to their environment. It should

be noted that the success of a particular genotype in a xeric envi-

ronment would rarely depend on the possession of a single adaptive

character. Rather, adaptation of an organism to such an environment

depends on the possession of an optimal combination of traits that

minimizes the deleterious consequences of low tissue water potential

(from Bradshaw, 1975).

It is possible that some traits related to the avoidance or

tolerance of drought are influenced by only a few genes and thus

exhibit a relatively simple pattern of inheritance. However, it is

likely that most such traits are continuous or quantitative in

nature, characterized by the action of many genes each having a small

but cumulative effect. Further, intrinsically discontinuous var-

iation caused by genetic segregation is translated to continuous

variation for a given metric character since minor differences among

genotypic classes are swamped by the influence of the environment on

that trait.
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Quantitative traits are characterized not only by complex

inheritance but also by correlation with other metric traits, the

chief genetic cause of which is pleiotropy (Falconer, 1960, pp 312-

329). Many genes are pleiotropic, each one potentially affecting

every other gene in an organism, either as a primary effect or as a

secondary, indirect effect. A segregating gene may cause simul-

taneous variation in two or more characters, resulting in a certain

degree of correlation (positive or negative) among those characters.

The physiology and biochemistry of drought resistance have

proved to be very complex, involving precise regulation and coordi-

nation of nearly every major function of plant growth. Many discrete

events are triggered by mild levels of water stress which in turn

result in the perturbation of numerous physiological functions (Hsiao

etal., 1976a; Bradford and }Isiao, 1982). In light of the probable

mode of inheritance of such characters, and considering the nature of

the interactions with other traits and with a fluctuating environ-

ment, it would seem imprudent to attempt to ascribe the drought

resistance of a species to one or a few characteristics. The view

taken here is that drought resistance in Douglas-fir (Pseudotsuga

menziesjj [Mirb.] Franco) should be considered as the manifestation

of numerous interacting functions - some induced by mild stress,

others not being activated until stress is more intense or prolonged.

Feedback and feedforward loops link associated functions, providing a

coordinated response to environmental stimuli. Although primary

responses to water deficit are most likely biophysical and biochem-

ical in nature, the operation of homeostatic mechanisms may lead to

secondary and tertiary responses which, after a sufficient lapse of
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time, result in an organism modified in both structure and function.

This conceptual framework formed the basis for a series of experi-

ments designed to examine the contributions of - and relationships

among - several broad categories of drought resistance in Douglas-fir

seedlings.

Several authors have classified the various mechanisms of

drought resistance in plants (Levitt, 1972; Turner, 1979; Levitt,

1980; Jones etal., 1981), and these have served as useful guides

for hypothesis development. Jonesetal. (1981) identified three

broad categories of drought resistance. First, they define drought

escape as the ability of a plant to complete its life cycle before a

serious plant water deficit develops. Desert ephemerals are drought

escapers; they have no special physiological or morphological mecha-

nisms to cope with water deficits. Rather, these species possess

adaptations permitting rapid development, flowering, and seed set

before the supply of soil water is depleted. Second, the authors

define drought tolerance at high tissue water potential (0) as the

ability of the plant to endure periods of water deficit while main-

taining high ç. These are primarily mechanisms that tend to insulate

the plant from the arid environment. The major adaptations are those

that (a) maintain water uptake by alteration of rooting pattern or

density, or increase the plant hydraulic conductance, and (b) mini-

mize loss of water from tissue surfaces. Third, they define drought

tolerance at low tissue water potential as the ability of. a plant to

endure, or adapt to, periods of low . The principal mechanisms are

those that contribute to the maintenance of turgor pressure as 0

declines; in some species low osmotic potential (7r) and high tissue
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elasticity have been shown to provide partial turgor maintenance

during periods of low Q. Experiments I and II in this study were

designed to describe that class of mechanisms that could, in theory,

enable seedlings to adapt to low tissue water potential. Experiment

III was designed to evaluate the contributions of phenological and

morphological traits to drought resistance - characters that prob-

ably incorporate some aspects of each of the three resistance strate-

gies.

Experiment I. Tissue Responses to Recurrent Water Deficit.

The maintenance of turgor pressure as plant water potential

declines is crucial in the minimization of the deleterious effects of

internal water deficits. Many physiological and biochemical proces-

ses appear to be influenced by cell turgor (Hsiao et a].., 1976a;

Bradford and Hsiao, 1982). Leaf expansion is dependent on the exten-

sibility of the cell wall which, in turn, is highly sensitive to cell

turgor (Boyer, 1968; Green et a].,, 1971; Meyer and Boyer, 1972;

Hsiao et al,, 1976a). Further, changes in stomata]. aperture are

dependent on the pressure potential of guard cells and subsidiary

cells (Meidner and Edwards, 1975). Maintenance of turgor as water

potential (çL) falls allows for higher stomatal conductances and rates

of net photosynthesis to lower values of çh (e.g., Brown et a].. 1976;

Fereres et a].. 1978; Beadle et al,, 1978; Jones and Turner, 1978;

Turner et a]..., 1978; Jones and Rawson, 1979; Flinckleyetal., 1980).

Finally, Hsiao (1973) has provided evidence that many enzymatic

reactions, particularly those associated with the plasmalemma, are
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turgor dependent. Recently, turgor pressure has been found to regu-

late the expression of the kdp operon in Escherichia coil by a system

which senses either the pressure across the membrane or the stretch

in the plane of the membrane (Laimins et al. 1981). The authors

suggest that a similar mechanical-genetic control may be of funda-

mental importance in plant cells.

Considering the apparent crucial importance of turgor in physio-

logical functions, the maintenance of turgor pressure during periods

when internal water deficits develop should help to maintain meta-

bolic processes and result in a less severe degree of impairment of

plant performance. By logical extension, genotypes that have the

capacity to limit or temper the rate at which turgor is diminished

should ultimately exhibit an enhancement of growth, competitive

ability, and survival.

As water is lost from leaves by evaporation, the water potential

of the cell wall matrix adjacent to the liquid-air interface is

reduced. As a consequence, liquid water moves toward that interface,

creating gradients of water potential that extend throughout the

hydraulic pathway. The reduced water potential in the cell walls and

lumens of xylem elements provides the driving force for movement of

water out of the protoplasts of adjacent living tissues such as leaf

mesophyll and phloem. A water deficit arises as water potential in

the protoplasm tends to equilibrate with that in the pathway by means

of movement of water into the pathway.

The steepness of the water potential gradient between the cell

walls and protoplasm may be reduced in at least three ways. Given

that positive turgor still exists in the living cells, there may be
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(a) a decrease in the osmotic potential, 7T due to an increase in the

number of osmoles of solute, N5, in the symplasm, (b) a flow of water

toward the pathway with concomitant reductions in turgor and osmotic

potentials, or Cc) a decrease in r, due to a redistribution of water

from symplasm to apoplasm without any change in relative water con-

tent, R'. It is probable that several of these processes occur to

varying degrees, depending on the location and age of the tissue, the

moisture characteristics of the cells, and the size and duration of

the water deficit.

In situation (a), an increase in N5 could result from an uptake

of additional inorganic ions or from the synthesis and accumulation

of organic solutes within the cell. Decreases in 7T in response to

water and salt stress have been reported many times (e.g., Kreeb,

1963; Walter and Stadelmann, 197k). However, until recently the

decrease was interpreted as a passive response to loss of water.

Hsiaoetal. (1976a) were apparently the first to suggest that low

osmotic potential was the result of an active regulating mechanism,

the most significant consequence of which being the maintenance of a

positive pressure potential to low tissue water contents and water

potentials. This concept of osmo-regulation or osmotic adjustment

has since received considerable emphasis including extensive recent

reviews of the biophysical aspects of turgor regulation (Zimmertnann,

1978), the physiochemica]. aspects of solute accumulation (Aspinall

and Paleg, 1981; Borowitzka, 1981; Pitman and Luttge, 1983; Wyn

Jones and Gorham, 1983), the physiological consequences and ecolog-

ical implications of osmotic adjustment (Turner and Jones, 1980;

Tyree and Jarvis, 1982), and the evolution of organic osmotic solute
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systems (Yancey et al., 1982).

In situation (b), the rate of outflow of water will depend

largely on the elastic properties of the cell wall material. In

living cells, viscoelastic properties arising from the complex mecha-

nical structure of the membrane and cell wall apply an opposing

pressure against that generated by the cell sap, thus producing a

positive internal pressure.

A bulk modulus of elasticity, f may be defined as

(dP/dV)v. (1)

This parameter describes the amount by which a small change in cell

volume, V, brings about a change in pressure potential, F; an elastic

cell wall is characterized by a low value of Thus, e is a

function of the ultrastructure and mechanical properties of the wall

material. From equation (1), it is obvious that E is not a constant,

but is both pressure- and volume-dependent. Also, Preston (197k)

notes that the modulus is a function not only of the material but

also of its mechanical history. It is a time-dependent parameter in

that its precise value depends on the rate at which stress is

applied. Further, it is a history-dependent property since repeated

stretching of a material may so change its physical structure that

the modulus changes.

Elastic cell walls and tissues shrink to enclose a smaller

volume as water outflow occurs. As water content declines, an elas-

tic tissue will sustain a smaller decrease in turgor for the loss of

a given volume of water than would a more rigid tissue, i.e., at

particular values of , P will be higher (and 'r lower) than in a

rigid tissue. Thus, the principal theoretical advantage of a small
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value of E is that at particular values of , the slope of the line

dP/dç is small.

Considering its fundamental importance, accurate estimates of E

are essential for describing tissue water relations during periods of

water deficit. However, since no acceptable statistical model has

been available to describe the change of with within the region

of positive turgor, values of E reported in recent literature prob-

ably incorporate large systematic errors. Owing to the difficulties

of its estimation, very few comparative measurements of the bulk

elastic modulus have been made.

Cutler et al. (1980a) found no significant differences in

between droughtconditioned cultivars of rice (Oryza sativa L.) that

had been irrigated normally for two days versus control plants that

had not experienced drying. Similarly, Jones and Turner (1980)

reported no differences in for sunflower (Helianthus annuus L.)

grown under stressed and wellwatered conditions. Tyree et al.

(1978) demonstrated that in maple (Acer saccharum),
max (the bulk

elastic modulus computed near full turgor) increased with leaf

development, stabilized at a maximum value in July, and then declined

again shortly before senescence. The substantial seasonal changes

noted in contributed to shifts in the relationships between and

*
R and and P. Finally, studies of the water relations of beans

(Vicia faba L.) by Elston et a].. (1976) indicated that decreased in

expanding leaf tissue in response to low 1. However, the method

employed for estimating cii and r did not permit evaluation of the EL?

relationship. Clearly, in light of the conflicting and limited

number of estimates of in the literature, the importance of changes
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in as a turgor-regulatjon mechanism remains unresolved. Further,

as far as I am aware, there are no published reports exploring the

nature or extent of varietal or ecotypic differences in or dE/dP

within a species during a period of increasing soil water deficit.

In situation (c), a decrease in r could, in theory, result from

a movement of water from the protoplasm to free spaces in cell walls.

This mechanism was first suggested by Carr and Gaff (1961) and Gaff

and Carr (1961) on the basis of studies of the hygroscopic properties

of cell wall preparations of Eucalyptus globulus. The authors demon-

strated that cell wall material may absorb water vapor equal to

approximately 150% of its dry weight. They hypothesized that

hydrated cell walls may serve as a buffer against the loss of water

from protoplasts. For example, during periods of high transpira-

tional demand, water previously accumulated and held in the cell wall

matrix would flow out of storage toward the region of lower pressure

potential in the xylem. The positive pressure in the protoplast

might then remain relatively unchanged.

This suggestion has only recently been reconsidered by Tyree and

Jarvis (1982) who note that a change in the partition of water from

symplasm to apoplasm leading to a decrease in r may represent a

turgor adjustment mechanism as symplasm volume is reduced. The

authors postulate that the mechanism is probably not involved in the

tolerance of relatively short term water deficits, but rather that it

involves growth of cell walls and is thereby only important in a

seasonal context. However, there are no reports in the literature

that explicitly examine this hypothesis.
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If an increasing proportion of intermicellar and intermicro-

fibrillar spaces of cell walls were occupied by water, the hydro-

static pressure developed by the surface tension of menisci in those

spaces would accordingly be less negative. The net result would be a

reduction in the rate of outflow of water from the protoplasm to the

transpiration stream. The operation of such a wall-capacitance

mechanism, either by itself or in concert with osmotic adjustment

and/or E-modification, could permit metabolic processes to continue

to lower values of tissue water content. Unfortunately, we know very

little about the resistance to flow from storage sites to xylem.

Further, the changes in cell wall chemistry and structure necessary

to reversibly store and release water are completely unknown.

Experiment I was designed to examine the tissue water relations

of seedling progeny of three populations of Douglas-fir to (a) con-

secutive, short term soil water deficits and (b) seasonal and onto-

genetic changes in stem tissue. The general objective was to

identify biophysical properties of cells that may bear directly on

their capacity to retain water in a desiccating environment. I

hypothesized that genetic differences in drought tolerance of

Douglas-fir arise from the differential capacity of genotypes to

regulate turgor pressure and thereby maintain turgor-dependent pro-

cesses to lower plant water potentials. Specific objectives were:

(1) Describe the contributions of (a) increases in the number of

osmoles of solute in the symplasm, (b) alterations of cell wall

elasticity, and (c) the partition of apoplasm : symplasm water

to the maintenance of turgor during periods of slowly developing

water deficit.
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Describe genetic variability for these traits among the seedling

progeny of three populations.

Describe the influence of drought conditioning with respect to

plant response during subsequent soil water deficits.

Experiment II. Diurnal Patterns of Tissue Water Status.

There has been considerable recent interest in the reductions in

r that occur in plant tissues as a result of active increases in the

cell content of N5 induced by either one or more cycles of soil

drying (i.e., a few days to three weeks) or by seasonal changes in

the tissue. However, relatively few studies have examined the impor-

tance of this or other possible turgor maintenance mechanisms that

may operate in response to diurnal changes in tissue water status.

I-Isiaoetal. (1976a) observed a nearly parallel response forth

and 7T throughout the day in non-irrigated maize (Zea maize L.)

plants. Diurnal change in 'r exhibited an amplitude of approximately

0.65 MPa. The authors inferred that P was maintained at nearly

constant values by oscillations in the quantity of osmotically active

solutes. Acevedoetal. (1979) noted very similar results for both

maize (Zea maize L.) and sorghum (Sorghum bicolor [L.] Moench); '

oscillated diurnally almost in phase with , and substantially high

levels of P remained throughout the day. Elongation of leaves was

not significantly impaired at mid-day despite the observed low 'i

values.

Cutler et al. (1977a) observed that leaf enlargement continued

throughout the day for cotton plants (Gossypiurn hirsutum L.) grown in
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the field at two levels of irrigation; significant elongation of

leaf blades occurred when i was as low as -1.9 to -2.3 MPa. They

found that levels of citrate, malate, and sugars (glucose, fructose,

and sucrose) exhibited significant diurnal variations, and that sugar

and malate concentrations were 20-60% greater in leaves of plants

grown in dry soil than in leaves from frequently irrigated plants.

Osmotic potential was inferred from expected contributions of the

various solutes, assuming 80% of the tissue water was available for

osmotic reaction. By simulating the diurnal course of component

potentials from the inferred weight molal concentration of solutes,

the authors were able to show (as expected from the growth data) that

positive turgors were maintained throughout the day for both treat-

ments. However, they noted that the diurnal amplitude of simulated 7T

was substantially less than the diurnal amplitude of IJ, and therefore

they reasoned that much of the variation in may be explained by

changes in P. They concluded that the magnitude of changes in r was

insufficient on its own to fully account for the maintenance of low

leaf diffusive resistance and continued leaf elongation during

periods of low 'i. They stated:

"The simulation suggests that the cell walls of these
cotton leaves (which may still have been growing) either
had a variable elasticity or that a substantial and vari-
able fraction of cell water was held in the walls."

Wenkert et al. (1978) observed diurnal decreases in r of 0.14_0.5

MPa in soya bean (Glycine max) leaves and concluded that the change

was probably due entirely to changes in the solute level. No changes

were evident in the volume of osmotic water throughout the day.

Davies and Lakso (1979) noted decreases in r as large as 1.65 MPa in
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apple trees during the day, although most of the change was attribu-

table to the effect of dehydration. Active adjustment appeared to be

important only during the period from O85 to 1155 h. Neither sol-

uble carbohydrate content of leaves nor the ratio of soluble to

insoluble carbohydrates varied significantly during the day, leading

the authors to speculate that organic acids or inorganic ions may be

involved in osmotic adjustment in this species. Although a seasonal

decline in was observed, diurnal variability was not examined.

Finally, Takami et a].. (1982) reported diurnal patterns of water

relations in sunflower (Helianthus annuus L.) cultivars. Leaf expan-

sion occurred at lower 0 in stressed than in unstressed plants.

However, since r was lowered in stressed plants, the relationship

between leaf expansion and P was the same for both treatments. In

each of four cultivars, plants that had not been watered for 12 days

maintained turgor at 0.2-0.3 MPa as 0 fell from -0.2 to -0.8 MPa.

The authors attributed the turgor maintenance to osmotic adjustment.

With the exception of the study by Cutleretal. (1977a), none

of the above experiments explicitly considered the possible contri-

butions of diurnal variation in cell wall elasticity or water content

to turgor maintenance. As decreases, turgor maintenance could

occur from equivalent reduction in either r or ; the two processes

are very likely superimposed. In the absence of simultaneous tests

for vi-, , and the partition of apoplasm : symplasm water, the basis

of turgor regulation for a particular species can not be completely

assessed. On this basis, I contend that osmotic adjustment in a

diurnal context has never been conclusively demonstrated for any

higher plant.
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The objective of Experiment II was to measure, in both irrigated

and non-irrigated Douglas-fir seedlings, the relative contributions

of osmotic adjustment, alterations of cell elasticity, and partition

of apoplasm : symplasm water to the maintenance of turgor during

diurnal changes in tissue water status.

Experiment III. Morphological Responses to Water Deficit.

The morphology of an organism is ultimately a function of its

genetic capacity to adjust growth and development patterns to pre-

vailing environmental constraints. As a plant experiences an inter-

nal water deficit, numerous physiological functions are perturbed.

At first only sensitive processes are altered, but as the condition

intensifies, initial effects lead to secondary and tertiary responses

that modify patterns of water use. Integrated over a sufficient

period of time, these "primary" modifications of physiology are

amplified to produce gross changes in plant anatomy and morphology.

Although plant behavior in relation to water is complex and dynamic,

morphological traits measured after a period of stress may provide

insights into the nature of plant adjustment and adaptation proces-

ses. The aim of this experiment was to identify some of those char-

acteristics that may tend to enhance drought resistance and survival

of seedling progeny of diverse populations of Douglas-fir. These

include parameters of morphology that are plastic to environmental

stimuli as well as those that are inherent and expressed despite

growing conditions.
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The consideration of parameters that influence dry matter pro-

duction and distribution among plant parts provides a unifying

approach to the study of these characteristics. The major parameters

are (a) leaf area, (b) net assimilation rate per unit leaf area, (c)

relative growth rates of root and shoot, and (d) pheriology.

For many crop plants, the process of expansive growth is ex-

ceedingly sensitive to water stress. Hsiao et al. (1976b) note that

stresses too mild to close stomata and inhibit photosynthesis may

readily decrease leaf expansion, apparently as a result of the cru-

cial role of turgor in cell elongation. Hsiao et al (1976a) and

Green and Cummins (197k) point out, however, that cell extensibility

and threshold turgor necessary to cause cell wall yielding are not

constant but vary with time and stress history, permitting a stabili-

zation of growth rate during periods of water deficit. Nevertheless,

marked reduction in leaf area increment is likely to occur even

during periods of relatively mild water deficit. The associated

reduction in rate of water use may effectively delay the onset of

more severe stress.

Knowledge of the means by which a species optimizes water

absorption and water loss is important in understanding the processes

by which genotypes adapt to varying habitats. The relationship

between absorption capacity of roots and transpiration demand could

be described by the ratio of root absorbing surface to leaf trans-

piring surface. In reality, the absorptive surface of roots is

extremely variable and virtually impossible to measure with accept-

able precision. The root:shoot biomass ratio represents a reasonable

approximation and is commonly reported in the physiological and
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ecological literature as an estimate of relative absorption-transpi-

ration capacities.

Spatial patterns of rooting and the root:shoot ratio have been

shown to vary within species of woody plants, and variation in these

traits has frequently been correlated with geographic gradients of

precipitation and potential evaporation. In a study of morphological

features of 45 provenances of Pinus sylvestris, the root:shoot ratio

was found to be a function of annual precipitation and mean tempera-

ture of the provenance; root:shoot ratio increased as the climate at

the provenance became more arid (Brown, 1969). Similar relationships

have been reported for Eucalyptus vimirialis (Ladiges, 1974) and for

Pinus caribaea (Venator, 1976). Lavender and Overton (1972) found

consistent differences in seedling root:shoot ratios of Douglas-fir

among eight seed sources; seedlings grown from seed collected from

xeric sites had significantly higher root:shoot ratios and longer

roots than did seedlings from moist coastal sites. In another study,

Heiner and Lavender (1972) reported. that survival under imposed

drought of seedlings from a xeric inland source of Douglas-fir was

higher than that of seedlings from a moist coastal site. Survival

was not correlated with root:shoot ratio but was related to the

ability of the root system to penetrate the soil below a depth of 30

cm. Ferrell and Woodard (1966) found no relationship between drought

avoidance capacity and either root weight or root:shoot ratio.

However, seedlings from a northern Montana source that exhibited a

greater drought avoidance capacity than a Vancouver Island source had

greater numbers of active root tips, suggesting that root ramifica-

tion was more extensive in the interior source seedlings. Finally,
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Hermann arid Lavender (1968) reported on genetic variation for morpho-

logical and phenological traits of Douglas-fir progenies from popula-

tions growing on north- and south-facing aspects in southwestern

Oregon. When grown in a uniform environment, seedlings obtained from

populations existing on xeric south-facing slopes exhibited larger

root:shoot ratios than did seedlings obtained from populations on

north-facing aspects.

Numerous studies of phenology of Douglas-fir have shown that the

time to bud burst is under strong genetic control (e.g., Irgens-

Moller, 1957; Ching and Bever, 1960; Silen, 1962; and Sweet,

1965), and Campbell (1974) reported that the date of bud burst was

correlated with climatic and topographic variables of the proven-

ances. White et al, (1979) observed that provenances of Douglas-fir

from southerly areas or from areas with low July precipitation tended

to burst bud early. And Lavender et al. (1968) and Lavender and

Overton (1972) found that such sources also grew more slowly and set

bud earlier.

White (1981) investigated genetic variation in drought resis-

tance of Douglas-fir from southwestern Oregon. The author observed

phenological and physiological responses of seedlings of eight open-

pollinated families, four of which had been classified drought resis-

tant and four as drought sensitive based on their survival during an

imposed drought. The results of the study indicate that genetic

phenological adaptation for earlier growth is a mechanism that con-

fers drought resistance in this species. Since some conifers exhibit

increased resistance to tissue desiccation while dormant (Levitt,

1972, p 393), a strategy of early bud burst and bud set would seem to
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be advantageous in avoiding the consequences of drought during the

period of highest stress intensity (White et al., 1979). The authors

suggest that extreme moisture deficits in summer months have selected

for early bud burst in some provenances.

The specific objectives of Experiment III were as follows:

(1) Describe the genetic variability for morphological and pheno-

logical responses to water deficit in field-planted seedling

progeny of four populations of Douglas-fir.

(2) Assess differences among populations as well as the degree of

genotype by environment interaction for traits

likely to have major effects on future dry matter produc-

tion (i.e., phenology, leaf area ratios, root:shoot biomass

ratio, relative growth of root and shoot)

likely to have high sensitivity to turgor reduction (i.e.,

stem unit production, mean stem unit length, mean needle

area, and average rate of shoot extension).

(3) Identify subsets of traits that best reveal differences among

populations in response to moisture deficit.



MATERIALS AND METHODS

Description of Populations

Cones were collected in August and September, 1980 from two sites

in the Oregon Coast Range and two sites in southwestern Oregon. A

single population sample was taken at each site which consisted of

cones from seven parent trees; 100-150 cones were collected per tree.

The radius of collection for a population never exceeded 2500 m,

and the largest difference in elevation between any two trees was k5

m. Trees were chosen primarily for the presence of a suitable number

of cones, with little attention paid to tree form or class; however,

no suppressed trees were included. The minimum distance between

sample trees was 30 m.

Population 1 is located within the Picea sitchensis vegetation

zone along the central Oregon coast. Cones were taken from trees

growing on an oceanfacing slope only 1.0-1.5 km inland. The climate

at this location is characterized by minimal variation in moisture

and temperature conditions; Franklin and Dyrness (1973) have sum-

marized data showing that the Picea sitchensis zone experiences the

mildest climate of any northwestern U.S. vegetation zone. Average

annual precipitation at this site is approximately 221 cm (Table 1).

Although rainfall decreases in summer months, low clouds and fog are

frequent in the summer and may add appreciable precipitation as

moisture drifts inland with the prevailing wind and condenses in tree

crowns. A study of precipitation in forests on Cascade Head, 88 km

north of this site indicated a 26% increase in precipitation under

20
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the forest canopy relative to that recorded in adjacent, open sites

(Ruth, 195)4). The author attributed the increase largely to the

effect of fog drip during summer months. In a study of fog precipi-

tation in the Eel River Valley in Humbolt County on the north coast

of California, Azevedo and Morgan (1974) reported that as much as

)42.5 cm of fog water was collected beneath the forest canopy during

the summer fog season.

The mature forest from which this population sample was taken

includes approximately equal representation of' Picea sitchensis,

Tsuga heterophylla, and Pseudotsuga menziesii. The understory vege-

tation is composed of dense growths of a rich assortment of mosses,

ferns, dicotyledonous herbs, and shrubs (Table 2).

Population 2 is located approximately 20 km east of Population

1 in the Oregon Coast Range. The sample trees were growing on a

northwest aspect near the crest of a 300 in ridge. The aspect, eleva-

tion, and position of this site relative to dominant peaks in the

Coast Range assure a very high annual rainfall, thus providing for

the growth of an association that typifies very moist sites within

this vegetation zone. The stand is composed of old-growth

Pseudotsuga rnenziesii and Tsuga heterophylla with a relatively sparse

shrub layer. The understory is dominated by a lush growth of ferns,

mosses, and herbs.

Population 3 is located on a site characteristic of the lowlands

enclosed by the Cascade Range on the east and the Siskiyou Mountains

on the west. The site's position in the rain shadow of the Siskiyou

Mountains places it in the warmest and driest vegetation zone west of

the Cascade Range. It supports an open stand of Quercus kelloggii
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and Quercus garryana with scattered Pseudotsuga menziesii. The

understory is composed primarily of grasses and Rhus diversiloba with

scattered Arctostaphylos viscida.

Population U is located only 7 km east of site 3 and was chosen

to typify xeric mid-elevation sites in the southwestern Oregon

Cascade Range. Although annual precipitation is slightly higher than

that of site 3, the due southwest exposure and approximately 35%

slope of this site assure a very high radiation load during summer

months and contribute to the development of a community of species

that Franklin and Dyrness (1973) have identified as characteristic of

the most xeric forested habitats of the mixed-conifer zone of

southwestern Oregon. The site is occupied by an open, mixed stand of

Pseudotsuga menziesii, Libocedrus decurrens, and occasional Pinus

ponderosa. Arbutus menziesij and Castanopsis chrysophylla form a

lower canopy of evergreen hardwoods, while the understory is domi-

nated by Arctostaphylos nevadensis, Ceanothus spp. and Rhus

diversiloba.

Production of Experimental Materials

Identity of seeds from each parent tree in each population was

maintained throughout curing, extraction, and cleaning. Progeny of

these trees are hereafter referred to as families.

Seeds from each of the 28 families were soaked in water for 12

hours; after draining excess moisture, they were stratified in moist

petri dishes for 40 days at 3-4 C. Seeds were then germinated on

filter paper in petri dishes in a controlled environment germinator
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over an 11-day period (25 C day, 15 C night, 12-hour photoperiod).

When emerging radicles extended approximately 5-8 mm beyond the seed

coat, germinants were removed and placed in a dark refrigerator (3-4

C) until a sufficient quantity was available to plant whole blocks.

Approximately 3200 germinants were planted in the 8-day period from

30 April to 7 May 1981.

Seedlings for all three experiments of this study were planted

and grown in plastic containers for the first growing season.

Approximately 1200 germinants were planted, one per container, in

sterilized 550 cm3 "Deep-pot" plastic containers; these would be used

during the second growing season as experimental seedlings for

Experiments I and II. An additional 2000 germinants were planted in

16I cm3 Ray Leach "Super Cell" plastic tubes for later use in Experi-

ment III. The growing medium in each case was a 2:1:1 mixture of

peat moss, perlite, and forest soil.

During an approximately 0-day establishment period, the seed-

lings were kept in a fiberglass greenhouse where they were watered

every second or third day. Seedlings were twice treated with a

dilute solution of Captan to prevent damping off.

At the end of the establishment period, the containers were

placed on top of raised beds at the Forest Research Laboratory,

Corvallis, Oregon (L14 34' N; 123 17' W; elevation, 71 m), where the

degree of shading could be controlled. Container frames were placed

on a grid allowing free drainage of excess water from the pots.

Initially, the seedlings were shaded to approximately 50% full sun in

order to prevent solarization of succulent foliage that had been

encouraged by greenhouse conditions. Shade was gradually reduced
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until 7 September 1981 when seedlings were exposed to full sun.

A complete fertilizer was applied approximately every 1k days

except during the dormancy induction period from 1 August to 15

September 1981. During that period, the containers were leached of

residual fertilizer, and the frequency of watering reduced to once

every 10-1k days.

After 15 September, when budset was uniform over all families,

more frequent watering was resumed and a 0-10-10 fertilizer was

applied three times during early autumn to encourage root growth.

Seedlings were kept in full sun throughout the winter and covered

only when there was danger of injury from freezing temperatures.

The integrity of statistical blocks was maintained from the

beginning of the establishment period until the termination of all

experiments. During the growth period in the greenhouse and in the

raised beds, populations and families were re-randomized within a

given block at approximately two-week intervals. During the winter,

re-randomization was done monthly. Two border rows of seedlings

surrounded each set of experimental materials.

Experiment I. Tissue Responses to Recurrent Water Deficit.

Description of Treatments

In March 1982, (i.e., beginning of the second growing season)

120 seedlings from each of three families of three populations were

arranged in a split plot design with three replications. Re-randomi-

zation at regular intervals (as had been practiced during the produc-
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tion phase of these materials) was no longer carried out. Spacing

between seedlings was 7 cm by 7 cm, and a two-row border of seedlings

was maintained until the experiment was terminated. Rainfall was

excluded by use of frames fitted with a single layer of 8-mu poly-

ethylene film that covered but did not enclose the seedlings.

Two levels of irrigation were assigned at random to whole plots.

These were: 1) frequent watering (every 1-2 days) and 2) no water

during 12-15 day drying periods. Three levels of population were

assigned at random to subplots within each whole plot. These

included Population 2 from the Oregon Coast Range and Populations 3

and 1 from southwestern Oregon. Twenty seedlings of each of three

families were assigned at random within each population subplot. In

total, 20 seedlings X 3 families X 3 subplots/whole plot X 2 whole

plots/replication X 3 replications = 1080 seedlings were available

for sampling.

Beginning on 2 June 1982, water was withheld from seedlings in

whole plots receiving irrigation at level 2; the drying continued

through 15 June 1982 (Julian days 153-166). Samples for pressure-

volume determinations of tissue water status were taken on days 153,

160, and 166. Seedlings were chosen according to a procedure that

insured that each of the three families of a population were equally

represented on each sample date. First, on any given sample date,

one family ("a", "b", or "c") was selected at random from a given

population subplot, and a single seedling of that family identity was

sampled, at random, from each of the two whole plots of replication

1. Second, another family was selected at random from the two

remaining families (e.g., "a" or 1tCtt if "b" had already been
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selected), and an individual of that family was sampled from each of

the whole plots of replication 2. Likewise, an individual of the

remaining family was sampled from each whole plot of replication 3.

In total, 1 seedling X 3 subplots X 2 whole plots X 3 replications =

18 seedlings were destructively sampled on each day.

At the conclusion of this drying period, all remaining seedlings

in level 2 whole plots were watered to saturation and then watered

every 1-2 days until a second drying period was initiated on day 180.

In total, four drying cycles were applied between 2 June and 17

September 1982. Intervals between soil drying cycles 1 and 2, 2 and

3, and 3 and 14 were 11!, 27, and 12 d, respectively; all seedlings

were watered frequently during these periods. The Julian dates for

each drying cycle are as follows: cycle 1, 153-166; cycle 2, 180-

193; cycle 3, 220-235; cycle 14, 2147-259.

Pre-dawn leaf water potential (4k) was used as the determining

factor in the choice of sample dates. It was monitored by use of a

pressure chamber (Scholanderetal. 196k) on branches of represen-

tative seedlings during the course of each drying cycle. The first

sample of each cycle was taken when the growing medium was fully sat-

urated and was high (0.1 - 0.2 MPa). The second sample was taken

when had reached 0.8 - 1.0 MPa; this occurred within 7-9 days

depending on weather conditions. The third sample, taken 12-15 days

after initiation of the drying period, was collected when ' had

reached 2.0 - 2.14 MPa. Seedlings selected to be sampled which were

found to be outside these ranges of ' were replaced by another indi-

vidual, chosen at random, of the appropriate designation and level of



Procedure for Constructing Pressure-Volume Curves

General

The pressure-volume (P-V) technique, as developed by Scholander

etal. (1964, 1965) and Tyree and Hammel (1972), has been useful in

studying water relations parameters of higher plants. The method

involves the measurement of of a leaf and stem sample during a

period in which the tissue is progressively dehydrated to well past

the turgor loss point. of the tissue is measured as a function of

the weight of water lost, and a set of paired data points of cumula-

tive weight of water expressed and the corresponding chamber pressure

required to express that weight is developed during the pressure-

induced dehydration. The resulting P-V curve may then be analyzed to

estimate several measures of tissue water status, including osmotic

potential and pressure potential as a function of water content. The

procedure described below for the generation of pressure-volume

curves follows that detailed by Cheung et al. (1975), with some

modifications.

Tissue Rehydration

Stem and foliage samples for pressure-volume determinations were

cut from seedlings beginning at 3 hours after sunrise on each sample

date. As the leader of the stem was severed, it was immediately

placed in water. Each of 18 samples was then quickly trimmed to

appropriate size and their stems recut under water. A sample consis-

27
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ted of approximately 15 cm of the terminal portion of a shoot toget-

her with any branches present on the shoot. Typically, fresh weight

of the sample was between 2.0 - 3.0 g.

The base of the stem was placed in a beaker and kept submerged

in approximately 2 cm of distilled water; foliage was held above the

water surface. A polyethylene bag was placed over the sample and

secured to the top of the beaker by a rubber band. This formed an

enclosure of sufficient volume to prevent foliage from touching the

condensation that formed on its inner surface. As soon as a sample

had been prepared in the above manner, it was placed in a refrig-

erator (3-k C) and left overnight. All 18 samples were processed

within 6-8 minutes of collection.

Sample Preparation

A sample was removed from its enclosure and the stem prepared

for insertion into a rubber stopper. The fresh weight (FW) of the

sample was determined to 0.1 mg, and then it was quickly placed

inside a k-mu polyethylene sheath along with a small (approximately

14 cm2 piece of moist paper towel. The stem was forced through a

small hole at one end of the sheath, providing a firm but not air-

tight seal. The opposite end of' the sheath was heat sealed, leaving

only approximately 2 cm of stern protruding from this enclosure. Two

pressure chambers (PMS Instruments, Corvallis, Oregon) were used for

developing P-V data. Each was fitted with a head modified to accom-

modate three samples. After a set of samples had been inserted into

a stopper, the three plastic sheaths were enclosed in a 2-mil poly-
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ethylene bag and inserted into the chamber. In addition to the

humidified plastic inner sheath, the base of the chamber was lined

with moist filter paper to minimize tissue water loss and leaf temp-

erature fluctuations during pressure changes (Wenkert et al. 1978).

Data Collection

The flow of nitrogen gas into the chamber was set at approxi-

mately 0.004 - 0.005 MPa/sec until fluid appeared on the cut surface

of the stem. This initial leaf water potential (balance pressure)

was recorded for each stem, the chamber pressure was reduced to

slightly below the lowest of the three balance points, and each stem

was fitted with a pre-weighed sap collection assembly. The initial

balance pressures for all three samples were determined within 2-3

minutes of the removal of the samples from their refrigerated enclo-

sures.

The sap collection assemblies were constructed from .5 cm

sections of tygon tubing (inside diameter, 5.5 mm) and were loosely

packed with half-thickness strips of Job Squad paper towels. The top

of a sap collector was sealed with a rubber stopper, while its base

was fitted with a 1 cm section of smaller diameter tubing which could

be placed over the end of the stem and then firmly seated in one of

the insertion holes in the pressure chamber head. This modification

was found to be effective in reducing desiccation from the surfaces

of the protruding stem.

After recording the initial leaf water potentials, the chamber

was again slowly pressurized to a predetermined overpressure of 0.5
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MPa above the lowest balance point. This resulted in exudation of

fluid from the cut surface and its absorption by the paper strips.

The elevated pressure was maintained for 10 minutes; after this

exchange time, chamber pressure was slowly reduced by approximately

0.005 MPa/sec to 0.1-0.2 MPa below the anticipated new balance pres-

sure. The sap collection assemblies were removed by tweezers and

sealed, and the chamber slowly pressurized until fluid was just

visible on the cut surface. This new equilibrium pressure was

located and recorded within 1-2 minutes of the removal of the sap

collectors. Balance pressures could be determined to within ± 0.005

MPa by examining the cut surface at 18X magnification. A new sap

collector was placed over each stem, and the saturated assemblies

were weighed to 0.1 mg immediately after determination of the balance

pressures.

This procedure was repeated 114_18 times, typically providing 7-11

data points in the range of positive turgor and 8 data points in

the region of zero turgor. Longer exchange times were sometimes

necessary in order to develop a suitable number of PV data pairs in

the zero turgor region, and in these cases exchange time was

increased to 1211 minutes.

After the final balance pressure was determined, the sample was

removed from the chamber, and its residual fresh weight (RFW) was

quickly measured. Dry weight (DW) was determined after drying the

sample in an aircirculating oven at 75 C for 48 hours and then

letting it cool at room temperature for 1 hour.

A period of 4.0 - 24,5 hours was necessary to produce a complete

PV determination, and since two chambers were used, up to 18 such
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data sets could be generated in one day. All data collection was

done in an airconditioned room where temperature was maintained at

25.5 ± 1 C. During any given PV determination, variation in room

temperature was minimal ± 0.5 C).

PressureVolume Curves - Theoretical Basis

A theoretical analysis relating change in balance pressure to

volume changes of a shoot undergoing pressure dehydration was

developed by Tyree and Hammel (1972). Cheungetal. (1975), Tyree

(1976), and Tyree and Jarvis (1982) have refined the derivation of

parameters of tissue water relations from PV data.

Water potential, , of a plant cell is expressed as the sum of

component potentials, and was defined by Dainty (1976) as

4i P +7t+T (2)

where P, r, and T are pressure, osmotic, and matric potentials,

respectively. Although this equation is useful in the description of

individual cells, Tyree and Hamrnel (1972) and Tyree and Jarvis (1982)

have argued for the use of a more precise and practical definition of

water relations parameters for tissues and organs, since values of P,

'r, and T may differ from cell to cell in a tissue. They have derived

weightaveraged values of pressure potential, , and osmotic poten-

tial, 5F, and define these average or bulk tissue properties as:

=(w/W)7r (3)

and

=(w1/W)P (LI)

where W is the weight of water in the tissue symplasm, and w1 the
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weight of water in the 1th cell of osmotic potential 7r and pressure

potential P1. Weight-averaged values are derived by the summation of

individual cell potentials over all n cells in a tissue. Thus, for a

tissue at equilibrium, it is more meaningful to define water poten-

tial by the appropriate weight-averaged parameters, i.e.,

P + (5)

Matric potential (T) is that contribution to water potential

resulting from interfacia]. forces occurring between liquid and solid

phases in plant cell walls. These include van der Waals and electro-

static forces as well as interactions of the water dipole with the

electric field of cell wall surfaces. Each of these forces is short-

range and influences only an extremely small fraction of the total

water in the system. On the basis of a thermodynamic analysis, Tyree

and Jarvis (1982) concluded that, within the range of values of 0

found in living plants, the effects of T and charged surfaces are

negligible; surface tension effects within cell walls can be accom-

modated by P, and all solute effects can be included in Accord-

ingly, matric potential is excluded from consideration in the

analyses of i isotherms described below.

Osmotic potential (7r) is related to the number of osmoles (N5)

of dissolved solute in the cell sap of a tissue sample and to the

osmotic (i.e., symplasrnic) water volume (V) according to the van't

Hoff equation

7r = - (RTN5Dw)/W -(RTN5)/v (6)

(Nobel, 1983, p 710, where H is the universal gas constant, T the

Kelvin temperature, D the density of water in the solution, and W

the mass of water in the tissue symplasm.
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As water is lost from a tissue during pressure-induced dehydra-

tion, P will at some point be forced to zero. As water content is

further reduced, the hydrostatic pressure measured by the chamber is

due solely to the contribution of the osmotic constituents of cells,

and = From equation (6)

= - (RTN5D)/W . (7)

Inverting and re-stating the model to reflect continued dehydration

beyond the turgor loss point,

1/çh - (w - We)/RTN5Dw (8)

or

(Wo/RTN5Dw) - (We/RTNsDw)

where W0 is the weight of symplasmic water at full hydration and We

is the cumulative weight of water expressed from the sample. Equa-

tions (8) and (9) are valid only if all water expressed comes from

the symplasm, i.e., there is no change in water partition between

apoplasm and symplasm during the course of dehydration.

Non-constancy of apoplasrnic water volume during dehydration

would result in curvature of the linear relationships expressed by

equations (8) or (9). Tyree and Richter (1982), using a model of a

hypothetical tissue containing eight different cell types, demon-

strated that the curvature induced by varying apoplasmic volume is

undetectable within the normal range of a isotherm. The authors

concluded that the bulk compressive modulus of cell walls was well

beyond the range where estimates of osmotic potential or apoplasmic

water volume could be seriously affected.

Thus, a plot of 1/çb versus We will, in theory, yield a straight

line with a slope of l/RTN5Dw and intercept of -W0/RTN5D 117r0
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where is the osmotic potential at full hydration. The analysis of

a water potential isotherm yields r as a function of W over a wide

range of water contents. Further, the pressure potential, P, can be

obtained at any W from such plots as the difference between 4' and

This calculation assumes that N5 remains constant during the pro-

cedure.

Analysis of Pressure-Volume Data

A plot of the reciprocal of potential, 1/4i, versus the cumula-

tive weight of water expressed, We for a typical Douglas-fir shoot

is shown in Figure 1. The plot exhibits a strongly curvilinear

region at low applied pressures that asymptotically approaches and

joins (at a point where 0) a region of extremely high linearity.

An alternate method of displaying the water potential isotherm

is by a plot of 1/4' against relative water content, R. The same

data used to construct Figure 1 are transformed to R* and replotted

in Figure 2. Equivalent values of will be derived from this plot

since

(w + Wa)/(Wo + Wa) (10)

where Wa is the mass of apoplasmic water. Rearranging,

W (W0 + Wa)R* - Wa

and substituting for W in equation (7) gives

-1/4' (R*(w0
+ Wa))/RTN5Dw - Wa/RTN5Dw. (12)

Thus a plot of i/cl) versus R* will also exhibit a straight lineafter

P has been forced to zero.
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Extrapolation of the linear portion to R*
= 1.0 provides an

estimate of since

1/çL - W0/RTN3D 1/. (13)

*
Further, extrapolation of' this line to its intercept on the R axis

(1/ = 0) gives an estimate of the relative water content of apoplas-

mic water,

= Wa/(Wo + Wa)

This approach to displaying the çb isotherm provides a framework

for analysis of tissue water relations in terms of the relationships

between 4', its component potentials and , and R*. All measures of

tissue water status derived here are based on this transformation of

the water potential isotherm.

The Water Potential Isotherm Function

The accuracy of estimates of' 4', , and computed at particular

values of R*, as well as their rates of change with R*, is entirely

dependent upon (a) a PV technique with very low experimental error

and (b) the availability of a smooth, continuous function, consistent

with water relations theory, that can be used to predict 1/4' through-

out the whole range of R*.

A twostage approach to the statistical analysis of 4' isotherms

was taken. First, a least squares regression of the form

1/4' = a + bR' (15)

was fitted to data points in the linear region which is described by

equation (12), i.e., R* varies linearly with 1/4'. In the second

stage, those points judged to lie in the region where >0 were fitted
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1/çl c + dR' + f(R*/(1 *))g
(16)

The nonlinear function is constrained to join 1/ç a + bR* at a

critical value of R* where P is estimated to be zero. The use of

this segmented approach in modeling the 4 isotherm is outlined for

each stage of analysis.

Estimating Regression Coefficients - Linear Region

Pressurevolume data were transformed to give R* values for

particular values of 1/. Relative water content at each step is

given by

R*
(Wt - We)/Wt (17)

The total weight of tissue water, W, was first computed as

k
= (RFW - DW) + We (18)

1=1

where RFW is residual weight of tissue at the conclusion of the PV

k
determination, DW is dry weight, and We is the cumulative weight

1=1
of sap expressed over all k measurement pairs.

An empirically determined set of rules was constructed to select

the best n pairs of points in the linear region of a c/i isotherm.

First, a least squares regression was fitted to the final three data

pairs of a PV determination and the regression coefficients, a and

b, as well as the coefficient of determination, r2, were computed.

Working sequentially toward higher values of R*, additional data

pairs were added, one at a time, and new coefficients computed at

each step. These computations were facilitated by use of a BASIC

computer program, given in Appendix I, that fitted PV data to a

36
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simple linear regression model. Second, each of 26 çL isotherms was

plotted by computer on a high resolution device, and rigid criteria

were empirically developed in order to provide a standard protocol

for accepting or rejecting a point as lying on the line described by

equation (12).

These criteria are based on the value of r2 as well as the

magnitude of reduction in r2, tSr2, that occurs with the inclusion of

an additional data pair. For example, when r2 for n data pairs is

greater than or equal to 0.998, the method requires a tSr2 of only

0.00 1 to exclude the (n + 1) data pair from the linear model. But

successively larger values of tSr2 are necessary to exclude a data

pair in those cases where the error sum of squares for the regression

model is larger and r2 is subsequently small. In summary, data pairs

continued to be added until the change in r2 was negative. Whether

the last pair was included in the analysis depended on the magnitude

of negative change relative to the value of r2 prior to the addition

of that point. A flow diagram defining the decision rules used to

select the best n pairs is given in Appendix II.

Values of r2 for linear regressions within the region where P=0

(i.e., using the best n pairs) were extremely high. Of a sample of

200 4 isotherms, fewer than 25% exhibited an r2 below 0.995, and

virtually no data sets had an r2 below 0.990. Thus, the Sr2 criteria

was sensitive to deviations from linearity and could be adhered to

almost without exception, providing a standard and unbiased means of

defining the terminus of the function 1/ a + bR'. The relative

water content at the turgor loss point, is defined in this

analysis as the of the final data pair accepted by the Sr2 proto-
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col. Although arbitrary, this procedure represents an unbiased met-

hod of selecting the point of turgor loss. Further, the errors

generated in estimates of ç, i, and as a result of very slight

differences in R* are, for this region of the isotherm, negligible.

For example, in those cases where the addition of a new data pair (in

the region near the inflection point of the two functions) causes a

very small negative change in r2 relative to its previous value,

final estimates of at that value of R* would change by approx-

imately only 0.02 - 0.03 MPa if that point was utilized in the linear

regression rather than in the nonlinear regression.

Estimating Regression Coefficients - Nonlinear Region

Those data points determined by the above procedure to lie

within the region of positive (i.e., R* > R1) were fitted to the

model

1/4' = c + dR* + f(R*/(1 *))g
(16)

This nonlinear model was selected from a number of alternative

linear and nonlinear functions as the best predictor of the behavior

of 1/4' as it varies with R*. Four of these alternative models pro-

vided reasonably good fit to pressure-volume data, but each exhibited

systematic variation in at least one portion of the range of R* from

to 1.0. Each of these discarded models was of of the form 1/4i =

c + dX + Z, where X is relative water content
(*)

and Z is one of

the following expressions: (a) f[tan(( /2)Xfl; (b) f[ln(1_Xfl;

(c) f[exp(g((X/(1 - X))h))]; (d) f(X) In each case, as well as

in equation (16), f(R*) approaches infinity as R* approaches 1.0.
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This behavior is consistent with plant water relations theory, since

should approach zero as relative water content approaches 1.0

(i.e., full water saturation). The rate of change in 1/ç' at high

values of R* is very large, and a function incorporating this proper-

ty was essential. Various forms of intrinsically linear power

functions were found to be completely inadequate in predicting 1//' at

high values of R*.

Estimates of the parameters of the nonlinear model given by

equation (16) were obtained by a constrained least squares method

(see Lawson and Hanson, 197k). The partial derivatives of the model

with respect to the parameters were first specified. Then, starting

with initial estimates of the parameters, the procedure uses a modi-

fied Gauss-Newton iterative method such that the residuals are

regressed on the partial derivatives of the model with respect to the

parameters. The iterative process continues until the solution con-

verges on a set of parameters that minimize the sum of squares of the

residuals, -2res The solution is constrained such that the para-

meter estimates specify a function that is continuous with the line

1/ = a + bR*, joining it at

The two regression models were fitted to each of 26k data sets

(i.e., the combined data of Experiments I and II). The mean square

residual from the nonlinear regression model,

2_ i-
res' n - ,

for n data pairs and k=4 parameters was typically below 0.0005 and

only very rarely as large as 0.0025, indicating an exceedingly close

fit to the data. Residuals exhibited no systematic variation, and

even in the region of low applied pressure, residuals rarely exceeded
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0.03 MPa1. The data set used for Figures (1) and (2) is replotted

in Figure 3, showing the fitted linear and nonlinear functions.

A FORTRAN V computer program (Appendix III) was used to fit both

functions and to compute and over the whole range of R* from the

parameter estimates a, b, c, d, f, and g. P was computed in

increments of 0.005 from R*
= 1.0 to R1 by

(20)

Thus, the twostage analysis of J isotherms described here yields

weightaveraged values of osmotic and pressure potentials as a

function of water content. A Flofler diagram showing how 4, and P

change with R* can be constructed as illustrated in Figure I for the

same data set used in Figures 1-3.

The inverse of osmotic potential at full turgor was found by

extrapolation of 1/4' a + bR* to R' 1.0, and the inverse of

osmotic potential at zero turgor was determined by evaluating the

linear function at The relative water content of the apoplasm

was computed as the intercept of 1/0 a + bR* with the R* axis (1/4

0).

A weightaveraged bulk elastic modulus, , (Tyree and Jarvis,

1982) was used to estimate elastic properties of cell wall material.

= (dP/dw)w , (21)

where is from equation (20) and W is the weight of water in the

symplasm (also computed in R*_increments of 0.005 from R* 1.0 to

is computed as the slope of the line dP/dW at particular

values, of W. The value of near full turgor max was arbitrarily

designated as that value of computed at R* 0.995.



Statistical Analysis of' Experiment I

A total of seven traits, as defined in Table 3, were derived

from analyses of individual 4 isotherms and used to quantify seedling

response to water deficit. The experiment was analyzed as a split-

split plot design where time (i.e., sample date) was the sub-subplot.

A separate analysis of variance was used for each of the four drying

cycles.

Whole units to which a2 levels of irrigation (factor A) were

allocated were divided into subunits to which b3 levels of popula-

tion (factor B) were allocated. Thus, each whole plot became a block

for the subunit treatments. Further, each subunit was divided into

sub-subunits for the inclusion of c=3 levels of time (factor C), and

levels of the C factor were assigned at random to the sub-subunits.

The analysis was divided in three parts: (1) between whole units, (2)

between subunits within whole units, and (3) between sub-subunits

within subunits. Calculation of sums of squares was on a sub-subunit

basis, and divisors were the number of subunits in any total being

squared. The sum of squares for error, SSE0, was obtained by sub-

tracting from the total sum of squares, the sum of all other sums of

squares.

The model for the analysis was

ijkl M + + A + RA1 + Bk + ABJk + RABijk

+ C1 + AC + BCkl + ABCJk1 + Ejjkl. (22)

where i=1,..,r replications, j=1,...,a whole unit treatments,

k=1 ,...,b subunit treatments, and 1=1 ,...,c sub-subunit treatments.

Thus, ijkl represents the observation made on the replicate on

141
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the whole unit receiving the th level of factor A with the kth level

of subunit treatment (factor B) and the 1th sub-subunit treatment

(factor C); ABik, for example, represents the observations obtained

for the seedlings in the th level of irrigation and the kth level of

population. RABijk, and Ejjkl are error terms with mean zero

and variances st,, s, and respectively. All factors in the

model are assumed to have fixed effects. The reduced model for the

whole plot analysis is given simply by

M + R + A + RA1.

Comparisons of split-plot means within whole plots do not

involve the error term RA1. Likewise, comparison between split-

split plots within split plots do not involve the error terms RA or

RABjik. The general form of the analysis, given in Table 4, illus-

trates which null hypotheses can be tested by errors RABijk,

and Ejjkl.

There are numerous formulations of error terms applicable for

comparing means, depending on the nature of the comparison being

made. Standard errors for comparison of various means were computed

as described by Little and Hills (1978) and are shown in Table 5.

Expressions for calculating t values needed for certain comparisons

are also included.



Experiment II. Diurnal Patterns of Tissue Water Status.

Description of Treatments and Statistical Analysis

The seedling progeny of a single family of population 3 were

used as experimental materials for this study. Individuals chosen to

be sampled were drawn evenly over all replications of the larger set

of experimental materials described for Experiment I. Four seedlings

were drawn at random from each of the population 3 subunits in each

whole unit, and these were set aside approximately 1 week before

sampling. Those seedlings from irrigated whole plots continued to be

watered every day, but seedlings from dry plots were dried (over a

period of 6-7 days) to a predawn c of 0.8 to 1.0 MPa On 28 July

when seedlings were sampled.

A second sample was taken on 1 September. In the interval

between these two days, an additional set of seedlings was selected

as described above and these were irrigated frequently until a drying

period of the same final intensity was initiated on 25 August.

Seedlings were destructively sampled four times throughout each

of the two sample dates; times of sampling were: sunrise, 1000 h,

1430 h, and sunset. At a given sampling time, a single seedling was

drawn from each whole plot of each of the three blocks, giving a

total of n=24 samples for each day. i of a branch was determined for

each seedling at the time of sampling. Since can be determined at

any çt' from the isotherm function described above, estimates of ç,

ff, and (= - ) can be computed throughout diurnal time courses.

Sample preparation, PV procedure, and analysis of 4i isotherms were

L3
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exactly as described for Experiment I.

The experiment was analyzed as a split plot design. The general

model for the analysis was

Y1 = M + R1 + A + RA1 + Bk + ABik + Ejik (23)

where i=1,...,r replications, j=1,...,a whole unit treatments, and

k=1,...,b subunit treatments.
ijk represents the observation in the

1th
replicate of a randomized complete block design on the whole unit

receiving the th
level of factor A (irrigation) with the kth level

of factor B (sampling time); ABik, for example, represents the obser-

vations for the seedlings in the level of irrigation and the kth

level of sampling time. Both RA1 and Ejik are normally and indepen-

dently distributed about zero means with S2RA as the common variance

of the whole unit random components and 2E as the variance of the

subunit random components. All factors in the model are assumed to

have fixed effects. The general form of the analysis of variance is

given in Table 6.

Experiment III. Morphological Responses to Water Deficit.

Description of Treatments

Seedling progeny from seven families of each of the four popula-.

tions were transplanted from "Super Cell" plastic containers

(described above) to a field plot at the Forest Genetics Nursery,

MacDonald Forest, Corvallis Oregon. Three seedlings from each family

of a population were arranged in a split plot design with four rand-

omized complete blocks. Two levels of irrigation were assigned at
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random to whole plots, and four levels of population were then

assigned at random to subplots. Families were nested within popula-

tions, and the three individuals of each family were arranged in row

plots within population subplots.

One month prior to planting, the plot was twice disk harrowed to

remove grass cover, and a complete fertilizer was applied and worked

into the surface soil two weeks before planting. The plot was on a

gently sloping (<1% slope), south-facing aspect on a deep, well-

drained Jory-series silty clay soil. The surface soil was approxi-

mately 50 cm deep, friable, and characterized by high clay content.

Four replications of 168 seedlings each (3 individuals/family X

7 families X 14 populations X 2 irrigation treatments) were planted,

one replication per day, during the period from 20 March to 214 March

1982. All seedlings were planted by the same person by use of a soil

auger to ensure uniform handling and to minimize soil compaction.

Spacing between individuals was 30 cm by 30 cm. Whole plots were

separated from each other by approximately 2 in, and a single row of

border seedlings surrounded each whole plot. Border seedlings were

drawn from a bulk mixture of seedlings from each population and were

planted without regard to source identity.

Budbreak of the terminal bud was scored every 72 h during the

period from 22 April to 114 May 1982. A simple +/- classification was

employed, with the criterion for a positive score being the appear-

ance of any green foliage beyond the terminus of the bud scales.

Budset was scored at approximately 114 d intervals from 1 July to 1

September 1982. As for budbreak, a single criterion was used to

score this trait; the presence of firm terminal bud scales indicated
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a positive score for budset.

The irrigation treatments were applied from 114 May until the

termination of the experiment on 14 October 1982. These were as

follows: (a) whole plots receiving irrigation at level 1 were watered

to field capacity once, on average, every day; less frequent irriga-

tion was sometimes needed due to mild or cloudy weather, but irri-

gation frequency was never less than once every second day, and (b)

plots receiving irrigation at level 2 were allowed to dry slowly

during the summer and received no water other than occasional rain-

fall. Competing vegetation was regularly removed from both irrigated

and non-irrigated plots by mechanical methods.

All seedlings were severed at the cotyledon sear on 114 October

1982. Shoots were immediately sealed in individual plastic bags and

placed under dark refrigeration (3-14 C). Measures of shoot morph-

ology, including stem unit production and leaf area, were recorded

from these samples during the next '4 weeks (see next section).

Root systems were excavated by detonating patterned charges of

high-velocity dynamite placed at a uniform depth below the soil

surface (see Newton and Zedaker, 1981). First, the protruding cut

stems of individual seedlings were labelled and then tied together in

rows to facilitate identification after blasting. The plot was

irrigated to field capacity and allowed to drain for two days prior

to excavation. Single sticks of dynamite were placed at the bottom

of vertical bore holes made to a depth of 1.2 in by use of a power

auger; spacing between charges was approximately 0.75 m. Charges

were placed around the perimeter of each whole plot with an addit-

ional row extending through the center of a plot, providing an
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average charge density of 1.3 sticks of dynamite per cubic meter of

soil. All charges were interconnected by explosive cord (Primacord)

to ensure simultaneous detonation.

Upon detonation, the entire soil mass was raised, pulverized,

and dropped back into place. Since the soil settled more quickly

than the roots, the roots were effectively moved closer to the soil

surface. Extraction of individual root systems was then accomplished

by manual excavation from the pulverized soil. In general, roots

were easily accessible, and the fine root structure and mycorrhizal

associations were largely intact, Of 672 experimental seedlings, 31

had to be dropped from the analysis due either to loss of the iden-

tity tag or to obvious blast damage to the root system.

All root systems were excavated within 72 hours after stems had

been severed. Each was immediately placed in an individual paper

bag, sealed with other bagged roots in larger plastic bags, and

stored under refrigeration (3_14 C) until they could be washed. Final

cleaning of the root systems was accomplished by use of a fine spray

of water and a soil-testing sieve with 1.0 mm2 openings to catch

broken roots. All root systems were washed and ready to be oven

dried within 8 days of excavation,

Description of Morphological Traits Measured

The following metric characters were measured for all experi-

mental seedlings: total height (defined as the distance between the

cotyledon scar and the base of the terminal bud), diameter at the

cotyledon scar, number of branches, and length of shoot extension for
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the 1982 growing season. Root systems and shoots were weighed to

0.001 g after drying at 70 C for 148 hours.

A more intensive series of measurements, including stem unit

analyses and leaf area determinations, was made on a subset of these

materials. Two individuals from each of five families were randomly

selected from each population subplot in three of the replications

(one replication was chosen at random to be dropped from this part of

the analysis). A total of 2140 seedlings were used for these

analyses.

Stem unit analysis was conducted for that portion of the main

stem that had extended during the 1982 growing season. The total

number of stem units as well as the length of shoot extension was

recorded, permitting computation of a mean stem unit length for each

seedling. Stem unit number was defined after Cannell et al. (1976)

as the summation of the number of needles, lateral buds, and branch

insertions arising from a given length of stem.

Needles removed from the main stem and tallied for stem unit

determination were sealed in individual plastic bags by seedling and

frozen (-140 C) for future determinations of leaf area. All remaining

foliage was removed from each plant, allowing separate determinations

of foliage and stem dry weights.

Leaf area determinations were made on a random sample of 140-50

needles taken from the main stem. Area was measured to 0.01 cm2 by

use of a LICOR LI-3100 area meter, and a mean area per sample,

computed on the basis of three sequential determinations, was used

for further analyses. Since the number of needles used for each leaf

area determination was recorded, a mean needle area could be com-
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puted.

Needles used for area determinations were oven dried at 70 C for

148 hours and weighed to 0.001 g. A specific leaf weight : leaf area

ratio (WAR) was computed for each seedling. Since Douglas-fir

needles have appreciable 3-dimensional geometry, a correction factor

is necessary to adjust the 2-dimensional leaf surface areas computed

by optical projection techniques. A plane-surface correction factor

of 2.36 was used from data given by Gholzetal. (1976) for Douglas-

fir. Krueger and Ruth (1969) and Drew and Running (1975) have also

arrived at correction factors of 2.36 and 2.32, respectively. Total

surface area of foliage, AREATOT, was computed by

AREATOT 2.36(FW/WAR), (2k)

where FW is total dry weight of foliage

Statistical Analysis of Experiment III

Eleven quantitative traits were analyzed for all surviving seed-

lings (with exceptions noted above), and an additional eight traits,

related to stem unit numbers and leaf area relations, were analyzed

for a subset of 2140 seedlings. Each trait is defined in Table 7.

The experiment was analyzed as a split plot design with irri-

gation as whole plots and populations as the subplot treatment;

irrigation treatments were arranged in a randomized complete block

configuration. Families were nested within each population subplot.

The general form of the analysis of variance, which was conducted on

the basis of family means, is given in Table 8.



RESULTS

Experiment I. Tissue Responses to Recurrent Water Deficit.

Tables 9, 10, 11, and 12 display the results of separate

analyses of variance for tissue water relations parameters measured

during drying cycles 1, 2, 3, and L, respectively. Means of
p'

R, W0/DW, FW/DW, 'max (see Table 3 for descriptions), and

number of active root tips (RTIPS) over time are plotted in Figures

5-12, respectively, for irrigated and non-irrigated seedlings in each

of the four drying cycles.

In order to examine seasonal changes in these parameters, sep-

arate from the effects of drying cycles, analyses of variance were

conducted for each trait at each of the 12 sample dates from days

153-259, using irrigated seedlings only. The results of these analy-

ses are presented in Table 13, and time means for each trait are

plotted in Figures 13-20. A summary table of means used to generate

these plots is given in Table 1L, and groupings of non-significantly

different means given by Duncan's multiple range test are indicated.

Results are presented below for each water relations parameter.

In each case, results of the seasonal analysis for irrigated seed-

lings is presented first, followed by the results of analyses of

individual drying cycles.

50



Osmotic Potential at Full Turgor,
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For frequently irrigated seedlings, there was a general trend

toward lower as the growing season progresses (Figure 13). was

relatively constant (approximately -1.8 MPa) from early- to mid-June,

but a large increase (approximately 0.35 MPa) occurred between mid-

and late-June. From this high value of -1.148 MPa, decreased by

over 60% throughout July and August to a value of -2.30 MPa on day

235, reaching a final value of -2.24 MPa in early September.

With the exception of the first drying cycle, decreased

significantly during each of the 12-15 day drying periods (Figure 5).

In no case, however, was the irrigation treatment significant; i.e.,

irrigated and non-irrigated seedlings exhibited an equivalent

response of during any given drying period. Further, there was no

significant irrigation X time interaction during any drying period

(Tables 9-12). Thus, although was decreasing within the time

periods of cycles 2, 3, and 14, the rate of decrease for non-irrigated

seedlings was not different from that of irrigated seedlings. Popu-

lations exhibited no difference in response of '?,., and no population

by treatment interaction terms were statistically significant for any

drying cycle.

Osmotic Potential at Zero Turgor,

The response of was very similar to that of described

above. Irrigated seedlings show a trend toward lower values of as

the season progresses. The results for individual drying cycles
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presented in Figure 6 and Tables 9-13 show that irrigated and non

irrigated seedlings performed equivalently with respect to during

any given drying cycle. Although there is a significant decrease in

during each cycle, the lack of a significant irrigation X time

interaction indicates that both groups of seedlings exhibit this

response to the same degree.

Relative Water Content at the Turgor Loss Point, R1

The mean R1 of irrigated seedlings was 0.8I8 on day 153, but

by day 160 had decreased sharply to 0.807 (Figure 15). From that

seasonal low value, R1 showed a gradual trend toward larger values

throughout July and August, stabilizing at approximately O.8 by

early September. Figure 7 shows that the large drop in R1 observed

in early June occurred in both irrigated and nonirrigated seedlings.

The decrease was reflected in the highly significant F value for time

(Pr<0.001) given in Table 9 for drying cycle 1.

Irrigated and nonirrigated seedlings were not significantly

different from each other for R1 during cycles 1, 2, or 3. During

cycle L, however, seedlings with a history of drying and subsequent

rewatering exhibited a significantly lower R1 (Pr<0.05) than did

frequently watered seedlings (Figure 7, Table 12). For each of the

three sampling times of cycle k, R1 for nonirrigated seedlings was

approximately 1% lower than for irrigated seedlings.
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The mean R of irrigated seedlings was 0.3I5 in early June (day

153), but by early July (day 188) had declined to approximately 0.26

(Figure 16). The mean values of R: continued, in general, to decline

throughout the season, reaching approximately 0.18-0.21 by mid-

September. However, owing to the relatively large error associated

with its estimation, no differences could be detected among sample

means from day 188 to the conclusion of the experiment on day 259

(Figure 16).

Mean values of R for irrigated and non-irrigated seedlings were

not different from each other during cycle 1. Further, there was no

change in R with time in this cycle (i.e., day 153-166) and no

evidence of an irrigation X time interaction. During drying cycle 2,

however, seedlings subjected to drying exhibited increasingly larger

values of R, relative to irrigated seedlings, as soil drying pro-

gressed. Although the two groups of seedlings had equivalent values

of R (approximately 0.31) on day 180, they showed a marked diver-

gence by day 188 and an even larger difference by day 193. Using the

formulas given in Table 5 for computing standard errors and t values

necessary for the separation of irrigation means at the same level of

time, the mean of non-irrigated seedlings was shown to be signifi-

cantly larger (Pr<0..01) on both day 188 and day 193. Table 15 gives,

for each of cycles 2, 3, and !, differences in R means between

irrigated and non-irrigated seedlings for each of the three sampling

times of a drying cycle; computed t values are also given.
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At the beginning of drying cycle 3 (following a 27-day period in

which all experimental materials were frequently watered), the mean

of a sample of seedlings from the non-irrigated treatment was only

0.1214, a value nearly 70% lower than that observed for non-irrigated

seedlings at the termination of cycle 2. On this first sample date

of cycle 3 (day 220), the mean of seedlings with a history of

drying and subsequent re-watering was significantly lower (Pr<0.O1)

than that of frequently irrigated seedlings with no stress history.

However, by day 229 the mean of non-irrigated seedlings had more

than doubled to a value of 0.286. And by day 235, of non-irri-

gated seedlings had increased to 0.307, a value significantly higher

(Pr<0.01) than that of irrigated seedlings.

of non-irrigated seedlings decreased again by the beginning

of cycle LI (following a 12-day period of frequent watering), to a

value nearly equivalent to that of irrigated seedlings. As observed

for cycles 2 and 3, the mean R: of non-irrigated seedlings increased

as soil drying progressed and thereby diverged from mean values of

irrigated seedlings. However, the pattern was less pronounced in

cycle 14, and the mean values of the two groups were different from

each other only for the final sample date. A t test indicated that

this difference (approximately 0.06) was significant at Pr<0.05

(Table 15).

Population means of R were not significantly different from

each other during any drying cycle. Further, population by treatment

interaction terms were never statistically significant (Tables 9-12).



Weight of Symplasm Water at Full Turgor, W0/DW
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Figure 17 shows, for seedlings irrigated frequently throughout

the growing season, the weight of symplasm water at full hydration

relative to tissue dry weight. Low values of W0/DW were observed

soon after budbreak and during the period of leaf expansion in early

June (days 153-166). However, W0/DW peaked very rapidly in late June

to a value of 2.25 g !-J20/g DW on day 180. Subsequently, W0/DW

declined gradually throughout July and August to approximately 1.5 in

mid-September.

W0/DW means for irrigated and non-irrigated seedlings were not

different from each other during cycle 1 or cycle 2, and the irriga-

tion X time interaction was non-significant in each case (Tables

9, 10). Thus, although the osmotic volume of seedlings of the two

treatments was changing with time (Figure 9), there was no difference

among treatment means in the rate or direction of change of W0/DW

during either cycle 1 or 2.

However, by the end of cycle 3 (day 235) in late August, W0/DW

of non-irrigated seedlings had dropped approximately 0.25 below that

of irrigated seedlings, and a t test (Table 16) indicated that the

difference was highly significant (Pr<0.001). Further, the analysis

of variance for cycle LI (Table 12) indicated a significant irrigation

effect (F=LI2.77; Pr<0.05), although the irrigation X time interaction

was non-significant. The mean W0/DW of all non-irrigated seedlings

sampled during drying cycle 14 was approximately 0.12 lower than that

of irrigated seedlings, indicating a slightly lower volume of osmotic

water per unit dry weight for seedlings with a history of stress
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Ratio of Sample Dry Weight to Fresh Weight, DW/FW

The DW/FW ratio of Douglas-fir seedlings irrigated throughout

the 1982 growing season exhibited a distinct peak of 0.3014 following

budbreak in early June (day 160) during the period of early shoot

extension (Figure 18). There was a rapid decline between early- and

late-June to a seasonal low value of 0.235 on day 180. Subsequently,

DW/FW increased steadily throughout July, August, and September to a

final value of 0.339 in mid-September.

The analyses of variance for individual drying cycles (Tables 9-

12) show that the change in DW/FW that occurs for both irrigated and

non-irrigated seedlings during each drying cycle is highly signifi-

cant (Pr<0,O1). However, the irrigation treatment has no effect on

DW/FW in any cycle (Figure 10), and more importantly, the irrigation

X time interaction is non-significant for each cycle. This indicates

that there is no significant alteration of the DW/FW ratio of

Douglas-fir shoot and foliage tissue in response to relatively short

term water deficits.

Bulk Modulus of Elasticity Near Full Turgor, max

56

Douglas-fir seedlings irrigated frequently throughout the 1982

growing season exhibited a strong trend toward higher values of

during the period from early-June to mid-September (Figure 19).

Initial va.ues of were 114.0-15.0 MPa in early-June (days 153-
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156), but by mid-August (day 235) max had increased to 22.6 MPa.

From day 235 to the termination of the experiment on day 259, max

means ranged from 21.2-22.6 MPa, but there were no statistical dif-

ferences among these means.

As was the case for every other water relations parameter ob-

served during this experiment, mean values of max for irrigated and

non-irrigated seedlings were not different from each other during

cycle 1. Further, there was no change with sampling time during this

cycle and no evidence of an irrigation X time interaction. During

soil drying cycle 2, however, seedlings subjected to drying exhibited

substantially lower values of max (indicating increased elasticity)

relative to irrigated seedlings as soil drying progressed (Figure

rnax means of irrigated and non-irrigated seedlings (114.k and

13.9 MPa, respectively) were not different on day 180, but by day 188

those seedlings growing in drying soil had an
znax

319 MPa lower

than those in an irrigated soil; a t test (Table 17) indicates that

this difference is significant at Pr<0.01. Further, by the termina-

tion of cycle 2 on day 193, the mean max of seedlings from the dry

treatment was 6.k7 MPa below that of well-irrigated seedlings, a re-

duction of 36%. The difference between these two means was highly

significant (Pr<0.001).

By the beginning of cycle 3 on day 220 (following a 27-day

period in which all experimental materials were frequently watered),

the means of irrigated and non-irrigated groups were 19.3 and 18.5

MPa, respectively. The cell wall material of the non-irrigated

plants had become substantially more rigid during the stress relaxa-

tion period following cycle 2, and the max means of these groups
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were not different from each other. As soil drying progressed during

cycle 3, however, a pattern similar to that seen in cycle 2 was

evident. max of nonirrigated seedlings dropped 4.38 MPa relative

to the irrigated group by day 229. This was substantially off the

seasonal trajectory toward higher values of 'max seen in irrigated

seedlings, and the difference between the two groups was highly

significant (Pr<0..001). By the termination of cycle 3 on day 235,

the max mean for seedlings subjected to drought stress was 6.86 MPa

lower (30% lower) than that of the corresponding wellirrigated

seedlings, a difference also shown to be highly significant

(Pr<0.,001).

Finally, a similar but less pronounced response was seen for

nonirrigated seedlings following a 12day period of rewatering and

during the imposition of a fourth drying cycle. By the beginning of

cycle 4 on day 247, the mean of seedlings with a history of

drought exposure had recovered to a value not significantly different

from that of irrigated seedlings. But as observed in cycles 2 and 3,

the mean of seedlings growing in drying soil again decreased

relative to wellwatered seedlings. By the end of cycle 14 (day 259),

the 'max mean of nonirrigated seedlings was 5.97 MPa lower than that

of irrigated seedlings, a difference significant at Pr<0.05.

Population means of were not significantly different from

each other during any drying cycle. Further, population by treatment

interaction terms were never statistically significant (Tables 9-12).



Number of Actively-Growing Root Tips, RTIPS

Seedlings irrigated frequently throughout the duration of the

experiment showed an approximate doubling of the number of active

root tips per plant between early- and late-June (day 153 to 180,

Figure 12). Mean RTIPS of irrigated plants increased from 99.6 on

day 153 to 190.14 on day 180; it then decreased steadily from this

peak to a low value of 149.8 in mid-August (day 229), recovering to

90.0 in late-August. Root tips were not counted during drying cycle

14.

Neither irrigation nor time had a significant effect on RTIPS

during cycle 1; further, no irrigation X time interaction was

apparent (Table 9). However, the difference between RTIPS means of

irrigated and non-irrigated seedlings was highly significant

(Pr<0.01) during cycle 2, with the mean value of all non-irrigated

seedlings sampled during cycle 2 being 141.0 lower than the correspon-

ding irrigated seedlings. Although both groups showed a marked

decrease in RTIPS during the period from day 180 to day 193, there

was no apparent irrigation X time interaction, and thus the response

of the two groups throughout this period was essentially parallel.

At the beginning of cycle 3, following a period of re-watering

of all seedlings, the RTIPS mean of seedlings with a history of soil

drying and re-watering had increased by a factor of 2.5 over the mean

of a sample of seedlings from frequently irrigated whole plots. But

as soil drying was imposed during cycle 3, the mean RTIPS of samples

of non-irrigated plants dropped from 261.9 to 514.2 between day 220

and day 229. RTIPS continued to decline to a low value of 26.8 by

59
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the termination of cycle 3 on day 235. Thus, there was an approx-

imate 10-fold reduction in the number of actively-growing roots

within 15 days of the imposition of a soil moisture deficit. t tests

(Table 16) indicate that the mean RTIPS of non-irrigated seedlings

was significantly higher than that of irrigated seedlings on day 220

(Pr<0.01) but significantly lower than that of irrigated seedlings on

day 235 (Pr<0.05).

Correlations Among Tissue Water Status Variables

Pearson product-moment correlation coefficients were computed

for all pairwise combinations of tissue water relations parameters.

These are presented, by soil drying cycle, in Table 18 together with

the results of tests of significance for each correlation coeffi-

cient. Correlations are based on all n5'4 observations over the

three sample dates of each cycle.

The correlation coefficients show that many pairs of these

variables are associated with each other. This may be true for a

particular pair because one is the cause of the other or because each

of the two variables is the effect of a common cause. Many pairs of

traits are only weakly associated (i.e. r = +0.35 to +0.50), but the

correlation coefficients are nevertheless significant at Pr<0.01.

Four pairs of variables have moderate to strong associations (i.e., r

= +0.50 to +0.90) that are apparent in each drying cycle, and in

those cases r is significantly different from r=O at Pr<0.0001.

and have a moderately strong positive association. Cor-

relation coefficients are 0.80, 0.89, 0.90, and 0.90 for n=5k seed-
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lings for each of cycles 1, 2, 3, and 14, respectively. The fact that

these traits vary together is not unexpected since both and are

estimated by the same linear model (Eq. 1k) and are computed by

evaluating the model at two different water contents (R*=1.0 and

lp' respectively).

and W0/DW are characterized by a moderately strong negative

association, with correlation coefficients -0.79, -0.63, -0.90, and -

0.87 for drying cycles 1, 2, 3, and 14, respectively. Again, the

tendency of these traits to vary together is not unexpected since the

value of each is related to the weight of symplasmic water at full

hydration, W0.

and 'max are negatively associated in each cycle, with the

correlation being much more apparent in cycles 1 and 2 (r = -0.73 and

-0.72, respectively) than in cycles 3 and 14 (r -0.52 and -0.50,

respectively). In each case, the correlation coefficient was signi-

ficant at Pr<0.0001. Further, R and are positively associated

with correlation coefficients 0.58, 0.53, 0.70, and 0.62 for cycles

1, 2, 3, and 4, respectively, and are likewise highly significant

(Pr<0.0001). The possible reasons for the correlations among these

two pairs of traits are less apparent than for the cases noted above

and will be discussed in detail later.

Correlation coefficients were also computed for all possible

pairwise combinations of variables for each of the two irrigation

treatments (Table 19). This was done by bulking the data from all

four cycles separately, for irrigated and non-irrigated seedlings; in

each case, the sample size was n=108 seedlings. A pattern of sub-

stantial inter-correlation among traits, similar to that described
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above, is apparent from an inspection of Table 19. Of 15 possible

pairwise combinations of the six variables, 11 pairs showed highly

significant (Pr<O..O1) correlations for the irrigated seedlings while

13 pairs showed highly significant (Pr<O.O1) correlations for the

nonirrigated seedlings. In general, the correlation for a given

pair of variables was slightly higher for the nonirrigated treatment

than for the corresponding irrigated treatment.

Multivariate Analysis of Variance

The correlation matrices described above serve as a point of

departure for several multivariate statistical approaches. The sepa-

rate analyses of variance for each of the dependent variables (Tables

9-12) provide virtually no evidence for a differential response by

populations to water deficit. However, considering the pattern of

intercorrelation among variables, a multivariate counterpart to the

single response analysis of variance would be useful to make tests

jointly involving the six dependent variables.

Accordingly, a inultivariate analysis of variance procedure (SAS

Institute, Inc. SAS User's Guide: Statistics, 1982) was used to test

for the hypotheses of (1) no overall population effect, (2) no

overall irrigation X population effect, and (3) no overall irrigation

X population X time effect. To test the joint hypothesis that a given

effect is nonsignificant for any of the dependent variables, the

HotellingLawley trace, U, was computed by U trace(E1H), where £

is the error sum of squares and crossproducts (Ss&CP) matrix and H

is the ANOVA SS&Cp matrix for the overall effect. Approximate F



63

statistics and corresponding probability values, computed according

to Morrison (1976), are presented in Table 20 for each of these

hypotheses tested separately for each soil drying cycle. The multi-

variate analysis for each cycle includes dependent variables

* *
Rti. Ra W0/DW, and ar

The HotellingLawley trace is nonsignificant for the hypotheses

of no overall population or overall irrigation X population effect

for each of the four drying cycles. The test criterion is signifi-

cant at Pr<0..05, however, for the hypothesis of no overall irriga-

tion X population X time effect in drying cycle 1. This outcome may

be a reflection of the marginal significance of
1cD'

and

(Pr<0.10 in each case) and W0/DW (Pr<0.05) observed in cycle 1 (Table

9); alternatively, it could be due simply to chance. The Hotelling-

Lawley trace was clearly nonsignificant for cycles 2, 3, and 14,

providing no evidence for inherent differences among populations in

the capacity to modify these traits during subsequent periods of

water deficit.

Discriminant Analysis

A classificatory discriminant analysis procedure (SAS Institute

Inc. SAS User's Guide: Statistics, 1982) was used in an attempt to

classify the observations made during a given drying cycle into six

groups on the basis of multivariate measurements. The classification

variable was the combined designations of irrigation and population.

Thus, groups hereafter referred to as WET2, WET3, and WET14 were

irrigated seedlings of populations 2, 3, and 4, respectively, and

groups DRY2, DRY3, and DRY'4 were nonirrigated seedlings of popula-
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tions 2, 3, and 14, respectively. The continuous variables used to

classify the observations for each of cycles 1, 2, and 3 were
'

R:, W0/Dw, 'max' and RTIPS; RTIPS data were not available for

cycle 14

The procedure develops a discriminant model (i.e., classifica-

tion criterion) to classify each of the n=514 observations of a drying

cycle into one of the six groups. The model is developed by using a

measure of generalized squared distance (Rao, 1973, pp 5714-577)

assuming that each class has a multivariate normal distribution. The

object of the analysis is to allocate an individual to that class

from which it has the smallest generalized squared distance.

A likelihood test ratio (Kendall and Stuart, 1968, p 266 & 283)

of the homogeneity of the within-group covariance matrices was signi-

ficant for the analyses of each of the four soil drying cycles. Test

X2 values were 203.6, 300.5, 2114.0, and 1146.7 for cycles 1, 2, 3, and

14, respectively, with 1140 df for each of cycles 1, 2, and 3 and 105

df for cycle 14; the probability of a greater value of X2 was Pr<0.001

in each case. This result indicated that the generalized squared

distance functions should be based on the individual within-group

covariance matrices rather than on a pooled covariance matrix.

The generalized squared distance from X, a vector containing the

variables of an observation, to group t is

D(X) = CX - nit)' S1t(I - nit) + loge 8

where S is the covariance matrix within group t, is the deter-

minant of S, and nit is a vector containing means of the variables in

group t. The posterior probability of an observation X belonging to

grouptis
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Prt(X) exp(-0.5D(X))/ Jexp(-0.5D(X)fl.
k

An individual is assigned to group k if setting t=k produces the

smallest value of D(X) or the largest value of Prt(X).

Classification group means for the seven variables used to

develop the discriminant models are presented in Table 21 for each of

the four soil drying cycles. The classification summaries for each

of the four generalized squared distance functions are presented in

Table 22. In general, the proportion of misclassified observations

was very low, with 7, 14, 14, and 13 individuals being misclassified

out of n=514 observations for each of cycles 1, 2, 3, and 14, respec-

tively. The majority of misciassifications occurred within a common

level of irrigation (for example, an individual allocated by the

distance function to WET2 when in reality it was from WET3). Only 10

observations were misclassified across the irrigation designation out

of the grand total of 216 observations for all cycles. The discrimi-

nant analysis was particularly effective for drying cycles 2 and 3.

In both cases, all nine seedlings belonging to each of the WET2,

WET14, and DRY14 groups were correctly classified, and eight out of

nine seedlings were correctly classified for groups WET3 and DRY2.

Experiment II. Diurnal Patterns of Tissue Water Status.

Table 23 displays the results of separate analyses of variance

for each of the water relations parameters measured throughout the

days of 28 July and 1 September 1982. Since a preliminary analysis

indicated that tissue water responses were nearly identical for each

date, the data from both days were combined in a single analysis with
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r=6 replications, where each replication was a combination of the

block from which a seedling was drawn (block 1, 2, or 3) and the day

on which it was sampled (28 July or 1 September). For example, those

n=8 seedlings drawn from block 1 throughout day 28 July were consi-

dered members of replication 1. A total of 48 seedlings were used in

the analysis.

Irrigated and non-irrigated seedlings were significantly dif-

ferent from each other with respect to the variables 4, F, and R1

(Pr<O..001 in each case), R and (Pr<O.O1 in each case), and

(Pr<O.05). W0/Dw means show significant diurnal variation (Pr<O.05),

but since the irrigation and irrigation X time effects are both non-

significant, there is no evidence that the diurnal patterns of osmo-

tic volume, considered on a dry weight basis, differ for these two

groups. Figure 21 shows diurnal time means (each based on n6 seed-

lings) for ç, , and F for each of the irrigation treatments. The

results of Duncan's multiple range test for these variables as well

as for B: and Emax are given in Table 24.

Patterns of the diurnal response of ç&, , and F in seedlings

from the two irrigation regimes are substantially different from each

other, as reflected in the significance of the irrigation and irriga-

tion X time effects (Table 23). In well-irrigated seedlings,

showed no significant change by mid-morning from the dawn value of -

2.20 MPa but then declined slightly to 2.3L MPa by mid-afternoon and

recovered to -2.14 MPa by sunset. The results of Duncan's multiple

range test (Table 24) indicate that the mid-afternoon mean is

significantly lower (Pr<0.05) than the value at sunset, but not

significantly different from either the dawn or mid-morning sample
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mean. In non-irrigated plants, mean drops from -2.28 MPa by 0.28

MPa during the period from dawn to 1000 h, a difference significant

at Pr<0.05. remains stable in shoots of these seedlings for the

rest of the day; with the exception of the dawn value, none of the

sample means are significantly different from each other.

Mean values for both irrigated and non-irrigated seedlings

are plotted in Figure 22. As was the case for osmotic potential,

seedlings grown under different irrigation conditions exhibit dif-

ferent diurnal response patterns, and this is reflected in the signi-

ficant F values for the irrigation effect (Pr<0.01) and for the

irrigation X time effect (Pr<0.05). The mean of well-irrigated

seedlings sampled before sunrise was 0.316. However, declined to

0.211 by 1000 h and then remained relatively stable throughout the

sampling period. The results of Duncan's test (Table 2U indicate

that the peak pre-dawn value of was significantly higher (Pr<0.01)

than any of the other three sample means (none of which were dif-

ferent from each other). In non-irrigated plants, a large decrease

in mean R, similar to that noted for irrigated plants, occurred

between sunrise and 1000 h (R'a0*202 and 0.112, respectively), and

the difference between the two values was significant at Pr<0.05

(Table 214). But unlike the pattern noted for irrigated plants,

recovered to a higher value (R=0.2114) by mid-afternoon and then

decreased again to 0.161 by sunset.

Mean values for both irrigated and non-irrigated seedlings

are plotted in Figure 23. As was the case for both osmotic potential

and R, the diurnal response pattern for differs markedly

between the two irrigation regimes; this is reflected in the signifi-
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cant irrigation effect (Pr<0.05) shown in Table 23. First, irrigated

seedlings have substantially higher values than non-irrigated seed-

lings; the two treatments differ, on average, by about 3.1 MPa.

Second, irrigated seedlings show a significant decrease in Emax

during the day, dropping from a high value of 21.6 MPa at 1000 h to a

low of 17.0 MPa by sunset. The non-irrigated seedlings, by contrast,

show no significant changes throughout the day.

Experiment III. Morphological Responses to Water Deficit.

The results of separate analyses of variance for each of eleven

traits relating to phenology and morphology and eight traits relating

to stem units and leaf area are presented in Table 25. All traits

are defined in Table 7.

Irrigation had a pronounced effect on the expression of nearly

every trait measured during this experiment. F values for irrigation

were highly significant (Pr<0.,01) for each of the variables relating

to phenology and morphology, with the exception of (1) the number of

branches (NER), which was significant at Pr<0.05 and (2) the date of

budbreak (BREAK), which was non-significant. The latter result is

expected since the irrigation treatments were not imposed until after

budbreak had been scored. Further, F values for irrigation were

significant at Pr<0.05 for half of the traits relating to stem units

and leaf area. Traits not showing significant differences between

irrigation levels were total leaf surface area (AREATOT), leaf area

root weight ratio (LARWR), weight:area ratio of foliage (WAR), and

mean needle area (MNA). Thus, the two levels of irrigation were
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effective in eliciting a wide range of plant response for most traits

measured. There is an ample range of performance within which to

evaluate population and family differences and to test for irrigation

X population and irrigation by family/population interactions.

F values for the population effect were highly significant

(Pr<O.005)- for each trait. Population means for each variable and

the results of Duncan's multiple range test are given in Table 26.

For 15 out of 19 traits, the coastal populations (1 and 2) performed

significantly different (Pr<O.05) than southwestern Oregon popula-

tions (3 and k). Coastal populations burst bud later and set bud

later than did southwestern populations. Coastal populations grew

taller, had more branches and a larger total leaf surface area as

well as greater total biomass and root biomass than southwestern

populations. They exhibited greater extension growth in 1982 and

produced a larger number of stem units along that length of shoot

extension than did southwestern sources. Also, foliage of seedlings

from coastal populations was significantly less dense (lower dry

weight per unit surface area) than foliage of seedlings from south-

western populations. Further, rates of shoot extension (ADRG) and

stem unit production (ADSUP) were greater in coastal sources. And

finally, coastal populations were characterized by lower root:shoot

biomass ratios and by larger leaf surface areas (1) per unit of stem

cross-section area and (2) per gram dry weight of roots (LASAR and

LARWR, respectively).

Populations 1 and 2 were only rarely different from each other;

exceptions are for budset (SET), root biomass (ROOTwT), mean stem

unit length (MSUL), and mean needle area (MNA). Although populations
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3 and 14 performed similarly for most traits, they were significantly

different from each other with respect to six variables. Population

14 is characterized by a smaller diameter and lower total biomass and

root biomass relative to population 3. Further, population 14 exhi-

bited less shoot extension in 1982, and the rate of extension was

significantly lower than for population 3. Finally, the mean

root:shoot bioxnass ratio for population 14 was significantly larger

than that of' population 3.

In addition to the highly significant population effect

described above, a large and highly significant fraction of total

variability was attributable to differences among families within

populations. With the single exception of the leaf area : sapwood

area ratio, all traits were significant for the family/population

effect (Table 25).

The irrigation X population interaction was non-significant for

nearly all traits measured. Two exceptions to that pattern are the

loge of seedling height (Pr<0.,05) and the average daily rate of shoot

extension normalized over the period from budbreak to budset

(Pr<0.001). A third trait, the leaf area : sapwood area ratio, was

marginally significant (Pr=0.05'19). Thus, although the level of

irrigation clearly modified many aspects of plant phenotype and

population means for these phenotypic variables differed substan-

tially from one another, the response to irrigation was independent

of population (with exceptions noted above). The lack of significant

interaction -indicates that the response to the two levels of irriga-

tion by these populations is a parallel one; neither the magnitude

nor direction of response to irrigation differ by population. The
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interactions noted for HT, ADRG, and LASAR, however, each seem to be

too large to be explained on the basis of chance alone.

Figure 24 shows back-transformed HT means for irrigated and non-

irrigated seedlings for each of the four populations, and Table 27

gives the results of separate t tests for the comparison of irriga-

tion means at the same level of population. The tests indicate that

for each of populations 1, 2, and 3, the HT mean for non-irrigated

seedlings was significantly lower (Pr<O.05) than that of irrigated

seedlings. The reduction in mean HT of seedlings growing on non-

irrigated whole plots relative to that value observed for irrigated

plots was not significant, however, for population LL HT is impaired

in all populations by the dry soil treatment, but it is impaired to a

relatively smaller (and statistically non-significant) extent in

population 4 This indicates that population L exhibits less plas-

ticity for height growth in response to water availability than do

the other populations.

A differential response of populations to the level of soil

moisture was also observed in the rate of shoot extension (ADRG)

during the period from budbreak to budset. Figure 25 shows ADRG

means of the two irrigation treatments for each of the four popula-

tions. t tests (Table 27) indicate that for population 1, the mean

shoot extension rate of seedlings growing on dry soil was signi-

ficantly lower (Pr<O.,05) than that of seedlings growing on well-

irrigated soil. The difference between means of irrigated and non-

irrigated seedlings was slightly larger for population 2, with the

mean ADRG of non-irrigated seedlings being approximately i43% below

that of irrigated seedlings; the difference between these means was
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highly significant (Pr<O.O1). ADRG means of irrigated and non-

irrigated seedlings were not significantly different from each other,

however, in either of populations 3 or 14 Thus, the pattern of

response is similar to that noted above for the variable HT. Both

the rate of shoot extension and the loge of final height are impaired

by soil moisture deficit to a larger degree in seedling progeny of

coastal populations relative to that of progeny of southwestern

Oregon populations.

Finally, the ratio of total leaf surface area to stem cross-

section area (LASAR) also exhibited a significant irrigation X popu-

lation interaction. For each of the four populations, mean LASAR was

larger for non-irrigated plants than for irrigated plants (Figure

26). Seedlings grown under dry conditions supported a larger foliage

surface area per unit of stem cross-section area than did seedlings

grown under well-irrigated conditions. Leaf surface area is reduced

by the dry soil treatment, but the dry soil also results in a rela-

tively larger reduction in stem cross-section area. Thus, by the

termination of the experiment, LASAR was actually larger in non-

irrigated seedlings.

Coastal sources were more sensitive to soil moisture with

respect to LASAR than were southwestern Oregon sources. The mean of

non-irrigated seedlings of population 2 was approximately 47% larger

than that of irrigated seedlings, and a t test (Table 27) indicates

that the difference was significant at Pr<O.05. A smaller difference

was observed for population 1, where mean LASAR for non-irrigated

seedlings was approximately 31% larger than that of irrigated seed-

lings; in this comparison, the t value was significant at Pr<O.1O.
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Of the southwestern sources, population 3 was relatively insensitive

to the irrigation treatment, the difference between irrigation means

being statistically non-significant. The difference between means

for population L was barely significant even at Pr<O.1O.

The irrigation X family/population effect was significant at

Pr<O.05 for SU, MSUL, SET, and ROOTWT and at Pr<O.0001 for AREATOT.

Thus, the response by families within populations was not independent

of the irrigation treatment. Within a given population, some fami-

lies exhibited significantly less reduction than others in the number

of stem units and/or the mean distance between stem units as a result

of the imposition of the dry soil treatment. Likewise, some families

were less sensitive than others with respect to budset and were able

to continue stem elongation for a longer period of time. Total leaf

surface area integrates each of these effects, and therefore the

highly significant interaction term seen for AREATOT is not unexpec-

ted. Finally, there is not only considerable variability among

families within populations for ROOTWT, but also the response is

clearly dependent on the level of irrigation.

Correlations Among Traits

Separate correlation matrices are presented for each of the two

data subsets for this experiment. Pearson product-moment correlation

coefficients were computed for all pairwise combinations of phenology

and morphology traits and are presented in Table 28 along with tests

of significance for each coefficient. This correlation matrix is

based on n=2214 observations. Correlation coefficients for pairwise
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combinations of those traits relating to stem units and leaf area are

presented in Table 29 and are based on n12O observations. Each of

the correlation matrices are based on family subplot means from both

irrigated and non-irrigated whole plots. BREAK was only weakly asso-

ciated with any of the other variables; however, most correlation

coefficients involving this trait were significantly different from

zero. But each of the remaining 115 possible combinations is charac-

terized by moderate to strong association, and each is highly signi-

ficant (Pr<O.0001). In particular, GROW82, TOTWT, ADRG, and HT are

each moderately to strongly associated with nearly every other trait

(with the exception of BREAK).

Table 29 also shows a distinct pattern of association among

those traits relating to stem units and leaf area. LASAR, MNA, and

WAR were, in general, only weakly associated with the other vari-

ables, but AREATOT, SU, MSUL, and ADSUP exhibited moderately large

and highly significant (Pr<O.0001) correlations with each other and

with DIAM.

Multivariate Analysis of Variance

Considering the clear pattern of association among traits, a

multivariate approach may be useful in detecting any tendency of'

populations or families within populations to respond differentially

to soil moisture deficit. The separate analyses of variance for each

of the dependent variables (Table 25) provide evidence for signifi-

cant irrigation X population interaction for HT, ADRG, and LASAR (as

described above), but most traits are non-significant for this
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effect.

Accordingly, a multivariate analysis of variance procedure (SAS

Institute, Inc. SAS User's Guide: Statistics, 1982) was used to

consider the joint distribution of a group of dependent variables.

Tests were made jointly involving eight dependent variables (SU,

MSUL, WAR, AREATOT, LASAR, MNA, ADSUP, and DIAM). The Hotelling-

Lawley trace was used to test for the hypotheses of (1) no overall

irrigation X population effect, and (2) no overall irrigation X

family/population effect. In each case, the joint hypothesis is that

the effect is non-significant for any of the eight dependent vari-

ables. F approximations and corresponding probability values are

reported for these test statistics in Table 30. The Flotelling-Lawley

trace and its approximate F statistic are described in detail in Timm

(1975), Morrison (1976), and Mardia, Kent, and Bibby (1979).

The Hotelling-Lawley trace is highly significant (Pr<0.0005) for

the hypothesis of no overall irrigation X population effect. Thus,

if the eight variables derived from measures of stem units and leaf

area are considered jointly, there is good evidence that the response

to irrigation is not independent of population. Further, the

Hotelling-Lawley trace is significant at Pr<0.01 for the hypothesis

of no overall irrigation X family/population effect. This result is

not as surprising as the highly significant irrigation X population

effect noted above since SU, MSUL, and AREATO.T exhibited significant

irrigation X family/population interaction (Table 25) when each was

considered and tested separately.



Canonical Discriminant Analysis

A canonical discriminant analysis procedure (SAS Institute Inc.

SAS User's Guide: Statistics, 1982) was used in order to find a

subset of variables and a set of linear combinations of those vari-

ables that best reveals differences among seedling progeny of coastal

and southwestern Oregon populations grown at two levels of soil

moisture. The classification variable was the combined designations

of irrigation treatment and region of origin. Thus, the group here-

after referred to as WCOAST was composed of irrigated seedlings of

populations 1 and 2, and DCOAST was composed of non-irrigated seed-

lings of those populations. Likewise, the groups WSOUTH and DSOUTH

were composed of irrigated and non-irrigated seedlings, respectively,

of populations 3 and 4

First, a stepwise variable-selection procedure was used to

choose a subset of quantitative variables that would produce a good

discrimination model. Beginning with no variables in the model and

with a set of 16 phenology, morphology, stem unit, and leaf area

traits, the procedure first adds the variable that contributes most

to the discriminatory power of the model, as measured by the likeli-

hood ratio criterion, Wilk's lambda. Next, variables are added in a

stepwise fashion on the basis of their contribution to the discrimi-

natory power of the model (measured by Wilk's lambda). At each step,

any variable already in the model which fails to meet the criterion

to stay is removed. The selection procedure stops when all variables

in the model meet the criterion to stay and no other variable meets

the criterion to enter. The criterion for entry or removal of a

76
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variable from the model was the significance level, chosen as Pr=O.15

in each case, of an F test from an analysis of covariance where the

trait under consideration is the dependent variable and those vari-

ables already in the model are covariates. Using these criteria, a

subset of six quantitative traits was selected. They are, in order

of decreasing size of contribution to discriminatory power, DIAM,

LASAR, AREATOT, RTSHT, WAR, and SU.

The objective of canonical discriminant analysis is to derive

linear combinations, called canonical disoriminant functions, of the

original quantitative variables that best reveal differences among

the four groups (i.e., maximize the ratio of amonggroups to within

groups variability). The discriminant analysis used here is equiva-

lent to canonical correlation analysis between the quantitative

variables and a set of dummy variables coded from the group vari-

ables. The first canonical discriminant function is defined by that

linear combination of the quantitative variables that has the highest

possible multiple correlation with the four groups. Likewise, the

second canonical discriminant function is defined by that linear

combination of the quantitative variables, uncorrelated with the

first discriminant function, that has the next highest possible

multiple correlation with the groups.

Table 31 shows that Wilk's lambda, a likelihood ratio multi-

variate test for differences between the groups, was significant

beyond the 0.00005 level (F=17.16, df18,312), where the F statistic

is based on Rao's approximation (Rao, 1973, p 556). This indicates

that there is a significant multivariate difference between the

groups, and that the first discrjmjnant function contributes signifi-
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cantly to group differentiation. Further, Wilk's lambda and its

associated F statistic indicate that the second canonical discrimi-

nant function also contributes significantly (Pr<0.00005) to group

differentiation. The canonical correlation between the first discri-

minant function and the grouping variable is 0.83 but is only 0.66

for the second function. Further, the proportion of discriminating

power, as indicated by the variance ratio, attributable to the first

function is 7Z75% but only 25.25% is attributable to the second

function.

The canonical coefficients for the first discriminant function

show that the groups differ most widely on the linear combination:

0.681(DIAM) - 0.277(LASAR) + 0.O0L(AREAToT)

- 1.801(RTSHT) + 396.32(WAR) + 0.001(SU).

Scores were computed on this function as well as for the second

discriminant function for each of n119 observations (5 family sub-

plot means X I populations X 2 irrigation treatments X 3 replica-

tions; 1 missing observation), and a scatterplot of the canonical

discriminant function scores is presented in Figure 27. This plot

also clearly shows that the groups are strongly differentiated on the

first function but are not differentiated as well on the second

function.

Relative Growth of Root and Shoot

The analysis of variance for the root:shoot biomass ratio (Table

25) indicated highly significant differences among irrigation treat-

ments (as well as among populations and families within populations).
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Caution must be exercised, however, in attributing these differences

to the effect of water on the growth of roots and shoots. The

differences may exist simply because the level of soil moisture

altered plant size.

Ledig et al. (1970) have shown that the root:shoot biomass ratio

can be correlated with the size or total dry weight of the plant and

that alterations of the root:shoot ratio brought about by manipu-

lation of soil moisture, light intensity, nutrition, or other factors

may not be due to differences in the relative growth of root and

shoot. The irrigation treatments used here clearly affected seedling

size and dry weight. Therefore, it is possible that the alteration

of the root:shoot ratio was an indirect effect of the alteration of

total plant size, i.e., merely a reflection of correlation between

root:shoot ratio and total dry weight. Thus, variation in the

root:shoot ratio can not be attributed to differences in relative

growth of root and shoot unless the plants compared are of the same

age. An additional limitation on interpretation of alterations of

the root:shoot ratio is that it applies to only one point in develop-

ment. The root:shoot ratio changes throughout development, however,

and this change is the result of a difference between the rates of

growth of the root and of the shoot.

Seedlings of many species exhibit logarithmic growth of both

root and shoot; i.e., the change of weight of a plant organ per unit

time is equal to a constant times the initial weight of the organ.

Further, the ratio of the relative growth rates of root and shoot is

a constant that is specific to both genotype and environment (Ledig

and Perry, 1965; Ledigetal., 1970). The constant can be approxi-
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mated by the regression coefficient, b2, of the logarithmic rela-

tionship between root dry weight (ROOT) and shoot dry weight (SHOOT),

log(ROOT) = b1 + b2 log(SHOOT).

This relationship, referred to as the equation of allometric growth

by Huxley (1932), describes the balance between the growth rates of

aerial and subterranean plant parts with increasing plant weight.

Accordingly, the effect of the level of soil moisture on the relative

growth of root and shoot was tested by comparing the regression

coefficients, b1 and b2, of the allometric relationship. A statis-

tical difference in the slope of the allometric regressions would be

evidence that the irrigation treatments differed in their effect on

the relative growth of root and shoot.

Coefficients of the allometric regression were computed for the

classes WCOAST (irrigated seedlings of populations 1 and 2) and

DCOAST (non-irrigated seedlings of populations 1 and 2), and the

slopes and intercepts of the two regression lines were compared in

order to test for differences in relative growth of root and shoot.

To test assumptions about common slopes and intercepts, a full model

was compared to specific reduced models. The data for WCOAST and

DCOAST were combined, and a single model, Ri, of the form

y = b10X10 + b11X11 + b20X20 + b21X21

was fitted, where y = log(ROOT), x11 = log(SHOOT) if WCOAST or 0

otherwise , X21 log(SH00T) if DCOAST or 0 otherwise, and where

and X20 are dummy or indicator variables to denote group identity.

In order to test for a common intercept, the alternative hypotheses

are H0: b10 = b20 = b and H1: b10 b20, where b is a single common

intercept. The full model, Ri, is compared against the appropriate
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y = b1X + b11X11 + b21X21,

where X=1 for both WCOAST and DCOAST. An F statistic (Neter and

Wasserman, 197L, pp 262-264) comparing the two models was not signi-

ficant at Pr<0.05 (F*=2.981; df=1,299). Thus, the null hypothesis is

not rejected; there is no evidence to suggest that the true inter-

cepts of the two lines are different from each other.

In order to test for parallelism (i.e., common slope), the

alternate hypotheses are H0: b11 b b and H1: b11 b21, where

b is a common slope. Since no difference between intercepts was

found, the reduced model, R3, is

y = bX +

where X X = log(SFIOOT) for both WCOAST and DCOAST. The hypothesis

of equal slope is tested by comparing the reduced model, R3, against

the new "full" model, R2. An F statistic comparing these two models

was significant at Pr<0.05 (F'=5.1714; df=1,300). Thus, the null

hypothesis is rejected; the true slopes of the two lines are suffi-

ciently different from each other to warrant separate estimation.

The general F statistic, F*, for comparing a reduced model (H)

against the corresponding full model (F) is given by

F* = ((SSR(F)-SSR(R))/(p-m))/(SSE(F)/(n-p)),

where SSR and SSE are regression sum of squares and error sum of

squares, respectively, p and m are the number of independent vari-

ables in the full model and reduced model, respectively, and n is the

total number of data points. The results of separate analyses of

variance for each model (El, R2, and R3) are presented in Table 32a

along with the results of F tests for the hypotheses of common inter-

81
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cept and common slope.

In summary, the relationship between log(ROOT) and log(SHOOT)

for WCOAST and DCOAST seedlings is best described by two regression

lines of common intercept but of different slope (Figure 28a). The

slope of the allometric regression for non-irrigated seedlings

(DCOAST) is significantly larger than for irrigated seedlings

(WCOAST), indicating that the dry soil caused an increase in the

growth of roots relative to the growth of shoots. Further, the

common intercept indicates that the effect was more pronounced in

larger seedlings.

The procedure outlined above for determining whether regression

coefficients are equal was continued in order to find the best

regression for WSOUTH and DSOUTH seedlings. Separate analyses of

variance for each of the full and reduced models and the results of F

tests for hypotheses of common intercept and common slope are presen-

ted in Table 32b.

The results of these comparisons are very similar to those noted

for seedlings of coastal populations (Figure 28a,b). There is no

evidence to indicate that the true intercepts of the regression lines

for WSOUTH and DSOUTH seedlings are different from each other

(F*O.121;
df=1,318), but the slope of the allometric regression for

non-irrigated seedlings (DSOUTH) is significantly larger at Pr<O.05

(F*5.822; df=1,319) than for irrigated seedlings (WSOUTH). Thus,

low soil moisture caused an increase in growth of roots relative to

the growth of shoots, and the effect was greater in larger seedlings.

The analysis of variance of the root:shoot biomass ratio (Table

25) indicated a highly significant difference between the two levels
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of irrigation. Comparison of the coefficients of the allometric

regressions show that the difference was not due simply to the effect

of seedling size but, rather, was a true reflection of changes in

relative growth of root and shoot. In both coastal and southwestern

sources, the growth of shoots was more inhibited by the dry soil than

was the growth of roots.

Regression coefficients relating log(ROOT) to log(SHOOT) were

also computed in order to test for differences in the allometric

formulae of coastal populations versus southwestern populations at

each of the two levels of soil moisture; in this case the appropriate

comparisons are WCOAST vs. WSOUTH and DCOAST vs. DSOUTH. The pro-

cedure described above for comparing a full model with appropriate

reduced models was used to test for common intercepts and common

slopes. Separate analyses of variance for each model and the results

of F tests for these comparisons are presented in Table 33a for

irrigated seedlings and in Table 33b for non-irrigated seedlings.

The F test for the hypothesis of common intercept of the allo-

metric regressions for irrigated coastal seedlings (WCOAST) and irri-

gated southwestern seedlings (WSOUTH) was non-significant (F*=O.257;

df=1,312); there was no evidence to indicate that the intercepts of

the two regression lines are different. However, the slope of the

regression line for WSOUTH is significantly larger (Pr<O.05) than for

WCOAST (F*=6.270; df1,313). Thus, even in the absence of soil

moisture deficit, coastal and southwestern populations are charac-

terized by distinctly different balances between the growth rates of

root and shoot (Figure 29a).
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The differences between coastal and southwestern sources are

even more apparent when their allometric formulae are compared for

seedlings growing on dry soil. In this case, both the hypothesis of

common intercept and the hypothesis of common slope are rejected

(Pr<O.05 in each case). The relationship between log(ROOT) and

log(SHOOT) for DCOAST and DSOUTH seedlings is best described by two

separate regression lines; neither intercept nor slope are common to

both groups (Figure 29b). Further, the relationship between the

slopes was the same as observed for irrigated seedlings; i.e., the

slope of the regression for southwestern sources was steeper than

that for coastal sources.

Relative Growth of Foliage and Stem

The analysis of variance for the leaf area : sapwood area ratio

(LASAR) indicated a significant difference between irrigation treat-

ments (Table 25). Changes in LASAR are difficult to interpret,

however, since the ratio probably changes with the growth of the

plant. Therefore, as for the case of the root:shoot biomass ratio,

differences can not be attributed to the effect of water on the

growth of leaf area unless plants of equal size are compared.

The regression function of the log of total foliage surface area

(AREATOT) on the log of stem cross-sectional area (SA) is

log(AREATOT) b1 + b2log(SA).

The regression coefficients b1 and b2 were compared among treatment

groups in order to examine the relative distribution of growth

between foliage and stem. The technique described above for corn-
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paring regression lines of log(ROOT) on log(SHOOT) was employed here.

First, regression coefficients for irrigated seedlings originating

from a particular region (i.e., coastal or southwestern Oregon) were

compared against coefficients for non-irrigated seedlings for that

region. Specifically, slopes and intercepts of the regression for

group WCOAST were compared against those of group DCOAST; likewise,

WSOUTH and DSOUTH were compared. The results of separate analyses of

variance for the appropriate full and reduced models and F ratios

testing hypotheses of common intercept and common slope are presented

in Table 3k. Second, regression coefficients for seedlings of coas-

tal origin grown at a particular level of irrigation were compared

against the coefficients of seedlings of southwestern origin grown at

that level of irrigation. Results of analyses of variance and F

tests for these comparisons are presented in Table 35.

The F statistic given in Table 34a (F*=O.kk8; df1,115) provides

no evidence that the intercept of the regression of log(AREATOT) on

log(SA) for WCOAST is different from that of DCOAST. However, the

hypothesis of common slope for the two regression lines is decisively

rejected at Pr<O..00005 (F*=17.,7115; df=1,116). The relationship

between log(AREATOT) and log(SA) is best described by two regression

lines of common intercept but of different slope. The slope of the

regression for non-irrigated seedlings (DCOAST) is significantly

smaller than that for irrigated seedlings (WCOAST), indicating that

the dry soil caused a decrease in growth of stem conducting tissue

relative to growth of foliage. The common intercept indicates that

the effect was more pronounced for smaller seedlings. Comparison of

regression coefficients for groups WSOUTH and DSOUTH (Table 3kb) also
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shows that the relationship of log(AREATOT) and log(SA) is best

described by two regression lines of common intercept (F*=O.038;

df=1,116) but of different slope (F*=k.7214; df=1,117). As observed

for coastal sources, the slope of the regression for non-irrigated

seedlings (DSOUTH) is significantly smaller than that for irrigated

seedlings (WSOUTH). The difference between the slopes of these

regression lines, although significant at Pr<O05, is much smaller

than that observed above for the comparison of WCOAST and DCOAST.

Finally, comparison of regression coefficients for irrigated

seedlings of coastal origin (wcOAST) against that of irrigated seed-

lings of southwestern origin (WSOUTH) indicated that the relationship

of log(AREATOT) and log(sA) is best described by two regression lines

of different intercept (F*=6.297; df=1,116) but of common slope

(F*=1.175; df1,116) (Table 35a). Likewise, comparison of regression

coefficients for non-irrigated seedlings of coastal origin (DCOAST)

against non-irrigated seedlings of southwestern origin (DSOIJTH)

revealed different intercepts (F*ZL.63O; df=1,115) and common slope

(F*=O.6145;
df=1,115) (Table 35b). For each of these comparisons, the

intercept for seedlings of coastal origin was significantly larger

(Pr<O..05) than that for seedlings of southwestern origin. Regardless

of the level of irrigation, seedlings of coastal and southwestern

origin exhibited distinctly different balances between growth of

foliage and stem, with coastal sources supporting a larger foliage

surface area for a given stem cross-section area than southwestern

sources.
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Experiment I. Tissue Responses to Recurrent Water Deficit.

Ontogenetic and Seasonal Effects

Numerous physiological processes are correlated with tissue age.

In gymnosperms, net photosynthetic rates generally increase with

increasing leaf age to a maximum rate at the time of leaf expansion

and then decline with age (Kramer and Kozlowski, 1979 p 216). It

seems likely that the seasonal changes in osmotic pressure observed

here are at least partially due to seasonal changes in the balance of

rates of photosynthesis and respiration as well as to changes in the

partitioning of photosynthate among organs. Further, the distinct

seasonality of and may reflect changes in N content associated

with ageing and/or alterations of sugar and soluble protein concen-

trations associated with cold hardening (see Levitt, 1980).

Seasonal progressions of and for Douglasfir have not been

previously reported. However, the values of iL reported here are in

good agreement with those computed for eastern hemlock (Tsuga

canadensis) shoots over a similar time course by Tyree et al. (1978).

Hemlock shoots exhibit an overall reduction in during the period

from May to October that is nearly equivalent to that observed here

for Douglasfir (Figure 13). In the same study, the authors noted

that a large increase in both and occurred in Norway spruce

(Picea abies) after leaf flush; a similar pattern was suggested for

87
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eastern hemlock although sampling intensity was inadequate to reveal

differences. These early season observations in Norway spruce and

eastern hemlock correspond well with the large and significant

increase in both and in Douglas-fir shoot samples during the

period from mid-June (when foliage was succulent and light green) to

late -June and early-July (when foliage was darker green and

cutinized).

In contrast to large seasonal variations noted for
, 5,

and max (Figures 13, 1Lt, 16, 19), the relative water content at the

turgor loss point, R1 (Figure 15), is apparently constrained within

relatively narrow limits over this time course. During the period

from day 180 to day 259, none of the sample means for irrigated

seedlings were significantly different from each other, and with the

exception of the first sample date (day 153), the total range of

was only about 0.03. The high value of noted for the first

sample (R1=0.8Z8) is probably related to the succulence of the

newly expanded foliage.

Rtlp represents a tissue water status of substantial dehydra-

tion, and the consequences of desiccation to this water content may

include injury or death. It is interesting to note that this crit-

ical value is relatively stable throughout the growing season (with

exception noted). Faced with soil-drying conditions, seedlings with

expanding or immature foliage may reach in a shorter amount of

time than would seedlings with mature foliage, but it appears that

the actual tissue water content at which turgor loss occurs would be

approximately equivalent for both tissues.
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Large seasonal variation in R, relative water content of the

apoplasm, was observed for irrigated Douglas-fir shoots, and this

variation is at least partially ontogenetic in origin since higher

is observed in developing foliage than in mature tissue (Figure 16).

This outcome is in concordance with Helkvist et a].. (19714) who

observed a reduction in through the summer for Picea sitchensis,

with mean values declining from 0.53 on 5 May to 0.18 on 3 September.

These authors also noted that increased again during the autumn to

0.33 on 14 November and ultimately reached values of 0.146 and 0.149 in

January and April, respectively. The data reported here are contra-

dictory, however, to that noted by Tyree et al. (1978) for Picea

abies who observed that R increased from 0.3 during leaf flush to

0.14 for mature shoots. This difference may have been a chance occur-

rence, however, since no statistical analysis of these data was

given.

Tyree and Jarvis (1982) suggested that the proportion of apo-

plasmic water may be related to the relative amount of dry matter of

cell wall material present. They further hypothesized that R could

increase as a result of growth in cell wall thickness or changes in

wall structure accompanying maturation of tissue. The results repor-

ted here for Douglas-fir seedlings do not support these hypotheses.

Dry matter clearly increases during the period from day 180 to

day 259 as measured by an increase in DW/FW (Figure 18), but

actually exhibits a slight decline during this period. Thus, a

simple increase in dry matter as a result of wall thickening does

not, of itself, cause a shift in water distribution toward higher R.

Further, these results suggest that the decreases in and obser-



90

ved for shoots of well-irrigated seedlings over a seasonal time

course are not caused by a redistribution of water from symplasm to

apoplasm with concomitant increase in cell sap concentration but

rather are reflections of true increases in N5/cell during this

period.

Tyree et al. (1978) reported values for the weight of symplasmic

water at full hydration on a dry weight basis, W0/DW, for Acer

saccharum leaves. The authors observed a pattern of response similar

to that shown in Figure 17 for Douglas-fir shoots. They noted that

W0/DW peaked very rapidly after leaf emergence (W0/DW2.6 kg H20/kg

DW) and then showed a rapid decline followed by a gradual decline to

values of about 1.0 by late September.

There are few comparative data describing seasonal variability

of the bulk elastic modulus, max Tyree et al. (1978) reported that

asymptotic maximum values of E for Acer saccharum increased from 5.0

MPa in May to 18.0 MPa in July but then declined again to about 7.0

MPa in October. There are no published reports describing seasonal

variability in max for any coniferous species.

It seems plausible that the strong trend toward higher values of

max observed during the period from early-June to mid-September

(Figure 19) is largely due to (a) the progressive apposition and

intussusception of cellulose microfibrjls on and into the existing

secondary wall, (b) the development of several S layers within the

secondary wall, each with different helical orientations of cellulose

microfibrils, and (c) the increasing occurrence of cross-linking

between noncellulose polymers and cellulose (see Aspinall, 1980).

Thus, the highly significant seasonal changes in tissue mechanical
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properties reported here are not unexpected given the considerable

modifications of wall structure and chemistry that likely have occur-

red during this course of time.

Response to Water Deficit

The data presented here provide no evidence to support the

hypothesis that an osmotic adjustment system operates in Douglas-fir

seedlings as an adaptive response to short- to medium-term water

deficits. This conclusion is clearly indicated by the lack of sta-

tistical significance for the irrigation X time interaction given in

the analysis of variance for and in each of the four soil

drying cycles (Tables 9-12). The F ratio testing this hypothesis was

never significant, even at the 0.10 level.

This outcome is in clear contradiction to several earlier

studies where reductions in r have been induced in the leaves of

stressed plants as compared against unstressed controls. These

include reductions in r of 0.1-1.0 MPa observed over a period of 3

days to 3 weeks in wheat (Simmelsgaard, 1976; Morgan, 1977; Munns et

a].., 1979), cotton (Cutler and Rains, 1978), barley (Storey and Wyn

Jones, 1978), rice (Cutler eta].. 1980a,b), sorghum (Jones and Tur-

ner, 1978; Turner et a].. 1978), and sunflower (Jones and Turner,

1980). It may not be appropriate, however, to construct broad

generalizations regarding osmotic regulation based on this seemingly

large data base.

Tyree and Jarvis (1982) note that although there is evidence for

osmotic adjustment in crop plants, there have been few designed
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experiments that unequivocally demonstrate the presence or absence of

osmotic adjustment. For example, lowering of r can result from an

increase in elasticity or from concentration of solutes associated

with loss of cell water; unless these factors are measured concur-

rently with r, there is no basis to conclude that osmotic adjustment

has occurred or that it represents an adaptive response to water

deficit. Further, the degree of adjustment, if any, may vary widely

among species, and there is some evidence that osmotic adjustment is

less well developed in woody shrubs and trees than in crop plants.

Hinckley et al. (1980) reported that osmotic adjustment (defined

as a change in 7V larger than the passive change resulting from loss

of cell water) was relatively small from day to day or week to week

in leaves of a number of drought-hardy woody shrub species. The

authors concluded that osmotic adjustments in leaves as a response to

drought history or site conditions were of minor importance as an

adaptive response to water deficit. Poole and Miller (1978) reported

that the osmotic potentials of four evergreen sclerophyll shrubs did

not change measurably during the year. The authors attributed the

drought resistance of these species mainly to characteristics of

gross anatomy and morphology and to phenological adaptations.

Finally, Davies and Lakso (1979) provide additional evidence to

suggest that the capacity for osmotic adjustment in woody plants is

distinctly different from that observed for herbaceous plants. They

report that of apple leaves fluctuated considerably on a daily

basis but remained unchanged during a period from July through Sep-

tember in both potted and field-grown trees. The authors noted that

diurnal changes in were largely attributable to dehydration
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effects and were accompanied by significant decreases in R*. The

reduction of R* was attributed to the release of stored water to the

transpiration stream.

The principal responses of Douglas-fir shoot tissue to plant

water deficit found in this study involved large and statistically

significant changes in R and max (Tables 15, 17; Figures 8,11).

Increases in R and decreases in 'max are induced in shoots of stres-

sed plants in comparison with unstressed plants in each of soil

drying cycles 2, 3, and L. Neither of these responses have previ-

ously been reported for any species of higher plant.

The two responses have several aspects in common. First, the

mean values of both R and max computed for non-irrigated seedlings

do not show a statistically significant departure from means of

irrigated seedlings during the first soil drying cycle. The reason

for this is unclear; perhaps other drought resistance traits play a

larger role during this conditioning exposure to water deficit.

Modifications - biochemical, physiological, and structural - may be

induced during this period of development which decrease the sensiti-

vity to subsequent drought exposure. A hardening stimulus may act to

increase the plant's capacity to regulate turgor and/or reduce the

threshold value of P needed for cell expansion. For example, both

Brown et al. (1976) and Cutler and Rains (1977) observed that cotton

plants subjected to stress during development in controlled environ-

ments exhibited higher rates of leaf elongation and higher stomatal

conductances during subsequent periods of stress.

Second, mean values of both R and max for non-irrigated seed-

lings show recovery to values not significantly different from those
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of irrigated seedlings during those periods between drying cycles

which are characterized by frequent watering of all experimental

materials. The single exception to this pattern is for R, which not

only recovers but drops significantly below the mean of irrigated

seedlings by day 220, following the rewatering period between drying

cycles 2 and 3 (Figure 8). This suggests that the modifications

which permit the water content of cell walls and the elastic proper-

ties of those walls to vary with increasing water deficit are freely

reversible upon recovery from stress.

Third, and max co-vary; higher values of cell wall water are

associated with lower values of the elastic modulus. The correlation

coefficients for the two parameters are -0.73, -0.72, -0.52, and -

0.54, respectively, for drying cycles 1-4; in each case, r is signi-

ficantly different from zero at Pr<0.001. Although this analysis

does not address the possible cause and effect relationship among

these variables, it does suggest a coordinated response to stress in

which the biophysical properties of cell walls play a major regula-

tory role.

Weatherly (1970) examined theoretically the effect that

increased cell wall elasticity might have on the capacity to maintain

turgor in tissues subjected to water deficit. He concluded that in

the absence of solute accumulation, cells with a low would allow a

less precipitous drop in turgor over a given change in volume than

would cells with a high . Thus, tissues characterized by higher

elasticity would maintain some degree of turgor to lower values of

water potential than would tissues with lower elasticity. Further,

Zimmermann (1978) notes that the half-time of turgor regulation or
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water exchange, t1,2, for a single cell is approximately inversely

proportional to the hydraulic conductivity of the cell membrane,

and the elastic modulus, . Cells characterized by low values of

will exhibit longer halftimes of water exchange, and the rate of

desiccation of the protoplasm will thereby be decreased.

The response of the volumetric elastic modulus to recurrent

water deficits and its recovery to seasonal baseline values during

periods of stress relaxation suggest that E acts as a regulating

parameter during turgor pressure regulation. Although this hypothe-

sis has not been explicitly tested, it is compatible with current

models of cell wall loosening and extension.

Proton excretion is a well documented phenomenon in plants

(Raven and Smith, i97L). There are numerous reports that excretion

of H leads to an acidification of the cell wall solution (e.g.,

Rayle and Cleland, 1970,1972; Cleland, 1971,1981). This, in turn,

has been shown to induce enzymatic cleavage of polysaccharide cross

links in the cell wall, thereby permitting wall loosening and initia-

ting cell elongation. Hexcretion is markedly enhanced by the

hormone auxin (Cleland, 1973,1975; Rayle, 1973), and in all tissues

where auxin induces rapid cell enlargement, it appears to do so by

increasing the extensibility of the cell wall (Cleland, 1981).

Tissue water status may influence H+_excretion and, conse-

quently, modify the biochemical composition, physical structure, and

viscoelastic properties of the cell wall. Cleland (1975) described

the effects of water stress, induced by mannitol, on Fiexcretion in

sections of oat coleoptiles (Avena sativa L.). Increasing stress

caused an increasing rate of H+_excretjon and a lowering of the pH of
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the wall solution to levels sufficient to increase wall extensi
bility. The author noted that the coleoptiles possessed not only an

auxjnactjvated Fi'-excretion but also a distinct and separable

stress-induced H+_excretjon.
Further, Goring et al. (1978) reported

that temporary turgor reduction in wheat coleoptiles (Triticum
aestivuni L.), caused by treatment in mannitol, induced }f-excretion;

the decrease in p1-I of the medium occurred immediately after stress
was applied. The authors concluded that turgor reduction induced }J+..

excretion into the cell wall space sufficient to increase the wall

extensibility of coleoptile segments. The elastic modulus of the

coleoptile tissue was not measured in either of these studies, but it
is likely that water stressed tissues would have exhibited a decrease
in E relative to controls in each case, given the substantial

increases in wall extensibility.

Measurements of and Young's modulus have been reported, how-
ever, for tissue treated with synthetic auxin, arid these data tend to

support the hypothesis
developed here that biochemical modification

of the cell wall during periods of water stress reduces and conse-

quently enhances the capacity for turgor maintenance, Exogenous
indole_3_acetjc acid (IAA) has been shown, for example, to decrease
the Young's modulus of isolated Avena coleoptile cell walls by 30%
during a 2-h treatment (Cleland, 1967). Further, the Young's modulus
of Pisum stems decreased by up to 30% during 30-100 minute IAA treat-

ment (Uhrstrom, 1974) Finally, Ferrier et al. (1981) reported that

IAA-treated sections of parenchyma storage tissues of Helianthus
tuberosus exhibited a 25% reduction in the volumetric elastic modulus
relative to controls after 1 day in auxin and an 80% reduction rela-.
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tive to controls after 2 days in auxin. The effect of water stress

on E may be very similar to the effect of auxin on observed in

these studies since, according to Cleland and Rayle (1978), hydrogen

ions are the wall loosening factor in auxin-induced growth. Further

investigation is needed to clarify the relationships among water

stress, H+_excretion, and .

The data presented here suggest that plant water deficits induce

a movement of water from protoplasm to the free space in cell walls.

Hydrated cell walls may, in turn, (a) reduce the rate of outflow of

water from the protoplasm to the transpiration stream by reducing the

hydrostatic pressure gradient, and/or (b) serve as a capacitor or

buffer against the loss of water from protoplasts during periods of

high transpirational demand.

Tyreeetal. (1983) have reported that green shoots of eastern

white cedar (Thuja occidentalis L.) exhibit considerable volume capa-

citance; the authors estimated that from sunrise until mid-afternoon

approximately 15% of all evaporated water comes from water stored in

green shoots. Substantial volume storage has also been reported in

sapwood for large Douglas-fir (Pseudotsuga menziesji) trees (Waring

and Running, 1978), in various storage tissue of Pinus sylvestris

(Waring et al., 1979), and in sapwood of Pinus contorta and Picea

sitchensis (Edwards and Jarvis, 1982).

Very little information is available regarding the changes in

cell wall chemistry and structure necessary to reversibly store and

release water. We are only beginning to understand the role of the

cell wall in the overall regulation of water and ion transport.

Critical questions remain unanswered regarding the loci in the cell
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wall where water molecules reside, the nature of their adsorption,

and the spaces within which they move.

The intermicellar and intermicrofibrillar spaces in plant cell

walls are modified by the presence of a network of matrix substances,

including hemicellulose, pectic substances, and glycoproteins

(Lauchli, 1976). The extent to which these substances alter the

access of water is not clear. However, it is known that water and

solutes do not migrate in these spaces as in real pores.

The pectic substances are of particular interest since the

amount of water within the wall matrix can apparently be controlled

to some extent by the deposition of pectin polysaccharides.

Northcote (1972) has described the remarkable physiochemical property

of isolated pectins to form reversible gels and viscous solutions

with water. The author notes that the reversible change in molecular

conformation of pectins influences (a) the distribution of water

within the cell wall, and (b) the relationships among polysaccharide

molecules of the matrix and between the cellulose microfibrils and

the matrix substances. He speculates that the addition of such

matrix substances decreases the extent of mechanical interaction

between microfibrils and matrix, thereby markedly altering the tex-

ture and viscoelastic properties of the cell wall such that it

becomes less rigid.

The results presented here show that a large and variable frac-

tion of cell water is held in spaces of the cell wall. That

fraction, R, is sensitive to water deficit but returns to seasonal

baseline values during periods of stress relaxation. The mechanism

underlying these observations is unknown. Perhaps water deficit
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induces biochemical modification of matrix substances or alters the

relationship between matrix and cellulose in such a manner that more

space becomes available within the cell wall for water to reside.

How these events might be related to the reports, described above, of

stressinduced H+_excretion and concomitant modification of wall

extensibility is also unknown. It is plausible, however, that wall

capacitance and Emodification are directly related and that the co-

variation of R and max reflects a specific mechanistic connection

based on cell wall chemistry and structure.

Comparison of Populations

One of the most striking aspects of the results of Experiment I

is the clear absence of statistical significance for the population

effect or for the irrigation X population X time effect during each

of the four soil drying cycles (Tables 9-12). The analyses indicate

that populations exhibit equivalent values for these parameters of

tissue water status and, more importantly, that populations do not

respond differentially to increasing water deficit. R and

exhibited substantial shifts during periods of stress, but there was

no difference in either the magnitude or direction of response of

these variables among the progeny of the three populations.

This outcome is seemingly in contradiction to earlier studies of

the drought resistance of Douglasfir seedlings from different seed

sources. For example, Pharis and Ferrell (1966) reported that both

5 and 16monthold seedlings of Interior and maritime sources of

Douglasfir differed in the moisture content to which needles could
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be desiccated without resulting in the death of the whole plant. The

mean lethal needle-moisture content for the two mesic, coastal

sources (Oregon Coast Range and Vancouver Island, British Columbia)

was about 78%, whereas the mean value for five interior sources

(Montana, Utah, Arizona, interior British Columbia, and northeastern

Washington), representing xeric environments, was about 51% The

authors also noted that a time-to-death index of drought hardiness of

a-month-old seedlings differed according to seed origin. The mean

number of days from the time that soil moisture reached the permanent

wilting point of sunflower plants (approximately -1.5 MPa) was 17.2

for two coastal sources and 20.3 for the five interior sources.

Differences in the number of days to death between coastal and

interior sources, although small, were significant at Pr<0.01.

Ferrell and Woodard (1966) reported similar results for inland and

maritime sources of Douglas-fir. The number of days from the time

that soil moisture reached the permanent wilting point of sunflower

plants to time of death differed for various comparisons of inland

and maritime sources. For example, 1-month-old seedlings from a

mesic, Vancouver Island source required 12.6 days to die, a value

significantly lower than either of two interior sources (13.9 days

and 15.0 days, respectively, for seedlings from Utah and northern

Montana).

The treatments imposed during each of the above studies resulted

in severe plant water deficits. Since soil water potential at the

initiation of drying was approximately -1.5 MPa, the tissue water

potential following 13-20 days of soil drying must have been extreme- -

ly low (perhaps -4.,0 to -6.0 MPa). Seedlings of interior sources
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exhibited lethal needlemoisture contents ranging from 148% to 59%,

and since changes in water content of vegetative tissue usually

correspond to much larger changes in R* (Hsiao, 1973), it is probable

that more than half of the tissue water had been removed by this

point.

There is no clear relationship between water content and water

potential of plant tissue. Thus, quantitative comparison of the

stress severity induced by these treatments and by Experiment I can

not be made. However, it is likely that the procedure used to deter-

mine lethal needlemoisture content and timetodeath resulted in a

much greater severity of desiccation than that imposed during the

recurrent drying cycles of Experiment I.

The relative water content at the turgor loss point, was

not different among populations, and the irrigation X population X

time interaction was not significant in the analysis of variance for

any soil drying cycle. However, considering the evidence of Pharis

and Ferrell (1966) and Ferrell and Woodard (1966) presented above, it

appears that coastal and interior populations may differ in the

relative water content at which irreversible injury or death occurs,

*

Rlethal.

In the range of tissue water content between and 'lethal'

it is unlikely that osmotic adjustment, cell wall capacitance, or e

modification could enhance desiccation tolerance or extend survival

to lower R. It is possible that source variation in lethal needle

moisture content and in timetodeath is attributable mainly to

protoplasmic differences among these sources.
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Our understanding of the biochemical factors conferring toler-

ance to extreme desiccation is fragmentary. Severe water deficits

appear to affect cellular processes by (a) alteration of spatial

relations in cell and organelle membranes with resultant leakage and

loss of integrity, (b) disruption of protein function as a result of

high concentrations of intracellular solutions, and Cc) alteration of

the structure of macromolecules (from Hsiao, 1973). Mechanisms con-

ferring protection against severe desiccation likely involve capaci-

ties to limit damage during desiccation to a reparable level and to

maintain physiochemical integrity during desiccation so that metabo-

lism can be reactivated upon rehydration (Bewley and Krochko, 1982)

Although the evidence is limited, there is some basis to suggest

that intraspecific differences in desiccation tolerance may exist

(see Pallardy, 1981). I propose that source variation in proto-

plasmic resistance exists in Douglas-fir and suggest that future

studies of desiccation tolerance in relation to those biochemical

properties that might limit damage would provide useful information

from both a practical and theoretical viewpoint.

It is interesting to note that the classification analysis based

on multivariate data was very successful; i.e., the chances or proba-

bilities of misclassification were small (Table 22). Given arrays of

water relations parameters for seedlings of particular population-

irrigation classes, the classification procedure constructed a well-

defined rule which optimally assigned a seedling to one of the six

possible classes. The classification procedure does not test any

specific null hypothesis nor can any measure of statistical signifi-

cance be associated with its outcome. Nevertheless, Douglas-fir
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populations appear to possess sufficiently distinct "physiological

identity" to allow individuals to be classified with substantial

success. This concept may be useful in ecological studies to sep-

arate the multivariate response of populations or species along a

gradient of site conditions. For example, Jane and Green (1983) used

a similar analysis to classify seven sites differing in drought

severity according to differences in R1 and in tawari (Ixerba

brexioides).

Experiment II. Diurnal Patterns of Tissue Water Status.

Irrigated Seedlings

In irrigated seedlings, P was restricted to 1.2k to 1.7k MPa as

varied between _O.,116 and -1.07 MPa during the course of the day.

The maintenance of turgor in these seedlings as ,& became more nega-

tive appears to have resulted from contributions of three distinct

processes. First, a small mid-afternoon reduction in ii(Figure 21)

may lead to partial stabilization of P. The diurnal amplitude of i,

however, is substantially less than the diurnal amplitude of ,

suggesting that much of the variation in 1i may be accounted for by

changes in turgor and that P is regulated by other processes in

addition to solute accumulation. Second, max varies throughout the

day, dropping by a remarkable 14.6 MPa in the approximately 10-h

period between 1000 h and sunset. Such a response has been predicted

by Weatherly (1966), Noy-Meir and Ginzburg (1969), and Cutler et a]..

(1977a) but has not been previously reported for any higher plant.
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Third, varies throughout the day dropping by about 10% during the

period from dawn to mid-morning but then remaining stable throughout

the day. This suggests that apoplasmic water in cell walls acts as a

buffer to loss of symplasmic water from needles during periods of

high evaporative demand. It is unlikely that the observed reduction

of 10-12% in of stem and leaf tissue could supply a large (or even

moderate) fraction of the total amount of water transpired in a day.

Nevertheless, stem and foliage tissue of irrigated Douglas-fir seed-

lings exhibits significant diurnal capacitance; the data indicate a

net release of water during the day and storage at night. This may

act to maintain high P in leaves during the period following stomatal

opening at dawn. Since absorption by roots lags behind the loss of

water by transpiration during this period, interchange of water

between storage and conducting tissue may delay significant loss of

turgor for a certain period of time (perhaps 1 hour). Movement of

water out of storage may make a small but important contribution to

the amount of water transpired (see Jarvis, 1975). Tyree et al.

(1983), for example, have estimated that about 15% of the total water

evaporated from green shoots of Thuja occidentalis comes from storage

sources.

The data presented here indicate that accumulation of solutes

plays a small, though marginally significant, role in diurnal turgor

regulation of irrigated Douglas-fir seedlings. Cell wall capacitance

as well as modification of wall elasticity are also significant

features of' turgor maintenance in this species. Accordingly, models

of turgor regulation for a particular species should be based on

concurrent estimates of the contributions of each of these processes.
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Several recent studies have shown that diurnal adjustment of

tissue solute concentration is minimal in some species (e.g., Turner,

1974,1975; Cutler et a).., 1977a; Roberts et al., 1980). This may

reflect an inability of enzyme-mediated processes to (a) tolerate

high solute concentrations in the cytoplasm, and/or (b) tolerate the

rapid change in solute concentration necessary to maintain P as

falls precipitously. In such species variable cell wall elasticity

together with wall capacitance may limit the rate at which turgor is

diminished.

Non-irrigated Seedlings

In non-irrigated seedlings, P was restricted to 0.56 to 1.0 MPa

as 4 varied between -0.87 and -1.9 MPa during the course of the day.

Partial turgor maintenance in these seedlings appears to have

resulted from the significant mid-morning reduction in of 0.28 MPa.

But although both and exhibited significant diurnal variability,

the amplitude of was substantially less than the amplitude of .

This suggests that much of the variation in 4' is probably accounted

for by changes in the turgor component, a conclusion also reached on

the basis of results from irrigated seedlings. Unlike irrigated

seedlings, however, max means do not exhibit significant diurnal

variability. Thus, the role of rapid modification of cell elasticity

as a mechanism for diurnal turgor regulation seems much less impor-

tant in non-irrigated than in irrigated seedlings.

Three factors distinguish seedlings from the two treatment

levels. First, 3of non-irrigated seedlings is, on average, 0.27 MPa
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lower than that of irrigated seedlings (Figure 21). Second, max of

non-irrigated seedlings is, on average, 3.1 MPa lower than that of

irrigated seedlings (Figure 23). Third, of non-irrigated seed-

lings exhibits a significant mid-afternoon increase whereas irrigated

seedlings show a significant decrease from pre-dawn levels but then

remain stable throughout the day (Figure 22). Although the downward

adjustments in both n and E have undoubtedly contributed to turgor

maintenance during the 6-7 d period since stress was initially

imposed, the basis of diurnal turgor regulation is less evident.

Stomatal conductance in conifers is sensitive to leaf water

potential. Zavitkovski and Ferrell (1970) reported that transpira-

tion in 2-year-old Douglas-fir seedlings had essentially ceased by

the time soil had reached -1.5 MPa. The authors assumed that

stomata were tightly closed and that the small losses of water ob-

served were mainly due to cuticular transpiration. Further, Brix

(1979) reported that Li_month_old Douglas-fir seedlings exhibited a

50% reduction in net photosynthetic rates by the time plant water

potential reached -1.8 MPa.

After dawn, wall capacitance may have partially satisfied tran-

spirational demand (Figure 22). By mid-morning, however, R had been

significantly reduced and its capacity to supply water thereby dimi-

nished. Given the evidence of stomatal sensitivity noted above, it

is likely that stomata]. conductance had been severely (and perhaps

completely) restricted by mid-day. This would have effectively iso-

lated the transpirational pathway from the atmosphere and could

explain the stabilization of and .
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The basis of the significant re-charge in cell wall water con-

tent evident by mid-afternoon is unclear. Tissues in a plant can be

considered as alternative sources of water linked in parallel with

each other (Jarvis, 1975). It is possible that after water had moved

out of the finite storage sites in green shoots, other sources of

water (perhaps stem sapwood or root cortex cells) may have been drawn

upon as a simple response to a gradient of 4. Water would move to

the region of most negative 4, namely the leaf cell walls in and

adjacent to the transpirational pathway. This, in combination with

effective stomatal control, could account for the significant

increase in observed between 1000 h and 1130 h, although other

interpretations are possible.

Carr and Gaff (1961) and Gaff and Carr (1961) suggested that the

cell wall acts as a buffer to the protoplast during rapid fluctua-

tions in evaporative demand. Weatherly (1966) has also suggested

that fluctuations of 4' in protoplasts could be attenuated by the

buffering action of cell walls. Further, by theoretical treatment he

hypothesized that moderate variations in water content are localized

mainly in cell walls and that the water content of the protoplast

consequently remains fairly constant during periods of mild to mod-

erate stress. The data from this experiment as well as that of

Experiment I supports these views. Although further work is needed

to quantify this phenomenon and to assess its contribution to turgor

regulation, it seems likely that elastic and capacitance properties

of cell walls play a major role in plant water relations. Plant

biochemical and biophysical processes that might modify these parame-

ters deserve further study.



Experiment III. Morphological Responses to Water Deficit.

Univariate and Multivariate Analyses

The irrigation X population interaction was non-significant for

all but three of the phenological and morphological traits measured

in this experiment (Table 25). Considered on a trait-by-trait basis,

the lack of significant interaction indicates that the response to

the two levels of irrigation by these populations is a parallel one;

all populations responded in the same direction and magnitude to the

two levels of irrigation. The three exceptions to this pattern were

the rate of shoot extension (ADRG), final seedling height (HT), and

leaf area : sapwood area ratio (LASAR). For each of these traits,

populations differed in their response to the two levels of irriga-

tion; i.e., the magnitude of response to water deficit depended on

the population from which the seedling originated.

In contrast, the multivariate F approximations for the hypoth-

eses of (1) no overall irrigation X population effect and (2) no

overall irrigation X family/population effect were each highly signi-

ficant (Pr<0.0001 and Pr<O.005, respectively) (Table 30). Considered

from a multivariate viewpoint, both populations and families within

populations responded differentially to soil moisture deficit.

Further, the results of the canonical discriminant analysis show very

distinct separation of groups when the classification variable is

based on region of origin and level of irrigation and when the quan-

titative variables include six measures of seedling morphology. The

analysis revealed highly significant differences between groups and
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showed that both the first and second discriminant functions contri-

buted significantly to group differentiation. In my opinion, the

results of the uriivariate and multivariate analyses are entirely

compatible and, taken together, allow for some general conclusions

regarding adaptive strategies of Douglas-fir in relation to drought.

Two assumptions form the basis for a concept of adaptation by

this species to gradients of moisture and temperature. First, an

individual genotype assumes particular characteristics in a given

environment, and the amount by which the expressions of those charac-

ters are modified by different environments is a measure of the

plasticity of those characters. Ultimately, all plasticity is phy-

siological in origin, but if they are of sufficient intensity or

duration, physiological perturbations will be manifested in morpholo-

gical end effects (Bradshaw, 1965). Second, the fitness of an indi-

vidual, defined in terms of relative rates of survival or repro-

duction, is likely based on various traits (both physiological and

morphological) in combinations. Particular populations evolve along

one of a set of possible alternative combinations of characteristics.

Several (or perhaps many) optimal solutions exist.

The fitness of an individual in a varying environment will be

enhanced by phenotypic changes that minimize the deleterious effects

and maximize any advantageous effects of that environment (Bradshaw,

1965). Such changes will, at first, most likely involve a small

number of key physiological processes; for example; shifts in meta-

bolic pathways which modify (a) temporal regulation of water use in

relation to carbon gain, and (b) allocation of resources among organs

and between growth and maintenance functions. After a period of
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time, however, many aspects of plant phenotype will be altered owing

to secondary effects of these underlying physiological adjustments.

This is manifested, for example, in the extensive intercorrelation

of nearly all measures of plant morphology (Tables 28,29).

The tactics or adaptive patterns of life history that can be

induced to minimize the consequences of stress are defined by the

genetic system of the species. Such a tactic has been considered by

Stearns (1976) as "a set of coadapted traits, designed by natural

selection, to solve particular ecological problems". Thus, the

manner in which a particular set of traits is coadapted may change

along a clinal gradient because, for example, (1) carbon allocation

optima may change along that gradient (Campbell, 1979), and/or (2)

carboxylating enzyme optima for maximum net carbon gain may change

along that gradient (Mooney and Gulmon, 1979).

The results of the multivariate analysis of variance and the

canonical discriminant analysis show that these populations differ

markedly from each other in response to water deficit when certain

constellations of traits are considered jointly. One plausible

explanation of these results is that natural selection has acted

differently on these character sets for different populations.

Environmental stresses affecting survival and reproduction vary

greatly in severity among the coastal and southwestern Oregon sites

sampled in this study. Parts of the phenotype may have been selected

for such that the resultant organism represents an evolutionary

stable solution to those stresses. It is not possible to discern,

however, whether the significant multivariate interactions represent

a true adaptive mechanism that could be explained in relation to
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specific morphological, physiological and biochemical traits.

Further, we can not exclude the possibility that one or a few traits

with strong effects is the principal source of these interactions.

Nevertheless, the results of the univariate analyses also tend

to support the idea that a number of traits have evolved together.

Average population differences were evident for every trait observed

(Tables 25, 26). These clearly seem to be the result of adaptation

to the source environments (e.g., higher root:shoot biomass ratio in

sources adapted to dry environments). Although they showed little or

no plasticity to levels of irrigation, they are inherent differences

and are most likely the result of selection. These distinct genetic

differences (little influenced by the environment) are in some ways

stronger evidence for coadaptation. The fact that every trait

measured showed population differences supports the idea that natural

selection has accumulated beneficially interacting alleles (i.e.,

genetically coadapted alleles) and that a number of traits have

evolved together.

Campbell (1979) described genetic variation in Douglas-fir

within a single watershed in the Oregon Cascade Range. He used

principal components analysis which summarized variation at a multi-

variate level in much the same manner as did the stepwise variable-

selection procedure used in this study. The author concluded that

the derived variables (i.e., principal components) represented gene

constellations acting through physiologic processes common to more

than one trait. Further, he hypothesized that sets of coadapted

traits changed along clinal gradients in response to selection pres-

sures along those gradients.
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The concept of complex adaptation developed here does not imply

genetic linkage of an enormous number of genes controlling many

specific morphological traits. Rather, coadapted constellations of

traits are probably manifestations of changes in relatively few

underlying processes which are, in turn, controlled by relatively

small sets of coadapted genes (Giesel, 1974). The evidence presented

here suggests that populations of Douglas-fir possess distinct trait

sets and, probably, distinct gene sets that allow the organism to

invade, survive, and reproduce on sites of different drought sever-

ity. The multivariate and univariate analyses reinforce the idea

that fitness in a particular environment rests upon a coordinated set

of traits rather than on one or a few "crucial" traits.

Relative Growth of Root and Shoot

Few experiments have been designed which could measure the

effect of soil moisture on the relative growth of root and shoot.

This experiment provides strong evidence that coefficients of the

allometric formulae of seedling progeny of both coastal and south-

western Oregon populations of Douglas-fir can be significantly

altered by the level of soil moisture. Comparison of the coeffi-

cients of the allometric regression show that the highly significant

differences in root:shoot biomass ratio (Table 25) were not due

simply to the effect of seedling size but, rather were a true reflec-

tion of changes in relative growth of root and shoot.

This outcome is in disagreement with the general conclusions

reached by Ledigetal. (1970) who suggested that significant dif-



113

ferences among treatments for the root:shoot biomass ratio exist

simply because manipulation of light or water alters seedling size

and that the root:shoot ratio is, in turn, highly correlated with

plant size. Their conclusion may be warranted for varying levels of

light intensity, but it does not appear to be generally applicable

with respect to moisture regime. Ledig et al. (1970) noted that the

growth of shoots in loblolly pine seedlings was inhibited by soil

moisture stress to a relatively greater degree than was the growth of

roots; a decrease in the slope of the allometric relationship of

log(shoot dry weight) on log(root dry weight) was observed, but it

was significant only at Pr<O.10. In the results presented here for

Douglasfir, the slopes of the allometric regressions were affected

in the same direction by moisture stress as observed in loblolly

pine, but in this experiment the difference in slopes was significant

at Pr<0,025 (Table 32) for both coastal and southwestern Oregon

populations.

Although Douglasfir is a longlived species, more than half of

the individuals in any population die before 3 years of age

(Campbell, 1979). A developmental pattern which included relatively

greater allocation to roots during this period of high vulnerability

would presumably confer adaptive advantage and tend to increase

fitness. The irrigation X population interaction was not significant

for the root:shoot biomass ratio (Table 25). However, the differ-

ences between the slopes of the allometric regressions for irrigated

vs. nonirrigated southwestern seedlings was approximately twice as

large as the difference between the slopes of the regressions of

irrigated vs. nonirrigated coastal seedlings. This is indirect
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evidence that populations differ in their relative capacity to adjust

carbon allocation during periods of stress.

These results have implications for the conventional plant

breeding objective of maximal shoot growth, achieved in the shortest

period of time. The tendency of populations from xeric habitats to

exhibit (a) slower growth rates (i.e., ADRG) and (b) higher relative

rates of root growth to shoot growth than populations from mesic

habitats suggests that this objective is neither practical nor de-

sirable since it would likely lead to a greater proportion of non-

adapted seedlings. Further, the results imply that moving sources

from more mesic to xeric environments is an undesirable practice.

Although mesic sources could be expected to exhibit rapid growth

rates (particularly in wet years), the resultant growth would likely

be characterized by low root:shoot biomass ratio and by poor drought

adaptation.

Nevertheless, these results do suggest opportunities for tree

breeders to develop multipurpose genotypes suitable for xeric envi-

ronments. Variation among families within populations is very large,

and this might allow selection for genotypes that are drought tol-

erant but still capable of reasonably rapid growth. It may be advan-

tageous, for example, to select phenotypes that grow well when condi-

tions are favorable but respond to environmental stress in a manner

that assures survival (even though growth may be restricted during

those periods).



Relative Growth of Foliage and Stem

The leaf area : sapwood area ratio (LASAR) exhibits a markedly

plastic response to the level of irrigation, with non-irrigated

seedlings exhibiting a ratio approximately 37% larger than that of

irrigated seedlings. Further, differences among populations in LASAR

are highly significant; the two coastal populations are characterized

by significantly higher ratios than the two southwestern populations.

Also, LASAR was one of only three variables exhibiting significant

(Pr=O.0558) irrigation X population interaction. Finally, LASAR was

one of the most important variables contributing to discriminatory

power of the canonical discriminant model (Table 31). Taken toget-

her, these results indicate that the manner in which plants achieve a

balance between transpiring surface area and conducting tissue area

may be of importance in understanding adaptation to drought.

The leaf area : sapwood area ratio is a complex variable inte-

grating phenological responses and reflecting changes in carbon allo-

cation. Root growth, stem diameter growth, and shoot elongation

occur in remarkably distinct pulses in Douglas-fir seedlings.

Krueger and Trappe (1967) reported, for example, that root activity

preceded bud break, dropped to minimal levels while shoots elongated,

and then resumed as the rate of shoot growth diminished. Diameter

growth also alternated with root and shoot growth. This develop-

mental pattern is, in itself, adaptive because it regulates a

shifting balance between transpiring surface, conductive area, and

root growth. The significant interaction of irrigation and popula-

tion for LASAR suggests that the developmental sequence of allometric
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growth patterns and/or the magnitude of allocation is altered by

moisture deficit and, more importantly, that populations differ in

the degree to which these allometric relationships are altered.

Assimilate sinks change with time, and the extent to which they

change as well as their relative phasing are modified by moisture

availability. These results reinforce the idea, discussed earlier,

that growth of the whole organism is under extraordinarily fine

regulation; singlefactor explanations of adaptation to drought are

likely to be inadequate.

General Discussion

The results of Experiments I and III lead to separate conclu-

sions regarding both population differences and population by treat-

ment interactions for physiological versus morphological traits. The

results of Experiment III indicate that striking population differ-

ences exist for every morphological trait considered and that these

differences are most likely the result of adaptation to the source

environments. No population differences or population by treatment

interactions were observed, however, for any tissue water status

parameter measured in any drying cycle of Experiment I. We are thus

faced with the question: "Why do populations possessing such appar-

ently discrete morphological character sets exhibit equivalent values

of D' R, max' and other measures of tissue water status during

recurrent periods of drought?"

The following two explanations are plausible; several others are

possible. First, variation among families within populations may
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have been of sufficient magnitude to mask true differences among

populations. Second, the proportion of phenotypic variation attribu-

table to genetical sources (and which is thereby responsive to

natural selection) may simply be low. The traits measured in Experi-

ment I may represent mechanisms of such fundamental importance that

further evolution of drought tolerance based on small, heritable

modifications of osmotic solute systems or cell wall based turgor

regulation systems is no longer possible. The species may have been

faced with selective pressures of such intensity during its evolu-

tionary past that current genetic diversity for these responses is

low. Distinguishing features of an adaptive strategy by this species

might include a minimal requirement of genetic change and a high

degree of flexibility in allowing the organism to adjust to environ-

ments of varying drought intensity.

Experiments I and II of this study have demonstrated that cer-

tain cellular processes controlling turgor regulation play an impor-

tant role during periods of low 4. However, the lack of either

significant population differences or population by stress interac-

tions poses several questions regarding drought resistance breeding

in Douglas-fir. Are cellular parameters such as volumetric elastic

modulus, cell wall water content, or an index of solute accumulation

capacity suitable candidate responses for a breeding program? Could

breeding for such responses be either possible or effective? Based

on the results presented here, the answer to each of these questions

must be negative.

The physiological processes controlling turgor regulation are

highly complex, and many questions regarding the relationships among
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these variables remain unanswered. I recommend that until these

fundamental responses to water deficit are understood more precisely,

tree breeders should utilize techniques that screen for whole plant

response rather than for some specific biophysical or biochemical

characteristic. We should make direct selection for genotype per-

formance in environments where stress intensity can be finely

controlled and where phenotypes can be exposed to a number of impor-

tant aspects of drought stress. In the future, when the relations

between cell or tissue parameters and drought resistance have been

more clearly delineated, it may be possible to breed for a particular

mechanism and then test the result.

As discussed above, the results of Experiment III support the

idea that a number of traits have evolved together. This could

facilitate selection since it may be possible to measure a reduced

number of traits during a screening trial; "drought hardiness" scores

could be computed on the basis of a composite character set. The

results of the canonical discrimination model suggest that traits

such as the ratio of transpiring surface to conducting surface, the

root:shoot biomass ratio, and the number of stem units may be useful

in identifying phenotypes which have a high likelihood of being

drought resistant.



CONCLUSIONS

Experiment I. Tissue Responses to Recurrent Water Deficit.

The principal objectives of this experiment were to (1) assess

ontogenetic and seasonal changes in tissue water status parameters in

shoots of non-stressed Douglas-fir seedlings, (2) describe the con-

tributions of osmotic adjustment, cell wall elasticity, and cell wall

capacitance to turgor maintenance during recurrent soil water defi-

cits, and (3) describe the genetic variability for these traits among

the seedling progeny of three populations. The following conclusions

were reached:

(1) Highly significant changes in all measures of tissue water

status occur in shoots of non-stressed seedlings during a seaso-

nal time course. Specifically:

Osmotic potentials at full turgor and zero turgor ( and

respectively) as well as the relative water content of

the apoplasm, R, and the weight of symplasm water on a

dry weight basis, W0/DW, each exhibited significant

decline during the period from 2 June to 16 September

1982.

The relative water content at the turgor loss point,

and the bulk elastic modulus near full turgor, ?max each

exhibited significant increases during this period.

The seasonal range of values for osmotic potentials is in gen-

eral concordance with that reported for other woody plants. The
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seasonal variation noted for R is in concordance with that
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reported for Picea sitchensis; no other comparative data of

have been published. The large seasonal variation in max

observed here has not been previously reported for any conif-

erous species.

Neither nor of irrigated seedlings were significantly

different from that of non-irrigated seedlings during any of

four consecutive soil drying cycles. Further, no significant

irrigation X time interaction was ever observed for these

traits. Thus, the data provide no evidence to suggest that an

osmotic adjustment system operates in Douglas-fir seedlings as

an adaptive response to short- to medium-term water deficits.

The principal response of Douglas-fir shoot tissue to water

deficit involve changes in and max significant increases in

and decreases in max were induced in shoots of stressed

plants in comparison with unstressed plants in each of soil

drying cycles 2, 3, and I. Neither of these responses have been

previously reported for any species of higher plant.

(Z) The results presented here show that a large and variable

fraction of cell water is held in spaces of the cell wall. That

fraction, is sensitive to water deficit but returns to

seasonal baseline values during periods of stress relaxation.

Further, the responses of the volumetric elastic modulus to

recurrent water deficits and its recovery to baseline values

during periods of stress relaxation strongly suggests that E

acts as a regulating parameter during turgor pressure regula-

tion. This view is entirely consistent with current water

relations theory.
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(5) The analyses indicate that the three populations exhibit equiva-

lent values for each parameter of tissue water status and that

the populations do not respond differentially to increasing

water deficit. There is no difference in either the magnitude

or direction of response among progeny of the three populations

for any single water relations variable. Nevertheless, a clas-

sificatory discriminant analysis indicated that Douglas-fir

populations possess sufficiently distinct "physiological iden-

tity" (with respect to their multivariate response to water

deficit) to allow individuals to be classified with substantial

success.

Experiment II. Diurnal Patterns of Tissue Water Status.

The objective of this experiment was to measure, in both irri-

gated and non-irrigated Douglas-fir seedlings, the relative contribu-

tions of osmotic adjustment, alterations of cell elasticity, and

partition of apoplasm:symplasm water to the maintenance of turgor

during diurnal changes in tissue water status. The following conclu-

sions were reached:

Osmotic adjustment plays a small, though statistically signifi-

cant, role in diurnal turgor regulation of irrigated seedlings;

cell wall capacitance and modification of wall elasticity are

more important features of turgor regulation under such condi-

tions.

The basis of diurnal turgor regulation is less evident in non-

irrigated seedlings, but osmotic adjustment appears to play a
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relatively larger role. Increases in solute concentration,

together with diurnal changes in the water content of cell walls

and effective stornatal control act to maintain positive turgor

in shoot tissue even as ç drops to -1.9k MPa.

(3) Diurnal oscillations in R or have not been previously

reported. Considered together with the results of Experiment I,

these results strongly suggest that elastic and capacitance

properties of cell walls play a major role in plant water rela-

tions. Plant biochemical and biophysical processes that might

modify these parameters deserve further study.

Experiment III. Morphological Responses to Water Deficit.

The objectives of this experiment were (1) to describe genetic

variability for phenological and morphological responses to water

deficit, and (2) assess the degree of genotype by environment inter-

action for those traits. The following conclusions were reached:

There were highly significant differences among the four popula-

tions for each of 19 traits observed. In nearly all cases, the

two coastal populations exhibited values significantly different

from that of the two southwestern Oregon populations.

In addition to the highly significant population effect, a large

and highly significant fraction of total variability for each

trait was attributable to differences among families within

populations.

The irrigation X population interaction was non-significant for

nearly all traits measured. Three exceptions to that pattern
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are the loge of' seedling height, the average daily rate of

growth, and the leaf area : sapwood area ratio. The lack of

significant interaction indicates that the response to water

deficit by these populations is, for most morphological traits,

a parallel one; neither the magnitude nor direction of response

to irrigation differ by population.

(14) Considered from a multivariate viewpoint, however, both popula-

tions and families within populations clearly respond differen-

tially to soil moisture deficit. Further, the results of a

canonical discriminarit analysis show very distinct separation

when the classification variable is based on the region of

origin and level of irrigation and when the quantitative vari-

ables include six measures of seedling morphology. This analy-

sis revealed highly significant differences between groups and

showed that the first two discriminant functions contributed

significantly to group differentiation. The multivariate

analyses support the idea that fitness in a particular environ-

ment rests upon a coordinated set of traits rather than on one

or a few crucial traits.

(5) This experiment provides strong evidence that the coefficients

of the allometric formulae of seedling progeny of both coastal

and southwestern Oregon populations of Douglas-fir are signifi-

cantly altered by the level of soil moisture. Comparison of the

coefficients of the allometric regression show that the highly

significant differences observed for the root:shoot biomass

ratio were not due simply to the effect of seedling size, as has

been suggested by Ledig et al. (1970), but rather were a true
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reflection of changes in relative growth of root and shoot.

(6) The leaf area : sapwood area ratio (LASAR) of seedlings exhibits

a markedly plastic response to soil moisture availability.

Progeny of two coastal populations are characterized by signifi-

cantly higher ratios than progeny of two southwestern popula-

tions. Further, soil water deficit causes a significantly lar-

ger increase in LASAR of seedlings of coastal populations rela-

tive to seedlings from southwestern populations. The results

suggest that the developmental sequence of allometric growth

patterns and/or the magnitude of allocation are altered by

moisture deficit and that populations differ in the degree to

which these allornetric relationships are altered. The processes

by which seedlings achieve a balance between transpiring surface

area and conducting tissue area deserves further study.
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Figure 2. Water potential isotherm for a typi-
cal Douglasfir shoot. Weights of expressed
water used to construct Figure 1 are transformed
to relative water content CR ) and reploted
here.
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Figure 3. Water potential isotherm for a typi-
cal Douglas-fir shoot, showing fitted linear and
nonlinear functions. Dashed line indicates best
linear regression and is of the form 1/0 a +
bR*. Solid line is a nonlinear regression
through points in the region of positive turgor
and is of the form 1/0 = c + dR* + f(R*/(1O
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Figure )4 A Hofler diagram derived from analy-
sis of the water potential isotherm shown in
Figure 3. The relationship between relative
water content (R*) and 4 was calculated
according to a nonlinear model (Eq. 16). The
relationship between R* and 7T was calculated
according to the linear model (Eq. 15). p was
computed from Eq. 20.
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Figure 6. Mean values of osmotic potential at zero turgor,
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for irrigated and

nonirrigated Douglasfir seedlings at three sampling dates in each of four soil
drying cycles (1_14). Vertical bars represent standard errors. n=9.
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Figure 8. Mean values of the relative water content of the apoplasm, R, for irri-
gated and non-irrigated Douglas-fir seedlings at three sampling dates in each of
four soil drying cycles (i-'i). Vertical bars represent standard errors. n=9.
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Figure 9. Mean values of the weight of symplasm water per gram dry weight, W0/DW,
for irrigated and nonirrigated Douglasfir seedlings at three sampling dates in
each of four soil drying cycles (1_il). Vertical bars represent standard errors.
n= 9.
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Figure 10. Mean values of the ratio of tissue dry weight to fresh weight, DW/FW,
for irrigated and nonirrigated Douglasfir seedlings at three sampling dates in
each of four soil drying cycles (1_Is). Vertical bars represent standard errors.
n=9.
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Figure 11. Mean values of the bulk volumetric módulus of elasticity, max' for

irrigated and nonirrigated Douglasfir seedlings at three sampling dates in each of
four soil drying cycles (1_14). Vertical bars represent standard errors. n9.
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Figure 12. Mean values of the number of actively growing root tips, RTIPS, for
irrigated and nonirrigated Douglasfir seedlings at three sampling dates in each of
three soil drying cycles. Vertical bars represent standard errors. n9.
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Figure 13. Mean values of osmotic potential at full turgor, 5t-, for irrigated
Douglasfir seedlings at 12 sampling dates during the period from 2 June to 17
September 1982. Vertical bars represent standard errors. n9.
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Figure 1I. Mean values of osmotic potential at zero turgor,
,
for irrigated

Douglasfir seedlings at 12 sampling dates during the period from 2 June to 17
September 1982. Vertical bars represent standard errors. n9.
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Figure 15. Mean values of the relative water content at the turgor loss point,
Rtip, for irrigated Douglasfir seedlings at 12 sampling dates during the period
from 2 June to 17 September 1982. VertIcal bars represent standard errors. n9.
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Figure 16. Mean values of the relative water content of the apoplasm, R, for
irrigated Douglas-fir seedlings at 12 sampling dates during the period from 2 June
to 17 September 1982. Vertical bars represent standard errors. n=9.
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Figure 17. Mean values of the weight of symplasm water per gram dry weight, W0/DW,
for irrigated Douglasfir seedlings at 12 sampling dates during the period from 2
June to 17 September 1982. Vertical bars represent standard errors. n9.
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for irrigated Douglas-fir seedlings at 12 sampling dates during the period from 2
June to 17 September 1982. Vertical bars represent standard errors. n9
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Figure 19. Mean values of the bulk volumetric modulus of elasticity, for
irrigated Douglasfir seedlings at 12 sampling dates during the period from 2 June
to 17 September 1982. Vertical bars represent standard errors. n9.
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Figure 20. Mean values of the number of actively growing root tips, RTIPS, for
irrigated Douglas-fir seedlings at 12 sampling dates during the period from 2 June
to 17 September 1982. Vertical bars represent standard errors. n=9.
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Figure 22. Mean values of relative water content of the apoplasm,
for (a) irrigated and (b) non-irrigated Douglas-fir seedlings

throughout a diurnal time course. Means are based on the combined
data of 26 July and 1 September 1982. Vertical bars represent
standard errors. n:6.
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Figure 27. Scatterplot of canonical discriminant scores. Each 'a' represents the
score coordinates for irrigated seedlings of coastal populations (WCOIST); each 'b'
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Figure 28. Regressions of the log(root dry weight) on log( shoot
dry weight) for (a) irrigated and nonirrigated seedlings of coastal
populations (WCOAST and DCOAST, respectively) and (b) irrigated and
nonirrigated seedlings of southwestern Oregon populations (WSOUTH
and DSOUT}1, respectively). Regression coefficients are given in
Table 32.
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(DCOAST and DSOUTH, respectively). Regression coefficients are given
in Table 33.

153



154

Table 1. Geographic and climatic data for the four collection sites
from which Douglas-fir populations were sampled in this
study.

Mean Annual 2211a 2410b 762c

Precipitation (cm)

Mean May-Sept 354a 287b 152d 159d
Precipitation (cm)

a
Precipitation for Cape Perpetua station, 1970-79. USDA Forest
Service. Waldport Ranger District. Waldport, OR. Station located
1.5 km northwest of Site 1.

b
Approximate precipitation based on interpolation from isohyetal
pattern developed by US. Army Corps of Engineers, Feb., 1969.
Flood frequency study. Normal annual precipitation adjusted for
period 1879-1945.

c
Approximate precipitation based on interpolation from isohyetal
pattern given by Froehlich et al. 1982.

d
Approximate precipitation based on interpolation from isohyetal
pattern given by McNabb et al., 1982.

Population

1 2 3 14

Elevation (m) 75-100 280-305 830-835 950-985

Latitude 14)4 16 N 1414 19 N 142 20 N 42 20 N

Longitude 1214 05 W 123 50 W 122 30 W 122 27 W

Distance
from Ocean (km)

1.0-1.5 21 155 162

Aspect SW NW NE SW



Table 2. Major vegetational components occurring on the sites of four populations of
Douglasfir sampled in this study.

Population

Overstory Trees Shrubs Herbs

Picea sitchensis Vaccinium ovalifolium Polystichum munitum
1 Tsuga heterophylla Vaccinium parvifolium Oxalis oregana

Pseudotsuga menziesii Rubus spectabilis Blechnum spicant
Oplqpanax horridum Athyrium spp.

Tsuga heterophylla Acer circinatum Polystichum munitum
2 Pseudotsuga menziesii Rhododendron macrophy].lum Oxalis oregana

Vaccinium parvifolium
Berberis nervosa

Quercus kelloggil Lonicera hispidula Rhus diversiloba
3 Quercus garryana Aretostaphylos viscida grasses

Pseudotsuga menziesii Rosa gyrnnocarpa

Pseudotsuga menziesii Arctostaphylos nevadensis Rhus diversiloba
LI Libocedrus decurrens Ceanothus prostratus Whipplea modesta

Arbutus menziesii Castanopsis chrysophylla mixed grasses
Pinus ponderosa



Table 3. Water relations variables derived from analyses of indivi-
dual c isotherms and used to quantify seedling responses
to water deficit in Experiments I and II.

Parameter Definition Units

osmotic potential at full MPa
hydration

osmotic potential at zero MPa
turgor

*
1t1p relative water content at the

turgor loss point

"a relative water content of the -
apoplasm

W0/DW

DW/FW

E max

1 MPa = 10 bars

ratio of the weight of sym-
plasm water to dry weight of
sample tissue

ratio of dry weight of sample g DW/g FW
to fresh weight

bulk volumetric modulus of
elasticity evaluated at R* =

0.995

g water!
g DW

MPa
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Table 4. General form of the analysis of variance for each drying
cycle of Experiment I. Design is a split-split plot with
r=3 blocks, a=2 levels of irrigation, b=3 populations and
c3 sampling times (i.e., harvest dates).

Sub-subunit Analysis

157

Time, C (c-i) 2 MSC MSC/Ec
Irrigation X Time, AC (a-i)(c-1) 2 MS(AC) MS(AC)/Ec
Population X Time, BC (b-1)(c-i) 4 MS(BC) MS(BC)/Ec
Irrigation X Population

X Time, ABC (a-1)(b-i)(c-i) MS(ABC) MS(ABC)/Ec
Sub-subplot error,

(RC+RAC+RBC+RABC) 24 Ec

Total rabc-i 53

Source of Variation Df MS F

Whole Unit Analysis

Blocks, R (r- 1) 2 MSR MSR/Ea
Irrigation, A (a-i) MSA MSA/Ea
Whole plot error, RA (r-1)(a-i) 2 Ea

Subunit Analysis

Population, B (b-i) 2 MSB MSB/Eb
Irrigation X Population, AB (a-i)(b-i) 2 MS(AB) MS(AB)/Eb
Subplot error, (RB + RAB) a(r-i)(b-1) 8 Eb
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Table 5. Standard errors and t computations for the comparison of

means, Experiment I.

Whole Plots, Subplots and Interactions:

A means VIEa/rb

B means VEb/ra tb

B means for same A VEb/r tb

B means for different A \J((b-i)Eb + Ea)/rb tab

Sub.-subplots and Interactions With Other Factors:

C means \jEc/rab to

C means for same A \jEc/rb to

C means for same B jEc/ra t
B means for same or Jc-i)Ec + Eb)/rac tbc
different C

A means for same or iJc-i)Ec + Ea)/rbc tao
different C

C means for same A and B JEc/r t

B means for same A and -Jc-l)Ec + Eb)/rc tbo
same or different C

A means for same or \/(b(c-i)Ec + (b-i)Eb + Ea)/rbc tabc
different B and C

a A, B, and C are irrigation, population, and time treatments
applied to whole plots, subplots, and sub-subplots, respectively;
r is the number of replications; Ea, Eb, and Ec are whole, sub-
plot, and sub-subplot error mean squares, respectively.

ta tb, and t are tabular t values for degrees of freedom for Ea,
Eb, and Ec, respectively.
tab = ((b-i )Ebtb + Eata)/((b_i)Eb + Ea)
tbc ((c-i)Ect0 + Ebtb)/((c_i)Ec + Eb)
tac = ((c-i )Ect + Eata)/((c_i )Ec + Ea)
tabc = (b(c_i)t + (b_i )Ebtb + Eata)/(b(c_i) + (b-i)Eb + Ea.

b

Means Compareda Standard Error (si) t Valuesb



Source of Variation Df MS F

Whole Unit Analysis

Blocks, R Cr-i) 5 MSR MSR/Ea
Irrigation, A Ca-i) 1 MSA MSA/Ea
Whole plot error, RA (r-i)(a-i) 5 Ea

Subunit Analysis

Time, B Cb-i) 3 MSB MSB/Eb
Irrigation X Time, AC (a-i)(b-i) 3 MS(AC) MSCAC)/Eb
Subplot error, (RB+RAB) a(r-i)Cb-i) 30

Total rab-i 147
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Table 6. General form of the analysis of variance for Experiment II.
Design is is a split plot with r6 replications, a2 levels
of irrigation, and b=L sampling times.



Trait Code Definition of Trait

Phenology and Morphologya

BREAK Date of budbreak
SET Date of budset
FLUSH Number of flushes
HT Loge height above cotyledon scar
DIAM Loge diameter
TOTWT LOCe total dry weight
ROOTWT Loge root dry weight
GROW82 Loge length of shoot extension, 1982
NBR Square root of number of branches
RTSHT Ratio of root dry weight to shoot dry weight
ADRG Average daily rate of growth [length of 1982 shoot exten-

sion/(SET-BREAK)]

Stem Units and Leaf Area Relationsb

SU Number of stem units on main stem (1982 growth)
MSUL Mean stem unit length [length of leader/SU]
ADSUP Average daily stem unit production [SU/(SET-BREAK]
WAR Ratio of dry weight of a sample of needles to surface area

of fresh needles
AREATOT Total all-sided surface area of foliage [2.,36(foliage dry

weight/WAR]
MNA Mean needle area
LASAR Ratio of total leaf area to sapwood cross-section area

[AREATOT/(3. 1LM6*(RADIUS)2)]
LARWR Ratio of total leaf area to dry weight of root system

a
Traits measured on all 659 surviving seedlings (except for 31 roots
damaged or labels lost in sampling).

b
Traits measured on a sub-sample of materials in Experiment III (5
families in each subplot in 3 replications).
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Table 7. Description of traits analyzed for Experiment III.



Whole Unit Analysis

Blocks, R (r-l) 3 MSR MSR/Ea
Irrigation, A (a-i) i NSA MSA/Ea
Whole plot error, RA (r-i)(a-1) 3 Ea

Subunit Analysis

Population, B (b-i) 3

Families/Population, F/B b(f-i) 24
Irrigation X Population, AB (a-i)(b-i) 3

Irrigation X Families!
Population, A(F/B) b(a-i)(f-1) 24

Subplot error,
(RB+R(F/B)+RAB+RA(F/B) i62

MSB MSB/Eb
MS(F/B) MS(F/B)/Eb
MS(AB) MS(AB)/Eb

MSA(F/B) MSA(F/B)/Eb
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Table 8. General form of the analysis of variance for phenological
and morphological traits measured in Experiment III.
Design is a split plot with r=14 blocks, a=2 levels of
irrigation, b4 populations, and f=7 families; analysis is
based on family meansa.

a
Analysis of variance for stem unit and leaf area relations is
identical except that r3 blocks and f5 families.

Source of Variation Df MS

Total rabf-i 223



Table 9. Analysis of variance for seven water relations parametersa and number of active root tips
(RTIPS) estimated from data In drying cycle 1 of Experiment I.

a See Table 3 for description of water relations parameters.

* = 0.01<Pr<0.05 0..001<Pr<0.01 *'* Pr<0..001

Source of
Variation Df

Mean Squares

io Rti
*

Ra W QIDW DW/FW max RTIPS

Replication 2 .0093 .0028 1 .63x104 .0023 .0252 8.44x104 8.761 3477.8

Irrigation (Irr) I .0470 .0139 8. 80x105 .0075 .0020 2.26x1i3 6.067 13984.5

Whole plot Error 2 .0059 .0084 5.48x104 .0120 .2284 5.47x104 4.679 2815.4

Population (Pop) 2 .0307 .0224 4 lOx 1 .00 14 .1545 1.10x103 2.029 1051.7

IrrXPop 2 .0598 .0631 9. 19x104 .0225 .1235 1.97x104 16.218 218.0

Subplot Error 8 .0401 .0460 9. 03 x104 .0 160 .1035 7.56x104 10.095 1159.7

Time 2 .0634 .4148*** 8.42x103*** .0028 .2812* 5.70x10_3*** 2.716 1478.1

Irr X Time 2 .0462 .0437 8.76xI0 .00 10 .0593 8.56x1cr4 4.032 1140.7

Pop X Time 4 .0746 .0735 3.12x104 .0 137 .0776 7.49x104 3.956 878.2

Irr X Pop X Time i .0722 .0459 7.24x104 .0352 .21l33 6.92x104 17.743 1057.0

Sub-subplot Error 24 .0282 .0209 5.95x104 .0157 .0728 5.01x104 10.022 1196.2



Table 10. Analysis of variance for seven water relations parametersa and number of active root tips
(RTIPS) estimated from data in drying cycle 2 of Experiment I.

a
See Table 3 for description of water relations parameters.

Source
of Variation Df

Mean Squares

R1 W0/DW DW/FW max RTIPS

Replication 2 .1960*
.23118 1 .02x1011 .0045 .0994 3.84 x1011 52.3117* 101.6

Irrigation (Irr) 1 .0066 .1179 2.34x103 .1327 .8712 6.5'lxlO4 166.427** 22693.5**

Whole Plot Error 2 .0028 .0210 1 .38x1011 .0026 .3422 1.21x103 0.987 1118.7

Population (Pop) 2 .0648 .09113 1 .33x104 .01110 .1263 8.95x104 11.607 3120.0

Irr X Pop 2 .0122 .0525 1. 21 x104 .0060 .2363 1.04x103 0.029 23111.11

Subplot Error 8 .0369 .0551 5.38x1011 .0098 .1717 9.27x1011 8.486 11283.6

Time 2
**

.25111
**

.4400 1 .36x1011 .0003 .5290 5.32x10 -' 13.0112 2024 1. 14
**

Irr X Time 2 .0803 .01121 2.96x104 .0313 .0780 7.70x104 39. 0
16* 49.6

Pop X Time 1$ .0111 .0161 1 .68x103' .0129 .1790 5.81x104 6.211 3675.0

Irr X Pop X Time 'I .0159 .0092 2. 44 x1011 .0051 .1211 1 . 211 xl 1.4119 8353 .6*

Sub-subplot Error 211 .0314 .0520 5.37 x104 .0103 .1834 7.77xlO4 8.780 2950.2

* = 0.01<Pr<0.05 ** 0.. 001 <Pr<0 . 01 Pr<0. 001



a See Table 3 for description of water relations parameters.

O.01<Pr<0.05 1* 0.001<Pr<001 *'* Pr<0.001

Table 11. AnalysIs of variance for seven water relations parametersa and number of active root tips
(RTIPS) estimated from data in drying cycle 3 of Experiment I.

Source of
Variation Df

Mean Squares

7r0
'ip

R1 H: W0/DW DW/FW max RTIPS

Replication 2 .0147 .0102 1. 19x103 .0020 .0034 3.66x10_4* 614.1456* 2186.1

Irrigation (Irr) 1 .0431 .2782 1. 18x103 .00149 .0321* 3.70x105 215.6001*
15133.6

Whole Plot Error 2 .0886 .2191 5.511 x1014 .0006 .0010 1.140x105 1.230 3186.7

Population (Pop) 2 .0157 .0411 14.53x104 .0213 .3561* 1.53x10' 7.503 901 .2

Irr X Pop 2 .0012 .0206 14.143 x104 .0095 .0530 3.00x106 10. 125 1397.0

Subplot Error 8 .0260 .0373 6.66x104 .0109 .0938 3.53x10 10.212 96514.2

Time 2 .2214111*1 .31463*1* 8.59x1014 .05191* .7639*1* II, *1*
2.15x103 68.151

*1*
97084.7

Irr X Time 2 .0279 .0170 9.32x104 .0453*1 .1845' 3.20x105 142.352" 58512.4*1*

Pop X Time 14 .0131 .011414 5.38x1014 .0089 .1268' 5.31x10141 11. 3314 645.1

Irr X Pop X Time 14 .0385 .0279 3.48x104 .0062 .0428 2.67x1014 10. 619 5814. 1*

Sub-subplot Error 24 .0192 .0267 6. 42x104 .0068 .01452 1.146x104 4.330 2001.5



Table 12. Analysis of variance for seven water relations parametersa estimated from data in
drying cycle I of Experiment I

a
See Table 3 for description of water relations parameters.

* 0.01<Pr<0.05 " O.001<Pr<0.01 Pr<0.001

Source of
Variation Df

Mean Squares

H tip
*

Ra W0/DW DW/FW max

Replication 2 .0217 .0332 6.65x10_'! .0017 .0032 1.91x10 9.727

Irrigation (Irr) 1 .00 13 .1309 2. 13x10' .0122* .1896' 3.311x10'! 228.167

Whole Plot Error 2 .039 1 .0783 1!. 10x10 .00011 .00LI'l 8.30x105 36.1137

Population (Pop) 2 .00'13 .02 10 5.011 xl .0052 .0568 1.BLIxlO_'! 0.875

Irr XPop 2 .00 15 .0105 2. 23 x10'! .00111 .00111 3.80x105 0.221

Subplot Error 8 .0152 .028'! L65x10_'! .006'! .0531 2.25x1(r'! 6.011

1** ***
LI

** 3** *
Ti me 2 .17118 .3366 1.28x10 .0139 .3150 1.3tx10 21.695

Irr X Time 2 .0016 .00116 3.10x105 .0039 .0038 3.'!2x10'! 13.39'!

Pop X Time II .0089 .0108 1.93x10 .0030 .0256 1.71x10'! 11.8311

Irr X Pop X Time 11 .0098 .0179 1.78x10_'! .0007 .0152 1.75x10'! 1.3112

Sub-subplot Error 2l .0090 .0172 6.00x10 .0067 .01160 1.76x10'! 5.592



Table 13. Analysis of variance for seven estimated water relations parametersa arid numbers of active root
tips (RTIPS) of irrigated Douglas-fir seedlings in Experiment I, measured at 12 sample dates
during the period of 2 June to 16 September 1982.

a
See Table 3 for description of water relations parameters.

* = 001<Pr<0.05
** 0. 001 <Pr <0. 01

Pr<0.001

Source of
Variation Df

Mean Squares

o
51

p

*

Rt1
*

1a W0/DW DW/FW (

max RTIPS

Replication 2 .066's .1305* 9.50x105 .0036 .05015 3.58x105 15.686 25815.6

Population (Pop) 2 .0665 .09152* 1.06x10_'s .0061 .1902 7.53x10's 2.801 8146.3

Whole Plot Error 14 .0179 .0135 LL58x10's .0177 .2024 1.20x103 3.6115 3831 .7
_3** **

Sample Date (Date) 11 .5I23 .5963 1.33x10 .0303 .15975 8.3'IxlO 93. 797 1151593.3

Pop X Date 22 .0271 .0258 I1.79x10's .0091 .1260 6.62x10'S 5.558
*

'4081 .1

Subplot Error 66 .0260 .029'S 5.16x10_'s .0093. .07155 LI.32x10_'s 9.0157 2125.2



Table Sample date means for various tissue water relations parameters and
for number of root tips in irrigated Douglas-fir seedlings during
the period from 2 June to 16 September 1982. The results of
Duncan's multiple range test are indicated for each trait; means
with the same letter are not significantly different at Pr<0.05.

Trait

Jul ian
N ft

Day 5p 1t1p Re W0/DW DW/FW 'max RID'S

153 236e 088a 03145a 165cd 0277ef 1qe 996c

160 183c 255cd 0807d 0317ab lSHd 0301cd 152de 1260bc

166 183c 255cd OfllHcd 0338a 152d 0296de 139e 1103bc

180 1e 200f 0826abcd 0308abc 225 0235g 1qe l90Ua

188 16,d 215f 082abcd 0257abcd 207ab 0263f 176cd 1570ob

193 l.8U° 2.10 0820bcd 0231bcd 193bc 07f 180cd 1203bc

220 206ab 263bo 0833abc 0212cd 180bcd 030cd 193bc 027c

229 203ab 26bc 0828abcd 0251abcd 157d 0320abc 178cd Hg.8d

235 230a 290a 08311abc 0197d 162d 0326ab 226a 900cd

2'I7 203ab 255cd 0837abc 0201d 17cd 0313bcd 212ab

255 217ab 269bc 082ab O.lRHd 167cd 0325abc 225a

259 22lI 280ab 08143ab 0216bcd 151d 0339a 2lHab

MSE .0260 .O29J 5.2x10- .0093 .075 1I.3x10-J 9.07 2U30.0

Of 66 66 66 66 66 66 66



Soil Drying cycleb
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Table 15. Results of t tests for comparison of the relative water
content of the apoplasm, Ra, for means of irrigated
and nonirrigated Douglasfir seedlings at each of'
the three sampling dates of soil drying cycles 2, 3, and

a Each mean is based on separate PV determinations for nine seed-
lings.

b Inclusive Julian dates for soil drying cycles are as follows: cycle
2, 180-193; cycle 3, 220-235; cycle k, 2)47-259.

c Formulas for computing t values are given in Table 5.

* = Pr<0.05
** Pr<0.01

Sampling
date:

YtY2 tc Y1Y2 te Y1Y2 t

1 0.011 0.39 0.089 3.85** 0.005 0.21

2 0.109 3.72** 0.036 1.5)4 0.023 1.01

3 0.177 6.05** 0.110
)479**

0.063 2.76*

2 3



a Each mean is based on separate P-V determinations for nine seed-
lings.

b Formulas for computing t values are given in Table 5.

* = 0.01 <Pr<0.05
** 0.001<Pr<0.01

Pr<0..001

Error Mean
Trait 220 229 235 Squares

W0/DW Y1-Y2 0.155 -0.052 -0.250 Ec 0.014519

2.67 0.90 14.29* Ea 0.00100

RTIPS Y1-Y2 159.2 1414 -63.2 Ec 2001.5

tb 9.76*** 0.27 3.87** Ea 3186.7

Sample Date
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Table 16. Results of t tests for the comparison of irrigated
against non-irrigated Douglas-fir seedlings for (1)
mean weight of symplasm water on a dry weight basis
(W0/DW), and (2) mean number of active root tips (RTIPS)
at each of the three sample dates of soil drying cycle



Soil Drying Cycleb

2 3 14
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Table 17. Results of t tests for comparison of the bulk volumetric
modulus of elasticity, rnax' for means of irrigated Y2
and non-irrigated () Douglas-fir seedlings at each of
the three sampling times of soil drying cycles 2, 3, and
)4a

Sampling
date:

Y1-Y2 to Y1Y2 tc Y1Y2 to

1 0.577 0.70 0.756 1.25 2.555 1.92

2 3.1487 4.21** 14.377 7.23*** 3.811 2.87

3 6.6147 7.80*** 6.856 11.33*** 5.966 14)49*

a Each mean is based on separate P-V determinations for nine seed-
lings.

b Inclusive Julian dates for soil drying cycles are as follows: cycle
2, 180-193; cycle 3, 220-235; cycle 14, 2)47-259.

C Formulas for computing t values are given in Table 5.

* 0.01 <Pr<0.05
** O.001<pr(0O1

Pr<0.001



CYCLE 1

* *R1 Ra W0/DW max

1.00

0.80** 1.00

*
-0.14 _0.140* 1.00

* ** * **
Ra -0.66 0.41 0.58 1.00

* **
W0/DW 0.32 0.00 -0.38 -0.79 1.00

** **
max

o.67** 0.42* 0.29 0.73 0.57 1.00

CYCLE 2

* *

Ra W0/DW max

1.00

0.89** 1.00

R1 -0.15 -0.26 1.00

Ra -0.37 -0.07 0.53 1.00

W0/DW -0.25 _0.414* _0.37* _0.63** 1.00

Emax
0.52**

0.32 _0.41* _0.72** 0.26 1.00
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Table 18. Pearson product-moment correlation coefficients for
various water relations parameters for Douglas-fir seed-
lings sampled throughout each of the four soil drying
cycles of Experiment I. Each coefficient is based on n54
observations. Water relations parameters are defined in
Table 3.



Table 18. Continued.

1.00

0. 90

*
Rt1 _O.014

*
Ra -0.16

W0/DW -0.08

Emax 0.23

* 0.001<Pr<0.01
** Pr<0.001

1.00

-0.25

-0.014

-0. 16

-0.05

CYCLE 3

* *
Rti Ra W0/DW max

1.00

**
0.70

-0 02

CYCLE 14

* *

1t1p Ra W0/DW max

7V0 1.00

0.90** 1.00
ip

*
Rti 0.014 -0.214 1.00

0.08 0.15 0.62* 1.00

* * ** **
W0/DW -0.142 0.1414 0.514 -0.87 1.00

max 0.12 -0.11 0.014 _0.514** 0.50** 1.00

1.00

_0.65** _0.90** 1.00

_0.52** 0.143* 1.00
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Table 19. Pearson productmoment correlation coefficients for
various tissue water relations parameters for irrigated
and nonirrigated Douglasfir seedlings sampled throughout
all soil drying cycles of Experiment I. Each coefficient
is based on n=108 observations. Water relations para-
meters are defined in Table 3.

7T0

7Tp

0.16

0.5k"

W0/DW 0.35'

max 0.7k

* = 0..001<Pr<0.O1
** = Pr<0.001

7Tp

1.00

0.01

0.38"

0.62"

Irrigated Seedlings

* *
Rt19 Ra WØ/DW

Nonirrigated Seedlings

* *
Ra W0/DW max

1.00

0.911** 1.00

* *
Rti 0.22 0.35 1.00

* ** **
Ra 0.55 0.ko o.6k** 1.00

W0/DW 0.20 0.32' 0.42" 0.54" 1.00

Emax 0.149" 0.30' 0.27' _0.72** 0.34' 1.00

E max
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1.00

0.39" 1 00

0.38" 0.k7" 1 .00

0.01 _067** 0.03 1.00



174

Table 20. Multivariate analysis of variance for Experiment I.
Hypotheses of (1) no overall population (Pop) effect, (2)
no overall irrigation X population (Irr X Pop) effect, and
(3) no overall irrigation X population X time (Irr X Pop X
Time) effect are tested for each of four soil drying
cycles. The multivariate analysis for each cycle includes
dependent variables F,, 51,, R, W0/DW, and rmax

Soil Drying Source of Hotelling-
Cycle Variation Lawley trace Df F

Pop 0.399 12,76 1.26
1 Irr X Pop 0.315 12,76 1.00

Irr X Pop X Time 2.5)44 2)4,70 1.85*

Pop 0.219 12,76 0.69
2 Irr X Pop 0.206 12,76 0.65

Irr X Pop X Time 0.79)4 2)4,70 0.58

Pop 0.36)4 12,76 1.15
3 Irr X Pop 0.25)4 12,76 0.80

Irr X Pop X Time 1.05)4 2)4,70 0.77

Pop 0.327 12,76 1.0)4

4 Irr X Pop 0.192 12,76 0.61
Irr X Pop X Time 0.717 2)4,70 0.52

* Pr<0.05
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Table 21. Classification group means for the variables used to
develop a generalized squared distance discriminant model
for each of the four soil drying cycles of Experiment I.
Each mean is based on n9 observations. Traits are
defined in Table 3.

CYCLE 1

Traita Classification Group:b

WET2 WET3 WETI4 DRY2 DRY3 DRYI

1.71 1.86 1.89 1.90 1.86 1.88

2.38 2.53 2.55 2.514 2.149 2.52

0.82 0.83 0.82 0.81 0.82 0.814

0.37 0.32 0.31 0.27 0.31 0.35

W0/DW 1.149 1.67 1.5'4 1.66 1.62 1.39

max 14.22 13.89 15.142 16.214 15.38 13.92

RTIPS 106.00 122.22 107.67 70.78 85.11 83.1414

CYCLE 2

Traita Classification Group:b

WET2 WET3 WET14 DRY2 DRY3 DRYI4

1.61 1.74 1.59 1.63 1.73 1.67

2.13 2.31 2.11 2.20 2.32 2.32

0.83 0.82 0.82 0.814 0.83 0.814

0.29 0.25 0.27 0.36 0.32 0.141

W0/DW 2.12 2.01 2.13 1.95 1.92 1.61

max 16.27 17.54 16.16 12.78 114.10 12.56

RTIPS 177.67 155.00 135.11 110.56 128.78 105.'414



Table 21. Continued.

CYCLE 3

a ,, and max are expressed in MPa, W0/DW in (g symplasm
water)/(g dry weight).

b The classification variable is the combined designations of
irrigation and population. WET2, WET3, and WET14 are irrigated
seedlings of populations 2, 3, and 14, respectively; DRY2, DRY3,
and DRYI4 are non-irrigated seedlings of populations 2, 3, and
14, respectively.
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Traita Classification Group:b

WET2 WET3 WET4 DRY2 DRY3 DRY4

2.12 2.12 2.16 2.15 2.18 2.23

2.70 273 2.73 2.78 2.87 2.911

R1 0.82 0.811 0.83 0.82 0.82 0.82

0.19 0.28 0.18 0.22 0.25 0.24

W0/DW 1.80 1.46 1.714 1.714 1.52 1.59

max 20.47 18.1411 20.74 16.48 15.94 15.211

RTIPS 73.89 82.00 86.55 1214.67 97.56 120.67

CYCLE 14

Traita Classification Group:b

WET2 WET3 WET14 DRY2 DRY3 DRY4

2.12 2.16 2.15 2.15 2.16 2.114

2.64 2.71 2.68 2.79 2.82 2.72

Rtlp 0.84 0.814 0.814 0.82 0.83 0.84

0.19 0.21 0.20 0.20 0.26 0.23

W0/DW 1.69 1.58 1.65 1.59 1.48 1.49

Cmax 21.70 21.814 21.62 17.147 17.99 17.38



Table 22. Discriminant analysis classification summaries for each of the four soil drying cycles of Experi-
merit I. The continuous variables used to classify the observations for each of cycles 1, 2, arid 3

were o' p' R, W0/DW, max (as defined in Table 3), and RTIPS (number of actively gowing
root tips); RTIPS data were not used to construct the discriminant model for cycle ti.

CYCLE 1 CYCLE 2

Number of Observations and % Classified Into Group:a Number of Observations and % Classified Into Group:a

From WET2 WET3 WET'I DRY2 DRY3 DRY'I Total From WET2 WET3 WET'l DHY2 DRY3 DHY1I Total
Group: Group:

WET2 8 1 0 0 0 0 9 WET2 9 0 0 0 0 0 9
88.9 11.1 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0

WET 3 0 7 1 0 1 0 9 WET3 0 8 1 0 0 0 9
0.0 77.8 11.1 0.0 11.1 0.0 100.0 0.0 88.9 11.1 0.0 0.0 0.0 100.0

WET l 0 1 7 0 0 1 9 WET'I 0 0 9 0 0 0 9
0.0 11.1 77.8 0.0 0.0 11.1 100.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0

DRY2 0 0 0 9 0 0 9 DRY2 0 0 1 8 0 0 9

0.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0 11.1 88.9 0.0 0,0 100.0

DRY3 0 0 2 0 7 0 9 DRY3 0 1 0 0 7 1 9

0.0 0.0 22.2 0.0 77.8 0.0 100.0 0.0 11.1 0.0 0.0 77.8 11.1 100.0

DRY'I 0 0 0 0 0 9 9 DRYLI 0 0 0 0 0 9 9

0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0

Total: 8 9 10 9 8 10 5'4 Total: 9 9 11 8 7 10 5I
Percent: l'l.8 16.7 18.5 16.7 1'.8 18.5 100.0 Percent: 16.7 16.7 20.4 l'l.8 13.0 18.5 100.0



Table 22. continued.

a The classification variable is the combined designations of irrigation and population. WET2, WET3, and
WET'! are irrigated seedlings of populations 2, 3, and II, respectively; DRY2, DRY3, and DRY'! are non-
irrigated seedlings of populations 2, 3, and 11, respectively.

CYCLE3

Number of Observations and % Classified Into Group:a

From WET2 WET3 WET'! DRY2 DRY3 DRY'! Total
Group:

Number of Observations and

From WET2 WET3 WET1!

Group:

CYCLE 4

Classified Into Group:a

DRY2 DRY3 DRY'! Total

WET2 9 0 0 0 0 0 9 WET2 8 0 1 0 0 0 9

100.0 0.0 0.0 0.0 0.0 0.0 100.0 88.9 0.0 11.1 0.0 0.0 0.0 100.0

WET3 1 8 0 0 0 0 9 WET3 0 6 1 0 1 1 9

11.1 88.9 0.0 0.0 0.0 0.0 100.0 0.0 66.7 11.1 0.0 11.1 11.1 100.0

WET'! 0 0 9 0 0 0 9 WET'! 1 1 6 0 0 1 9
0.0 0.0 100.0 0.0 0.0 0.0 100.0 11.1 11.1 66.7 0.0 0.0 11.1 100.0

DRY2 0 1 0 8 0 0 9 DRY2 1 1 0 'I 2 1 9
0.0 11.1 0.0 88.9 0.0 0.0 100.0 11.1 11.1 0.0 1!'!.'! 22.2 11.1 100.0

DRY 3 0 0 0 0 7 2 9 DRY3 0 0 0 0 8 1 9
0.0 0.0 0.0 0.0 77.8 22.2 100.0 0.0 0.0 0.0 0.0 88.9 11.1 100.0

DRY'! 0 0 0 0 0 9 9 DRY'! 0 0 0 0 0 9 9
0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0

Total: 10 9 9 8 7 11 5! Total: 10 8 8 1! 11 13 5'!

Percent 18.5 16.7 16.7 1'I..8 13.0 20.'! 100.0 Percent: 18.5 111.8 111.8 7.l 20.'! 2'!.,l 100.0



Table 23. Analysis of variance for tissue water relations parameters of irrigated and
non-irrigated Douglas-fir seedlings in Experiment II, measured at sampling
times during two diurnal time courses.a

a
Analysis is based on combined data of 28 July and 1 September 1982.

* = 0.01<Pr<0.05
** = 0001<Pr<0.01

Pr<0. 001

Source of
Variation Df

Mean Squares

*
Ra max R

lp Wo/DW

Replication 5 0.0513 0.1590*** 0.0326 .0031 11.03 6.92x10-Ll .57081*

Irrigation (Irr) 1
9.5855*** 0.865111* )4.7723*** .01166** 112.85* 7.88x10

-3 ***
.2670

Whole Plot Error 5 0.0208 0.0391 0.0033 .0011 11.13 1.28x10-1I .0509

Time 3 1.75114*** 0.07311* 1.1183*1* .0201*1 22.50 1.77x10-3 .2325*

Irr X Time 3 O.'410't"" 0.0912* 0.11437* .0107* 3.91! 1L53x10-4 .0519

Subplot Error 30 0.03119 0.0218 0.0371 .00311 9.61 6.35x10-14 .0596



Irrigated

SampleTime (h)

Trait 0550 1000 11430 1950 LSD05

_0146a _0914b _107b _058a 0.2202

2.20 218ab _2314a 211b
0.17141

p 1714a 1224b 128b 152a 0.2272

0316a 0211b 01914b 0218b
0.06814

max
202ab 216a 195ab 170b

3.655

Nonirrigated

SampleTime (h)

Trait 0550 1000 11430 1950 LSD05

_087a 193b _1914b 188b 0.2202

_228a 256b _251b 256b
0.17141

1140a 062b 055b 058b
0.2272

0202a 0112b 02114a 0151ab
0.06814

max
165a 1714a 166a 1514a

3.655
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Table 214. Sampletime means of tissue water relations parameters for
irrigated and nonirrigated Douglasfir seedlings
throughout a diurnal time course. Means are based on
combined data of 28 July and 1 September 1982. The
results of Duncan's multiple range test are indicated for
each treatment, according to the ANOVA (Table 23); means
with the same letter are not significantly different at
Pr<0.05.
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Table 25. Analysis of variance of (a) 11 phenology and morphology
traits and (b) 8 stem unit and leaf area traits measured
on Douglas-fir seedlings grown under field conditions at
Corvallis, Oregon. All traits are defined in Table 7.

(a) Phenology and Morphology Traits:

Source of
Variation Df

Mean Squares

BREAK SET FLUSH

Replication 3 29.69 2)43.8 0.2167

Irrigation (Irr) 1 5.31 9295.7** 3.0567**

Whole Plot Error 3 14)45 96.5 0.0269
**

Population (Pop) 3 116.145 298)4.9 0.14118

Families/Pop (Fam/Pop) 24 514.59*** 588.1*** 0.0135'

Irr X Pop 3 6.08 138.9 0.0223

Irr X Fam/Pop 2)4 6.)40 161.7' 0.0916

Subplot Error 162 8.45 91.1 0.07)47



Table 25a. Continued.
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Mean Squares

Source of
Variation Df HT DIAM TOTWT ROOTWT

Replication 3 0.0253 0.106k 0.235k 0.2300

Irrigation (Irr) 1

**
3.5960

***
9.6132

**
11.8)425

**
5.7748

Whole Plot Error 3 0.0)468 0.0206 0.100)4 0.1638

***
Population (Pop) 3 0.5728 0.20314 1.1988 0.5996

Families/Pop 2)4 0.1101
***

0.0)436
***

0.1580 0.0958

Irr X Pop 3 0.0601
*

0. 0006 0. 0395 0. 0501

Irr X Fam/Pop 214 0. 0216 0.0138 0.3971
*

0.0)46 1

Subplot Error 162 0. 0166 0.0138 0.0318 0. 0291

Mean Squares

Source of
Variation Df GROW82 NBR RTSHT ADRG

Replication 3 0.14)498 0.2091 0.0)490 8.3)4x104

Irrigation (Irr) 1
20.7270** 6.7862* 7.5063** 5.15x10_2**

Whole Plot Error 3 0.2369 0.2599 0.2086 6.89x1014

Population (Pop) 3 3.95)49
***

1.9516
***

0.7259 1.06x10

Families/Pop 2)4 0.51140*** 0.5796*** 0.1009*** 1.30x10_3***

Irr X Pop 3 0.1850 0.1396 0.0171 1.66x10_3***

Irr X Fam/Pop 214 0.1122 0.0833 0.0176 3.65x1014

Subplot Error 162 0.0770 0.0868 0.0250 2.70x10



Table 25. Continued.
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(b) Stem Unit and Leaf Area Traits:

Mean Squares

Source of
Variation Df SU MSUL ADSUP WAR

Replication 2 303.5 14.33x1O 0.0129 4.00x1O8

Irrigation (Irr) 1
32275.2* 6.BLIxlO_3* 1.2602* 5.80x107

Whole Plot Error 2 706.1 7.03x105 0.0607 2.15x107

Population (Pop) 3
11582.9*** 1.22x103*** 0.5368*** 14.33X106***

Families/Pop 16 2075.2*** 3.12x10_14** 011133*** 1.06X10_ô**

Irr X Pop 3 53149 2.114x10 0.0102 5.83x107

Irr X Fam/Pop 16 920.5* 2.39x10_k* 0.0580 2.47x107

Subplot Error 76 1443.8 1.21x10 0.01181 LI.20x107

Mean Squares

Source of
Variation Df AREATOT MNA LASAR LARWR

Replication 2 21,6114 7.00x10'14 811,626 323.0

Irrigation (Irr) 1 605,055 6.80x1014 7,058,913* 3550.3

Whole Plot Error 2 110,792 14.20x103 227,885 252.7

Population (Pop) 3
169,590*** 3.50x10_3*** 1,373,5142*** 60140.3***

Families/Pop 16 32,869*** 1.70x10_3** 101,968 832.5***

Irr X Pop 3 11,062 8.00xlcr14 1614,367 269.8

Irr X Fam/Pop 16 20,223*** 9.00x1014 38,429 214.14

Subplot Error 76 5,876 7.00x103 62,379 268.1

* = 0.01<Pr<0..05; ** = 0.001<Pr<O.01; '" = Pr<0.001
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Table 26. Population means for (a) 11 phenology and morphology
traits and (b) 8 stem unit and leaf area traits measured
on Douglas-fir seedlings grown under field conditions at
Corvallis, Oregon. The results of Duncan's multiple range
test are indicated for each trait according to the ANOVA
(Table 25); means with the same letter are not signifi-
cantly different at Pr<O.05. Traits are defined in Table
7, and transformed variables are back-transformed here.

(a) Phenology and Morphology Traits:

Trait Populationa

Df MSEcode units 1 2 3

BREAK day 1211a 1208a 1185b 1185b
162 8.kL6

SET day 2081a 20141b 1958c 19220 162 91.119

FLUSH 1381a llka 1310ab 1220b
162 O.O775

HT cm 11488a 11429a 1246b 1211b
162 0.01662

DIAM 505a 517a 98a 51b
162 0.01380

TOTWT g 52a 589a 515b 1450c
162 0.03177

ROOTWT g 3.2 303b 282c 25d 162 0.02909

GROW82 cm 568a 529a 396b 320C
162 0.07701

NBR 1015a 925b 810c 771c
162 0.08680

RTSHT 115a 113a 1252b 138c
162 O.O296

ADRG cm/day 0076a 0075a 0057b 00148c
162 2.7x10



Table 26. Continued.
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a Location of collection sites from which Douglasfir populations
were sampled: population 1, central Oregon coast; population 2,
northwest aspect, Oregon Coast Range; population 3, rain shadow of
Siskiyou Mountains; population 14, midelevation, southwestern
Oregon Cascade Range. See Tables 1 and 2 for further description
of sites.

(b) Stem Unit and Leaf Area Traits:

Trait Populationa

code units 1 2 3 14 Df MSE

SU 119.02
1
186a 87.61) 8214b

76 14143.781

MSUL 0562b
0.524

O1468
76 0.00120

ADSUP su/day 1
278a 1388a 1128b 1102b

76 0.014811

WAR g/cm2 0.01 15a 00117a 00122b 00122b
76 14.2x107

AREATOT cm2 388.202 27038b 25260b
76 5876.28

MNA cm2 026146b 026141b 02556b
76 7.3x1014

LASAR cm2/cm2 17975a
1685.5

a 131409b
11428.7k 76 62379.1

LARWR cm2/g 113.14142 110145a 88.
67b 8622b 268.127



a Formulas for computing t values are given in Table 5.

* 0.05<Pr<0.10
** = 0.01<Pr<0.05

Pr<0.01
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Table 27. Results of t tests for the comparison of means of irri-
gated (Yi) against nonirrigated (Y2) Douglasfir seed-
lings for loge of seedling height (HT), average daily rate
of growth (ADRG), and leaf area : sapwood area ratio
(LASAR) for each of the four populations analyzed in
Experiment III. Error mean squares are from the ANOVA
given in Table 25.

Trait

Population

Error Mean
Squares1 2 3

FIT Y1Y2 0.296 O.31l 0.233 0.170 Eb 0.01662

ta 3.81" 05" 3.00" 2.19' Ea 0.04682

ADRG Y1Y2 0.038 O.OZfl 0.023 0.019 Eb 2.7Ox1O

ta 3.89** )4.26*** 2.38' 1.98 Ea 6.89x10

LASAR 555.5 6142.8 300.6 14141.5 Eb 62,379

ta 2.99' 3.146" 1.62 2.37* Ea 227,885



Table 28. Pearson product-moment correlation coefficients for various phenological and mor-
phological traits of Douglas-fir seedlings grown under both irrigated and non-
irrigated field conditions for Experiment III. Each coefficient is based on n22l

r0.16 significant at Pr<0.05; r0.19 significant at Pr<0.01
rzo.23 significant at Pr<0.001; r0.26 significant at Pr<0.0001

family means. Traits are defined in Table 7.

BREAK

SET

FLUSH

MT

DIAM

TOTWT

ROOTWT

GR0W82

NBR

RTSHT

ADRG

BREAK

1.00

0.35

0.23

0.32

0.07

0.19

0.16

0.211

0.26

-0.21

0.27

SET

1.00

0.62

0.79

0.58

0.70

0.61

0.811

0.62

-0.67

0.68

FLUSH

1.00

0.5I

0.53

0.55

0.51

0.61

0.112

_0.148

0.50

HT

1.00

0.73

0.83

0.711

0.90

0.68

_0.711

0.89

DIAM

1.00

0.73

0.82

0.77

0.58

-0.78

0.711

TOTWT

1.00

0.96

0.89

0.72

-0.711

0.81

HOOTWT

1.00

0.76

0.65

-0.55

0.72

GR0W82

1.00

0.62

-0.77

0.911

NBR

1.00

-0.63

0.59

RTSFIT

1.00

-0.71

ADRG

1.00
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Table 29. Pearson product-moment correlation coefficients for
various stem unit and leaf area traits of Douglas-fir
seedlings grown under irrigated and non-irrigated field
conditions for Experiment III. Each coefficient is based
on n=120 family means. Traits are defined in Table 7.

* = 0.001<Pr<0.01
** = Pr<0.001

SU

MSUL

ADSUP

WAR

AREATOT

MNA

LASAR

DIAM

SU

1.00

0.66**

0.8L**

Q37**

0.814**

0.08

0.03

0.70**

MSUL

1.00

0.46**

-0.20

0.72**

0.16

0.114

0.71**

ADSUP

1.00

_0.32**

0.70**

0.16

-0.02

0.60**

WAR

1.00

_0.39**

0.28*

_0.33**

-0.19

AREATOT

1.00

0.07

0.06

0.80**

MNA

1.00

-0.22

0.21

LASAR

1.00

_0.48**

DIAM

1.00
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Table 30. Multivariate analysis of variance for Experiment III for
the hypotheses of (1) no overall irrigation X population
effect and (2) no overall irrigation X family/population
effect. The analysis includes dependent variables SU,
MSUL, WAR, AREATOT, LASAR, MNA, ADSUP, and DIAM, as
defined in Table 7. Univariate analyses of variance are
given in Table 25.

Pr>F = probability of a greater F value.

Source of Hotelling-
Variation Lawley trace Df F Pr>F

Irr X Pop 1.20 211,203 3.37 0.0001

Irr X Fam/Pop 2.72 128,538 1.113 0.0037
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Table 32. Analyses of variance for three possible regression models
describing the relationship between log(ROOT) and
log(SHOOT) for each of (a) irrigated and non-irrigated
seedlings of coastal populations (WCOAST and DCOAST,
respectively) and (b) irrigated and non-irrigated seed-
lings of southwestern Oregon populations (WSOUTH and
DSOUTH, respectively).

Regression
Error
Total

Model R1:b 9

14

299

303

= 0.501X1

1419.71480

9.14773

1429.22514

+ O.578X11

1014.9370

0.0317

+ O.602X20 + 0.533X21

Regression
Error
Total

Model R2:c 9

3

300

303

O.571X

1419.6535
9.5719

1429.22524

+ O.531X11

139.88145

0.0319

+ 0.566X21

2.981 0.0853

Regression
Error
Total

Model R3:d 9

2

301

303

0.590X

'419.5829
9.614214

1429.22514

+ 0.525X

209.7115
0.0320

5.1714 0.0236

(a) Comparison of Regression Coefficients
for WCOAST and DCOAST:a

SOURCE Df SS MS F* Pr>F*



Table 32. Continued.

a Comparison of the reduced model, R2, against the full model, Ri,
tests for common intercept, while comparison of R3 against R2
tests for common slope. The F statistic, F*, for comparing a
reduced model CR) against the corresponding full model (F) is given
by F* = ((SSR(F)SSR(R))/(pm))/(SSE(F)/(np)), where p and m are
the number of independent variables in F and R, respectively, and n
is the total number of data points.

b
9 log(ROOT), X11 = log(SHOQT) if WCOAST or 0 otherwise, X21
log(sHO0T) if DCOAST or 0 otherwise, and X10 and X20 are indicator
variables.

C = 1 for both WCOAST and DCOAST.

d = log(SHOOT) for both WCOAST and DCOAST.

e = log(ROOT), X11 log(SHOOT) if WSOUTH or 0 otherwise, X21 =
log(SFIOOT) if DSOUTH or 0 otherwise, and X10 and X20 are indicator
variables.

X 1 for both WSOUTH and DSOUTH.

g = log(SHO0T) for both WSOUTH and DSOUTH.
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(b) Comparison of Regression Coefficients
for WSOUTH and DSOUTH:a

SOURCE Df 55 MS F* Pr>F*

Regression 14 3)41.14885 85.3721
Error 318 8.9335 0.0281
Total 322 350.14220

Model R1:e 9 = 0.528X10 + 0.594X11 + 0.514X20 + 0.677X21

Regression 3 3)41.14850 113.82814 0.121 0.7282
Error 319 8.9369 0.0280
Total 322 350.14220

Model R2:1' 9 = O.518X + 0.602X11 + O.671X21

Regression 2 3)41.3220 170.6610 5.822 0.016)4
Error 320 9.1000 0.028)4
Total 322 350.14220

Model R3: 9 = 0.535X + 0.600X



(a) Comparison of Regression Coefficients
for WCOAST and WSOUTH:a

SOURCE Df SS MS F* Pr>F'
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Table 33. Analyses of variance for three possible regression models
describing the relationship between log(ROOT) and
log(SHOOT) for each of (a) irrigated seedlings of coastal
and southwestern Oregon populations (WCOAST and WSOUTH,
respectively) and (b) non-irrigated seedlings of coastal
and southwestern Oregon populations (DCOAST and DSOUTH,
respectively).

Regression 14 493.6773 123.14193
Error 312 7.5164 0.02141
Total 316 501.1936

Model Ri:b = O.5O1X0 + O.578X11 + O.528X20 + 0.5914X21

Regression 3 1493.6711 1614.5570 0.257 0.6125
Error 313 7.5226 0.02140
Total 316 501.1936

Model R2:c = 0.519X + 0.566X11 + 0.6O2X21

Regression 2 1493.5204 2146.7602 6.270 0.0128
Error 314 7.6733 0.02144
Total 316 501.1936

Model R3:d = 0.535X + 0.569X



Table 33. Continued.
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a For WCOAST and WSOUTI-J, comparison of R2 against Ri tests for common
intercept, while comparison of R3 against R2 tests for common
slope. For DCOAST and DSOUTH, comparison of R3 against Ri tests
for common slope. The F statistic, F*, for comparing a reduced
model (R) against the corresponding full model (F) is given by F*
((SSR(F)-SSR(R))/(p-m))/(SSE(F)/(n-p)), where p and rn are the num-
ber of' independent variables in F and R, respectively, and n is the
total number of data points.

b log(ROOT), X11 log(SHOOT) if WCOAST or 0 otherwise, X21 =
log(SHOOT) if WSOUTFI or 0 otherwise, and X10 and are indicator
variables.

c
= 1 for both WCOAST and WSOUTH.

d log(sHooT) for both WCOAST and WSOUTH.

e = log(ROOT), X11 log(SHOOT) if DCOAST or 0 otherwise, X21 =
log(SHOOT) if DSOUTH or 0 otherwise, and X10 and X20 are indicator
variables.

f' X = 1 for both DCOAST and DSOUTH.

g = log(SHOOT) for both DCOAST and DSOUTH.

(b) Comparison of Regression Coefficients
for DCOAST and DSOUTH:a

SOURCE Df SS MS F* Pr>F*

Regression 14 267.5592 66.8898
Error 305 10.89)45 0.0357
Total 309 278.4537

Model R1:e 0.602X10 + O.533X11 + O.51)4X20 + O.677X21

Regression 3 267.14018 89.1339 4.1406 0.0366
Error 306 11.0519 0.0362
Total 309 278.14537

Model R2:' 0.514LIX + 0.595X11 + 0.6314X21

Regression 3 267.35314 89.1178 5.762 0.0170
Error 306 11.1003 0.0363
Total 309 278.14537

Model R3: 0.552X10 + 0.548X20 + 0.600X



Regression 14 4120.5351 1030.1338
Error 115 6.1665 0.0536
Total 119 4126.7O16

Model R1:b = 7.1147X10 + O.915X11 + 7.277X20 + 0.8314X21

Regression 3 14120.5111 1373.5037 0.14148 0.50148
Error 116 6.1905 0.05314
Total 119 14126.7016

Model R2:c = 7.178X + 0.939X11 + 0.785X21

Regression 2 J4119.56141 2059.7821 17.7145 0.00005
Error 117 7.1375 0.0610
Total 119 '4126.7016

Model R3:d 6.961X + 0.7014X
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Table 314 Analyses of variance for three possible regression models
describing the relationship between loge of total foliage
surface area (AREATOT) and loge of sapwood crosssection
area (SA) for each of (a) irrigated and nonirrigated
seedlings of coastal populations (WCOAST and DCOAST,
respectively) and (b) irrigated and nonirrigated seed-
lings of southwestern Oregon populations (WSOUTH and
DSOUTH, respectively).

(a) Comparison of Regression Coefficients
for WCOAST and DCOASTa

SOURCE Df SS MS F* Pr>F*



Table 314 Continued.

(b) Comparison of Regression Coefficients
for WSOUTH and DSOUTHa

SOURCE Df SS MS F* Pr>F*
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a Comparison of the reduced model, R2, against the full model, Ri,
tests for common intercept, while comparison of R3 against R2
tests for common slope. The F statistic, F*, for comparing a
reduced model (R) against the corresponding full model (F) is given
by F = ((SSR(F)-SSR(R))/(p-m))/(SSE(F)/(n-p)), where p and m are
the number of independent variables in F and R, respectively, and n
is the total number of data points.

b log(AREATOT), X11 = log(SA) if WCOAST or 0 otherwise, X21
log(SA) if DCOAST or 0 otherwise, and X10 and X20 are indicator
variables.

C
= 1 for both WCOAST and DCOAST.

d = log(SA) for both WCOAST and DCOAST.

e = log(AREATOT), X11 = log(SA) if WSOUTH or 0 otherwise, X21 =
log(SA) if DSOUTH or 0 otherwise, and X10 and X20 are indicator
variables.

'
= 1 for both WSOUTH and DSOUTH.

g = log(SA) for both WSOUTH and DSOUTH.

Regression 14 3511.0310 902.7578
Error 116 5.8355 0.0503
Total 120 3616.8665

Model R1:e 9 = 6.778X10 + 0.795X11 + 6.813X20 + 0.749X21

Regression 3 3611.0291 1203.67614 0.038 0.8462
Error 117 5.83714 0.0499
Total 120 3616.8665

Model R2:1 9 6.789X + 0.803X11 + 0.738X21

Regression 2 3610.79314 1805.3967 '4.724 0.0318
Error 118 6.0731 0.0515
Total 120 3616.8665

Model R3: 9 = 6.682X + 0.702X
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Table 35. Analyses of variance for three possible regression models
describing the relationship between loge of total foliage
surface area (AREATOT) and loge of sapwood cross-section
area (SA) for each of (a) irrigated seedlings of coastal
and southwestern Oregon populations (WCOAST and WSOUTH,
respectively) and (b) non-irrigated seedlings of coastal
and southwestern Oregon populations (DCOAST and DSOUTH,
respectively).

Regression 4 4171.5422 1042.8856
Error 116 6.5)455 0.05614
Total 120 4178.0877

Model R1:b , = 7.1147X10 + 0.915X11 + 6.778X20 + O.795X21

Regression 3 '4171.1869 1390.3956 6.297 0.0135
Error 117 6.9008 0.0590
Total 120 4178.0877

Model R2:c = 6.986X + 0.791X11 + 0.935X21

Regression 3 4171.4759 1390.4919 1.175 0.2806
Error 117 6.6119 0.0565
Total 120 14178.0877

Model R3:d 7.075X10 + 6.858X20 + 0.85'4X

(a) Comparison of Regression Coefficients
for WCOAST and WSOUTHa

SOURCE Df SS MS F* Pr>F*



Table 35. Continued.

(b) Comparison of Regression Coefficients
for DCOAST and DSOUTHa

SOURCE Df SS MS F* Pr>F*

Regression 14 3560.0239 890.0060
Error 115 5.14565 0.0)4714
Total 119 3565.1480)4

Model R1:e 9 7.277X10 + 0.834X11 + 6.813X20 + 0.7149X21

Regression 3 3559.80)42 1186.601)4 14.630 0.0335
Error 116 5.6762 0.0)489
Total 119 3565.'480'4

Model R2:' 9 = 7.021X + 0.706X11 + 0.8146X21

Regression 3 3559.9933 1186.66)4)4 0.6)45 0.14236
Error 116 5.4871 0.01473
Total 119 3565.)480)4

Model R3: 9 = 7.180X10 + 6.886X20 + O.785X
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a Comparison of the reduced model, R2, against the full model, Ri,
tests for common intercept, while comparison of R3 against Ri tests
for common slope. The F statistic, F*, for comparing a reduced
model (R) against the corresponding full model (F) is given by F*
((SSR(F)-SSR(R))/(p-m))/(SSE(F)/(n-p)), where p and m are the num-
ber of independent variables in F and R, respectively, and n is the
total number of data points.

b log(AREATQT), X11 log(SA) if WCOAST or 0 otherwise, X21
log(SA) if WSOUTH or 0 otherwise, and X10 and X20 are indicator
variables.

c
1 for both WCOAST and WSOUTH.

d = log(SA) for both WCOAST and WSOUTH.

e = 10g(AREATOT), X11 = log(SA) if DCOAST or 0 otherwise, X21
log(SA) if DSOUTH or 0 otherwise, and X10 and X20 are indicator
variables.

'
= 1 for both DCOAST and DSOUTH.

g log(SA) for both DCOAST and DSOUTH.
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Appendix I. A BASIC computer program used to compute regression
coefficients for the linear model 1/çi a + bR from
pressure-volume data.

00050 REM Program PVREG written by Kurt H. Riitters and Robert J.
00051 REM Joly, Department of Forest Science, Oregon State Univer-
00052 REM sity. Program computes coefficients for the linear model
00053 REM Y = a + bX, where Y is inverse pressure (1/MPa) and X is
000514 REM cumulative weight of water expressed during a Pressure-
00055 REM Volume determination.
00056 REM PVREG returns input data as output along with inverse
00057 REM pressure, cumulative We, and relative water content for
00058 REM each P-V step. The program then computes regression coef-
00059 REM ficients, X-intercept, ANOVA, R-SQ, and the VAR-COVAR
00060 REM matrix for any desired number of XY pairs (up to 20
00061 REM pairs); this step may be repeated as necessary.
00065 REM Instructions for use of program:
00066 REM 1. VOL CORR is volume correction (in grams of
00067 REM water) for the initial P-V step (i.e.,
00068 REM computed according to Ladiges (1975) by
00069 REM extrapolation to zero water potential in
00070 REM order to obtain leaf fresh weight at full
00071 REM turgor).
00072 REM 2. RES WATER is weight (in grams) of residual
00073 REM water (i.e., residual fresh weight at
000714 REM termination of P-V procedure minus the
00075 REM oven-dry weight).
00076 REM 3. Separate VOL CORR and RES WATER by commas.
00077 REM For eg. C? .0152,1.28814 or].
00078 REM LI. Enter number of XY pairs.
00082 REM 5. Enter X-Y pairs. Enter individual (not
00083 REM cumulative) We values (in grams) and
000814 REM corresponding pressures (in PSIG),
00085 REM separated by commas. For eg. C? .0301,127
00086 REM Cr].
00087 REM 6. Choose number of pairs desired for
00088 REM regression. For example,typing "3" will
00089 REM cause program to compute regression
00090 REM coefficients for the final 3 P-V steps
00091 REM Terminate program by typing "0".
00092 REM 7. SAVE, TEMP filename
00093 REM 8. RETURN,TEMP before running program again.
00096 FILE #1 = "TEMP"
00097 BASE 1
00098 DIM Z6(20)
00099 DIM G6(20)
00100 DIM T3(20)
00101 MAT X2 CON(2,2)
00102 MAT X3 = CON(2,2)
00103 MAT B = CON(2,1)
001014 MAT Bi CON(1,2)
00105 MAT S2 = CON(1,1)



00106 MAT Y2 = CON(i,i)
00107 DIM T1(20),T2(20)
00108 DIM X(20,2),Y(20),X1(2,20),X14(2,20)
00109 DIM Si (1 ,20),Yi(1,20)

00110 PRINT "ENTER VOL CORR. AND RES WATER"
00111 INPUT V,Z
00112 V2=O.
00113 V2=V2+V
001114 PRINT "ENTER NUMBER OF XY PAIRS"
00120 INPUT N
00121 MARGIN 110
00130 MAT Ti = ZER(N)
001140 MAT T2 = ZER(N)

00150 PRINT "ENTER XY PAIRS"
00160 FOR I N TO 1 STEP 1
00170 INPUT T3(I),T14
00171 G6(I)=T4
00172 V2 =V2+T3(I)
00180 T1(I)=V2

00190 T2(I)=1.0/(T14*0.00689)476)
00191 NEXT I
00192 PRINT " "

00193 Z1=Z+T1(i)
001914 FOR I 1 TO N
00195 Z6(I)=(ZiT1(I))/zl
00196 NEXT I
00202 PRINT " THE DATA (OBS,P,V,X,Y,Rwc)"
00203 FOR G N TO 1 STEP 1
002014 PRINT G,G6(G),T3(G),Ti(G),T2(G),z6(G)
00205 NEXT G
00206 PRINT " "

00210 PRINT "ENTER NUMBER OF PAIRS TO USE"
00211 INPUT K
00212 FOR I = N TO 1 STEP 1
00213 PRINT #1 USING 215, Ti (I) ,Z6(I),T2(I)
002114 NEXT I

00215 :#.#### #.###### ##.######
00220 MAT X CON(K,2)
00230 MAT Y CON(K)
002140 FOR I 1 TO K
00250 X(I,2)=T1(I)
00260 Y(I)=T2(I)
00270 NEXT I
00280 MAT Xi = CON(2,K)
00290 MAT Xl = TRN(X)
00300 MAT X2 = Xl * X
00310 MAT X3 INV(X2)
00320 MAT X14 CON(2,K)
00330 MAT X14 = X3 * Xl
003140 MAT B = X14 * y

003145 PRINT " "

003146 PRINT "SUMMARY FOR ",K,"PAIRS"
003147 PRINT " "
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00350 PRINT "Ba = ",B(l,i),"Bl = ",B(2,1)
00360 L3=-1 * B(l,1)/B(2,1)
00370 PRINT "X-INT =",L3
00371 PRINT " "

00380 MAT Bi TRN(B)
00390 MAT Si CON(1,K)
001400 MAT Si = El * Xi
001410 MAT S2 = Si * y
001420 MAT Yi = CON(1,K)

001430 MAT Yl = TRN(Y)
0014140 MAT Y2 Yl * y

00'450 A = S2(1,1)
001460 B Y2(1,1)
001470 C=B-A

001480 Mi = A/2

001490 M2 = C/(K-2)
00500 F M1/M2
00520 S9 =0
00530 FOR I 1 TO K
005140 S9 = S9 + Y(I)
00550 NEXT I
00560 S8 = 59/K
00570 S7 = S8*S8*K

00580 R2 = (A-S7)/(B-s7)
00590 R = R2**.5
00595 PRINT "ANOVA SS DF MS"
00600 PRINT "REG:",A,"2",M1
00610 PRINT "RES:",C,(K-2),M2
00620 PRINT "TOTAL:",B,K
00630 PRINT "R-SQ =",R2,
006140 PRINT "R

00650 PRINT "F =",F
00660 PRINT "VAR-COVAR MATRIX:"
00670 FOR L = 1 TO 2
00680 PRINT X3(L,1)*M2,X3(L,2)*M2
00690 NEXT L
00691 Z2 (Z1-L3)/z1
00692 Z3 = i.0/B(1,1)
00693 Z14 = 1.0/(B(1,1)+T1(K)*B(2,1))
006914 Z5 = B(1,1) + 0.6 * B(2,l)
00695 PRINT " "

00696 PRINT "VTOT",Zl
00697 PRINT "B",Z2
00698 PRINT "OPFT",Z3
00699 PRINT "0PZT",Z4
00700 PRINT " AT X.6",ZS
00735 PRINT " "

00736 PRINT "
007140 PRINT "ENTER NUMBER OF PAIRS TO USE"
00750 INPUT K
00770 IF K = 0 THEN 790
00780 GOTO 220
00790 END
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Appendix II. A flow diagram defining the decision rules used to
select the best n data pairs for the linear regression
1/c/i = a + bR*.

Observe r2 for n
PV data pairs

Observe for (n+1)
data pairs

If r <

Then continue until:

2 2r() >

Add the next
data pair

Reject (++1)th PV data pair

Stop

"Best line" is composed of (n+p) pairs.

If is: and - is:

O.998<r21.00O >0.001 0.001

0.996<r20.998 >0.002 0.002

O.994<r2O.996 >0.003 0.003
r2o.g9Lt >0.00)4 0.O0)4
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Appendix III. A FORTRAN computer program used to fit pressure-volume
data to the non-linear model 1/i = c + dR +
f(R*/(1 Q_*))g

PROGRAM FIT
C Program FIT written by Robert J. Joly, Department of Forest
C Science, Oregon State University. Subroutine CLS (constrained
C least squares) written by William H. Menke, Department of
C Oceanography, Oregon State University. The program fits
C Pressure-Volume data to the model Y c + d*X + f(X/(1_X))**g,

C where X is relative water content (RWC), and constrains the
C function to join Y a + b*X at a critical value of X, Xc. X
C data may be weighted by 1 /(X**wT). Reads RWC and inverse
C balance pressure data pairs from files generated by BASIC
C program, PVREG. Data points where X > Xc are fitted to the
C nonlinear function, while points where X < or = Xc are fitted
C to the linear function. Predicted values of water potential
C and osmotic potential derived from the nonlinear and linear
C functions, respectively, are computed at intervals of 0.005
C from Xc to RWC=0.995, and the corresponding pressure poten-
C tials are given by P = WP - OP. The bulk elastic modulus is
C computed at RWC intervals of 0.005 as dP/dW, where W is the
C weight of symplasmic water.

CFJARACTER*80 FIN, FOUT
DIMENSION XTEMP(200), YTEMP(200), RWC(75),

$ YPRE(75), WE(75), WP(75), OP(75),
$ RSWC(75),TP(75),DTP(75),DRSWC(75),
$ EMOD(75),RSTAR(30),YP(30),PSI(30),
$ PI(30),PP(30)
COMMON/JUNK! G(200,6), D(200), XM(6), DXM(6),

$ F(6,6),H(6), X(200), Y(200), TABLE(8)
OPEN( UNIT=1, FILE='INPUT' )

OPEN( UNIT=2, FILE='OUTPUT' )

WRITE( 2, '("ENTER INPUT FILENAME")' )

READ( 1, '(A80)' ) FIN
OPEN( UNIT=5, FILE=FIN, STATUS='OLD')
REWIND( UNIT=5 )
NDATA=0
DO 4LI)4 1=1, 1000

READ( 5, '(9X,F8.6,3X,F9.6)', END=4145 ) X0, Y0
NDATA=NDATA-i-1

XTEMP(NDATA) = X0
YTEMP(NDATA) = Y0
CONTINUE

445 CONTINUE
DO 20 K=0, (NDATA-1)

X(K+1) = XTEMP(NDATA-K)
Y(K+1) = YTEMP(NDATA-K)

20 CONTINUE
CLOSE( UNIT=5 )

WRITE( 2, '("ENTER OUTPUT FILENAME")')
READ( 1, '(A80)' ) FOUT



OPEN( UNIT=6, FILEFOUT, STATUS='UNKNOWN' )

REWIND( UNIT:6 )
WRITE( 2, '("ENTER XC ,WT, VTOT")')
READ(1,* ) XC, WTI, VTOT

C Comments regarding use of program:
C 1. Setting WT1O provides a slightly better fit in
C the region of low P than does an unweighted
C regression.
C 2. VTOT is total volume (or weight) of water in the
C sample tissue. Computed as: (RFW-OD) + summation
C of all We's (including correction of initial We
C value). The value of VTOT is computed by PVREG.
C 3. Initial starting values for c,d,f,and g of 0,0,0,
C and 1.0-1.5, respectively, will be appropriate for
C most data sets.
C 4. The user may set two constraints on the least
C squares solution: (a) function is continuous with
C line Y = a + b*X, and (b) exponent, g, does not
C change.
C 5. First, set flags for both constraints (type 1,1).
C Then, after the first iteration, remove the second
C constraint (type 1,0) and continue to enter (1,0)
C until the solution stabilizes.
C 6. Type (9,9) to terminate program. Coefficients of
C both functions and predicted values are output to
C terminal. REWIND output file, then COPY, REWIND,
C and SAVE file.

NLIN=0
DO 632 1=1, NDATA

IF( X(I) .LE. Xc ) THEN
NLIN NLIN+1

ELSE
C (BREAK)

GOTO 633
END IF

632 CONTINUE
633 CONTINUE

DO 64O 1=1, NLIN
G(I,1) 1.0

G(I,2) X(I)
D(I) = Y(I)

64O CONTINUE
CALL CLS( G, DXM, D, NLIN,2,200,6,

$ F, H, 0, 6,6, 1.E-7, 0, SQ, IERR )

DXM(1)
DXM(2)

WRITE(2,'("A,B ",F8.6,2X,F8.6)') XM(1),XM(2)
WRITE(2,'("ERROR CONDITION ",I4, 2X,"SQ ",F8.6)')

$ IERR, SQ
WRITE(2,'("ENTER TRIAL C,D,F,G")')
READ(1,*) (XM(I),I=3,6)
NCON =
DO 100 JIT=1, 1000
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C (LOOP OVER ITERATIONS)
WRITE(2,' ("WHIcH CONSTRAINTS?")')

READ(1,*,ERR=1999) Id, 1C2
IF(IC1.GT.1) GO TO 1999
DO 50 I:NLIN-i-1, NDATA

C THIS LOOP BUILDS THE LEAST SQUARES
C EQUATION G*XM = D. THE FUNCTION
C Y = C + D*X + F*((X/1_x)**G IS LINEARIZED.

WT = 1.0 /X(I)**WTI
J=INLIN
G(J,1) 1.0 * WT
G(J,2) = X(I) * WT
G(J,3) (( X(I)/(1.o - XCI)) )**XM(6)) * WT
G(J,'4) (XM(5) * ALOG( (X(I)/(1.0 - X(I)))

$ **XM(6)) * (X(I)/(1.0 - X(I)))
$ **XM(6)*WT

D(J) = (Y(I) -

$ ( XM(3) + XM(4)*X(I) + XM(5) *
$ ((X(I)/(1.o - X(I)))**XM(6) )) ) * WT

50 CONTINUE
IC= 0

IF( IC1.NE.O ) THEN
IC=IC+1

F(IC,1) = 1.0
C (FUNCTION CONTINUOUS)

F(IC,2) = XC
F(IC,3) = - (XC/(1.O - XC))**XM(6)
F(IC,4) = XM(5) * ALOG( (XC/(1.O - XC) )**XM(6))

$ * (XC/(1.O - XC) )**xM(6)
H(IC) -( xM(1) + XM(2)*Xc )

$ +( XM(3) + XM(LD*xC + XM(5)*
$ ((XC/(1.o - XC))**XM(6) ))
END IF
IF( 1C2.NE.0 ) THEN
IC=IC-i-1

F(IC,1) 0.0
F(IC,2) = 0.0
F(IC,3) 0.0
F(IC,)4) 1.0

H(IC) 0.0
END IF

CALL CLS( G, DXM, D, NDATANLIN, 4, 200, 6,
$ F, H, IC, 6,6, 1.E-7, 0, SQ, IERR )

WRITE(2,'("ERROR CONDITION",114,"SQ ", 2X,F8.6)')
$ IERR, SQ
DO 70 1=1, 14

XM(I+2) = XM(I+2) + DXM(I)
70 CONTINUE

WRITE(2,'(3E13.6,2X,F8.6)') (XM(I),I=3,6)
100 CONTINUE
1999 CONTINUE

WRITE(2, '("PARAMETERS")')
WRITE(2, '(5E13.6,2X,F8.6)' ) (XM(KKK),KKK=1,6)
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OPZT= 1.O/(XM(1) + XM(2)*XC)

OPFT= 1.O/(XM(1) + XM(2))
WA = -XM(1)/XM(2)
WRITE(2, '("OPZT =",2X,F7.5,2X,"OPFT =",2X,F7.5,

$ 2X,"WA ",2X,F6.4)' ) OPZT, OPFT, WA
DO J400 I=NLIN+1,NDATA

WT2 1.O/X(I)**WTI
WRITE(2, '("WEIGHT",I4,F8.'4)') I,WT2

LIOO CONTINUE
WRITE(2,'(" X Y Y-PRE SLOPE",

$ " RESID WP OP TP ")')

NROW = NDATA
DO 200 1=1, NROW

C TABLE(1) IS X DATA
C TABLE(2) IS Y DATA
C TABLE(3) IS Y-PRE
C TABLE(U IS DERIVATIVE AT (X, Y-PRE)
C TABLE(5) IS YPRE -YOBS
C TABLE(6) IS WATER POTENTIAL
C TABLE(7) IS OSMOTIC POTENTIAL
C TABLE(8) IS PRESSURE POTENTIAL

TABLE(1) = X(I)
TABLE(2) Y(I)

IF( X(I).LE.xC ) THEN
TABLE(3) = XM(1) + XM(2)*X(I)
TABLE(4) XM(2)

ELSE

TABLE(3) XM(3) + XM(Lt)*X(I) + XM(5)*

$ ((x(I)/(1.O_x(I)))**xM(6))
TABLE('4) XM(4) + ( (XM(5)*XM(6) ) I

$ ( (1.O_X(I))**2.0) )
*

$ ((x(I)/(1.o_x(I)))**(xM(6)
$ -1.0))

END IF

TABLE(5) TABLE(3) - TABLE(2)
TABLE(6) -1.O/TABLE(3)
TABLE(7) -1.O/(xM(1) + XM(2)*X(I))

TABLE(8) = TABLE(6) - TABLE(7)
WRITE( 2, '(F7.6,lx,Fg.6,1x,Fg.6,1x,F8.5,

$ 1X,F7.)4, 1X,F6.3, 1X,F6.3, 1X,F6.3)') )

$ (TABLE(J),J=1,8)
200 CONTINUE

TRWC 1.000
WO VTOT * (1.0 - (XM(1)/(-XM(2)) ))
DO 210 1=1,50

TRWC = TRWC - 0.005
IF (TRWC .LE. XC) GO TO 211
RWC(I) = TRWC
YPRE(I) = XM(3) + XMI)4)*RWC(I) + XM(5)*

$ ((RWC(I)I(1.O_RWC(I)))**xM(6))
WE(I) = VTOT - (RWC(I) * VTOT)

WP(I) = -1.OIYPRE(I)
OP(I) = -1.OI(XM(1) + XM(2)*RWC(I))
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RSWC(I) (WO - WE(I))/WO
210 CONTINUE
211 K I-i

TP(1) = WP(i) - OP(i)
DTP(1) (1.0/(XM(1) + XM(2)) ) - TP(1)
DO 220 J=2, K

TP(J) WP(J) - OP(J)
DTP(J) = TP(J-1) - TP(J)

220 CONTINUE
DRSWC(1) 1.0 - RSWC(i)
DO 230 I=2,K

DRSWC(I) = RSWC(I-1) - RSWC(I)
230 CONTINUE

DO 2140 I=1,K

EMOD(I) DTP(I)/DRSWC(I)
WRITE(6, 275) RWC(I), YPRE(I), WP(I), OP(I),

$ TP(I), DTP(I), RSWC(I), DRSWC(I),
$ EMOD(I)

2140 CONTINUE
RTEMP=TRWC + 0.01
DO 300 1= 1,140

RTEMP: RTEMP - 0.01
IF (RTEMP .LE. 0.70) GO TO 310
RSTAR(I) RTEMP
YP(I) = XM(1) + XM(2)*RSTAR(I)
PSI(I) = -1.0/YP(I)
P1(I) -1.0/YP(I)
PP(I) = (-1.O/YP(i))- (-1.0/YP(I))
WRITE(6, 350) RSTAR(I),YP(I),PSI(I),PI(I),PP(I)

300 CONTINUE
310 CONTINUE
275 FORMAT(F14.3,1x,F7.14,1x,F7.14,1x,F7.14,1x,F6.14,1x,

$ F5.4, 1X,F5.14, 1X,F5.14, 1X,F6.3)
350 FORMAT (F14.3, 1X,F7.14, 1X,F7.LI, 1X,F7.14,1X,F6.4)

CLOSE( UNIT=6 )
STOP
END

SUBROUTINE CLS(G,XM,D, N,M,ND,MD, F,H, NC,NCD,MCD,
$ TEST,ITR, SQ,IERR)
REAL G(ND,MD), XM(MD), D(ND), F(NCD,MCD), H(NCD),

$ TEST, SQ
INTEGER N, M, ND, MD, NC, NCD, MCD, ITR, IERR

C Subroutine CLS solves G * XM = D for
C XM with linear constraints F * XM = H. G is N by M
C (dimensioned ND by MD), and F is NC by M (dimensioned
C NCD by MCD). Division by zero if denominator is
C smaller than test. System is triangularized only if
C ITR=O. SQ returned as zero on no error. Solution in
C several steps:
C 1. Lower-left triangularization of constraint
C matrix by Householder reduction and simultaneous
C rotation of least squares matrix.
C 2. Upper-right triangularization of least squares

218



C matrix by Householder reduction, ignoring first
C NC columns.
C 3. Rotation of least squares vector to match
C matrix.
C i4 Back solution of constraint matrix for first
C NC unknowns.
C 5. Back solution of least squares matrix for rest
C of unknowns.
C 6. Computation of residual error.
C 7. Back-rotation of unknowns.

DIMENSION U(iOo), V(iOO)
C (TEMP VECTORS)

SAVE U, V, NLAST, MLAST
C (MUST BE SAVED IF ITR1 OPTION USED)

IF( M.LT.i) THEN
C (NOT ENOUGH UNKNOWNS)

IERR 1

RETURN
ELSE IF( M.GT. (N+NC) ) THEN

C (NOT ENOUGH DATA)
IERR 1

RETURN
ELSE IF( NC.GT.M ) THEN

C (TOO MANY CONSTRAINTS)
IERR 1

RETURN
END IF

IF( ITR.EQ.O ) THEN
C (TRIANGULARIZE SYSTEMS)

IF( NC.EQ.M) THEN
C (NUMBER OF HOUSEHOLDER ROTATIONS ONE)

NLAST NC-i
C (LESS IF PROBLEM IS EVEN DETERMINED)

ELSE
NLAST NC

END IF
IF( N+NC.EQ.M ) THEN

MLAST = M-i
EL SE

MLAST = M
END IF

DO 2LO IROW=1, NLAST
C (TRIANGULARIZE CONSTRAINT MATRIX)

ALFA 0.0
DO 10 I=IROW, M

C (BUILD TRANSFORMATION TO PUT ZEROES)
T= F(IROW,I)

C (IN ROW OF H)
U(I) = T
ALFA = ALFA + T*T

10 CONTINUE
ALFA = SQRT( ALFA )
IF( U(IROW) .LT. 0.0 ) THEN
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ALFA -ALFA
END IF

T U(IR0W) + ALFA
U(IROW) = T
BETA ALFA * T
IF( ABS(BETA) .LE. TEST ) THEN

C (DIVISION BY ZERO TEST)
IERR = 2
END IF

DO 200 J = IROW+1, NC
C (ROTATE REMAINING ROWS OF F)

GAMA 0.0
C (IF ANY)

DO 210 I=IROW, N
GAMA GAMA + F(J,I)*U(I)

210 CONTINUE
GAMA = GAMA / BETA
DO 220 I IROW, M

F(J,I) = F(J,I) - GAMA*U(I)
220 CONTINUE
200 CONTINUE

DO 1200 J=1,N
C (ROTATE ROWS OF G - IF ANY)

GAMA 0.0
DO 1210 I = IROW, N

GAMA GAMA + G(J,I)*U(I)
1210 CONTINUE

GAMA GAMA / BETA
DO 1220 I = IROW, N

G(J,I) G(J,I) - GAMA*U(I)
1220 CONTINUE
1200 CONTINUE

F(IROW,IROW) = T
U(IROW) = -ALFA

240 CONTINUE
IF( NLAST .NE. NC ) THEN

C (SET LAST U IF LOOP SHORT)
U(NC) = F(NC,NC)
END IF

IF( N .GT. 0 ) THEN
DO k80 ICOL NC+1, MLAST

C (ZERO COLUMNS OF G)
ALFA = 0.0

C (STARTING WITH NC+1 COLUMN)
DO 260 I=ICOL-NC, N

C (IF ANY)
T G(I,ICOL)
V(I) = T
ALFA ALFA + T*T

260 CONTINUE
ALFA = SQRT( ALFA )
IF( V(ICOL-NC) . LT. 0.0 ) THEN

ALFA = -ALFA
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END IF
T V(ICOL-NC) + ALFA
V(ICOL-NC) T

BETA = ALFA * T
IF( ABS(BETA) .LE. TEST ) THEN

C (DIVISION BY ZERO CHECK)

IERR = 3
END IF

DO 270 J=1, NC
C (ROTATE FIRST NC COLUMNS - IF ANY)

GAMA 0.0
DO 280 I=ICOL-NC, N

GAMA GAMA + G(I,J)*V(I)

280 CONTINUE
GAMA GAMA / BETA
DO 290 I:ICOL-NC, N

G(I,J) G(I,J) - GAMA*V(I)

290 CONTINUE
270 CONTINUE

DO 300 J = ICOL+1, N
C (ROTATE LAST COLUMNS - IF ANY)

GAMA = 0.0
DO 320 I=ICOL-NC, N

GAMA GAMA + G(I,J)*V(I)

320 CONTINUE
GAMA GAMA / BETA
DO 330 I=ICOL-NC, N

G(I,J) G(I,J) - GAMA*V(I)

330 CONTINUE
300 CONTINUE

G(ICOL-NC,ICOL) T

V(ICOL-NC) -ALFA
48O CONTINUE

END IF
IF( MLAST .NE. M ) THEN

C (SET LAST U IF LOOP SHORT)
V(M-NC) G(M-NC,M)
END IF

END IF
C (DONE WITH TRIANGULARIZATIONS)

DO 580 ICOL= NC+1, MLAST
C (ROTATE D VECTOR - IF NECESSARY)

BETA = -V(ICOL-NC) * G(ICOL-NC,ICOL)
GANA = 0.0
DO 510 I=ICOL-NC, N

GAMA = GAMA + D(I)*G(I,ICOL)
510 CONTINUE

GAMA = GAMA / BETA
DO 520 I:ICOL-NC, N

D(I) = D(I) - GAMA*G(I,ICOL)
520 CONTINUE
580 CONTINUE

IF( NC .GT. 0 ) THEN
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C (BACKSOLVE FOR FIRST NC UNKNOWNS - IF ANY)
DO 620 IROW1, NC

SUM 0.0

DO 610 1=1, IROW-1
SUM SUM + XM(I) * F(IROW,I)

610 CONTINUE
IF( ABS(U(IROW)) .LE. TEST ) THEN

IERR 5

END IF
XM(IROW) = ( H(IROW) - SUM ) I U(IROW)

620 CONTINUE
END IF

IF( N .GT. NC ) THEN
C (BACKSOLVE FOR LAST M-NC UNKNOWNS - IF ANY)

DO 680 IROW=M, NC+1, -1
SUM 0.0

DO 640 1=1, NC
SUM SUM + XM(I) * G(IROW-NC,I)

6140 CONTINUE
DO 660 I=M, IROW-i-1, -1

SUM = SUM + XM(I) * G(IROW-NC,I)
660 CONTINUE

IF( ABS(V(IROW-NC)) .LE. TEST ) THEN
IERR=6
END IF

XM(IROW) = ( D(IROW-NC) - SUM ) / V(IROW-NC)
680 CONTINUE

END IF
SQ 0.0

C (COMPUTE RESIDUAL ERROR)
DO 930 IROW M-NC+1, N

SUM 0.0
DO 16140 1=1, NC

SUM = SUM + XP4(I) * G(IROW,I)
16140 CONTINUE

SQ = SQ + (D(IROW)_SUM)**2
930 CONTINUE

IF( (N+NC-M) .GT. 0 ) THEN
SQ = SQRT( SQ I FLOAT(N-i-NC-N) )

EL SE

SQ = 0.0
END IF

DO 890 IROW=NLAST, 1, -1
C (ROTATE SOLUTION - IF NECESSARY)

BETA = -U(IROW) * F(IROW,IROW)
GAMA = 0.0
DO 810 I=IROW, M

GAMA = GAMA + XM(I)*F(IROW,I)
810 CONTINUE

GAMA = GAMA / BETA
DO 820 I=IROW, N

XM(I) = XM(I) - GAMA*F(IROW,I)
820 CONTINUE
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890 CONTI NUE
RETURN

END


