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Cold hardiness and phenology are important adaptive

traits for perennial plant species in temperate climates.

Timing of growth, dormancy, and associated cold acclimation

and deacclimation represents a delicate balance between

maximizing growth under favorable conditions and minimizing

frost damage under unfavorable conditions. Geographic

patterns of genetic variation in adaptive traits, such as

cold hardiness and bud phenology, are complex in coastal

Douglas-fir populations (Pseudotsuga menziesii var.

menziesii (Mirb.) Franco) and correspond to the

heterogeneity of environments in mountainous terrain

(Campbell and Sorenson 1973, Rehfeldt 1986, Loopstra and

Adams 1989). In order to assess the adaptive significance

of cold hardiness and bud phenology traits within Douglas-

fir breeding populations (breeding zones) and the ability of

traditional progeny tests to reveal genetic variation in

these traits, this study investigated the relationship

between family variation in these adaptive traits and 1)

characteristics of parent tree environments, and 2)

environmental variables of test sites. Forty families (6 to

7 year old trees) from each of two breeding zones (central

Oregon Coast and Cascade ranges) were assessed for several

cold hardiness and phenological traits over a two year

period. Variation among traits was summarized through

principal components analysis.



Family means for the first five principal components

(PC's) from each population, as well as univariate traits

representing fall and spring cold damage and height, were

regressed on geographic and topographic variables, as well

as on climatic indices of parent tree locations. Despite the

small size of the breeding zones, PC's of parent trees in

both zones were significantly related to location and

climatic variables. In the coastal zone, PC-i (explaining

46% of trait variation and primarily a function of spring

phenology and hardiness) was related to both temperature and

moisture variables, climatic factors that vary along

gradients of elevation and distance from the ocean. In the

Cascade zone, only very weak relationships exist between PC-

1 (explaining 39% of trait variation) and parent-tree

variables. PC-2 (primarily a function of fall cold

hardiness, explaining 22% of the variation in the coastal

zone and 20% of the variation in the Cascades zone) was

significantly related to temperature and moisture in both

breeding zones. Despite notable variation in climate

between the two test years and two test sites within each

breeding zone, the first two PC'S were very consistent in

both breeding zones demonstrating that adaptive trait

patterns are stable across test environments and years.

To assess the ability of progeny tests to reveal

genetic variation in phenology and cold hardiness traits,

individual tree values for these traits were related to

topographic factors in two test sites selected for their

environmental heterogeneity. Analyses of variance of single

adaptive traits for each site (consisting of traditional

randomized complete blocks and multiple-tree non-contiguous

plots) were conducted with and without topographic factors

included as covariates. The influence of within-block

topographic variation on the ability to detect family

differences was evaluated by comparing heritability

estimates for the alternative analyses.



Selected covariates were predominantly topographic

factors affecting temperature and moisture regimes of

individual trees. In one site (located on a steep slope)

elevation was the predominant factor affecting expression of

cold hardiness; in the second site these traits were

primarily influenced by frost pockets. Covariate

adjustments for either factor had little effect in improving

the precision of genetic estimates. Thus, on each site the

traditional experimental design and analysis was adequate

for dealing with microtopographic variation.
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VARIATION IN ADAPTIVE TRAITS OF COASTAL DOUGLAS-FIR:

GENETIC AND ENVIRONMENTAL COMPONENTS

CHAPTER 1

INTRODUCTION

Perennial plants in temperate climates have adapted to

seasonal climate differences through synchronous timing of

growth, dormancy, and associated cold acclimation and

deacclimation. Thus, plants maintain a delicate balance

between maximizing growth under favorable conditions and

minimizing frost damage during periods of unfavorable

conditions. Geographic patterns of genetic variation in

these adaptive traits among coastal Douglas-fir populations

(Pseudotsuga menziesii var. menziesii (Mirb.) Franco) are

complex, corresponding to the environmental heterogeneity of

the mountainous terrain in this region (Campbell and

Sorenson 1973, Rehfeldt 1986, Loopstra and Adams 1989).

With artificial reforestation, movement of seed out of

native habitats is common practice. Seed movement is

limited to within established seed zones or breeding zones;

however, these seed zones are based mainly on physiography

and climate data and not on known patterns of adaptive

genetic variation. Some risk exists, therefore, in seed

transfers because seedlings may be maladapted to the new

environments, potentially resulting in losses of

productivity (Adams and Campbell 1980). In areas with

particularly steep environmental dines, risks of transfer

are highest for harsh planting sites, although loss of

productivity due to maladaptation on milder sites may also

occur. Understanding patterns of genetic variation for

adaptive traits is necessary for determining and minimizing

the relative biological risks of seed source movement.

Risks due to maladaptation become more difficult to

predict under scenarios of global climate change. Climate

change predictions include a possible increase in variation
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in temperature extremes and earlier spring warming, with no

decline in the occurrence of frost events (Cannell and Smith

1986). Plants responding to early warm temperatures may

break bud sooner than usual, with increased risk of damage

from frost. Within-population genetic variation in adaptive

traits affects a population's potential rate of

microevolution in changing environments (Geber and Dawson

1993). It also indicates that some families will be more at

risk to environmental stresses than others. Thus,

information on within-population variation in cold hardiness

is of interest to tree breeders concerned with maintaining

adaptability to changing climates. Also, this information

may be of use to researchers modelling the effects of global

climate change on plant populations. Models developed to

predict the effect of global climate change on Douglas-fir

forests in the Pacific Northwest, f or example, have not

included information on within-species or within-population

variation for adaptive traits (Urban et al. 1994).

More information about within-site environmental

variation and the effects of this variation on trait

expression is needed to determine the adequacy of field

progeny tests for assessing adaptive traits in tree breeding

programs. Test sites located in forested environments often

cover large, environmentally heterogeneous areas.

Traditional randomized block designs may not adequately

account for this within-site variation.

In this study, two breeding populations of coastal

Douglas-fir were examined for variation in cold hardiness

and phenology over a two-year period. Both populations are

located at relatively low elevations between 44° and 45°

latitude in western Oregon; one population from the west

slope of the Cascades and the other from the Coast Range.

Timing of bud burst, bud set, and stem elongation, and

levels of cold hardiness of several different tissues were

monitored in open-pollinated 6 to 7-year-old progeny of 40
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parent trees from each population over the two year period.

Within each breeng zone, traits were assessed in progeny

planted in two test sites selected for contrasting

environmental characteristics.

Variation in cold hardiness and phenology was examined

as a function of both adaptation of parent trees to their

environment and the microenvironments in which progeny of

these parent trees were planted. The major objectives of

this study were to determine 1) the degree to which parent

trees within breeding zones are adapted to their specific

source environments, and 2) the extent to which

microenvironmental variation influences the expression of

adaptive traits and masks the ability to detect genetic

differences for these traits in traditional progeny tests.

The degree of local adaptation of parent trees within

currently designated breeding zones is examined in Chapter

2, by relating family means for adaptive traits to variables

describing the source environments of their parent (mother)

trees. The efficiency of using location variables as

surrogates for environment versus modelled climatic

variables to describe parent-tree environments is evaluated.

In Chapter 3, within-population variation in several

adaptive traits is studied as a function of the

microenvironments within one selected test site in each

breeding zone. The randomized block design is evaluated for

its ability to account for trait differences resulting from

microenvironxnental variability. The extent to which the

precision of progeny tests can be improved by accounting for

micro-environmental heterogeneity, over and above that

accounted for by traditional blocking, was assessed by

comparing heritability estimates.

In Chapter 4, general conclusions are drawn based on

the results of Chapters 2 and 3. Practical implications for

tree breeding and forest management, as well as ideas for

further research, are discussed.



CHAPTER 2

GENETIC VARIATION IN ADAPTIVE TRAITS OF DOUGLAS-FIR

IN RELATION TO PARENT TREE ENVIRONMENT

ABSTRACT

The timing of dormancy and growth and the associated

development and loss of cold hardiness in plants are

critical adaptations to local climatic regimes. The major

objective of this study was to determine the extent to which

parent trees within breeding zones of coastal Douglas-fir

(Pseudotsuga menziesii var. menziesii (Mirb.) Franco) are

adapted to their native environments. This was accomplished

by assessing the degree to which family means for adaptive

traits are related to variables describing parent tree

environments.

Forty open-pollinated families from each of two

populations (one in the central Oregon Coast Range and the

other in the Oregon Cascade range) were assessed for cold

hardiness and phenology in each of two test sites, over a

two year period. Variation among all traits was summarized

through principal components analysis (PCA). The first five

principal components from each population (representing an

average of 77.4% and 72.4% of the variation in family means

in the Coast and Cascade populations, respectively), as well

as single traits representing fall cold damage, spring cold

damage, and height, were regressed on parent-tree elevation,

aspect, slope, and distance to the ocean. Regressions were

also performed on modelled climatic indices predicting mean

January and July temperatures, temperature range, aridity,

and topographic convergence f or each parent tree

environment.

The first two principal components were very consistent

between the two test years, two test sites within each

breeding zone, and two sets of families within the Cascade
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zone. In both populations, the first principal component

(PC-i, describing 46% of trait variation in the Coast range

and 39% of the variation in the Cascades) represents a suite

of traits related to spring phenology and spring cold

hardiness. The second principal component (PC-2, describing

22% of trait variation in the Coast range and 20% of the

variation in the Cascades) primarily includes traits

relating to fall cold hardiness.

In the Coast range population, PC-1 was weakly but

significantly related to both temperature and moisture

variables (O.176R2O.235), climatic factors that vary along

gradients of elevation and distance from the ocean. In the

Cascade population, PC-i was not significantly related to

either location or climatic variables. PC-2 was related to

both temperature and moisture in the Coast Range

(0.086R20.249) and Cascade (0.224R20.242) populations.

tJnivariate regressions of hardiness traits showed similar

results. Height was only weakly related to variables

describing parent tree environments.

INTRODUCTION

Annual growth and dormancy cycle

Close synchronization of the annual growth and dormancy

cycle to the local climate is extremely important for the

survival and productivity of perennial plants. Accurate

timing of growth, dormancy, and associated cold acclimation

and deacclimation represents a delicate balance between

maximizing growth under favorable conditions and minimizing

frost damage during unfavorable periods.

The degree growth stage model (°GS), developed by

Fuchigami et al. (1982), describes the annual growth cycle



C

a
a0

6

Figure 2.1 Degree Growth Stage model (°GS) of the annual
growth and dormancy cycle of vegetative buds
in perennial species (Fuchigami et al. 1982).

and hardiness of vegetative buds in woody perennials (as a

sine wave function) in relation to cues of the plant's

operational environment (Figure 2.1), the environment

directly affecting the plant (Mason and Langenheim 1957).

Several studies of adaptive traits related to the growth and

dormancy cycle in Douglas-fir support this conceptual model.

During the rapid, active growth stage (from 0° to 900)

growth is not inhibited by short days and cold acclimation

cannot be induced. Plants first become responsive to

environmental influences, such as daylength, at the time of

bud initiation (90°) . The first stage of acclimation is

induced by short daylength(Irgens-Moller 1958, van den

Driessche 1969, Weiser 1970, Schuch et. al. l989a)

Vegetative maturity is reached at 1800 when the first

evidence of acclimation appears. Low night temperatures act

to further hardiness development (Lavender et. al. 1968, van

den Driessche 1969) into the second phase of acclimation,

winter rest. This phase starts at l80°GS and proceeds to
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the point of maximum rest (270°GS, defined as the point at

which the longest chilling requirement becomes necessary to

break rest). In the deepest state of dormancy, plants

cannot be induced to grow until their chilling requirements

have been met (Weiser 1970). After the chilling requirement

is met, buds enter the winter quiescent phase, in which

growth will resume under favorable conditions (i.e., warm

temperatures). Deaccljmation, the loss of hardiness, is

induced by warm temperatures in late winter (van den

Driessche 1969, Schuch et. al. 1989b) and is complete when

bud break occurs at 360°GS (0°GS) (Fuchigami et al. 1982)

Genetic variation in adaptive traits

Variation in cold hardiness among races of a species

often results from variation in the timing of acclimation

and deacclimation, rather than variation in the absolute

levels of cold hardiness reached and the fundamental

patterns of acclimation and deacclimation (Weiser 1970,

Oohata and Sakai 1982). It is a function of genotypic

response to factors of the operational environment,

especially in terms of temperature, moisture, and

photoperiod. Plants initiating growth too soon in the

spring risk damage from early spring frost events

(Christophe and Birot 1979) whereas plants continuing growth

far into the summer risk damage from drought and early fall

frost (Loopstra and Adams 1989). Genetic variation in these

traits among species and populations within species reflects

adaptation to climatic differences over widespread areas

(Campbell and Sorenson 1973, Rehfeldt 1979, White et. al.

1979, Rehfeldt 1989). Adaptive differences, however, may

also be present within populations occupying smaller

geographic areas (Campbell 1979, Sorenson 1983).

Artificial reforestation, and thus movement of seed,

has become common practice since the Oregon Forest Practices
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Act made reforestation of cutover forest land a legal

obligation (Smith 1978). Seed transfer from environment of

origin may result in decreased productivity if seedlings are

moved over large environmental distances, and are thus

maladapted to their new habitat (Adams and Campbell 1980).

Seed transfer risks are expected to be especially high when

transfers occur across steep environmental dines and when

environments of planting sites are harsh. Seed transfer

zones were developed to limit transfer distances and ensure

minimal loss of productivity from maladaptation.

Loss of productivity may also occur in forested stands

as a result of global climate change (Gates 1990, Davis and

Zabinski 1992). Climate change predictions include greater

variation in temperature extremes and earlier spring warming

with no decline in the occurrence of frost events (Cannell

and Smith 1986). Plants responding to early warm

temperatures may break bud sooner than usual and risk damage

or mortality from late spring frost events.

Genetic variation within a population affects the

microevolutionary potential to adapt to changing

environments (Geber and Dawson 1993), but also means that

some families will be at more risk during extreme due to

environmental events than others. Large amounts of within-

population genetic variation in adaptive traits create a

buffering effect, allowing for persistence of populations

through both short-term climatic extremes and long-term

climatic fluctuations. Quantifying patterns of genetic

variation for adaptive traits is helpful for determining and

minimizing relative risks of seed source movement in

artificial regeneration programs. Models developed to

predict the effect of global climate change on Douglas-fir

forests in the Pacific Northwest typically do not include

information on within-population variation for traits

related to adaptation to climatic variables (Urban et. al.

1994). Therefore, understanding amounts and patterns of
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genetic variation in adaptive traits may also be helpful f or

more accurately determining the degree of risk to

populations under global climate change.

The major objective of this study was to examine the

extent to which genetic (family) variation for adaptive

traits within two breeding zones of coastal Douglas-fir

(Pseudotsuga menziesii var. menziesii (Mirb.) Franco) is a

function of adaptation to parent tree environments. By

relating adaptive variation within breeding zones to

characteristics of the parent tree environments, inferences

can be made about the relative risks of seed source movement

over relatively short distances. In addition, the potential

risk to Douglas-fir populations under changed climatic

conditions can be assessed.

MATERIALS AND METhODS

Study Reqion and Test Sites

Two breeding zone populations of coastal Douglas-fir in

western Oregon were included in this study (Appendix 1).

One population is located in a Cascade range breeding zone

[Bureau of Land Management (ELM) breeding unit 331 on the

west side of the Cascade Mountain Range in Marion County.

The second population is from a breeding zone in the Coast

Range (U.S. Forest Service Region 6 Breeding Unit 12021

(Alsea/Waldport), and encompasses low elevation forest land

within the Siuslaw National Forest.

The landowners in each breeding zone phenotypically

selected parent trees in wild stands on the basis of their

growth, form, and health for use in breeding programs.

Open-pollinated seed was collected from each parent tree

(open-pollinated families), and in 1987, one-year-old

seedlings were planted into six progeny test sites located
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within the respective breeding zones of the parent trees.

The test trees were 6 to 7 years of age (from seed) at the

time of data collection.

Prior to planting, the large number of families in each

zone were subdivided into 30-family sets. Twenty families

from each of two sets in each zone were chosen randomly for

inclusion in this study (a total of 40 families per breeding

zone). In the coastal breeding zone, maternal parents of

the chosen families come from an area approximately 500

square km and range from 65 m to 300 m in elevation

(Appendices 2, 3). The parent trees chosen in the Cascade

zone occur within a much smaller area (only about 150 square

km.), but over a wider elevational range (600 m) (Appendices

2 and 3).

Two progeny test sites, one at a higher elevation and

one at a lower elevation, were selected in each breeding

zone to allow for the study of cold hardiness and other

traits in environments reflecting quite different

temperature and moisture regimes. The high elevation test

site in the coastal breeding zone, Flynn Table (Appendix 4),

is located at an elevation of 500 m, and sits on a moderate,

relatively uniform north facing slope. Canal Creek, the low

elevation coastal test site lies at 250 m and has a very

steep, west facing slope; the elevational difference from

the top to the bottom of the slope is approximately 65 m.

From modelled data and from temperatures recorded on site

during the study, mean monthly temperature is higher for all

months in Canal Creek than in Flynn Table (Appendix 4).

Precipitation is somewhat greater in Flynn Table for most

months.

In the Cascade breeding zone, the high elevation test

site, House Mountain (Appendix 4), lies at 650 m. This site

has a relatively minor slope (slight eastern aspect) but is

characterized by many troughs and hills at a smaller scale,

creating numerous frost pockets. Many trees within these



11

frost pockets are dead or stunted in growth due to repeated

frost damage. Prospect Mountain, the low elevation Cascade

site, lies at 400 m. This site is flat and has uniform

microtopography. Temperatures are higher on average at

Prospect Mountain than at House Mountain (Appendix 4).

Predicted rainfall is also higher for most months at

Prospect Mountain.

In the coastal zone, parent trees from throughout the

entire zone were randomly allocated to sets. The tests were

planted in a split-plot design with family sets as main

plots and families assubplots. Blocks are aligned

perpendicularly to the major within-site environmental

gradient. At Flynn Table, there are five replications;

Canal Creek has four replications. Each family is

represented by a non-contiguous plot of four offspring per

replication (less mortality). Survival at the time of this

study was 94 percent at both Flynn Table Canal Creek.

In the Cascade breeding zone, each set consists of

parent trees chosen from distinct geographic areas.

Replications of family sets are planted adjacent to each

other with different sets making up separate adjacent

experiments. This design allows for better selection of

families within each set, but does not allow for comparison

of family performance across sets. There are five

replications (blocks) of each set, with each family

represented by a four-tree noncontiguous plot within

replications. This resulted in each family being

represented by 20 trees in each test sites at the time of

planting. Survival rates at House Mountain and Prospect

Mountain are 80 and 95 percent, respectively.

Cold Hardiness Assessments

All traits were assessed over a two year period (May

1992 through May 1994) to examine the effects of differing
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climatic conditions on adaptive trait variation. Weather

patterns varied greatly between the two test years.

Precipitation was lower than average during the spring of

1992 and temperatures were higher than average during the

summer. In 1993, conditions were much cooler and wetter

than average during the spring and summer months.

To document the change in absolute levels of cold

hardiness from acclimation to deacclimation (1800 to 360° in

the °GS model) cold hardiness was measured on several

occasions throughout the two dormant seasons: once in

September, October, and April of 1992-1993; and once in

September, October, and April of 1993-1994. Because

heritabilities of cold hardiness traits are typically lowest

in the mid-winter (when all families have achieved their

greatest levels of hardiness and family variation is minor;

Aitken and Adams 1995) and damaging frost events occur in

the fall and spring months when the timing of acclimation

and deacclimation is of utmost importance (Timmis et al.

1994), sampling focused on dates early in the acclimation

phase and late in the deacclimation phase.

Cold hardiness was measured by laboratory freezing

followed by visual assessment of damage to shoots. Although

scoring visual damage is subjective, this method has the

advantage of being simple and less costly than other methods

of freeze damage assessment, and allows for scoring damage

to several different tissues on a single shoot sample. The

large sample sizes in this study precluded the use of other

methods, such as electrolytic leakage (Keates 1990).

Shoot samples collected from individual trees were

subjected to controlled laboratory freezing in a Forma

Scientific (Model 8270/859) 20 ft3 chest freezer with a West

M3750 RS Programmer controller. Freeze test temperatures

were determined one week prior to each sampling date by

exposing a random sample of shoots collected from each site
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to a range of freezing temperatures (usually three). For

each sampling date, two test. temperatures were chosen for

the materials from each site with the goal of inflicting

intermediate amounts of freezing injury. Thus, two shoot

samples were collected from each tree for each test run.

Samples were collected at the same relative height

and aspect for all trees within a site and were labelled

with a unique number corresponding to each tree. One sample

from each tree was placed into each of two plastic bags

(separate bags for each test temperature) with approximately

fifty samples per bag, and transported on ice to the Forest

Research Laboratory at Oregon State University. Samples

were kept separate by replication throughout freeze testing.

Each group of fifty samples was wrapped in damp

cheesecloth and then aluminum foil. For each run, these

sample packets were placed into the freezer and held at -2°C

overnight (a minimum of eight hours). The freezer was then

programmed to reduce the temperature 3 to 5°C per hour until

the desired test temperature was reached. Samples were held

at the test temperature for one hour, then placed in a 2°C

refrigerator where they were slowly thawed overnight. They

were then moved into storage at room temperature for seven

days to allow visual signs of damage to develop.

At the end of this period, each shoot was examined

under an illuminated magnifier and the proportion (to the

nearest 10%) of damaged bud, needle, and stem (cambium and

phloem) tissues (Figure 2.2, Adams et al. 1993) was visually

scored. Damage to needle tissues was assessed by Scoring

the proportion of needles that were discolored or dropped.

Shoot tissues were exposed by slicing stems lengthwise with

a razorbiade and scoring damage based on tissue

discoloration. Bud tissue was divided into three areas: the

needle primordia and apical meristem (NP), shoot tissue

immediately below the bud (SH), and the subapical area

between the bud and shoot tissue (INT). Damage to the SH



and INT were found to be highly correlated in previous

analyses (Adams et. al. 1993) , therefore, only one of these

tissues (INT) will be considered further in this thesis.

Figure 2.2 Tissue types scored for cold hardiness
(NP=needle primordia, SH=shoot primordia,
INT=bud/shoot interface; Adams et al.l993)

Phenoloqy and Growth Data

Bud burst (BE), bud set (ES), and elongation were

recorded on a single marked branch on each tree. Care was

taken to choose branches at the same relative height in each

test site (House Mountain - 1 m, Prospect Mountain - 1.5 m,

Canal Creek - 1.7 m, Flynn Table - 1.3 m). In all sites,

the selected branches were found on the east side of the

tree. Timing of bud set (recorded as the Julian date at

which brown bud scales first became visible to the naked eye

at the branch tip) was recorded twice weekly in 1992 and

1993 in all test sites. Timing of bud burst (recorded as the

date that needles were first observed through bud scales,

also measured twice weekly), shoot elongation (measured

every one to two weeks after bud set over the course of the

growing season), and percent of lateral shoots that second

flushed (measured once at the end of the growing season)



were recorded in 1993 and 1994. Data on individual tree

heights (to the nearest cm) at five years of age (HT) were

available from the landowners.

Location Variables

Factors of the parent-tree operational environment with

the greatest influence on cold hardiness are those that

affect site temperature and moisture (Schuch et. al. 1989a,

Loopstra and Adams 1989). Elevation, aspect, and slope were

employed as location variables in this study and used as

surrogates for more direct factors of the parent-tree

operational environment. To account for the "circularity"

of aspect (from 0 to 3600), aspect was transformed into two

separate variables that contrasted 1) east versus west

aspects and, 2) north versus south aspects (Stage 1976).

Each of the transformed variables also included an

interaction with slope. East-west influence was determined

by taking the sine of aspect (where sin(900)=1 and

sin(2700)o=-1), and north-south influence was determined by

taking the cosine of aspect (where cosin(180°)=-1 and

cosin(3600)=1). Distance to the ocean was also included as

a variable in the Coast Range populations. Some of the

location information was recorded at the time each parent

tree was selected; but in the fall of 1993, all parent tree

locations were visited to verify and correct existing data.

Graphs of distributions and correlation calculations for

location variables are presented in Appendix 5.

Climatic Variables

Modelled climatic variables used in regressions were

chosen as potential indicators of parent-tree operational

environments in terms of temperature and moisture regimes

because these are the major environmental factors affecting

15
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cold hardiness and phenology. The selected variables were:

mean July temperature, mean January temperature, temperature

range (the mean of the warmest month minus the mean of the

coldest month; Tuhkanen 1980), an aridity index (Tuhkanen

1980), and topographic convergence index (Zheng 1993).

Mean monthly values for precipitation and temperature

were estimated on the basis of parent tree location data

(UTM coordinates) from two climate models developed by the

Environmental Protection Agency (Environmental Research Lab,

Corvallis, OR). Parent tree location values for mean

monthly precipitation were calculated using PRISM

(Precipitation-elevation Regressions on Independent Slopes

Model) which incorporates precipitation data compiled for at

least 20 years from over 8000 weather stations in the United

States. The model assumes a correlation of precipitation

with elevation and interpolates precipitation at a digital

elevation model (DEM) 10 km grid scale using a regression of

known precipitation from orographic elevation (Daly and

Neilson 1992). Error is kept to a minimum by incorporating

adjustments to local relationships between precipitation and

elevation. The large grid scale used in PRISM reflects the

low variability of precipitation on a small scale.

Mean monthly temperature estimates for parent trees

were obtained using a model developed by John Kimball and

Danny Marks that incorporates ten years of climate records

gathered from weather stations throughout the Pacific

Northwest. The model assumes a correlation between regional

air temperature variation and topography; climate values are

integrated with topographic surface and temperatures are

interpolated between climate stations (at a 1 km DEM grid

scale) based on topographic position relative to the nearest

climate stations. (John Kimball, pers. comm.). X and y

coordinates (in the Universal Transverse Mercator system)

are required as input to both models to obtain estimated

climatic variables.
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The aridity index (A) was calculated using the formula

A=P/T+l0 (where P=mean monthly precipitation over the period

of interest and T=mean monthly temperature, also over this

period). The period of interest was the three driest months

of the year, July, August, and September. Because a

reasonably good correlation exists between TlO and

evaporation in certain temperature intervals, this aridity

index resembles precipitation/evaporation indices (Tuhkanen

1980). Low values of A correspond to warm, dry conditions;

high values of A correspond to cool, wet conditions.

Topographic convergence index (TCI) (Zheng 1993)

represents available soil water capacity as modelled from

high resolution topographic data. The model assumes a

linear relationship between available soil water capacity

and surface slope and drainage area, and is most reliable in

areas with extreme topographic heterogeneity and non-saline

soils. TCI values are highest at the bottom of slopes or in

hollows or swales. TCI values have been determined for

locations in the central OR Cascades. Required input for

the model is x and y coordinates (UTM coordinates) of

locations of interest.

Statistical Analysis

Family means for levels of cold damage (in each tissue

type) at each assessment date, phenological traits

(including shoot elongation and second flush), and five year

height were estimated separately for each of the four sites.

Total elongation measurements for each growing season were

summarized in a single trait, percent elongation (EP), which

was estimated as the percent of total growth completed by a

given date in mid-season. Thus, a total of 32 traits were

included in the statistical analyses: 24 cold hardiness

traits (four tissue types measured at six different times

during the dormant season), 7 phenology traits (bud burst,
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bud set, and shoot elongation over the two years), second

flushing and 5-year height. All statistical analyses were

performed using SAS (SAS Institute Inc. 1988)

Principal component analyses (PCA) were performed on

the means to summarize the variation among the thirty-two

traits. PCA is a multivariate transformation of the original

variables into another set of independent variables, the

principal components (PC'S), based on the

variance/covariance structure of the original data set. The

total variance of the principal components equals the total

variance of the original data set. The variances accounted

for by each principal component are eigenvalues.

Elgenvectors represent the set of coefficients for each

trait used to calculate the principal components from the

original data with a linear model. PCA assumes that the

derived variables are normally distributed (Gauch 1982).

For each breeding zone, the first five PC's were

regressed on climatic variables for each parent tree

location (estimated from models), or on location variables

expected to reflect differences in temperature and moisture

regimes. Three univariate traits of particular interest to

tree breeders were also regressed on these variables:

height, fall damage (represented by stem damage in October

1992 - STEM 1092), and spring damage (represented by stem

damage in April 1993 - STEM 493). The strength and patterns

of these relationships should indicate the extent to which

hardiness is a function of parent tree source environment

(Campbell 1986, Rehfeldt 1986)

As only 40 parent trees per breeding zone were included

in this study, the number of independent variables that

could be used in the regression models was limited. The

original set of location variables included 8 variables.

Three of these were excluded from further analysis due to

their inadequate distribution among the parent trees. These

were topography, position on slope, and plant association
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(Logan et al. 1987, Hemstrom and Logan 1986). The original

set of climatic variables also included mean March

temperature, mean September temperature, and a humidity

index (H), calculated as H=P/T where P=mean monthly

precipitation and T=mean monthly temperature, both estimated

for the three driest months of the year. These variables

were excluded from subsequent analyses because they showed

only weak relationships to the dependent variables in

preliminary analyses.

Selection of variables in regressions was based on

estimates of Mallow's C which compares the full model

(including all variables) to models including all possible

subsets of variables (SAS Institute Inc. 1988). The formula

used for calculation of Mallow's C, is:

= MSE/MSEfrII - (n-2p) + 1

where, MSE is equal to the mean square of a partial model

(containing a subset of the variables), MSEfrII is equal to

the mean square of the full model (containing all possible

variables), and p is equal to the number of independent

variables in the model. C, values for the best models

approximate p+1 and selection of the best models is based on

models with the lowest C values. If C, selection indicated

the "best" model included only one variable, models

including a squared term were also tested. When

selection indicated more than one variable should be

included in the "best" model, interactions between these

variables were also tested.

In the ELM breeding program, families from distinct

geographic areas are grouped into "sets" and planted in

adjacent replications at each test site. Thus, each "set" of

families tested represents a separate, but adjacent

experiment to other family "sets". For this reason,
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regression analysis of the Cascade population was performed

separately on the two sets, as well as on the two sets

combined.

RESULTS

Eigenvalues and eigenvectors resulting from separate

principal components analyses for the two test years, two

sites within each zone, and two sets within the Cascade zone

were very similar for the first two principal components

(PC-i and PC-2) (Appendix 6) despite the differences in

weather, especially between the two test years and two test

sites within each zone. PC-i and PC-2 combined generally

explained 50 to 60 percent of the variation among all the

traits in these analyses. The remainder of the principal

components represent a combination of traits that are more

difficult to interpret biologically and explain little of

the total variation among traits, therefore, they were not

considered further in the study. Height was not a major

contributor to any of the PC's that accounted for most of

the variation and will be discussed only in terms of the

univariate regressions (Table 2.4).

Regressions (of the five principal components and three

univariate traits) were performed separately for each site

within each breeding zone, as well as separately for each

test year (Appendix 7). In the Cascade zone, separate

regressions were also performed on the two sets. Regression

results for all combinations of data across years, sites,

and sets were similar f or the first two principal components

(Appendix 7). Subsequently, data from the two test years,

two test sites within each breeding zone, and two sets

within the Cascade zone were pooled for both principal

components and regression analyses (Tables 2.1 through 2.6).



Table 2.1 Eigenvalues and proportions of total variation
explained by the first five principal components
for the coastal and Cascade zones (from data
pooled over test years, test sites, and sets).
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Regressions with both location and climatic variables

were significant f or many of the principal components as

well as for the single traits, although the amount of

variation explained by the regressions was generally low
(Tables 2.4, 2.6) . Out of a total of 23 possible

regressions with both location and climatic variables,

fifteen of these had greater R2's using climatic variables

and only 8 had greater R2's using locations variables.

Therefore, regressions with modelled climatic variables were
slightly better, on average, at explaining family variation

than location variables.

Coastal Zone: Cascade Zone:

%Variation Explained %Variation Explained
PC Eigen

value
Proportion Cumulative Eigen

value
Proportion Cumulative

PC-i 14.73 0.46 0.46 12.51 0.39 0.39
PC-2 7.04 0.22 0.68 6.36 0.20 0.59
PC-3 2.32 0.07 0.75 1.67 0.08 0.66
PC-4 1.37 0.04 0.80 1.37 0.05 0.72
PC-5 1.21 0.04 0.83 1.21 0.04 0.76



Table 2.2
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Eigenvectors of the first five principal
components for coastal zone data (pooled
over the two test years and two test sites)
Numbers after traits refer to sampling month
and year.

TRAIT PC-i PC-2 PC-3 PC-4 PC-S

HT 0.0800 0.0172 0.2354 -0.1775 0.5912

BS 92 0.2055 -0.0583 -0.2573 0.1791 0.0745
EP 92 -0.2115 0.1327 0.1627 -0.149 0.0144

NEED 992 0.0785 0.2428 -0.1383 -0.2636 -0.129

STEM 992 0.1856 0.1268 0.2054 0.0569 -0.036

NP 992 0.1584 0.1079 0.2714 0.1455 -0.264
INT 992 0.2145 0.0674 0.1874 0.1034 -0.194

NEED 1092 0.1005 0.2444 -0.0892 -0.4023 0.101
STEM 1092 0.1736 0.1955 0.0643 -0.2334 -0.196

NP 1092 0.1766 0.1955 0.1075 -0.0275 -0.112
INT 1092 0.1996 0.1562 0.1980 0.1034 -0.220

NEED 493 -0.2012 0.1795 -0.0443 0.1500 -0.119

STEM 493 -0.2151 0.1779 0.0476 0.1537 0.0424
NP 493 -0.206 0.1949 0.0141 0.0586 -0.044
INT 493 -0.2081 0.2000 -0.0433 0.0956 -0.015

BE 93 0.2389 -0.1190 -0.0511 0.0694 -0.031
ES 93 0.1864 -0.0658 -0.2310 0.2283 0.0226
EP 93 -0.2273 0.0568 0.0750 -0.2097 0.0104
SFP 93 0.0112 -0.0244 0.3397 0.2045 0.5171
NEED 993 0.0724 0.2500 -0.3808 -0.0661 0.1122
STEM 993 0.1258 0.1955 -0.2803 0.1970 0.2247
NP 993 0.1923 0.1751 -0.0852 0.2246 0.1171
INT 993 0.1706 0.1840 -0.1909 0.1862 0.1335
NEED 1093 0.0950 0.2914 -0.0939 -0.3297 0.1139
STEM 1093 0.1333 0.2637 0.1283 -0.0310 0.0640
NP 1093 0.1140 0.1898 0.3547 0.1060 0.0492
INT 1093 0.2083 0.1705 0.0802 0.0743 -0.016

NEED 494 -0.1797 0.1926 -0.0671 0.1778 -0.039
STEM 494 -0.2011 0.2000 -0.0091 0.1816 0.0360
NP 494 -0.1863 0.1842 0.0237 0.2267 -0.048
INT 494 -0.1781 0.2384 -0.0541 0.0945 0.0339
BE 94 0.2396 -0.1153 -0.0484 0.0107 -0.019



Table 2.3
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Eigenvectors of the first five principal
components for Cascade zone data (pooled over
the two test years, sites, and sets) . Numbers
after traits refer to sampling month and
year.

PC-1 PC-2 PC-3 PC-4 PC-5

HT -0.0806 0.1487 0.0301 0.4178 -0.007
BS 92 0.0729 -0.0148 -0.3018 0.1675 -0.213

EP 92 -0.1352 0.1697 0.0739 0.0051 0.4418

NEED 992 -0.0027 0.2688 -0.1775 -0.4107 -0.023

STEM 992 0.0975 0.1899 0.1988 -0.2903 0.2623

NP 992 0.1873 0.1004 -0.0298 -0.0704 0.2139
INT 992 0.1897 0.1378 -0.0766 -0.1316 0.199

NEED 1092 0.0877 0.3044 -0.243 -0.2325 0.0443

STEM 1092 0.1508 0.2255 -0.0772 0.0982 0.0517
NP 1092 0.0251 0.1391 -0.3961 0.2577 0.2518
INT 1092 0.1960 0.1845 -0.1341 0.0575 0.1137

NEED 493 -0.1489 0.2533 -0.1118 0.1356 -0.219

STEM 493 -0.2366 0.1417 0.0679 0.0488 0.0664
NP 493 -0.2307 0.1184 0.0633 0.1085 0.081

INT 493 -0.2508 0.1067 0.0860 0.0305 0.0369

BB 93 0.2414 -0.1496 -0.0235 -0.1488 -0.090

ES 93 0.2126 -0.1581 -0.091 -0.1099 -0.037

EP 93 -0.1836 0.1246 0.0192 -0.0103 0.3725
SFP 93 0.0905 0.1573 0.4171 0.0801 -0.010

NEED 993 0.0987 0.2766 0.0763 -0.2166 -0.224

STEM 993 0.1802 0.1726 0.3224 0.1418 -0.142

NP 993 0.2053 0.1158 0.3172 0.0632 -0.063

INT 993 0.2126 0.0901 0.2370 0.1311 0.1037

NEED 1093 0.1189 0.2969 -0.1348 -0.1321 -0.218

STEM 1093 0.1700 0.2251 0.1306 0.2100 -0.085
NP 1093 0.1513 0.1301 -0.223 0.3669 0.0277
INT 1093 0.2142 0.1409 -0.0496 0.1186 -0.072
NEED 494 -0.1608 0.2336 -0.0522 -0.0507 -0.259
STEM 494 -0.238 0.1574 0.1000 -0.0965 -0.079
NP 494 -0.2179 0.1154 -0.017 0.0039 -0.242
INT 494 -0.2285 0.0926 0.0592 -0.0638 -0.169
EB 94 0.2381 -0.1125 0.0527 -0.0039 -0.086



Coast Ranqe Population

Spring cold damage (PC-i)

In the coastal zone, eigenvector loadings (Table 2.2)

of PC-i primarily reflect spring cold hardiness traits. The

larger the transformed variate in PC-i, the later the dates

for bud burst and bud set, the lower the amount of spring

cold injury, and the lower the percentage of elongation

completed at a given date in mid-season. PC-i accounts for

46.O of the overall variation among traits.

PC-i is negatively related to both parent-tree

elevation and distance from the ocean (Table 2.4). In a

common environment, progeny of parent trees from locations

at low elevations or closer to the ocean burst and set bud

later, complete less of their elongation by mid-season and

are more cold hardy in the spring than progeny of parent

trees from higher elevations or locations further from the

coast (Figure 2.3)
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Figure 2.3 PC-i scores versus parent-tree elevation and
distance to the ocean (coastal zone).
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When PC-i in the coastal zone was regressed on climatic

variables, the best fitting model included' only temperature

range (Table 2.4). The smaller the estimated temperature

range at the parent tree location, the later bud burst and

bud set, the less elongation completed by mid-season and the

lower the amounts of spring cold' damage (Figure 2.4). The

range in seasonal temperatures is generally smaller at lower

elevations and closer to the coast. Thus, these results

agree with the results of the regression of PC-i with

location variables.

10 12 13 14 15 I.
TEMPERATURE RANGE rc

Figure 2.4 First principal component versus modelled
temperature range of.parent tree
environments in the coastal zone

Among the individual traits examined in univariate

regressions, spring cold damage (STEM 493) is expected to be

most closely related to PC-i. Results for the regression of

this trait are similar to those observed for PC-i but weaker

(Table 2.5). Spring damage is greater in progeny of parent

trees from locations with lower, mean January temperatures,

typically locations farther from the coast.
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Fall cold damage (PC-2)

PC-2 generally represents the amount of fall cold

damage; the larger the transformed variate the higher the

amount of fall damage. Eigerivector loadings for PC-2

primarily indicate influence of fall needle and stem damage

on this PC (Table 2.2) . The percent of total variation

accounted for by PC-2 is 22.O for the two sites and years

combined.

The best model for PC-2 regressed on location variables

includes only distance from the ocean (Table 2.4). Progeny

of parent trees from locations near the ocean are less cold

hardy in the fall than progeny of parent trees from

locations at the furthest away from the ocean (Figure 2.5).

The best model regressing PC-2 on climatic variables

includes only mean July temperature (Table 2.4). The lower

mean July temperature (typically closer to the ocean), the

higher the amount of cold damage in the fall.
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Figure 2.5 PC-2 versus parent-tree distance to ocean in
the coastal breeding zone
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Table 2.4 Table of results (for the coastal zone) for principal component regressions of
open-pollinated family means (pooled across test sites) using location and climatic
variables associated with parent tree environment [sin(asp)=aspect. transformed into its
sine and including an interaction with slope, aspect transformed into its cosine and
including an interaction with slope, dist=distance to the ocean, elev=elevation,
julternp=mean July temperature, jantemp=mean January temperature, tmprange=temperature
range, aridity=the aridity index, and TCI=topographic convergence index].

the proportion of variation over all traits accounted for by each PC
significance of the model
signs indicate the sign of the elgenvector loadings

PC %(') TRAITS LOCATION
VARIABLES

p(2)

SQUARE
CLIMATIC
VARIABLES

P R-
SQUARE

1 46.0 bud burst ()(3)
bud set (+)

elongation (-)
spring damage(-)

elev (-)
dist (-)

.0280 .176 tmprange(-) .0015 .235

2 22.0 fall needle and
stem damage (+)

dist (-) .0667 .086 jultemp(-) .0011 .249

3 7.3 October bud
damage (+)

second flush (+)
bud set (-)

slope (+)
slope2()

.0093 .223 jantemp(+)
jultemp(-)
tmprange(+)
aridity(-)

.0221 .272

4 4.3 f all needle
damage (-)

NS NS NS NS NS NS

5 3.8 height ()
second flush (+)

NS NS NS jultemp (-) .0995 .070



Table 2.5 Table of results for univariate regressions of
family mean traits pooled across sites versus location and
climatic variables of parent tree environments for the
coastal zone. See Table 2.4 for abbreviations of location
and climatic variables.
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The best fitting model for STEM 1092 in the coastal

zone indicates that fall cold hardiness is a function of

both slope percent and whether the parent tree is located on

a north or south aspect (Table 2.5, Figure 2.6). Fall stem

damage is greater in progeny of parent trees located on

gentler slopes; fall stem damage is also greater in progeny

of parent trees located on west aspects as compared to

progeny of parent trees located on east aspects.

Height

In the coastal zone, mean heights of families at age 5

were negatively related to distance to the ocean (location

model) and to estimated mean January temperature of mother

tree environments (climatic model) (Table 2.5). Thus,

height is greater on average in progeny from locations

closer to the coast (where the mean January temperature is

also lower), but the relationship is fairly weak (R2=0.279).

TRAIT LOCATION
VARIABLES VALUE

R2 CLIMATIC
VARIABLES VALUE

R2

STEM 1092 sin(asp)
(-)

slope(-)

.0580 .143 jultemp
(-)

.0606 .089

STEM 493 NS NS .070 jantemp
(-)

.0717 .083

HEIGHT dist (-) .0332 .098 jantemp
(+)
j u 1 temp

(-)

.0077 .279
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Figure 2.6 Regression of family mean stem cold injury
(October 1992) versus slope of parent-tree
source environment in the coastal zone.

Cascade Population

Spring cold damage (PC-i)

In the Cascade zone, as in the coaâtal zone, PC-i

primarily reflects bud burst, bud set, and spring cold

damage (Table 2.3). The larger the transformed variate in

PC-i, the later the dates of bud burst and bud set, the

lower the percent of total elongation completed by mid-

summer, and the lower the amount of cold damage in the

spring. PC-i. accounts for 39.O of the overall variation in

measured traits at the two Cascade test sites (Table 2.1)

Regressions of PC-i on both location variables and

climatic variables were not significant (Table 2.6). The

best fitting model for STEM 493 involved only mean July

temperature and the aridity index as independent variables,

but the r-square for the model was very low (Table 2.7).



Table 2.6 Table of results for principal component regressions of family means for
adaptive traits using location and climatic variables describing parent tree environments
in the Cascade zone. See Table 2.4 for abbreviations of environmental traits.

the proportion of variation over all traits accounted for by each PC
significance of the model
signs indicate the sign of the eigenvector loadings

0

PC %(1) TRAITS LOCATION
VARIABLES

p(2) R-
SQUARE

CLIMATIC
VARIABLES

P
SQUARE

1 39.1 bud burst ()(3)
bud set (+)
elongation93 (-)
spring damage(-)

NS NS NS NS NS NS

2 19.9 fall needle and
stem damage (+)
spring needle
damage (+)

elev (-)
slope (-)

.0093 .224 jantemp(+)
jultemp (-)
aridity (-)

.0176 .242

3 7.5 second flush ()
10/92 bud damage
(-)

NS NS

,

NS jultemp(-)
aridity(-)

.0817 .127

4 5.2 height (+)
9/92 needle

damage (-)

sin(asp) (+)
slope (-)

.0339 .167 tmprange (-)
tci (-)

.0194 .192

5 4.3 elongation (+) NS NS NS NS NS NS



Thus, family means for spring cold damage in the Cascades

seem to have little relationship to source environment of

parent trees as characterized by location or modelled

climatic variables.

Table 2.7 Table of results for univariate regressions of
family mean traits pooled across sites versus location and
climatic variables of parent tree environments for the
coastal zone. See Table 2.4 for abbreviations of location
and climatic variables.
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Fall cold damage (PC-2)

Similar to the coastal zone, in the Cascade zone PC-2

indicates higher amounts of fall needle and stem cold

damage, as well as higher amounts of spring needle cold

damage, with larger values of the transformed variate. PC-2

accounts for 22.0 of the overall variation in the Cascade

test sites.

Significant regressions for PC-2 were found using both

location and climatic variables of parent trees in the

Cascade zone. Fall needle and stem damage, as well as

spring needle damage, are greater in progeny whose parent

trees come from lower elevations and gentler slopes (Table

TRAIT LOCATION
VARIABLES VALUE

R2 CLIMATIC
VARIABLES VALUE

R2

STEM 1092 elev (-)
cos (asp)
(-)

.0003 .351 jantemp
(+)

.0071 .176

STEM 493 NS NS NS jultemp
(-)
aridity
(-)

.0543 .077

HEIGHT NS NS NS tmprange
(-)

.0869 .075



Figure 2.7

Height

The best fitting model for height involved only

temperature range as an independent variable, however the r-

square f or the model was very low (R2=0.075). Thus, family

means for height in the Cascades seem to have little or no

relationship to the source environment of the parent trees.

4.50

4.00

3.50

3.00

2.50

2.00

150

1.00

0.50

b)

. .

.

.

.

*

32

2.6, Figure 2.7). Cold damage also increases in progeny from

areas with warmer mean January temperatures, lower mean July

temperatures and wetter conditions. Univariate regressions

indicate that damage to stem tissues in October 1992 (STEM

1092) was greater in progeny from lower elevation and

eastern aspects, as well as in progeny from areas with

higher mean January temperatures (Table 2.7, Figure 2.8).

0.00

0.00 0.50 I 00 1.50 2.00 2.50 3.00 3.50 4.00 4.50

MOOEU.ED MEAN JANUARY TEMPERATURE C)

Relationships between family mean fall cold
hardiness and parent tree environment in the
Cascade zone; a) second principal component
scores versus slope and elevation of parent-
tree environment; b) fall stem cold hardiness
versus mean January temperature of the
parent - tree environment.
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DISCUSSION AND CONCLUSION

Principal Coponents Analysis

Despite the fact that the two populations used in this

study occur in areas with very different climatic regimes,

the first two principal components (describing 50-65% of the

variation among traits) are very consistent between them

presumably due to similar genetic control and genetic

relationships among adaptive traits in the two populations.

These traits were also expressed similarly in different test

sites and test years with fluctuating climates. Thus,

similar sets of genes seem to be controlling these traits in

different populations, although allele frequencies and thus

mean effects of accumulated loci may be different in

different populations.

The first principal component (PC-i) reflects

relatively strong correlations among growth timing

(phenology), dormancy, and cold hardiness traits, indicating

that these adaptive traits may be under the control of many

of the same genes. Campbell and Sorenson (1973) found that

90% of the variation among sources in seedling frost damage

could be related to bud set timing. Li and Adams (1993)

found a strong correlation between bud burst and bud set of

seedlings and pole sized trees. Strong correlations between

bud burst, bud set and spring cold hardiness have also been

previously reported (Aitken and Adams 1995). The

association of traits represents a balance between

adaptation for high (or early) cold hardiness in severe

environments and high growth rates in milder environments,

both traits affecting fitness. Trees that break bud and set

bud later undergo less elongation by mid-season, and show

less sign of cold injury from early spring frosts.

Conversely, trees with earlier dates of bud burst complete
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more of their growth by mid-season, but are more vulnerable

to spring frost.

The second principal component includes traits

primarily related to cold injury occurring in the fall

months, although spring needle damage is also involved in

the Cascade population. That fall hardiness and spring

hardiness are basically separated into two principal

components suggests that cold hardiness in the spring and

fall are genetically unrelated. Previous studies also show

that these traits develop in response to different

environmental stimuli (Schuch et al. 1989a, b) and

correlations between them are fairly low (ranging from - .30

to -0.85; Aitken and Adams 1995). Therefore, in terms of

the Degree Growth Stage model (°GS), the stages from winter

quiescence through summer growth (315° to 90°) and from

summer correlative inhibition to early winter dormancy (135°

to 180°) appear to be under different genetic control.

Results of univariate regressions were generally

consistent with regressions of principal components although

they explained less of the variation due to parent tree

locations than multivariate (PC) regressions. Height,

however, was significantly regressed only as a single trait

and not as part of a principal component. Family variation

for height, therefore, appears to be only weakly related to

parent-tree environment within these zones or to variation

for other adaptive traits.

Regression Analyses

Location versus climatic variables

This study allowed for comparison of the efficacy of

location and climatic variables in describing parent tree

environments and thus, explaining genetic variations among
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these environments resulting from differential selection

pressures. Location variables have been used most often in

the past to describe environmental variation because of the

relative ease in obtaining them. However, climatic

variables are better at getting at factors of the actual

operational environments of plants as they estimate

temperature and moisture regimes, factors directly affecting

plant survival and growth. Understanding relationships

between these variables and adaptive traits may provide

additional insight into the mechanisms of plant growth,

acclimation, and deacclimation. Location variables are

simply surrogates for local climatic conditions based on

broad-scale relationships between geographic location and

climate. The development of models for estimating these

variables is an important step towards understanding

patterns of adaptive variation and plant responses to their

environments.

Correlations calculated between the location and

climatic variables indicate strong relationships between

mean monthly temperatures and elevation in the Cascades, and

temperature range and distance to the ocean in the Coast

Range (Appendix 5). However, many other climatic and

microclimatic factors related to operational environments

that vary with geographic gradients riot included in this

study may affect adaptive differentiation among parent trees

and the expression of growth, phenology, and cold hardiness

traits in their progeny.

Climatic differences along the geographic gradients

included in this study are complex due to the considerable

environmental heterogeneity of the area. Climatic gradients

in western Oregon are more pronounced east-to-west than

north-to-south (Campbell 1974, Campbell and Sorenson 1978).

Effects of elevation and aspect are greater in sites closer

to the ocean than in sites farther inland (Campbell 1974,

Sorenson 1983) . Some gradients may be more pronounced in the
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Cascades relative to the Coast Range and greater at higher

elevations in both mountain ranges. Resulting genetic

differences in adaptive traits related to microclimate will

also be greater in areas with steeper environmental

gradients.

Regressions with variables derived from climate models

may also be affected by the scale at which these models were

developed. The PRISM model estimating mean monthly

precipitation does so on a grid size of ten square

kilometers. Precipitation is generally less variable than

temperature on a small scale (John Kimball, pers. comm.),

however, the breeding zones used in this study covered small

areas and the variability of parent-tree environments,

especially in the much smaller Cascade zone, may not be as

effectively assessed with a such large scale model.

Spring hardiness and phenology

Both elevation and distance to the ocean were factors

associated with spring phenology and hardiness in the Coast

Range population. The effect of distance to the ocean is

similar to that of elevation in these regressions. Parent

trees from higher elevations or locations further from the

coast may have evolved to fully utilize the shorter growing

season by initiating growth sooner, resulting in less cold

hardiness in the spring than populations from lower

elevations or areas closer to the coast (Tables 2.4 and

2 5)

All temperate tree species follow the same patterns of

acclimation and deacclimation as described in the Degree

Growth Stage model; however, the timing of acclimation and

deacclimation can vary within species and populations, as

this and other studies have demonstrated (Campbell 1979,

Sorenson 1983). In areas with relatively short growing

seasons, such as those found at high elevations or inland
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(as opposed to coastal), trees have shorter chilling

requirements, enabling them to enter the quiescent stage

(315GS) in which growth may occur under favorable

conditions sooner than trees from milder climates when

planted in a common environment. This is an advantage for

trees that need to utilize as much of the short growing

season as possible. Spring temperatures may also be more

variable at low elevations or in coastal areas (Campbell

1979), thus, it also becomes an advantage for trees from

these areas to break bud well after the threat of

unpredictable spring frosts is over.

In the Cascade zone, PC-i is generally unrelated to

both location and climatic variables of parent tree

environments. The area covered by the Cascade parent trees

is much smaller than the geographical area covered by the

Coast Range trees. The range of environments may be too

small to produce variation among families, or alternatively,

other factors, not described by the chosen parent-tree

variables may affect trait variation.

Fall hardiness

The regression of PC-2 on parent-tree location in the

coastal zone indicates that progeny from locations near the

coast are less hardy in the fall than progeny from more

inland locations. This is in direct contrast to spring

hardiness regressions in which coastal progeny were more

hardy.

The first stages of acclimation become evident at

l8OGS as short photoperiods induce dormancy (Fuchigami et

al. 1982). The hardening process is furthered by factors

affecting the operational environment, including low night

temperatures (Lavender et al. 1968, van den Driessche 1969)

and, possibly, moisture stress (van den Driessche 1969).

Regressions with climatic variables indicate that progeny
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from areas with higher mean July temperatures (more inland

locations) have greater fall hardiness. Drought levels are

likely to be greater in areas with higher summer

temperatures; therefore, it is plausible that trees from

inland areas respond to moisture stress and acclimate sooner

than trees from more coastal locations.

In the Cascade zone, PC-2 was related to several

location variables that are associated with variation in

both temperature and moisture regimes. Progeny of parent

trees from colder sites (higher elevations or north facing

aspects) and drier sites (steeper slopes or east aspects)

appear to be more cold hardy in the fall than progeny from

other slope aspects. Regressions with climatic variables

also indicate that both temperature and moisture are

important factors of the operational environment influencing

fall cold hardiness in. the Cascades.

Practical implications

In the coastal zone, the major gradient affecting

phenology and hardiness traits is distance from the ocean,

although elevation also has an influence on spring hardiness

traits. Movement of material along this gradient,

therefore, has the greatest potential for resulting in a

loss of productivity due to maladaptation. In fact, seed

zones within Oregon are being redrawn to account for

variability along this steep gradient (Bill Randall, USDA

Forest Service Siuslaw National Forest, pers. comm.). Most

seed zones in western Oregon now encompass longer (north-

south), narrower (east-west) geographic areas.

Progeny of Douglas-fir from the edge of the valley

burst bud on average 10 days before progeny from the coast.

On one hand, movement of inlandu genetic stock too far

towards the coast could result in spring cold damage. On

the other hand, movement of coastal stock too far inland,
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however, would generate more fall damage in transplanted

material. Tree growers often view coastal sources as

desirable for their fast growth rates (Bill Randall, pers.

comm.), therefore, the latter scenario is the most likely.

In the smaller Cascade zone, environmental gradients

affecting phenology and hardiness traits are less well

defined and only the fall hardiness traits varied

significantly along them. Movement of material up 600 m in

elevation would result in a i5 increase in fall cold

damage. Movement to contrasting aspects or dissimilar

slopes may also affect fall damage.

Given climate change predictions for greater spring

warming without a decrease in the potential for spring

frosts, populations located in inland areas or at high

elevations (areas with short growing seasons) would likely

be most at risk from spring cold damage.

In general, the relationships between adaptive traits

and location or climatic variables are fairly weak in both

populations. Inclusion of other location or climatic

factors in the models might improve the regressions.

Location variables such as position on slope or topography

(indicating moisture regime) were not possible to include in

this analysis because of their poor distribution among the

parent tree locations. Inclusion of additional climatic

variables such as potential evapotranspiration, growing

season length, spring thermal sums, or indicators of climate

differences at a microenvironmental level may improve the

models somewhat. Factors related to soil type, depth, and

nutrients were also not included but may be important. It

is likely, however, that the general pattern of weak

geographic or environmental trends will hold up even with

the addition of more environmental factors due to high

levels of within source variation in Douglas-fir.

The use of modelled climatic variables provides added

insight to the climatic influences of topography and
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geography. However, some limitations to the use of the

models exist, such as their differing scales of resolution

(i.e., 10 km grid scale for precipitation, 1 km grid scale

for temperature). Additionally, the variables used in this

study attempt to describe only the mean environments to

which parent trees are adapted. Environmental variability

or potential climatic extremes within parent tree habitats

may also play a role in determining adaptive trait patterns

and result in high amounts of genetic variation within a

single environment.

The breeding zones included in this study are fairly

small; parent trees in the coastal breeding zone cover

approximately 500 square km and parent trees in the Cascade

breeding zone cover only about 150 square km. Environments

within breeding zones are generally considered to be uniform

enough so that seeds from one part of the zone can be safely

moved to other parts of the zone without a loss in

adaptation. Results of this study show families derived

from different parts of the zones reflect adaptation of

parents to different environments, but that the relationship

between family adaptational traits and parent-tree

environments is weak. Thus, one might expect some loss in

productivity with transfer of seed across steeper

environmental gradients even within these zones. This might

be considered in deployment decisions of improved seed. If

families are screened for adaptational traits, this

information could be used to match families to sites. On the

other hand, mixtures of families could probably be deployed

to less extreme sites across current zones with satisfactory

overall survival and productivity. In addition, the

relatively weak influence of parent-tree source environments

on the expression of adaptive traits suggests that it will

be possible to breed for genotypes which are broadly

adapted, especially to less extreme habitats within zones.



CHAPTER 3

IMPACT OF MICROTOPOGRAPHICAL VARIATION ON THE EXPRESSION

OF GENETIC VARIATION IN DOUGLAS-FIR PROGENY TESTS

ABSTRACT

Microenvironmental variation due to topography within

progeny test sites may reduce the ability to detect genetic

differences among families despite careful test site design.

In this study, individual tree variation for several

adaptive traits was studied as a function of

microenvironment within two Douglas-fir (Pseudotsuga

menziesii var. menziesii (Mirb.) Franco) progeny test sites

in Oregon. The randomized block designs utilized in these

tests were evaluated for their ability to partition trait

variation resulting from microenvironmental variability. In

addition, the potential for increasing precision of progeny

tests by accounting for topographical variation within

blocks was assessed by comparing heritability estimates

before and after within block adjustments.

Saplings from 40 families in each test site (different

families at each site) were measured for 5-year height, and

f or various cold hardiness and bud phenology traits over a

two year period. One test site, located in the Oregon Coast

Range, is on a very steep (70%) west-facing slope. The

second site, in the Cascade Range, is relatively flat but

includes several frost pockets where visible frost damage

has repeatedly occurred. The two sites, therefore, are

characterized by a predominant topographic feature (i.e.,

slope position or occurrence of frost pockets) which is

expected to have a profound effect on tree growth and

acclimation deaccljmatjon to cold events (cold hardiness).

Analyses of covariance were performed for each test

site on single traits representing laboratory-tested fall

and spring cold hardiness, timing of bud burst and bud set,
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and 5-year height. The selected covariates were the

predominant topographic factors affecting temperature and

moisture regimes of individual trees at each site.

For the coastal Site the selected covariate was

individual tree elevation. Elevation was significantly

correlated with spring cold damage, fall cold damage, and 5-

year height. Trees planted at the top of the slope were

less cold hardy in the spring and fall, and were shorter on

average, than trees at the bottom of the slope. For all

traits except height, blocks established perpendicular to

the elevational gradient adequately accounted for

elevational effects. Estimated individual tree heritability

for height increased only slightly (from 0.18 to 0.19) after

removing within-block effects of elevation on height.

In the Cascade site, the selected covariate was

presence or absence of a microtopographic depression (frost

pocket). This categorical variable was scored during a site

visit and verified on a topographical map produced from

survey data. Height was the only trait affected by the

frost pocket effect. Trees planted in frost pockets were

generally smaller than other trees. No significant family

differences were found for height either before or after

adjusting analyses for frost pockets.

INTRODUCTION

In tree breeding programs family differences in traits

of interest are usually assessed in progeny test sites.

Because these sites are typically located within forest

environments and are large (testing hundreds of families),

they often contain considerable environmental heterogeneity.

Randomized block designs are used in progeny tests to

account for major environmental variation within test sites.

However, variation in microclimate due to within-site
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topography may still affect analyses of family differences

despite careful test designs.

Microenvironmental variation within test sites may

particularly influence the expression of adaptive traits.

Christophe and Birot (1979) found that cold hardiness and

phenology were affected by temperature variation due to cold

air drainage on a steep slope in one progeny test Site.
Trees in the uppermost blocks burst bud sooner, presumably

because the temperature sums required for bud burst were

reached earlier at the top of the slope. Early bud burst

corresponded with decreased levels of cold hardiness for

trees in the uppermost blocks.

Campbell and Sorenson (1978) demonstrated the effect of

environmental variation on trait measurements by

manipulating soil temperature, air temperature and

fertilizer applications within nursery test beds.

Populations of Douglas-fir interacted significantly with

both soil and air temperatures. Bud burst occurred earlier

and growth was greater in beds with warmer soil and air

temperatures. Test bed environment not only influenced the

magnitude of trait differences among seed sources, but also

their relative ranking.

There were three objectives in this study: 1) to

determine the degree to which stem growth and expression of

adaptive traits in individuals is influenced by

microtopographica]. variation within progeny test sites; 2)

to evaluate how well traditional progeny test designs

account for microtopographical variation within tests; and

3) to explore the degree to which precision of progeny tests

can be improved by accounting for microtopography.

Relationships between microtopographical and

microenvironmental variation on the sites was also explored.
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MATERIALS AND METhODS

Study Region and Test Sites

Populations of coastal Douglas-fir from two breeding

zones in western Oregon were used in this study. Detailed

descriptions of the breeding zones, parent tree selection,

and test site development can be found in Chapter 2.

Two test sites (one per breeding zone) were chosen for

investigation. Because the traits of interest are highly

influenced by the environment, progeny tests exhibiting

extreme microenvironmental variation were selected for this

study. Canal Creek, a test site in the Coast Range, has a

very steep, west-facing slope (Figure 3.1). The slope ranges

from 70% at the top of the site to 5% at the bottom, and

covers a vertical (elevattonal) difference of 65 m. Visible

differences in bud burst timing are apparent from the top

(early) to the bottom (late) of the slope. House Mountain,

a test site in the Cascade Range, has a relatively minor
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Figure 3.1 Topographic map of Canal Creek test site in
the central Oregon Coast range



slope (slight eastern aspect) but has several major frost

pockets due to pooling of cold air in surface depressions

and troughs (Figure 3.2). Many of the trees within these

frost pockets are dead or stunted in growth due to repeated

frost damage. Within-site temperature regimes are likely

affected by the topographic variation in both sites, while

soil moisture also varies significantly with slope position

in the Canal Creek site (Figure 3.1)
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Figure 3.2 Topographic map of the House Mountain test
site in the central Oregon Cascade Range

Within each breeding zone, families were grouped into

sets of thirty families each prior to planting. In the

Cascade zone test sites, each set was planted as a separate

randomized complete block experiment, with families

replicated in five blocks of four-tree non-contiguous plots.

In the coastal zone, the tests were planted in a split-plot

design with family sets as main plots and families as

subplots. Main plots are replicated four times and families
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are represented within main plots by four-tree non-

contiguous subplots.

At Canal Creek, blocks were arranged perpendicular to

the elevational gradient (slope) on the site. At House

Mountain there is no obvious systematic environmental

gradient within the site, but blocking was done so that the

blocks within each set were located adjacent to each other.

Blocking did not account for the frost pockets, as frost

pockets are located randomly with respect to blocks and

sets.

Adaptive Trait Assessments

Cold hardiness testing and phenology assessment

protocols are discussed in greater detail in Chapter 2.

Cold hardiness was measured several times throughout the

dormant seasons of both test years by visually assessing

damage to shoots after artificial freeze testing. Timing of

bud set and bud burst, percent of total shoot elongation

completed by mid-season, and percent of lateral buds that

second flushed were also recorded over the two year period.

Five year heights of individual trees was available from the

Bureau of Land Management and the U.S. Forest Service.

Test Site Environmental Variation

Topographic factors are more easily assessed at the

scale of individual tree locations than are microclimatic

factors and were, therefore, used as covariates in

statistical analyses described below. Variation in

temperature and soil moisture (presumed to have the greatest

influence on adaptive trait measurements) was documented in

relation to topographic variability within both test sites

to validate assumptions of microenvironmental variability

along the topographic gradients.



Topography

Microtopographic variation was mapped in the spring of

1994 by surveying both test sites. House Mountain was

surveyed with a transit to create a detailed contour map of

the site so depressions resulting in frost pockets could be

accurately located. Topographic gradients are more uniform

at Canal Creek, so the accuracy of a transit survey was not

necessary. At Canal Creek, a clinometer was used to map the

site contours. Topographical maps (Figures 3.1, 3.2) were

produced from these data using the Surfer program (Golden

Software, Inc. 1994)

Temperature

Temperature was recorded on a daily basis (mean,

maximum, and minimum) at one location near the center of

each test site by an electronic data recorder (Omnidata

Datapod 212) with two thermocouples, one located one half

meter above ground level, the other at two meters above the

ground. In the summer of 1993, at least two maximum/minimum

thermometers were placed within each block at the Canal

Creek and House Mountain test sites to sample temperature

variation across the microtopographical gradients. Maximum

and minimum temperatures were recorded approximately every

two weeks until bud set occurred in the spring of 1994.

Moisture

Soil moisture was measured gravimetrically at each site

in the summer of 1992. Soil samples were collected every

two weeks beginning in early June and ending in mid-August,

when soil moisture becomes limiting. Within each block,

three soil samples were collected from randomly selected

locations and bulked. Soil samples were weighed immediately
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after collection and after being oven dried at 70°C for a

minimum of 48 hours. Bulk soil moisture percent (%BSM) was

calculated as:

%BSM= [ (SFW-SDW) /SDW] *j3

where SFW soil fresh weight and SDW = soil dry weight.

The value of bulk soil moisture assessments is limited

as they measure total soil water content, not water

available to plants. Because plants recharge their water

supply overnight and the effects of plant water stress due

to daily high temperatures and evaporation are then reduced,

measurements of pre-dawn xylem water potentials are more

effective at quantifying stress due mainly to low soil

moisture (Koide et al. 1991).

Determining within-site variation in moisture stress

was attempted in the summer of 1993 by measurement of pre-

dawn xylem water potentials on a randomly selected group of

trees in each site. However, due to the relatively high

levels of spring and summer precipitation in 1993, no

significant differences were found among trees for water

potential by the end of July, so pre-dawn xylem water

potential assessments were discontinued.

Statistical Analysis

Analysis of covariance

The effect of within-site environmental heterogeneity

on adaptive trait measurements was determined through

analysis of covariance (ANCOVA) for the Coast Range test

site and analysis of variance (ANOVA) for the Cascade test

Site using the General Linear Model (GU'l) procedure (SAS

Institute Inc. 1988) . ANCOVA is used to adjust treatment

means of the dependent variable for differences in

independent, continuous variables (covariates) that were not

accounted for in the experimental design. Inclusion of
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covariates in the model results in a decrease in error

variance if part of the variation in the dependent variable

can be explained by the covariate. In the Canal Creek test

site, the selected covariate was elevation, a continuous

variable. In the House Mountain site, the variable created

to characterize presence or absence of frost pockets is a

categorical variable. The appropriate statistical analysis

used for this site was an analysis of variance (ANOVA).

Analyses were run on single traits representing fall

cold damage, spring cold damage, bud burst, bud set, and

height. Selected covariates (elevation at Canal Creek and

frost pockets at House Mountain) were presumed to be the

dominant topographic factors influencing the temperature and

moisture regimes within each site.

The initial ANCOVA model used for progeny in the Canal

Creek test site was:

[11 ; = /1 + F + iX+ a,

where Y is the value of a given trait in the ith individual

of the jth family in the test (ignoring set and block

effects), X is the value of the covariate (elevation), '

the regression coefficient of Y on X, and is the residual

error. If the covariate was significant (determined by the

p-value for X) in the model the analysis of covariance was

then repeated with the blocking factor included in the model

to determine if the error term for the covariate was

significantly reduced by blocking. The formula for this

analysis was:

ijk = + F1 + Bk + IXuk +

where 3k is the blocking factor. Additionally, the

covariate's effect on traits was also evaluated among

families to determine if all families responded in the same

way. This was accomplished by specifying a model which

allowed for variability among family responses:

ijk = + F1 + Bk + + jk
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Because the frost pocket variable in House Mountain is

a categorical variable and the test site design differs, the

models used differed slightly from the ANCOVA models for

Canal Creek. The model used to test for frost pocket effect

was:

jk + Fj(k) + + Xuk + OLUk

where Y,k is the value of a given trait for the ith

individual in the jth family in the kth set(Sk), is the

experimental mean, x is the categorical variable denoting

the presence or absence of frost pockets and ;k is the

error. If the frost pocket variable was significant in the

model the next step was to test the effectiveness of the

site design by including the blocking factor in the model.

This was accomplished by incorporating the blocking factor

in the above model:

Y = + F + 5k + B1 + X +

heritability calculations

For those traits for which blocking did not account for

significant microenvironmental variability, individual-tree

heritabiljtjes (Falconer 1981) were estimated from the

original data and from the data adjusted f or the covariate

to determine how the use of covariates improved the

precision of genetic determination. Heritabilities describe

the amount of total phenotypic variation attributable to

additive genetic variance. In tree breeding programs,

progeny test designs which yield high heritabilities are

desirable for improving accuracy of ranking parent trees and

selected individuals.

To estimate heritabilitjes, the SAS VARCOMP restricted

maximum likelihood (REML) procedure was used (SAS Institute

Inc. 1992) to estimate components of variance. Individual

tree heritabilities were then estimated as:



51

[6] h12 - 3*a2 / ( f+Of*b+Oe

where h2 is individual tree heritability, a is variance due

to family differences, b is variance due to the

interaction between families and blocks, and a2e is the

within-plot error variance. A coefficient of three is used

because the progeny are the result of open-pollination and

average relatedness among individuals within families is

probably greater than haif-sibs (Campbell 1979).

In the Canal Creek site, heritabilities were calculated

for adjusted data by estimating variance components from

residuals of the regression for height versus elevation,

thus removing the effect of elevation on height. In the

House Mountain site, variance components were adjusted for

frost pockets using two methods: 1) including frost pocket

as a variable in VARCOMP (removing this variation from the

error term), and 2) excluding all trees within frost pockets

from the VARCOMP analysis.

RESULTS

Canal Creek

The steep slope in the Canal Creek test site creates

both temperature and moisture gradients along the slope with

cold air and moisture accumulating towards the bottom of the

slope (Figures 3.3a, 3.3b). For all traits except height

(Pfam*elev0.0177), blocking along the elevational gradient

sufficiently accounted for the variation among individual

test trees due to differences in elevation (Figure 3.4).

Testing with a model allowing slope to vary among families,

no significant differences in slopes were detected among

families for height (Pfam*elcvO 035) . The individual tree

heritability for height was estimated at 0.18. After
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adjusting for elevation, the heritability estimate increased

only slightly (and non-significantly) to 0.19.

Figure 3.4 Regression of individual tree height versus
individual tree elevation in the Canal Creek
test site
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House Mountain

The major source of environmental variability in the

House Mountain test site is the presence of surface

depressions in which the pooling of cold air occurs.

Subsequent frost development within these "pockets's creates

temperature regimes significantly different from those

outside of the depressions (Figure 3.5).

Height was affected by the presence of frost pockets

(p=O.Oool) in the House Mountain site. Trees planted in

frost pockets exhibited lower five year height growth than

trees planted outside of frost pockets. The timing of bud

5

0

Figure 3.5
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-15
t97 239 264 284 325 355 23 51 55 108

224 250 277 310 337 7 33 66 96
JULIAN DATE

Average House Mountain minimum temperatures
(within or outside of frost pockets) versus
Julian date

burst and bud set, and both fall and spring hardiness were

not significantly influenced by the presence of frost
pockets. Blocking generally did not account for the height
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variation among individual trees due to frost pockets

(pf1,=O.0009) . No significant family differences were found

for height either before adjusting the model for the frost

pocket effect (Ff= l.53,p=0.1178) or after adjusting the

model for the frost pocket effect (Ff= 1.30 ,pf=O.13l7)

DISCUSSION AND CONCLUSION

The most important factors affecting the growth and

dormancy cycles of plants are photoperiod and temperature

(Irgens-Moller 1958, van den Driessche 1969, Weiser 1970,

Campbell and Sugano 1979, Schuch et. al. 1989a). Moisture

may also be an important factor (Van den Driessche 1969,

White et al. 1979). By responding to temperature and

photoperiod cues, plants adjust their annual developmental

cycles to the climatic cycles of their habitats, thus

maximizing growth and minimizing frost damage (Campbell and

Sorenson 1973).

At both Canal Creek and House Mountain, phenotypic

variation in adaptive traits is evident because progeny are

responding to the diverse patterns of temperature and

moisture within each site. Progeny planted at different

locations in the Canal Creek test site are exposed to

different operational environments due to the effects of

slope position on microclimate. As a result of this

environmental gradient, trees planted at the top of the site

are on average 60 cm shorter than trees planted at the

bottom of the site (Figure 3.4). Moisture differences from

the top to the bottom of the slope appear to be greater than

(minimum) temperature differences (Figure 3.3a, b). Thus,

the height response on the site may be due to increasing

moisture stress through the growing season or lower nutrient

availability.
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Blocking within the Canal Creek test site follows the

gradient of the slope and accounts for the majority of the

trait variation due to elevational differences. The

elevation of individual test trees accounts for a

significant proportion of height variability, even after

removing blocking effects. Nevertheless, heritability

estimates for height, both adjusted and non-adjusted for

elevational effects, were nearly identical. Thus, the

experimental design on this site adequately accounts for

environmental variability, and covariance analysis will not

improve the precision of family rankings.

At House Mountain, the presence of surface depressions

affects temperature variation within the site (Figure 3.5).

Trees planted in frost pockets are generally subject to

slightly lower temperatures throughout the winter than trees

planted outside the frost pockets. Occasional large

differences in temperature are also evident (as on Julian

date 66) between frost pocket and non-frost pocket

locations. Trees within frost pockets were on average 20 cm

shorter than those outside of frost pockets. The maximum

height of trees in frost pockets reached only 152 cm versus

233 cm for trees outside of frost pockets.

Because the placement of blocks did not consider the

location of frost pockets, blocks did not account for

variability in growth due to frost pockets. Height was the

only trait significantly affected by frost pockets.

Significant family differences f or height were not

detectable either before or after adjusting the model for

within-site environmental variability by either 1) removing

variation due to frost pockets from the error term or 2) by

excluding trees planted within frost pockets from analyses.

Thus, adjusting the model did not improve the ability to

distinguish differences among families for height.

Obviously, test site design is an important facet of

tree breeding programs. Sites with extreme within-site
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variation or variation that cannot be acconimodated with the

randomized block design may need special consideration for

test site design. In these situations, analyses can be run

accounting for site variability. Extremely variable planting

locations within test sites could also be avoided and filler

trees could be planted in these locations instead. If

neither of these options is viable, use of the site itself

may best be avoided to ensure greater testing accuracy. The

results of this study, however, suggest that the test design

in these sites was sufficient to account for variation due

to within-site environmental heterogeneity.



CHAPTER 4

GENERAL CONCLUSIONS

Variation in cold hardiness and phenology of Douglas-

fir was examined as a function of both adaptation of parent

trees to their environment and the microenvironments in

which progeny of these parent trees were planted.

Populations of coastal Douglas-fir from two breeding zones

in the central Oregon Coast and Cascade Ranges were assessed

for adaptive trait variation over a two year period. The

major objectives of this study were to determine 1) the

degree to which parent trees within breeding zones are

adapted to their specific source environments, and 2) the

extent to which microenvironmental variation influences the

expression of adaptive traits and masks the ability to

detect genetic differences for these traits in traditional

progeny tests.

Associations of adaptive traits derived from principal

components analysis were similar between the two

populations, two test sites within each population and the

two test years. Principal components analysis (PCA)

resulted in two consistent suites of adaptive traits which

showed the greatest variation among families: PC-i, an

association of phenology and spring cold hardiness traits;

and PC-2, an association comprised primarily of fall cold

hardiness traits. PC-i was significantly related to both

location and modelled climatic variables in the coastal

zone, but was not significantly related to either set of

parent-tree variables in the Cascade zone. PC-2 was related

to both location and climatic variables in both the coastal

and Cascade zones.

Thus, despite the fact that the breeding zones included

in this study are fairly small, family differences in

adaptive traits were found to be significant, although weak.

Transfer of seed along the steepest gradients within these
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zones (elevation and distance to the ocean) may result in

some loss of productivity. Climate change effects may vary

among families within the breeding zones, resulting in

greater losses to some families than to others. Within

breeding zones, knowledge of adaptive variation among

families may also be used to choose sources for particularly

severe planting sites.

Adaptive traits measured in individual trees planted on

environmentally heterogeneous test sites were found to be

affected by the within-site variability. Thus, in studies

concerned with the quantification of adaptive trait

variation, test site design is an important consideration.

Site designs for the progeny tests used in this study were

sufficient to account for microenvironmental variability.

The results of this study document adaptive variation

found in trees less than ten years old. Although selection

against unsuitable phenotypes often occurs early on in the

life of an organism, long term field tests are needed to

understand the adaptive consequences (biological and

economical) of genetic differences in adaptive traits as

measured on trees in progeny tests or in the laboratory.
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APPENDIX 1

Location of Oregon coastal and Cascade breeding zones
included in this study.
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APPENDIX 2

A: Parent tree and test site locations - coastal breeding
zone.
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APPENDIX 2 (CONT.)

B: Parent tree and test site locations Cascade breeding
zone.
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APPENDIX 3
A: Locations and site topography of parent trees utilized in
the Coast Range.

Treed
Elevation

(m)

Aspect
(°)

- Slope
(%)

Distance
(1cm)

3 133 256 60 6.4
15 200 270 45 8

17 267 150 43 19.2
23 67 36 27 11.2
24 133 267 50 11.2
30 242 338 30 10.4
63 277 250 60 19.2
140 242 309 37 17.6
141 133 108 35 17.6
149 133 180 60 4.8
153 333 90 45 19.2
198 117 160 25 8

235 283 330 10 35.2
561 147 90 40 48.8
655 217 265 45 8

662 133 246 1 8

673 317 330 5 12.8
674 267 352 1 12.8
675 183 193 5 11.2
676 175 102 25 11.2
682 275 285 40 8.8
683 258 306 10 8.8
684 283 224 21 4

687 267 150 55 3.2
689 333 87 10 3.2
690 292 213 25 1.6
692 308 325 20 21.6
693 200 180 25 21.6
706 150 300 10 35.2
863 250 270 70 38.4
1202 342 196 - 20 5.6
1207 225 234 8 11.2
1208 242 267 10 11.2
1210 308 230 34 12.8
1273 183 268 11 32
1274 183 20 23 32
1276 333 158 36 25.6
1286 200 1 25 35.2
1305 233 325 5 31.2
1306 275 40 58 27.2
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APPENDIX 3 (CONT.)
B: Locations and site topography of parent trees utilized in
the Cascades.

Tree # Elevation (m) Aspect (°) Slope (%)
8.4 567 300 45
8.5 583 290 25
8.6 633 154 22
8.7 617 88 17
12.2 587 180 18
13.2 833 127 10
13.3 830 110 18
14.1 758 195 31
14.3 730 173 0

15.1 730 246 60
23.1 400 312 9

23.2 400 340 4

28.1 508 200 30
28.2 517 180 1

28.3 550 180 2

30.1 492 310 45
31.2 463 133 16
32.1 300 256 20
32.2 300 275 5

32.3 300 256 30
34.1 533 0 15
34.2 517 300 9

34.3 500 25 15
38.1 380 358 15
38.3 375 20 18
38.5 400 320 30
65.1 650 133 0

65.2 650 355 5

65.3 650 355 5

65.4 700 291 10
65.5 673 249 7

65.6 683 249 8

65.7 683 337 15
66.1 593 195 8

66.2 583 195 11
67.1 575 214 15
67.2 583 214 30
73.1 430 235 22
73.2 433 120 14
73.3 420 258 25
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A: Mean monthly temperature and precipitation (from modelled
data) for the coastal zone test sites.
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APPENDIX 4 (CONT.)

B: Mean monthly temperature and precipitation (from modelled
data) for the Cascade zone test sites.
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APPENDIX 5

A: Geographic and topographic distributions of parent trees
sampled within the coastal breeding zone.

- IS

0.1 -

150

aspect

15 30

distance (km)

300 460 600

- 16

-5

71

20

-10

0.3 -

-10 0.25 - 10

0.2 - -a 0.20

-6 0.15 -6 C

0.1 -' 0.10- -4

-2 -2

- 10

-6



15 30 45

slope (%)

APPENDIX 5 (CONT.)

B: Geographic and topographic distributions of parent trees
sampled within the Cascade breeding zone.
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APPENDIX 5 (CONT.)

C: Estimated correlations between location and climatic variables - coastal zone.

ELEV ASPECT SLOPE DIST JANTEMP JULTEMP T RANGE ARIDITY
ELEV 1.00

ASPECT 0.21 1.00

SLOPE -0.06 -0.23 1.00

DIST -0.08 -0.14 0.02 1.00

JANTEMP -0.43 -0.18 0.27 -0.21 1.00

JULTEMP -0.42 -0.27 0.20 0.57 0.60 1.00

T RANGE -0.08 -0.14 -0.04 0.92 -0.28 0.58 1.00

ARIDITY 0.10 0.15 -0.28 0.34 0.01 0.21 0.32 1.00



APPENDIX 5 (CONT.)

D: Estimated correlations between location and climatic variables- Cascade zone.

ELEV ASPECT SLOPE JANTEMP JULTEMP T RANGE ARIDITY TCI
ELEV 1.00

ASPECT -0.15 1.00

SLOPE -0.04 0.08 1.00

JANTEMP -0.93 0.03 -0.01 1.00

JULTEMP -0.92 0.02 -0.02 0.99 1.00

T RANGE -0.31 0.14 0.03 0.24 0.30 1.00

ARIDITY 0.77 0.01 -0.03 -0.80 -0.83 -0.26 1.00

TCI 0.06 -0.11 0.20 -0.13 -0.15 -0.15 0.04 1.00



APPENDIX 6

A: Results of principal components analysis for Canal Creek
1992-1993 data.

Elgenvalues and the proportion of total trait variation
accounted for by the first five principal components.

75

Eigenvectors (coefficients for each trait) for the first
five principal components.

PC Eigenvalue Difference Proportion Cumulative

PC-i 6.70 3.25 0.42 0.42
PC-2 3.45 2.02 0.22 0.63
PC-3 1.43 0.28 0.09 0.72
PC-4 1.15 0.46 0.07 0.80
PC-5 0.69 0.03 0.04 0.84

TRAIT PC-i PC-2 PC-3 PC-4 PC-5

lIT 0.09 0.05 -0.19 0.81 -0.03
BS 92 0.32 -0.04 -0.21 -0.17 0.28
EP 92 -0.30 0.20 0.07 0.03 -0.26
NEED 992 0.08 0.33 0.32 0.28 -0.05
ST( 992 0.23 0.15 0.24 -0.09 -0.75
NP 992 0.17 0.19 0.57 0.12 0.37
INT 992 0.26 0.23 0.35 0.00 0.16
NEED1O92 0.08 0.34 -0.43 0.20 -0.08
ST(iO92 0.16 0.40 -0.23 0.00 0.19
NP 1092 0.18 0.35 -0.23 -0.24 0.01
INT 1092 0.11 0.42 -0.09 -0.29 -0.10
NEED 493 -0.32 0.16 0.12 -0.15 0.10
STEM 493 -0.33 0.19 0.01 -0.06 0.03
NP 493 -0.33 0.20 0.00 0.09 0.13
INT 493 -0.32 0.22 -0.04 -0.05 0.19
BB 93 0.36 -0.10 -0.04 -0.07 0.10
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B: Principal components analysis results for Canal Creek
1993-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 5.50 1.22 0.32 0.32
PC-2 4.28 2.53 0.25 0.58
PC-3 1.76 0.61 0.10 0.68
PC-4 1.15 0.23 0.07 0.75
PC-5 0.92 0.02 0.05 0.80

TRAIT PC-i PC-2 PC-3 PC-4 PC-5
HT 0.12 0.01 0.35 -0.10 0.77
BS 93 0.36 -0.15 0.04 0.19 -0.19
EP 93 -0.32 0.08 -0.23 -0.31 0.09
SFP 93 -0.04 0.06 0.50 0.10 0.16
NEED 993 0.10 0.34 -0.38 -0.07 0.20
STEM 993 0.16 0.32 -0.25 0.29 0.03
NP 993 0.26 0.29 0.03 0.25 0.01
INT 993 0.24 0.30 -0.11 0.33 0.25
NEED1O93 0.17 0.29 -0.16 -0.45 -0.03
STEM1O93 0.22 0.25 0.06 -0.39 -0.16
NP 1093 0.20 0.16 0.41 -0.33 -0.16
INT 1093 0.36 0.15 0.14 -0.11 -0.21
NEED 494 -0.25 0.29 0.04 0.12 -0.13
STEM 494 -0.27 0.30 0.12 0.21 -0.11
NP 494 -0.23 0.22 0.31 0.17 -0.28
INT 494 -0.21 0.35 0.16 -0.01 -0.02
BB 94 0.34 -0.19 0.04 0.15 -0.18
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C: Principal components analysis results for Canal Creek
1992-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 11.52 4.33 0.36 0.36

PC-2 7.19 4.91 0.22 0.58

PC-3 2.28 0.49 0.07 0.66

PC-4 1.79 0.38 0.06 0.71

PC-5 1.41 0.12 0.04 0.76
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D: Principal components analysis results for Canal Creek
1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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TRAIT PC-i PC-2 PC-3 PC-4 PC-5
HT 0.07 0.04 - 0.12 0.06 0.44
BS 92 0.24 -0.01 -0.16 0.18 0.14
EP 92 -0.22 0.13 0.10 -0.13 -0.15
NEED 992 0.06 0.17 0.29 -0.28 0.00
STEM 992 0.17 0.04 0.33 -0.11 -0.18
NP 992 0.12 0.07 0.37 0.07 -0.16
INT 992 0.20 0.12 0.24 0.01 -0.16

NEED1O92 0.06 0.23 -0.05 -0.26 0.45
STEM1O92 0.12 0.26 -0.02 -0.19 0.21
NP 1092 0.15 0.25 -0.05 -0.02 -0.07
INT 1092 0.09 0.30 0.07 0.01 -0.11
NEED 493 -0.25 0.11 0.04 0.02 -0.08
STEM 493 -0.25 0.15 0.02 0.08 -0.12
NP 493 -0.24 0.14 0.01 0.02 -0.08
INT 493 -0.23 0.17 -0.08 0.03 -0.15
BB 93 0.28 -0.06 -0.06 0.07 0.02
BS 93 0.27 -0.03 -0.10 0.11 0.06
EP 93 -0.24 -0.01 -0.01 -0.26 -0.18
SFP 93 -0.02 0.01 0.28 0.36 0.07
NEED 993 -0.01 0.27 -0.33 -0.16 -0.02
STEM 993 0.04 0.24 -0.31 0.16 -0.20
NP 993 0.10 0.25 -0.14 0.30 -0.12
INT 993 0.08 0.26 -0.23 0.24 -0.12
NEED1O93 0.07 0.29 -0.03 -0.33 0.12
STEM1O93 0.09 0.25 0.08 -0.06 -0.12
NP 1093 0.11 0.18 0.35 0.08 -0.05
NEED 494 -0.20 0.14 0.04 0.10 0.28
STEM 494 -0.22 0.14 0.05 0.26 0.11
NP 494 -0.17 0.09 0.17 0.32 0.19
INT 494 -0.18 0.20 0.08 0.13 0.31
BB 94 0.27 -0.06 -0.06 0.06 0.04
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E: Principal components analysis results for Flynn Table
1992-1993 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five rincia1 comDonents.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 8.05 5.31 0.50 0.50
PC-2 2.74 1.24 0.17 0.67
PC-3 1.50 0.48 0.09 0.77
PC-4 1.02 0.38 0.06 0.83
PC-5 0.64 0.06 0.04 0.87

TRAIT PC-i PC-2 PC-3 PC-4 PC-5

HT 0.07 -0.08 0.41 0.78 -0.01

BS 92 0.26 -0.16 -0.35 -0.07 0.23
EP 92 -0.30 0.11 0.24 0.13 0.01
BB 93 0.32. -0.14 -0.05 -0.10 -0.02
NEED 992 0.08 0.37 -0.51 0.30 0.01
STEM 992 0.23 0.29 0.02 0.14 0.62
NP 992 0.22 0.29 0.07 -0.05 -0.57
INT 992 0.29 0.16 0.12 -0.17 -0.03
NEED1O92 0.14 0.41 -0.30 0.29 -0.14
STEM1O92 0.23 0.22 0.36 -0.14 0.36
NP 1092 0.24 0.26 0.29 -0.07 -0.26
INT 1092 0.29 0.18 0.21 -0.26 0.03
NEED 493 -0.26 0.30 -0.06 -0.14 -0.03
STEM 493 -0.30 0.24 0.13 -0.03 0.08
NP 493 -0.29 0.27 0.02 -0.09 0.07
INT 493 -0.30 0.26 0.01 -0.15 0.11
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F: Principal components analysis results for Flynn Table
1993-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five princital components.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 7.41 3.86 0.44 0.44
PC-2 3.55 1.78 0.21 0.64
PC-3 1.77 0.81 0.10 0.75
PC-4 0.96 0.23 0.06 0.81
PC-5 0.73 0.07 0.04 0.85

TRAIT PC-i PC-2 PC-3 PC-4 PC-5

HT 0.06 -0.05 0.51 0.40 0.28
BS 93 0.23 -0.03 -0.23 0.46 0.49
EP 93 -0.31 0.15 0.18 -0.11 -0.14
SFP 93 0.04 0.02 0.47 -0.60 0.53
NEED 993 0.17 0.36 -0.22 -0.05 0.23
STEM 993 0.26 0.26 -0.08 0.02 0.21
NP 993 0.31 0.18 -0.04 -0.21 -0.04
INT 993 0.30 0.17 -0.15 -0.17 0.02
NEED1O93 0.16 0.36 -0.10 -0.02 -0.12
STEM1O93 0.21 0.29 0.26 0.12 -0.35
NP 1093 0.14 0.20 0.48 0.27 -0.06
INT 1093 0.29 0.20 0.16 -0.06 -0.32
NEED 494 -0.24 0.29 -0.09 -0.20 0.14
STEM 494 -0.28 0.31 -0.01 0.09 0.07
NP 494 -0.27 0.31 -0.04 0.09 0.12
INT 494 -0.26 0.34 -0.06 0.18 0.08
BB 94 0.33 -0.18 -0.08 -0.06 0.04
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G: Principal components analysis results for Flynn Table
1992-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.
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PC Eigenva].ue Difference Proportion Cumulative

PC-i 14.98 9.31 0.47 0.47

PC-2 5.67 2.83 0.18 0.65

PC-3 2.84 1.50 0.09 0.73

PC-4 1.34 0.12 0.04 0.78

PC-5 1.22 0.20 0.04 0.81
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H: Principal components analysis results for Flynn Table
1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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TRAIT PC-i PC-2 PC-3 PC-4 PC-5
0.05 -0.04 0.25 0.56 -0.20

BS 92 0.19 -0.05 -0.28 0.13 0.22

NEED 992 0.07 0.27 -0.21 -0.11 -0.43

STEM 992 0.16 0.19 0.09 0.05 -0.04
NP 992 0.16 0.16 0.14 -0.27 0.03
INT 992 0.20 0.06 0.13 -0.26 0.06
NEED1O92 0.11 0.30 -0.08 -0.06 -0.37
STEM1O92 0.16 0.09 0.33 -0.08 0.07
NP 1092 0.17 0.11 0.27 -0.16 0.06
INT 1092 0.21 0.08 0.19 -0.22 0.13

NEED 493 -0.19 0.21 -0.05 -0.21 0.14
STEM 493 -0.22 0.16 0.09 -0.02 0.16
NP 493 -0.21 0.19 0.02 -0.04 0.13
INT 493 -0.21 0.18 0.01 -0.06 0.19
BB 93 0.24 -0.11 -0.07 -0.03 0.11
BS 93 0.16 -0.04 -0.23 0.25 0.37
EP 93 -0.23 0.08 0.13 0.06 -0.16
SFP 93 0.02 0.04 0.32 0.09 0.22
NEED 993 0.09 0.27 -0.28 0.15 0.06
STEM 993 0.16 0.19 -0.16 0.28 0.18
INT 993 0.20 0.17 -0.15 -0.08 0.08
NEED1O93 0.09 0.31 -0.18 0.10 -0.25

5TEM1093 0.13 0.27 0.18 0.17 -0.07
NP 1093 0.09 0.19 0.31 0.33 0.12
INT 1093 0.19 0.20 0.12 0.00 0.02
NEED 494 -0.18 0.20 -0.07 -0.17 0.17
STEM 494 -0.21 0.19 -0.02 0.08 0.15
NP 494 -0.20 0.19 -0.04 0.03 0.15
INT 494 -0.20 0.21 -0.08 0.11 0.11
BB94 0.24 -0.10 -0.05 -0.03 0.02
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I: Principal components analysis results for House Mountain
1992-1993 data.

Elgenvalues and the proportion of total trait variation
accounted for by the first five principal components.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 5.52 0.97 0.34 0.34
PC-2 4.55 3.26 0.28 0.63
PC-3 1.29 0.27 0.08 0.71
PC-4 1.02 0.17 0.06 0.77
PC-5 0.85 0.19 0.05 0.83

TRAIT PC-i PC-2 PC-3 PC-4 PC-5

HT -0.07 0.23 0.53 0.22 0.58
BS 92 0.36 -0.07 0.11 0.01 0.22
EP 92 -0.05 0.25 0.48 -0.36 -0.28
NEED 992 0.10 0.31 -0.41 -0.27 0.32
STEM 992 0.23 0.23 -0.11 -0.43 -0.2
NP 992 0.33 0.12 0.17 -0.25 -0.03
INT 992 0.33 0.19 0.28 0.11 0.03
NEED1O92 0.16 0.34 -0.35 0.02 0.2
STEMi.092 0.22 0.31 0.06 0.12 -0.39
NP 1092 0.07 0.30 -0.21 0.34 0.06
INT 1092 0.24 0.20 -0.01 0.54 -0.33
NEED 493 -0.10 0.38 0.03 -0.08 0.22
STEM 493 -0.30 0.27 0.03 -0.02 -0.14
NP 493 -0.33 0.20 -0.02 0.22 -0.1
INT 493 -0.36 0.19 -0.06 -0.04 -0.1
BB 93 0.31 -0.23 -0.09 0.08 0.01
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J: Principal components analysis results for House Mountain
1993-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.
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Eigenvectors (coefficients for each trait) for the first
five principal components.

PC Eigenvalue Difference Proportion Cumulative

PC-i 6.11 2.49 0.36 0.36

PC-2 3.62 2.08 0.21 0.57

PC-3 1.55 0.4 0.09 0.66

PC-4 1.14 0.22 0.07 0.73

PC-s 0.93 0.02 0.05 0.79

TRAIT PC-i. PC-2 PC-3 PC-4 PC-s

HT -0.09 0.22 0.39 0.49 -0.19

BS 93 0.22 -0.23 0.27 0.23 0.35

EP 93 -0.23 0.26 -0.36 -0.03 -0.35

SFP 93 0.29 0.16 -0.21 0.22 -0.22

NEED 993 0.22 0.33 -0.02 -0.34 0.27

STEM 993 0.32 0.22 -0.16 0.11 0.01

NP 993 0.32 0.16 -0.29 0.11 0.02

INT 993 0.31 0.10 -0.27 0.25 0.08

NEED1O93 0.17 0.33 0.29 -0.40 0.19

STEM1O93 0.19 0.30 0.09 0.20 -0.03

NP 1093 0.13 0.06 0.41 0.07 -0.53

INT 1093 0.25 0.20 0.23 -0.20 -0.17

NEED 494 -0.17 0.31 0.25 -0.14 0.02

STEM 494 -0.25 0.35 -0.11 0.02 0.13

? 494 -0.25 0.21 0.05 0.36 0.3

INT 494 -0.26 0.26 0.03 0.22 0.3

BB 94 0.31 -0.18 0.160 0.14 0.21
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K: Principal components analysis results for House Mountain
1992-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.
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PC
J
Eigenvalue Difference Proportion Cumulative

PC-i 10.55 3.48 0.33 0.33

PC-2 7.070 4.55 0.22 0.55

PC-3 2.520 0.61 0.08 0.63

PC-4 1.910 0.38 0.06 0.69

PC-5 1.530 0.16 0.05 0.74
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L: Principal components analysis results f or House Mountain
1992-1994 data.

Elgenvectors (coefficients for each trait) for the first
five principal components.
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TRAIT PC-]. PC-2 PC-3 PC-4 PC-5

HT -0.07 0.15 -0.15 0.23 0.43
BS 92 0.24 -0.01 -0.24 0.03 0.04
EP 92 -0.08 0.15 -0.05 0.44 -0.12
NEED 992 0.01 0.26 -0.17 -0.25 -0.3
ST( 992 0.14 0.23 0.01 0.06 -0.35
NP 992 0.20 0.11 -0.17 0.28 -0.27
INT 992 0.20 0.17 -0.21 0.20 0.11
NEED1O92 0.05 0.29 -0.22 -0.26 -0.08
ST1092 0.12 0.26 -0.07 0.20 0.06
NP 1092 0.01 0.21 -0.18 0.05 -0.05
INT 1092 0.17 0.20 -0.09 0.05 0.23
NEED 493 -0.12 0.28 -0.10 0.03 0.04
ST 493 -0.24 0.15 0.04 0.10 0.02
NP 493 -0.23 0.12 0.16 -0.02 0.17
INT 493 -0.27 0.11 0.13 -0.01 0.04
BB 93 0.25 -0.13 -0.08 -0.16 0.05
BS 93 0.20 -0.13 -0.13 0.11 0.18
EP 93 -0.21 0.15 0.17 0.16 -0.24
SEP 93 0.18 0.13 0.29 0.17 -0.13
NEED 993 0.13 0.22 0.20 -0.32 -0.06
ST( 993 0.20 0.15 0.32 0.04 0.01
NP 993 0.20 0.10 0.36 0.08 -0.08
INT 993 0.19 0.06 0.37 0.13 0.06
NEED1O93 0.11 0.25 -0.04 -0.39 0.03
STilO93 0.11 0.22 0.16 0.05 0.32
NP 1093 0.11 0.13 -0.25 0.16 0.01
INT 1093 0.16 0.16 0.12 -0.18 0.33
NEED 494 -0.13 0.23 -0.14 -0.11 0.06
STEM 494 -0.22 0.19 0.07 -0.03 -0.08
NP 494 -0.19 0.10 -0.04 0.08 0.2
INT 494 -0.21 0.11 -0.08 -0.06 0.11
BB 94 0.25 -0.09 -0.04 0.02 0.04
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M: Principal components analysis results for Prospect
Mountain 1992-1993 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 5.41 2.02 0.34 0.34

PC-2 3.39 1.86 0.21 0.55

PC-3 1.54 0.19 0.1 0.65

PC-4 1.35 0.33 0.08 0.73

PC-5 1.02 0.29 0.06 0.79

TRAIT PC-i PC-2 PC-3 PC-4 PC-5

HT 0.22 0.08 0.22 0.10 -0.71

BS 92 -0.05 -0.12 0.08 0.62 0.36

EP 92 0.28 0.14 0.21 -0.14 0.22

NEED 992 0.02 0.43 -0.17 -0.14 0.27

STEM 992 -0.04 0.43 -0.16 -0.15 0.07

NP 992 -0.16 0.36 -0.14 0.16 -0.38

IN'I' 992 -0.11 0.45 -0.23 0.03 -0.03

NEED1O92 -0.17 0.31 0.42 -0.03 0.24

STEM1O92 -0.22 0.13 0.53 -0.15 0.02

NP 1092 -0.04 0.15 -0.05 0.66 0.03

INT 1092 -0.28 0.20 0.33 0.14 -0.17

NEED 493 0.30 0.010 0.36 0.07 0.06

STEM 493 0.38 0.17 -0.05 0.02 0.04

NP 493 0.38 0.13 -0.04 0.16 0.02

INT 493 0.39 0.16 -0.10 0.06 0.01

BB 93 -0.37 0.01 -0.25 -0.02 -0.01
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N: Principal components analysis results f or Prospect
Mountain 1993-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five irincilDal components.

Eigenvectors (coefficients f or each trait) for the first
five principal components.
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PC Bigenvalue Difference Proportion Cumulative

PC-i 7.12 4.3 0.42 0.42

PC-2 2.82 1.53 0.17 0.58

PC-3 1.28 0.21 0.08 0.66

PC-4 1.08 0.23 0.06 0.72

PC-5 0.85 0.1 0.05 0.77

TRAIT PC-i PC-2 PC-3 PC-40 PC-5

HT -0.11 0.23 0.39 0.01 0.74

BS 93 0.23 -0.26 0.06 -0.18 0.34

EP 93 -0.19 0.06 -0.08 0.67 0.15

SFP 93 -0.03 0.32 0.57 -0.09 -0.23

NEED 993 0.14 0.39 -0.2 0.09 -0.12

STEM 993 0.24 0.29 0.35 -0.02 -0.07

NP 993 0.28 0.18 -0.01 0.22 -0.09

INT 993 0.27 0.15 -0.08 0.25 0.28

NEEDiO93 0.16 0.32 -0.45 -0.26 0.15

STEM1O93 0.27 0.30 0.04 -0.24 -0.1

NP 1093 0.24 0.11 0.09 0.35 -0.2

INT i093 0.31 0.10 -0.25 -0.01 0.08

NEED 494 -0.24 0.32 -0.17 -0.24 0.18

STEM 494 -0.33 0.20 -0.02 -0.08 -0.01

NP 494 -0.29 0.21 -0.14 -0.14 -0.07

INT 494 -0.31 0.15 0.06 -0.02 -0.18

BB 94 0.28 -0.22 0.17 -0.25 -0.03
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0: Principal components analysis results f or Prospect
Mountain 1992-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components.
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PC Eigenvalue Difference Proportion Cumulative

PC-i 11.73 7.32 0.37 0.37

PC-2 4.41 1.32 0.14 0.50

PC-3 3.10 1.28 0.10 0.60

PC-4 1.81 0.15 0.06 0.66

PC-5 1.66 0.47 0.05 0.71

PC-5 1.66 0.47 0.05 0.71
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P: Principal components analysis results for Prospect
Mountain 1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components.
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TRAIT PC-i PC-2 - PC-3 PC-40 PC-5
-0.11 0.14 -0.10 -0.20 0.25

BS 92 0.04 -0.08 -0.10 0.360 0.19
EP 92 -0.18 0.17 -0.03 -0.09 -0.03
NEED 992 -0.03 0.25 0.36 0.11 -0.17
STEM 992 0.02 0.26 0.36 -0.22 -0.07
NP 992 0.09 0.20 0.28 0.05 0.15
INT 992 0.07 0.23 0.42 0.06 -0.01
NEED1O92 0.11 0.33 0.25 -0.24 -0.12
STEM1O92 0.17 0.19 -0.12 -0.02 -0.24
NP 1092 0.03 0.07 0.130 0.33 0.5
INT 1092 0.21 0.21 -0.01 0.16 0.02
NEED 493 -0.18 0.20 -0.20 0.13 -0.02
STEM 493 -0.25 0.15 0.06 -0.04 0.05
NP 493 -0.24 0.12 0.04 0.01 0.2
INT 493 -0.26 0.12 0.09 -0.04 0.1
BB 93 0.24 -0.11 0.20 -0.06 -0.08
BS 93 0.19 -0.06 0.21 -0.01 -0.12
EP 93 -0.16 0.11 0.10 0.16 0.09
SFP 93 -0.04 0.19 -0.02 -0.44 0.16
NEED 993 0.09 0.32 -0.11 0.08 -0.05
STEM 993 0.16 0.17 -0.18 -0.38 0.13
NP 993 0.20 0.16 -0.05 -0.07 0.21
INT 993 0.18 0.20 -0.04 -0.10 0.03
NEED1O93 0.12 0.21 -0.30 0.22 -0.22
STEM1O93 0.19 0.19 -0.25 -0.19 0
NP 1093 0.16 0.10 -0.12 0.07 0.44
INT 1093 0.23 0.10 -0.12 0.14 0.09
NEED 494 -0.20 0.21 -0.16 0.07 -0.19
STEM 494 -0.26 0.11 -0.03 -0.04 -0.07
NP 494 -0.23 0.10 -0.08 0.07 -0.08
INT 494 -0.24 0.07 0.04 -0.03 0.04
BB 94 0.23 -0.09 0.14 -0.15 -0.04
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Q: Principal components analysis results for House Mountain
(separate sets) 1992-1994 data.

Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components -

2.
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Eigenvalues and the proportion of total trait variation
accounted for by the first five principal components -

3.

PC Eigenvalue Difference Proportion Cumulative

Pc-i 11.23 3.95 0.35 0.35

Pc-2 7.280 4.49 0.23 0.58

Pc-3 2.790 0.88 0.09 0.67

Pc-4 1.910 0.09 0.06 0.73

Pc-5 1.820 0.34 0.06 0.78

TRAIT Eigenvalue Difference Proportion Cumulative

PC-i 11.45 4.88 0.36 0.36

PC-2 6.56 3.75 0.2]. 0.56

PC-3 2.86 0.59 0.09 0.65

PC-4 2.23 0.24 0.07 0.72

PC-5 1.99 0.44 0.06 0.78
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R: Principal components analysis results for House Mountain
(separate sets) 1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components - set 2.
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TRAIT PC-i PC-2 PC-3 PC-4 PC-5
HT -0.15 0.12 -0.19 -0.10 -0.18

BS 92 0.22 -0.03 -0.20 0.34 0.01
EP 92 -0.22 -0.01 0.14 -0.07 0.01
NEED 992 0.00 0.30 -0.12 0.17 0.22

STEM 992 0.13 0.16 0.12 -0.10 -0.04
NP 992 0.20 0.01 0.18 0.04 0.25
INT 992 0.17 0.15 -0.26 -0.29 -0.13

NEED1O92 0.03 0.30 -0.21 0.12 0.09
STEM1O92 0.12 0.21 0.12 -0.07 0.18
NP 1092 -0.03 0.18 -0.11 -0.02 0.55
INT 1092 0.20 0.21 -0.06 -0.19 -0.08
NEED 493 -0.14 0.25 -0.12 0.05 -0.19
STEM 493 -0.25 0.11 0.10 -0.01 -0.06
NP 493 -0.25 0.12 0.01 -0.14 -0.13

INT 493 -0.26 0.10 0.13 0.02 -0.06
BB 93 0.24 -0.10 -0.13 0.11 -0.13
BS 93 0.16 -0.18 -0.05 0.27 0.04
EP 93 -0.23 0.12 0.19 -0.17 0.18
SFP 93 0.14 0.19 0.23 0.00 0.00
NEED 993 0.14 0.25 0.01 0.21 -0.11
STEM 993 0.18 0.19 0.26 0.06 -0.10
NP 993 0.19 0.13 0.28 0.09 -0.08
INT 993 0.14 0.09 0.42 0.06 -0.06
NEED1O93 0.10 0.31 -0.17 0.17 -0.04
STEM1O93 0.11 0.29 0.22 -0.05 0.00
NP 1093 0.02 0.10 -0.26 -0.18 0.45
INT 1093 0.13 0.21 -0.11 -0.34 -0.20
NEED 494 -0.11 0.18 -0.26 0.19 -0.30
STEM 494 -0.23 0.14 0.06 0.25 -0.01
NP 494 -0.22 0.08 0.10 0.31 0.06
INT 494 -0.22 0.08 -0.03 0.31 0.04
BB 94 0.25 -0.11 -0.04 0.15 0.00
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5: Principal components analysis results for House Mountain
(separate sets) 1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components - set 3.

93

TRAIT
j

PRIN1 PRIN2 PRIN3 PRIN4 PRIN5

HT -0.08 -0.04 0.09 0.31 0.31
BS 92 0.24 -0.03 -0.18 0.07 0.03
EP 92 -0.07 0.14 0.06 -0.33 0.16
NEED 992 -0.02 0.25 -0.35 -0.16 0.10
STEM 992 0.11 0.30 -0.12 -0.18 0.11
NP 992 0.19 0.12 -0.24 -0.21 -0.05
INT 992 0.21 0.14 -0.15 0.04 0.06
NEED1O92 0.03 0.29 -0.33 0.10 -0.04
STEM1O92 0.07 0.31 0.02 0.1]. -0.01
NP 1092 -0.01 0.19 -0.09 0.15 -0.43
INT 1092 0.07 0.20 0.14 0.19 -0.40
NEED 493 -0.21 0.20 -0.06 0.00 0.10
STEM 493 -0.24 0.13 0.06 0.06 -0.20
NP 493 -0.20 0.15 0.22 0.11 -0.25
INT 493 -0.26 0.11 0.1]. 0.11 -0.07
BB 93 0.27 -0.07 -0.08 0.].1 0.01
BS 93 0.23 -0.10 -0.02 0.13 0.11
EP 93 -0.20 0.13 0.11 -0.33 0.04
SFP 93 0.18 0.12 0.27 -0.24 0.02
NEED 993 0.09 0.30 0.12 -0.04 0.15
STEM 993 0.19 0.16 0.31 -0.10 0.01
NP 993 0.18 0.14 0.33 -0.17 0.05
INT 993 0.21 0.08 0.34 0.01 -0.01
NEED1O93 0.11 0.29 -0.18 0.15 0.15
STEM1O93 0.07 0.11 0.19 0.33 0.28
NP 1093 0.13 0.11 -0.06 0.15 -0.34
INT 1093 0.19 0.20 0.13 0.27 0.13
NEED 494 -0.20 0.19 -0.08 0.06 0.12
STEM 494 -0.21 0.22 0.05 -0.10 0.08
NP 494 -0.19 -0.03 -0.02 0.26 0.29
INT 494 -0.22 0.13 0.07 0.18 0.11
BB94 0.25 -0.05 0.03 0.04 0.03
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T: Principal components analysis results for ProspectMountain (separate sets) 1992-1994 data.

Eigenva1ue and the proportion of total trait variationaccounted f or by the first five principal components -2.

Eigenva1u5 and the proportion of total trait variationaccounted for by the first five principal components -3.

ITRAIT Eigenvalu Difference
J

PC-i

PC -2

PC -3

PC -4

PC -5

94

Eigenvalu Difference J Proportion I Cumulative I
PC-i 12 . 11 6.51 0.38 0.38
PC -2 5 .60 2.86 0 . 17 0 .55
PC -3 2.74 0 .54 0. 09 0.64
PC -4 2.20 0.13 0.07 0.71
PC -5 2.07 0.68 0.06 0 . 77

Proportion
J Cumulative

12.87 6.86 0.40 0.40
6.01 3.63 0 . 19 0.59
2.38 0.50 0.07 0.66
1.87 0.16 0.06 0 . 72

1.72 0.23 0.05 0.78
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U: Principal components analysis results for Prospect
Mountain (separate sets) 1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components - set 2.

95

TRAIT PC-]. PC-2 PC-3 PC-4 PC-5

HT -0.14 0.22 0.15 0.18 -0.15
BS 92 0.22 -0.04 0.00 -0.07 0.14
EP 92 -0.19 0.12 0.07 0.15 -0.33
NEED 992 0.11 0.27 -0.22 -0.10 0.07
STEM 992 0.18 0.11 0.31 0.07 -0.10
NP 992 0.15 0.16 -0.11 -0.02 -0.21
INT 992 0.19 0.18 -0.15 0.10 0.00
NEED1O92 0.16 0.26 -0.22 -0.12 -0.04
STEM1O92 0.15 0.01 0.10 0.09 0.28
NP 1092 0.04 0.19 -0.04 -0.17 -0.44
INT 1092 0.17 0.24 -0.10 0.22 0.05
NEED 493 -0.17 0.24 -0.03 -0.09 0.20
STEM 493 -0.25 0.11 -0.03 0.17 0.09
NP 493 -0.22 0.17 0.03 0.26 0.00
INT 493 -0.25 0.14 0.02 0.21 0.07
BB 93 0.25 -0.10 0.14 0.01 0.07
BS 93 0.24 -0.05 0.18 0.21 0.04
EP 93 -0.08 0.10 -0.32 0.31 -0.19
SFP 93 -0.12 0.24 0.32 0.01 -0.06
NEED 993 0.07 0.24 -0.11 -0.42 -0.03
STEM 993 0.01 0.17 0.45 -0.08 0.00
NP 993 0.10 0.27 -0.10 0.31 0.21
INT 993 0.18 0.15 0.04 0.31 0.06
NEED1O93 0.08 0.25 -0.17 -0.18 0.29
STEM1O93 0.08 0.20 0.40 -0.16 0.09
NP 1093 0.07 0.23 0.07 -0.15 -0.39
INT 1093 0.22 0.19 0.06 0.10 0.11
NEED 494 -0.18 0.19 0.05 -0.21 0.28
STEM 494 -0.26 0.04 0.06 -0.07 0.15
NP 494 -0.23 0.07 0.04 0.00 0.08
INT 494 -0.24 0.06 0.06 -0.08 0.08
BB 94 0.21 -0.11 0.19 0.09 -0.05
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V: Principal components analysis results for Prospect
Mountain (separate sets) 1992-1994 data.

Eigenvectors (coefficients for each trait) for the first
five principal components - set 3.
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TPAIT PC-]. PC-2 PC-3 PC-4 PC-5

HT -0.11 0.04 0.22 0.19 -0.30
BS 92 -0.02 -0.08 0.19 -0.05 0.45
EP92 -0.16 0.21 -0.19 0.04 0.03
NEED 992 0.04 0.25 -0.02 -0.18 -0.39
STEM 992 0.09 0.33 -0.01 0.16 -0.07
NP 992 0.15 0.13 0.29 -0.11 0.01
INT 992 0.14 0.20 0.27 0.05 -0.11
NEED1O92 0.06 0.34 -0.06 -0.25 -0.01
STEM1O92 0.13 0.31 0.05 0.02 -0.17
NP 1092 0.04 -0.09 0.47 0.18 0.11
INT 1092 0.21 0.18 0.20 -0.18 -0.02
NEED 493 -0.20 0.15 0.17 0.07 -0.07
STEM 493 -0.22 0.15 0.15 0.21 0.08
NP 493 -0.24 0.06 0.20 0.14 0.06
tNT 493 -0.25 0.08 0.20 0.12 0.03
BB 93 0.25 -0.12 0.06 -0.08 -0.04
BS 93 0.16 -0.08 0.22 -0.32 -0.28
EP 93 -0.22 0.14 -0.14 0.07 0.00
SFP 93 0.06 0.10 -0.37 0.01 0.13
NEED 993 0.09 0.31 0.08 0.14 0.21
STEM 993 0.18 0.16 -0.16 0.30 -0.04
NP 993 0.24 0.05 0.00 0.16 0.27
INT 993 0.15 0.20 0.04 0.33 -0.02
NEED1O93 0.05 0.25 0.04 -0.43 0.28
STEM1O93 0.20 0.22 -0.08 0.02 0.10
NP 1093 0.19 -0.03 0.10 0.21 0.08
INT 1093 0.20 0.04 0.21 -0.02 0.27
NEED 494 -0.21 0.21 0.07 -0.08 -0.02
STEM 494 -0.24 0.15 0.07 -0.04 0.05
NP 494 -0.21 0.10 -0.04 -0.22 0.31
INT 494 -0.23 0.06 0.12 -0.16 -0.01
BB 94 0.24 -0.07 0.00 -0.01 0.01



APPEIIDIX 7

A: Results of principal component regressions with parent tree variables for the coastal
population - Canal Creek test site, 1992-1994 data.

PC % TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATIC
VARIABLES

P-
VALUE

R-
SQUARE

1 36.0 bud burst (+)
bud set (+)
elongation (-)
spring damage(-)

elev (-)
dist (-)

.0422 .155 tmprange(-) .0086 .168

2 22.5 fall damage (+) dist (-)

dist2 (+)
.0065 .238 jultemp(-)

aridity(-)
.0001 .396

3 7.1 9/92 damage (+)
10/93 bud damage

(+)

9/93 damage (-)
second flush (+)

slope (+)
dist ()
slope*dist
(-)

.0255 .225 ---

4 5.6 second flush 93
(+)

dist (-) .0555 .093 tmprange(-) .0429 .104

5 4.4 10/92 needle
damage ()

height ()

--- ---
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B: Results of principal component regressions with parent tree variables for the coastalpopulation - Flynn Table test site, 1992-1994 data.

PC TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATIC
VARIABLES

P-
VALUE

R-
SQUARE

1 46.8 bud burst (+)
elongation (-)
spring damage(-)

dist (+)
dist2 (-)

.0018 .289 tmprange(-)
aridity(+)

.0038 .260

2 17.7 fall needle
damage (+)

--- --- --- jultemp(-) .0112 .158

3 8.9 October stem and
bud damage (+)

second flush ()
bud set (-)

slope ()
slope2 (-)

.0393 .160 jantemp(+)
jultemp(-)
tmprange()
aridity(-)

.0300 .258

4 4.2 height (+) --- --- --- ---

5 3.8 fall needle
damage (-)

bud set 93 (+)

--- ---
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C: Results of principal component regressions with parent tree variables f or the Cascade
population - House Mountain test site, 1992-1994 data.

PC TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATIC
VARIABLES

p-
VALUE SQUARE

1 33.0 bud burst (+)
bud set (+)
elongation93 (-)
spring damage(-)

sin(asp) (-) .0843 .076

2 22.1 fall and spring
needle damage()

fall stem damage
(+)

elev (-)
cos(asp) (-)
slope (-)

.0033 .313 jantemp(+)
jultemp (-)
aridity (-)

.0137 .253

3 7.9 9/93 damage (+) --- --- --- jultemp(-)
aridity ( -)

.0166 .199

4 6.0 fall needle
damage (-)

elongation 92
(+)

sin(asp) (+) .0019 .226 tci (-) .0146 .147

5 4.8 10/93stemand
cambium damage
(+)

--- --- --- --
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D: Results of principal component regressions with parent tree variables for the Cascade
population - Prospect Mountain test site, 1992-1994 data.

PC TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATIC
VARIABLES

p-
VALUE

R-
SQUARE

1 36.6 bud burst ()
spring damage (-)

--- --- --- jultemp (+)
aridity (+)

.0304 .172

2 13.8 fall needle
damage (+)

--- --- -- aridity (-) .0335 .114

3 9.7 September 1992
damage (+)

October 1993
needle and stem
damage (-)

elev(+)
slope () .0632 .139 tci (+) .0123 .154

4 5.7 second flush (-)
bud set 1992 (+)

--- ---

5 5.2 October bud damage
(+)

--- --- -- - tmprange(-) .0542 .094
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E: Results of principal component regressio5 with parent tree variables for the Cascade
population - House Mountain test site, set 2, 1992-1994 data.

PC TRAITS

bud burst (+)
bud set (+)

elongation (-)
spring damage
(-)

fall needle and
stem damage (+)

9/93 mt damage
(+)

10/93 mt
damage (-.)
4/94 bud and
mt damage (-i-)

bud set (i-)

October bud
damage (+)

elev (-)
cos (asp) (+)

.0978 23.9 tmprange() .0146 39.2
aridity (-)

1 35.1

2 22.7

3 8.7

4 6.0

5 5.7

elev (-)
Sin(asp) (-)

.0264 34.8 Jantemp (+)
tci (+)

.0766 26.1

elev (-) .0918 15 . 0 tmprange()
tci () .0680 27.1

slope (+) .0982 14.5

LOCATION
VARIABLES

sin(asp) (-)
sin (asp) 2(+

VALUE

.0661

SQUARE

27.4

CL IMATE
VARIABLES VALUE

R-

SQUARE
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F: Results of principal component regressions with parent tree variables f or the Cascadepopulation - House Mountain test site, set 3, 1992-1994 data.

PC TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATE
VARIABLES

P-
VALUE

R-
SQUARE

1 35.8 bud set (+)
bud burst (+)
spring damage
(-)

--- --- ---

2 20.5 fall needle and
stem damage (+)

elev (-)
cos (asp) (-)
slope (-)

.0698 34.9 jantemp (+)
jultemp (-1
aridity (-)

.0319 41.4

3 8.8 9/93 damage (+)
fall 92 needle

damage (-)

elev (+)
cos(asp)

cos(asp)*
elev (-)

.0443 38.8 tmprange(-)
tci (-)

.0078 43.5

4 7.0 height (+)
elongation (-)
10/93 stem
damage ().

--- --- ---

5 6.2 October bud and
mt damage (-)

--- ---
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G: Results of principal component regressions with parent tree variables for the Cascadepopulation - Prospect Mountain test site, set 2, 1992-1994 data.

0

PC TRAITS LOCATION
VARIABLES

P-
VALUE

R-
SQUARE

CLIMATE
VARIABLES

P-
VALUE

R-

SQUARE

1 37.8 bud burst (+)
spring damage
(-)

bud set (+)

--- --- --- ---

2 17.5 fall needle
damage (+)
second flushing
(+)

slope (-)
elev (-)

.0374 32.1 jultemp (-)
aridity (-)

.0651 27.5

3 8.5 fall 93 stem
damage (+)

--- --- --- tmprange(-)
tci (-)
tmp range *

tci (+)

.0248 43.4

4 6.9 September 1993
needle damage
(-)

--- --- --- ---

5 6.5 October bud
damage (-)

cos(asp) (-)
slope (+)

.0050 46.3 tmprange(-)
tmprange2
(+)

.0132 39.9
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H: Results of principal component regressions with parent tree variables for the Cascade
population - Prospect Mountain test site, set 3, 1992-1994 data.

PC TRAITS LOCATION
VARIABLES

P-
VALUE SQUARE

CLIMATE
VARIABLES

P-
VALUE

R-

SQUARE

1 40.2 bud burst ()
spring damage
(-)

--- --- ---

2 18.8 fall needle and
stem damage (+)

--- --- --- ---

3 7.4 second flush(-)
October 92 bud

damage (+)

sin(asp) (+)
slope (-)

.0158 38.6 jantemp (-)
jultemp (+)
tci (+)

.0145 47.3

4 5.9 October 93
needle
damage (-)

--- --- --- jantemp (+)
jultemp (+)
tmprange(-)
tci (-)
j anternp*

jultemp (-)

.0406 53.1

5 5.4 bud set 1992
(+)

--- --- --- tci (-)

tci2 ()
.0280 34.1


