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Two-year old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings

from two seed lots of different predicted hardiness levels were grown in two

separate nurseries. Seedlings were lifted every four weeks from early October

1991 through March 1992 and exposed to controlled freezing temperatures.

Fluorescence emissions of the seedlings were measured prior to freezing tests.

After freezing, seedlings were measured one and three days following each freezing

event and destructive morphological assessments were made seven days after the

freezing events. Unstressed seedlings were measured six additional test periods

from May through September 1992.

The relationship between vaiiable chlorophyll fluorescence (F,,) and stage

of development and the effects of freezing injury on F,, were determined in

Douglas-fir seedlings. Ten seedlings from each of the test temperatures were



measured for F0 (ground fluorescence), F, and Fm (maximum fluorescence)

emissions after being subjected to freezing events. There was no significant linear

relationship between the control Fv/Fm ratio and the hardening development of the

seedlings. The LT50 (lethal temperature to 50% of the seedlings) fluorescence

measurements, however, appeared to be lower when the seedlings were not

hardened off and higher once the seedlings were hardened off. FvIFm had a

significant linear relationship to needle damage and survival.
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Chlorophyll Fluorescence as a Measure of Cold Hardiness
and Freezing Stress in 1+1 Douglas-fir Seedlings:

Response to Seasonal Changes in the Nursery

INTRODUCTION

Douglas-fir is the major timber crop in the Pacific Northwest and accounted

for $4.3 billion of the Oregon state economy in 1988. To create a sustainable

resource not only for the timber industry, but for recreation and aesthetic values

as well, rapid regeneration is desired and legally required. Delays in regeneration

can make establishment of young seedlings difficult. Naturally growing vegetation

compete with Douglas-fir for nutrients, moisture, and sunlight. Regeneration

failure is costly in terms of time, labor, and materials.

Private and public nurseries in Oregon and Washington produced 232

million seedlings in 1990 for replanting 460,000 acres of cutover land (Mangold

et.al. 1991). Planting high quality seedlings ["quality" defined as the combination

of seedling traits that produce a successful field response (Rose et.al. 1990)] will

normally enhance outplanting success, especially on harsher sites. Lifting,

handling, storing, and planting techniques can alter seedling quality and affect

outplanting success. Nursery managers can reduce stress and maintain quality by

lifting and storing the seedlings when they are dormant (Cleary et.al. 1978). Cold

hardiness testing is done routinely in many nurseries to determine when the

seedlings are dormant. One cause of outplanting failure that can occur in the
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nursery when seedlings are not donnant is injury to seedlings from unexpected

freezes, either early freezes in the fall or late freezes in the spring. Some injury

can go undetected because visible damage such as needle browning may not appear

for weeks or months (Hermann 1990). Early detection of this freezing damage can

prevent these injured seedlings from being outplanted.

Nurseries use several tests to assess seedling quality. Some seedling quality

assessment tests include moiphological characteristics (height, stem diameter)

which are easy to use, but do not assess the physiological state of the seedling.

Some physiological tests such as root growth potential can be accurate predictors

of seedling quality at the time of the test (Ritchie and Tanaka 1990), but are not

quickly measured and, therefore, not useful for tracking seedling quality when

conditions change in the nursery. No one test has been found to assess total

seedling quality, and nurseries that produce high quality seedlings are often those

that combine several tests to monitor seedling health and development.

A relatively new seedling quality test that has been developed will measure

chlorophyll fluorescence emissions. This method can detect photosynthetic damage

due to environmental effects, but still requires further testing. Chlorophyll

fluorescence emissions have been used to assess the physiological state of plants

since Kautsky and Hirsch (1931) in the 1930's. Better instrumentation for in vivo

measurements has developed (Schreiber 1983; Toivonen and Vidaver 1984; Oquist

and Wass 1988) in the past decade that allows easier measuring of fluorescence in



3

the laboratory and in the field. These instruments have been used to measure many

of the stresses that alter or inhibit the photosynthetic physiology of plants:

moisture stress in white spnice (Picea glauca (Moench) Voss)(Toivonen and

Vithver 1988; Ogren 1990), high light/low temperature in Scots pine (Pinus

sylvestris L.)(Strand and Lundmark 1987; Oquist and Malmberg 1989), cold

storage in white spnice (Vithver et.al. 1989b), air pollution (Schmidt 1988), forest

decline in spnice (Picea abies) (Lichtenthaler and Rinderle 1988), and freezing

stress in spinach (Spinacia oleracea L.) and Scots pine (Krause and Somersalo

1989; Strand and Oquist 1988 respectively). Brennan and Jefferies (1990) used

chlorophyll fluorescence to investigate genotypical responses of blackcurrant (Ribes

nigrum L.) to freezing stress.

The fluorometers that are commercially available use different techniques

to measure fluorescence emissions (for a review of modulated light fluorometers,

see Bolhàr-Nordenkampf et.al. (1989)). Some of the instruments are portable and

others are meant for laboratory use. Most measure a small area (mm2 to cm2) of

a leaf or needle. The integrating fluorometer described by Toivonen and Vithver

(1984), Dubé and Vidaver (1990), and Vithver et.al. (1991) measures the

chlorophyll fluorescence emissions of an entire dark-adapted seedling in a non-

destructive and non-invasive manner, rapidly and accurately.

Chlorophyll fluorescence is a product of light energy absorbed by living

plants (and in chloroplasts in vitro) that is not used in photosynthesis or given off
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as heat. The amount of chlorophyll fluorescence emitted is dependent upon the

efficiency of energy use in the plant. Under optimal conditions, photosynthesis is

operating at maximum efficiency and there is little energy loss to fluorescence

(Lichtenthaler 1988).

The capabilities of the photosynthetic apparatus can be assessed by exposing

a dark-adapted plant to light and measuring the resultant fluorescence emissions

(induction). This phenomenon was observed and detailed by Kautsky and Hirsch

(1931) and the resulting fluorescence induction curve (Figure 1) has since been

termed the Kautsky effect. Krause and Weis (1991), Krause (1988), and

Papageorgiou (1975) offer excellent reviews of chlorophyll fluorescence and its

relationship to photosynthesis. The Kautsky curve exhibits fluorescence levels

usually termed 0, I, D, P, S, M, T (Papageorgiou 1975). The "0" level or the

ground fluorescence (F0) is the minimum fluorescence that occurs when all the

electron acceptors in the electron transport system are open. The "I" and "D" are

intermediate levels that correspond to an increase and slight dip in the rise to the

"P" level. The "P" level, usually the fluorescence peak (Fr) or the fluorescence

maximum (Pm) of the fluorescence curve, occurs when the electron acceptors are

reduced. "S" and "M" are the intermediate declines and rises in fluorescence

levels as the photosynthetic apparatus adjusts fully to the light energy levels to the

"T", or terminal, level. Variable fluorescence (Fe,) cormsponds to the fluorescence

increase from F0 to Fm (Lichtenthaler 1988). The 0-level to P-level rise is the fast
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phase kinetics rise. The decline from P-level to T-level represents the slower

phase decline to steady state fluorescence level. The ratio of variable fluorescence

to maximum fluorescence (F,/F) is a measure of photochemical efficiency (Oquist

and Ogren 1985, Adams etal. 1990, Ottander and Oquist 1990). This "classic"

induction curve can vary considerably depending upon experimental conditions with

certain levels missing or repeated (Krause and Weis 1984).

0

Figure 1. The fast phase (left) "0" to "P" level and slow phase (right) "P" to "T"
level kinetics of the "classic" Kautsky or fluorescence induction curve (adapted
from Vidaver et.al. 1991).

An understanding of optimal and stress conditions is essential at this point.

Optimal conditions occur when a plant has appropriate amounts of moisture,

nutrients, heat, and light to sustain high growth rates and maintain good health to
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its fullest potential. These conditions usually do not exist, however; one or more

factors are usually limiting This situation does not necessaiily place the plant

under stress. In this paper stress is defined as the presence or deficiency of any

factor(s) that are inhibitory or damaging to the seedling (Timmis 1980).

To apply this technology to nursery seedling quality assessments, the

relationship of chlorophyll fluorescence and whole seedling response and recovery

to stress needs to be established. Because of the inability to replicate the

fluorescence measurements after the freezing tests, we chose two seed lots because

of their expected varying rates of cold acclimation concluding that trends in the

data would thus gain more validity than if two simThir seed lots were selected. The

objectives of this study were to: 1) gather baseline chlorophyll fluorescence

induction curves on 1+1 Douglas-fir seedlings for one year to use as a control for

defining the effects of freezing stress, 2) determine the relationship between

chlorophyll fluorescence and cold hardiness development in 1+1 Douglas-fir

seedlings, and 3) determine the effects of freezing stress on chlorophyll

fluorescence in Douglas-fir seedlings. Specifically, we examined seasonal variation

of the fluorescence parameters F0, F, Fm, Fv/Fm, and how cold hardening

(expressed as LT50-lethal temperature to 50% of the seedlings) and freezing stress

can alter these parameters in Douglas-fir.



UTERATURE REVIEW

Strand and Oquist (1988) observed that after freezing stress, F, decreased

as photochemical quenching (qE) was depressed, photosynthetic 02 evolution

decreased, and CO2 fixation was reduced. If the stress ceases, and the damage to

the photosynthetic apparatus is minimal, many plants will be able to recover to

non-stressed levels of photosynthesis and F, (Lichtenthaler 1988). At low

temperatures and high light levels, photoinhibition decreased photosynthesis of

Scots pine (Strand and Oquist 1985b). Oquist and Huner (1991) detected no

differences in susceptibility to photoinhibition between cold-acclimated and

unacclimated Scots pine. Although it decreased photosynthesis, photoinhibition

acts as a protective mechanism through thermal dissipation to prevent photodamage

(Ottander and Oquist 1991). Krause and Somersalo (1989) found that once spinach

leaves acclimate to cold, susceptibility to photoinhibition of photosynthesis

decreases. In fact, overall resistance to many forms of stress increases as cold

acclimation progresses (Faulconer and Thompson 1985). Martin et.al. (1978b)

measured the seasonal changes of the electron transport and fluorescence properties

in Scots pine. They observed a decline in electron transport as the seedlings

became frost hardened. They believed this decline was due to a greater decrease

in the reaction center chlorophyll a than of the other chlorophyll pigments found

in the chioroplast. The effects of freezing stress in Scots pine on fluorescence

7
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induction has been exniined by Strand and Oquist (1988). They found that some

freezing damage was reversible. They interpreted the irreversible damage of

freezing as occuthng to the Q protein. Kiosson and Krause (1981) speculated that

the cause of freezing injury in spinach leaves was due to membrane damage. As

injury progressed, F declined, F0 remained unchanged, and the slope of the

fluorescence rise of F decreased, indicating inactivation of PSII or of electron

donation. The CO2 effect on light-scattering was diminished and although electron

transport was still functioning, the carbon reduction cycle was increasingly

impaired.

Smile et.al. (1987) examined the effects of chilling injury on detached and

attached leaves of bean (Phaseolus vulgaris L. cv. Pioneer) and maize (Zea mays

L. cvs hybrid GH 390 and Northern Belle) under different humidities.

Fluorescence measurements paralleled visible injury and was simibir between the

detached and attached leaves. They also found that plants were able to recover

from a 80% reduction in the rate of rise of induced chlorophyll fluorescence.

Strand and Oquist (1985a) were unable to locate a specific site of inhibition

of quantum yield from freezing stress in Scots pine. They suggested that some

primary reaction was affected as well as one to several enzymes in the carbon

reduction cycle. In a subsequent paper (1985b), they compared freezing injury in

dark versus high light. F was reduced by 10% in the dark and 90% in the light

(1300 M m2 s'). The ratio of variable fluorescence to maximum fluorescence



9

(FvIFm) was reduced indicating that PSIE was the primaxy site of damage due to

high light at freezing temperatures.

The effects of light and temperature on fluorescence during winter on

Norway spruce (Picea abies (L.) Karst.) needles were measured by Bolliàr-

Nordenkainpf and Lechner (1988). Their pre-treatment of "dim" light generated

weak electron transport activity and the induction curve exhibited more distinct and

uniform slow-phase kinetics compared to dark pre-treatment only. All of the

studies above examined only individual leaves, needles, or chioroplasts. They

focused on particular aspects of photosynthetic function (i.e. electron transport,

chioroplast development, water-splitting, Calvin cycle, etc.) Some researchers

examined fluorescence emissions at 77 K which can be useful in isolating the

effects of photosystems (PS) I and II, but have little relationship to the freezing of

plants in nature (Weiser 1970).

Few studies have eximined fluorescence emissions in Douglas-fir. Hawkins

and Lister (1985) and Brooke et.al. (1989) studied the effect of progression of

dormancy in Douglas-fir. Provenance differences in Douglas-fir on fluorescence

induction parameters were measured by Vidaver et.al (1989a). Hawkins and

Lister, measuring only priinaxy needles, suggest these fluorescence parameters in

Douglas-fir may not vaxy significantly if the winters are mild and winter

photosynthetic activity continues. The lack of conclusive data on freezing and

other forms of stress in Douglas-fir, however, leaves room for much study.



MATERIALS AND METHODS

Materials

Two-year old Douglas-fir seedlings (1+1) from two seed lots, CBO1-LO-0l

from Weyerhaeuser's Aurora Nursery near Aurora, Oregon, and 241-15-01 from

the Washington State DNR Webster Nursery near Olympia, Washington, were used

(Figure 2). These seedlings were grown under normal nursery conditions. Seed

lot CBO1-LO-01 is from a coastal southern Oregon seed source of low elevation

with a mild, very moist climate. Seed lot 241-15-01 is from a mid-elevation (1500

feet) western Washington seed source. This more northerly seed source is subject

to a colder and dryer climate and, from past performance, is considered to

acclimate to cold more readily than seed lot CBO1-LO-0l

10
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Figure 2. Oregon and Washington seed zone maps showing seed source
(0 =CBO1-L0-01; =241-15-01) and nursery locations ( =Aurora, Oregon;

= Olympia, Washington).



Experimental Plan

This paper follows the fluorescence induction nomenclature indicated in

Krause and Weis (1991) and are consistent with the software that accompanies the

integrating fluorometer. Table 1 includes a list of the parameters, abbreviations,

and definitions used in this paper.

Table 1. Fluorescence induction parameters and definitions.

12

Baseline Fluorescence Measurements

From October 1991 to March 1992, seedlings from both nurseries were

lifted and transported to Weyerhaeuser's George R. Staebler Forest Resources

Research Center in Centralia, Washington, every four weeks. The seedlings were

Parameter Definition

Ground Fluorescence
(F0)

initial fluorescence:
electron acceptors fully oxidized

Maximum fluorescence
(Fm)

maximum fluorescence level on the
induction curve: electron acceptors
reduced

Variable fluorescence
(F)

maximum fluorescence minus ground
fluorescence(Fm-Fc)

Variable fluorescence/
maximum fluorescence

(Fv/Fm)

quantitative measure of
photochemical efficiency

Peak fluorescence
(Fr)

peak fluorescence occurring
within first second of induction curve
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potted three to a one gallon container, in a soilless mix by volume of 60:40

peat:perlite and stored them in an outdoor holding area for one to two days before

measuring. This unheated outdoor holding area is located on the north side of the

center building at the Centralia facility and consists of deep tables with openings

large enough for one gallon containers. The tables are insulated with the same

peat:perlite mix to provide protection for the root systems from extreme

temperature conditions. A winch-operated plastic roof can be lowered over the

seedlings to provide protection for the seedlings from freezing conditions.

Because the seedlings would nonnally be lifted and outplanted in March and

leaving them in the nursery beds would interfere with normal planting practices,

the remaining seedlings needed for the May through September measurements were

lifted with the seedlings for the March 1992 testing. These additional seedlings

were potted two seedlings per one gallon pot in a 60:40 peat:perlite soilless mix

and outplanted in Weyerhaeuser's Minia Nursery near Rochester, Washington.

The potted seedlings were placed in the ground and buried to the rim of the pot in

nursery soil. These seedlings were watered and fertilized as if they were normal

seedlings planted directly in the nursery soil. Five pots of each seed lot (ten

seedlings per seed lot) were lifted intact one day prior to measuring baseline

conditions and transported to the Centralia research facility.

Ten seedlings from both seed lots were measured each test date using an

integrating fluorometer (Pacific Fluorotec, Burnaby, British Columbia, Canada)
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attached to a 286-microcomputer (FluoroView software package versions 0.5d and

0.5e, Pacific Fluorotec). Before any seedlings were placed in the fluorometer, they

were preconditioned according to Binder and Fielder (1991). This procedure

included covering the seedlings with clear plastic bags and placing them in a

ventilated preconditioning box, a 4' by 8' plywood box built according to

guidelines established by Binder and Fielder (1991). The seedlings were dark

conditioned for one hour, then light conditioned under 150 to 200 uM rn2 sec4 of

light (eight Northwestern F40T12/Artic 5000 40 watt fluorescent tubes) for three

hours, and then dark adapted for 20 to 25 minutes. The seedlings were removed

from the box in the dark (occasionally a photographic safety light was used) and

placed in the fluorometer sphere. The fluorometer scanned the fluorescence

emissions of each seedling for three minutes. All measurements were taken

between 9 am and 3 pm.

The control chlorophyll fluorescence measurements were taken on 12

October, 9 November, 30 November, 28 December, 1991, and 25 January, 23

February, 21 March, 3 May, 30 May, 30 June, 31 July, 28 August, and 23

September, 1992.

Freezing Stress Measurements

Measurements were taken every four weeks from October 1991 through

March 1992. To ensure an adequate number of seedlings were available, on each
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cold hardiness testing period, approximately 120 seedlings from each seed lot were

lifted and transported in insulated chest coolers to Centmlia and to International

Paper's Forest Regeneration Center in Lebanon, Oregon. The seedlings were

potted three to a one gallon container and held in an outdoor holding area described

above. Dining the following week, the seedlings were subjected to controlled

freezing temperatures to determine the lethal temperature to 50% (LT5) and 10%

(LT10) of the seedlings. Ninety (90) seedlings were divided into six subsamples

of 15 seedlings. Each subsample of seedlings was exposed to a predetermined test

temperature chosen to bracket the expected LT50. Usually only four temperatures

were used, but because of variable rates of developing cold hardiness, a fifth

temperature was sometimes necessaiy to bracket the LT50. A programmable walk-

in Thermatron freezer (model 1A4-264, Holland, Michigan) was used to conduct

the freezing tests in Centralia for all but one testing period when a programmable

chest freezer was used because of mechanical problems with the Thermatron walk-

in. The Lebanon facility used two programmable chest freezers (Copeland

compressors, address unavailable) to conduct the freezing tests. The seedlings

were placed in the freezer at room temperature (18-21°C). The temperature was

lowered at approximately 1°C a minute to 0°C, then lowered at 5°C per hour until

it reached the desired temperature. This temperature was held constant for two

hours, then the freezer was warmed to 0°C at 20°C per hour, held at 0°C for no

longer than three hours, and the seedlings were then removed and placed in a
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greenhouse at 21°C ± 2° with a 16 hour photoperiod.

The sixth subsample of 15 seedlings (control) was divided into three groups

of three or six seedlings and removed from the holding area at different times (at

the Weyerhaeuser facility, for example, on Monday, Wednesday, and Friday) and

placed dhct1y into the above greenhouse. After seven days, the seedlings'

canibium, buds, and needles were then assessed for injury by experienced workers

in both seedling testing laboratories. For cambium assessment, the seedling was

divided into thirds and the cambium scraped to determine the extent of browning

injury. For bud assessment, the seedling was again divided into thirds and ten

buds from throughout the seedling were sliced and assessed for damage. Needle

damage was assessed by determining percent browning or other damage. The

percent live seedlings for each test temperature is calculated from these assessments

and graphed against temperature assuming a straight line relationship. The

temperature that corresponds to 50 percent survival is the LT.

Both testing facilities conducted the cold hardiness tests under the same

conditions using the visual damage viability procedure used by the Weyerhaeuser

facility. International Paper also assessed the seedlings using the method they

normally used (see Appendix B for assessment sheet).

To determine the effects of freezing stress on F, a subsample of ten

seedlings from each seed lot per each temperature used in the freezing tests at the

Weyerhaeuser facility was measured for F emissions. The seedlings were
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removed from the greenhouse one and three days after each freezing event for

fluorescence measurements. The same preconditioning procedure used prior to the

baseline measurements described above was used before measuring the stressed

seedlings. The fluorescence emissions were measured from two to three minutes

on each seedling. These measurements were taken the weeks of 14-20 October,

11-17 November, 2-8 December, 30 December-4 January, 27 January-2 February,

24 February- 1 March, and 23-29 March 1992.

ContrOl Fv/Fm was determined from an average of 10 seedlings/test date.

LT30 was used as a measure of cold hardiness. LT30 Fv/Fm was determined from

the equation:

YLTSOY1 + ((Y2-Ya)/(X2-Xa))'(XLT-Xl)

where X1 and X2 represent the two test temperatures from either side of the LT30

and Y1 and Y2 represent the average first day F/F, corresponding to X1 and X2.

Statistical Analyses

Statistical Analysis System software (SAS Institute, 1982) was used for all

data analyses. Regression analyses were performed regressing needle damage on

temperature and survival on temperature using a logit transformation (to change

percentages into log form: y=log (p+.5/1.5-p) where p=percentages in decimal

form). Simple linear analyses were performed regressing LT Fy/Fm on LT30
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temperature and control F,,/Fm on LT temperature. Simple linear analyses were

also performed regressing Fy/Fm on needle damage, bud damage, and canibium

damage. A comparison of regression lines among months was completed for

survival on temperature, needle damage on temperature, and F/F, on needle

damage. Both seed lots were combined for the comparisons of regression lines.

Analyses of variance were performed on F0, Fm, and FJFm to test for seed lot and

month to month differences in the means. Data used in analyses were from one

day after the freezing tests.
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Baseline fluorescence Measurements

Ground fluorescence (F0) and maximum fluorescence (Fm) varies

slightly throughout the year with the highest levels occurring in October, late

December/early January, and in late May-June when growth is at its peak (Figure

3). The variation (standard error) among the seedlings duiing each testing period

is large with only October having a significantly different mean from any other

testing period for both F0 and Fm in both seed lots (Appendix C). There was a

significant difference between F0 and Fm of each test date. There were significant

differences in F0 means between seed lots for November, late January, and

September and in Fm means for November, July, and September.

The ratio of variable fluorescence to maximum fluorescence (FV/Fm) of the

seedlings of both seed lots remained consistent throughout the year exhibiting no

significant decline during cold hardening and dehardening (Figure 3). The only

Fv/Fm mean that was significantly different from all the other means of the testing

periods occurred in April for seed lot CBO1-LO-01 (Appendix D). There were

significant differences in FV/Fm means between seed lots for January, April, May,

July, and September (ANOVA tables in Appendix E).

19



40

30

E20

10

Maximum
Hardiness

4.
Approx.
Budbreak

Approx.
Budset

A

* cBo1-LO-01

+ 241-15-01
0

10/1411/11 12/2 12/30 1/27 2/24 3/23 5/3 5/30 6/30 7/31 8/28 9/23

70

- Maximum
60' Hardiness

s0

40

E3o

20

10

Approx.
Budbreak

Date

Figure 3. Baseline fluorescence means on Douglas-fir seedlings from October 1991
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F0 means; (B) Fm means. October has the only mean that is significantly different
than all the other test means (p=.0001).
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Freezing Stress

There was no significant linear relationship between the nonfrozen control

Fv/Fm and the LT50 of either seed lot (p=.62 for CBO1-LO-01 and p=.O8 for 241-

15-01) (Figure 5). The LT5O values do correspond to cold acclimation of the

seedlings. From October through early December, seed lot CBO1-LO-01 was

slower to acclimate than seed lot 241-15-01; however, by late December/early

January they were equally cold hardy. There was no significant linear relationship

between the control Fv/Fm and the LT50 Fv/Fm (p= .94 for CBO1-LO-01 and p= .28

for 241-15-01) (Figure 6). In figure 6B, the LT5, Fv/Fm for seed lot 241-15-01 was

lowest in the fall before the seedlings were hardened off and increased to the

highest level during late December/early January testing and began a gradual

decline. In figure 6A, seed lot CBO1-LO-01 was quite variable in its LT50 Fy/Fm

levels with the lowest point occurring during early December testing and the

highest level during late January/early February testing. Table 2 lists the LT50

temperatures for both seed lots from October 1991 through March 1992.
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Table 2. LT summary for both Douglas-fir seed lots fmm both testing facilities
(Weyco=Weyerhaeuser, Centilia, WA; IP=International Paper, Lebanon, OR).
Each LT was determined fmm an average of 60 seedlings/seed lot/test date.
Moiphological assessments of seedlings were completed using Weyerhaeuser
Seedling Testing Laboratory assessment criteria. * indicates where the lab was
unable to determine LT50.

DATE
241-15-01

(Weyco) (IP)
CBO1-LO-01

(Weyco) (IP)

10-14-91 -6.9 -8.5 -4.8 -6.0

11-11-91 -12.1 -14.5 -8.3 -9.5

12-02-91 -16.2 -12.5 -11.4 -14.5

12-30-91 -17.7 -20.0 -17.0 -19.0

01-27-92 -19.3 -22.0 -19.4 -20.0

02-24-92 -14.6 -15.5 -16.9 -18.0

03-23-92 -8.2 * .75 *
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At each testing period, when the freezing stress increased, F,/Fm dCTSd

A significant linear relationship exists between overall percent survival (logit

transformed) and temperature at each test date. A comparison of the regression

lines indicated no significant difference among the slopes for any of the test dates

(p = .0001). In compaiing percent needle damage (logit transformed) to

temperature over the sampling period (Figure 7), the slopes of the regressions are

not significantly different (p= .0001) between test dates (Figure 8) except for

January. The slope for January is not significantly different from zero (e.g.

horizontal line). There was no significant difference between the slopes of the two

seed lots so they were combined for the above regressions.

There was no significant linear relationship between FvIFm and bud damage

except in October and February for both seed lots. There was a significant linear

relationship between Fv/Fm and cambium damage in October for both seed lots and

in November and late February for seed lot CB01-LO-01 (Figure 9).

A slight decline in Fe/Fm occulTed between the one and three day

measurements taken after the freezing tests each testing period (Figure 10). The

data analyzed in this study used results from the one day measurements.
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Figure 8. Regressions of FV/Fm over percent needle damage for Douglas-fir
seedlings from October 1991 to March 1992 (except Januaiy) using first day
measurements.
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DISCUSSION

Baseline

The F0 and Fm measurements were at their highest level in October with

smaller peaks in late December/early January and in late May. The October means

were significantly different than all other means (p = .0001). Hawkins and Lister

(1985) measured primary needles from Douglas-fir seedlings for seasonal effects

and saw high F0 levels occurring October and April. In October, the seedlings are

acclimating to cold. Developmentally, the seedlings have reached vegetative

maturity and are in a pre-maximum rest period (Fuchigami et.al. 1982). Martin

et.al. (1978a) detected a reduction in electron transport capacity which would

account for a rise in F0. The combination of colder temperatures and high light

levels likely caused photoinhibition to occur. Photoinhibition has been shown to

cause a decline in Fm because the energy is being dissipated as heat rather than

redistributing the energy to PSI (Krause 1988). Because F0 is dependent on the

chlorophyll content of the leaf (needle) per leaf area unit, if chlorophyll content

decreases, F0 will increase as wifi Fm, because reabsorption of fluorescence

emissions as energy for photosynthesis will be lower (Lichtenthaler 1988).

Chlorophyll content begins to decline in the fall as the seedlings acclimate to cold

and may also be a factor in the October peak. Drought stress could possibly be a

factor. To reduce transpiration losses, a plant closes its stomata, reducing CO2

exchange and slowing photosynthesis.

31
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Fv/Fm measurements show little variation, however, throughout the year's

cycle. The F,/Fm ratio for the baseline were from .48 to .61. These values are

lower than most in the literature. Björkman and Demmig (1987) reported that the

Fv/Fm ratios of non-stressed higher plants they tested were about .83, as did Ogren

(1990) with wifiow (Salix sp.) leaves. Oquist and Huner (1991) and Ottander and

Oquist (1991) found Fv/Fm in Scots pine to be about .7 to .8. These studies

measured current year detached leaves or needles. In pines, there are large

physiological and moiphological differences between primary and secondai7

needles (Zaerr, personal communication). One reason for the differences may be

due to how a plant responds as a whole structure versus detached leaves. We are

measuring both primary and secondary needles. Another possibility is that full

reduction of Q was not achieved, thus the Fm and the Fv/Fm ratio measured would

be lower than if QA were fully reduced.

The results indicate that seasonal fluctuations of unstressed fluorescence

measurements were unable to detect the level of cold acclimation of Douglas-fir

seedlings during the winter of 1991-92. The winter of 1991-92 was warmer and

dryer than average (Appendix F) which may have reduced the average seasonal

variations. Continued yearly baseline measurements should be able to demonstrate

if climate significantly affects seasonal variations in unstressed seedlings
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Freezing Stress

There were no significant changes in control Fy/Fm to indicate that the

seedlings were dormant or hardened off. The LT30 FyIFm was about 60% less than

the control FvIFm during October and November, but doubled to about .4 in

December and early January in the quicker cold acclimating seed lot (241-15-0 1)

as the seedlings hardened off. Strand and Lundmark (1987) saw F0 remain

relatively unchanged, F decline when freezing stress was applied in the light. F

did not decline in the dark.

Sundblad et.al. (1990) built a model to attempt to predict cold hardiness of

Scots pine using fluorescence and luminescence decay kinetics. They ascertained

that the maximum "modelling power" for fluorescence occurred five seconds after

fluorescence induction. The Fm values in this study usually occurred after the "P"

level during the slow-phase portion of the induction curve and may reflect the

association to hardening/freezing resistance that their model suggests.

Freezing damage incident with freezing stress was detectable with the FvIFm

measurements. The significant linear relationship of temperature to survival and

needle damage and of Fv/Fm to needle damage demonstrates the interaction of

photosynthesis, fluorescence, and seedling injury at freezing temperatures. The

needle damage observed included damage to both the photosynthetic stnicture and

function. The extent to which the damage can be assessed with chlorophyll

fluorescence will determine how useful this assessment technique wifi be to the
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nurseries. Detecting the injury well before the visible damage can accelerate the

nursery response time to freezing injury problems. The fluorometer is sensitive

to recoverable stress. This study did not look at long-term survival and growth

after freezing stress. Induction fluorescence can be used to understand how well

a seedling recovers (i.e. does it continue to grow vigorously or is growth

curtailed?) from different freezing stresses is important.

In this experiment, all three thsues were equally susceptible to freezing

damage in October; however, the overall lack of significant linear relationships

between Fv/Fm and bud and cainbium damage, as seen in figure 9, illustrates the

differences in susceptibility of the various tissues to freezing damage.

The decline in Fv/Fm between the one day and three day measurements is

probably a result of photoinhibition or photodamage caused by the freezing damage

(Oquist 1987). Part of the decline is due not only to freezing stress but to

photoinhibition or photodamage. This compounded stiss confounds some of the

data; however, when freezing occurs in nature there is no protection against light

confounding and will be reflected in seedling recovery. Photodamage is likely to

be more evident in surface exposed chioroplasts. Measuring intact needles largely

consider the fluorescence emissions from the surface exposed chioroplasts (Oquist

and Ogren 1985).

Figure 7 examines percent needle damage as a response to temperature. If

a greater range of temperatures had been measured each testing period, the curve
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representing needle damage over temperature would have a sigmoid shape (Figure

11). Different sections of this curve are measured when the seedlings are not

acclimated to cold than when the seedlings are hardy (i.e. Oct., Nov., Mar.

compared to Feb. and late Feb.). These differences reflect how the needles

themselves become acclimated and resist damage as the whole seedling becomes

cold acclimated.

1

E

z

Temperature (°C)

Figure 11. Hypothetical sigmoid curve as a response of
needle damage over temperature. Different portions of the curve are measured
depending on stage of acclimation.
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Conclusions

Freezing stress can be detected in 1+1 Douglas-fir seedlings using

chlorophyll fluorescence induction. There is a significant relationship among

needle damage, temperature, and F/F. How this relationship relates to

outplanting survival is unknown. To what extent the fluorescence readings can

detect the damage and recovery of non-lethal stresses in Douglas-fir seedlings has

yet to be examined. Diagnosing the injury before it becomes apparent during

visual assessment will make the integrating fluorometer a viable tool in the nursery.

The photodamage that confounds the results of the freezing tests needs to

be addressed. Photoinhibition and photodamage are by-products of freezing stress

under natural conditions and should not be e1iminted from whole-plant freezing

stress studies. Varying light levels should be examined to determine how much

additional damage to the photosynthetic apparatus is occurring.

Coastal Douglas-fir appears to be very opportunistic, taking advantage of

any climate conditions that will promote growth. Continued collection of baseline

data can be used to observe how specific climate changes may affect fluorescence

from year to year.
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APPENDIX A. Schematic of Integrating Fluorometer.
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Figure A. Schematic of the integrating fluorometer and computer hardware
(adapted from Vidaver et.al. 1991)



APPENDIX B. Cold Hardiness Test Sheet and Assessment Criteria.
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Figure B. Sample Cold Hardiness Test Sheet using criteria (listed) used by
Weyethaeuser Seedling Testing Laboratory for morphological assessments.
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APPENDIX C. F0 and Fm Means Tables and Relative Significance.

45

iasenne fluorescence means on Douglas-tir seedlings trom October 1991 to
September 1992 for both seed lots tested (average of 10 seedlings/seed lot): (A) F0
means; (B) Fm means. Letters following means (a,b,. .etc) indicate relative
significance to other means. For example, all the means that are followed by a "b"
are not significantly different from one another.

(A) CBO1-LO-01
Date F, Mean

241-15-01
Date F0 Mean

10-14-91 28.283 a 10-14-91 26.347 a
12-30-91 22.276 b 05-30-92 22.577 b
05-30-92 21.554 b 12-30-91 21.178 bc
01-27-92 21.130 b 06-30-92 19.534 cd
06-30-92 20.498 b 11-11-91 19.190 cde
12-02-91 17.305 c 12-02-91 18.886 cdef
02-24-92 16.620 c 01-27-92 18.090 def
05-03-92 16.539 c 07-31-92 17.487 def
07-31-92 15.736 cd 02-24-92 17.486 def
11-11-91 15.495 cde 05-03-92 16.654 ef
03-23-92 13.519 def 09-23-92 14.278 fg
08-28-92 12.840 ef 03-23-92 13.840 g
09-23-92 11.238 f 08-28-92 13.482 g

(B) CBO1-LO-01
Date Fm Mean

241-15-01
Date Fm Mean

10-14-91 60.009 a 10-14-91 55.963 a
12-30-91 46.323 b 05-30-92 49.216 b
06-30-92 44.446 b 12-30-91 47.663 bc
05-30-92 44.349 b 11-11-91 46.331 bcd
01-27-92 42.495 bc 06-30-92 42.231 cde
11-11-91 37.926 cd 07-31-92 40.716 de
12-02-91 34.977 de 12-02-91 39.580 ef
07-31-92 34.146 def 01-27-92 36.764 efg
02-24-92 33.102 defg 09-23-92 36.662 efg
05-03-92 29.647 efgh 02-24-92 33.838 fgh
08-28-92 28.488 fgh 05-03-92 31.637 gh
03-23-92 27.785 gh 08-28-92 30.410 gh
09-23-92 26.725 h 03-23-92 27.775 h



APPENDIX D. Fv/Fm Means and Relative Significance.
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Baseline Fv/Fm means on Douglas-fir seedlings from October 1991 to September
1992 for both seed lots tested (average of 10 seedlings/seed lot). Letters following
means (a,b, . .etc) indicate relative significance to other means. For example, all the
means that are followed by a "b" are not significantly different from one another.

CBO1-LO-01
Date F,/Fm Mean

241-15-01
Date F,/Fm Mean

11-11-91 .5893 a 09-23-92 .6089 a
09-23-92 .5799 a 11-11-91 .5846ab
08-28-92 .5441 b 07-31-92 .5655 bc
06-30-92 .5370 bc 12-30-91 .5547 cd
07-31-92 .5330 bc 08-28-92 .5531 cd
10-14-91 .5246 bcd 05-30-92 .5402 cde
12-30-91 .5 169 bcd 06-30-92 .5354 de
05-30-92 .5123 cde 10-14-91 .5275 def
03-23-92 .5111 cde 12-02-91 .5220 efg
12-02-91 .505 1 de 01-27-92 .5039 fgh
01-27-92 .5016 de 03-23-92 .5000 ghi
02-24-92 .4960 e 02-24-92 .4833 hi
05-02-92 .4452 f 05-02-92 .4744



Error (b) 214 9.543

ANOVA table for baseline Fm

Error (b) 214 .0010
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APPENDIX E. Analysis of Variance Tables from Tests for Differences in the
Means for Baseline F0, Fm, and FvIFm.

ANOVA table for baseline F0

Source DF MS F-value P

Seedlot 1 13.688 1.19 .2906
Error (a) 18 11.544
Month 12 330.116 34.59 .0001
Seedlot*Month 12 17.361 1.82 .0466

Source DF MS F-value P

Seedlot 1 305.901 5.22 .0346
Error (a) 18 58.564
Month 12 1483.094 28.99 .0001
Seedlot*Month 12 105.114 2.05 .0212
Error (b) 214 51.163

ANOVA table for baseline Fv/Fm

Source DF MS F-value P

Seedlot 1 .0094 5.78 .0272
Error (a) 18 .0016
Month 12 .0271 28.03 .0001
Seedlot*Month 12 .0016 1.61 .0914



APPENDIX F. Climate Data and Chilling Sums.

Minimum temperatures from September 1991 thmugh May 1992 for seed lot
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