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ABSTRACT 

Physiological differences were found between white spruce 

[Picea qlauca {Moenchj Toss] and Douglas-fir [Pseudotsuqa 

menziesii (Mirb.) Franco] seedlings. In the fall and winter, 

white spruce seedlings were found to be less sensitive to 48 

hour dehardening temperatures prior to cold storage than 

coastal Douglas-fir from either British Columbia or Oregon. 

Photosynthesis as assayed by both chlorophyll fluorescence and 

gas exchange increased significantly and cold hardiness 

decreased with increasing temperature. The storability of 

seedlings was significantly affected by the 48 hour 

temperature regime prior to lifting, in particular in the 

Douglas-fir seedlings, Seedlings given warm dehardening 

temperatures prior to cold storage had the poorest root growth 

after storage. 

Evidence was found for photochemical regulation of the 

photosynthetic apparatus in white spruce, where the ratio of 

variable fluorescence to maximal fluorescence and net 

photosynthesis decreased in response to day length. In 

contrast, net photosynthesis did not decrease with day length 

in the coastal Douglas-fir. 

Significant differences were found in the susceptibility 

to damage of hardened, dehardened and newly flushed white 

spruce needles at sub-zero temperatures in the light and 

darkness. Hardened needles were not susceptible to damage 

from sub-zero temperatures (-2 to -22.5"C) in either the light 

or dark, Both dehardened and newly flushed needles suffered 



damage in the dark at a lower temperature than in the light. 

A correlation was found between chlorophyll fluorescence 

measured after sub-zero temperatures, membrane leakage and 

visible damage to foliage. At temperatures that did not cause 

tissue damage, rapidly reversible decreases in the ratio of 

Fir/Fm seen in seedlings given sub-zero temperatures in the 

light were attributable to photoinhibition. Damage caused by 

sub-zero temperatures in darkness was attributable to freezing 

damage and appeared to be related to needle water content, 

damage in light was attributed to photooxidation caused by 

toxic oxygen species. 

The assessment of seedling quality is important for 

successful reforestation. Chlorophyll fluorescence was found 

to the most efficacious method used to assess the 

physiological status of these seedlings. The main advantages 

of this technique were: it is rapid, easy to operate, 

nondestructive and useful for multiple functions throughout 

the growing season. 
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GENERAL INTRODUCTION 



In British Columbia, millions of conifer seedlings are 

grown in nurseries each year for reforesting harvested 

areas. Because of the high costs involved in planting, the 

production of high quality seedlings is of primary 

importance to enhance plantation establishment. Therefore, 

assessing seedling quality by measuring the physiological 

status of the seedlings is crucial. 

Most containerized seedlings grown for reforestation 

are fall and winter lifted, then over-wintered in cold 

storage instead of being left to over-winter naturally. In 

the late spring or summer of the following year, seedlings 

are removed from cold storage and planted. Root growth 

potential tests are used to determine seedling quality at 

that time, 

Cold storage conditions are considerably different from 

the natural environmental conditions seedlings would 

normally experience in the winter. Instead of fluctuations 

in temperature and light, seedlings are subjected to near 

0•‹C in total darkness for two to six months. Selection of 

lifting dates for cold storage is important, and seedlings 

are best lifted when physiologically dormant; however, the 

accurate prediction of dormancy and determining the optimal. 

lifting date for cold storage can be difficult. The current 

method for determining lifting dates and hence storability, 

is cold hardiness testing (Navratil et al. 1986): seedlings 

are generally considered suitable to lift and place in 



storage when they achieve a minimum cold hardiness to -18•‹C 

(Colombo et al. 1984; Simpson 1985). 

Classically, dormancy refers to the cessation of 

vegetative growth and the completion of bud set. Dormancy 

can be divided into rest and quiescence (Lavender 1985). A 

bud is in rest when the dormancy is maintained internally 

(Romberger 19631, and occurs prior to the acquisition of the 

chilling requirement for bud break. Resting buds will not 

elongate under favourable environmental conditions. A bud 

is quiescent when dormancy is maintained by low temperatures 

once chilling requirements have been met (Samish 1954). Bud 

dormancy can be assessed by either placing seedlings under 

optimal conditions for bud break and counting the number of 

days it takes for flushing to occur or by monitoring the 

mitotic index, the percentage of cells undergoing active 

cell division, of the apical bud. Buds can be considered 

dormant when no mitotic divisions are occurring in apical 

buds (Owens & Molder 1973). 

The induction of dormancy may be triggered either by a 

decrease in photoperiod or a decrease in temperature, or 

bath, depending upon the species (Christersson 1978, Sakai & 

Lareher 1987). For many conifer species, dormancy appears 

to have two separate stages, one which is triggered by day 

length, and another which is triggered by chilling 

temperatures (Sakai & Larcher 1987). By separating day 

length and chilling temperatures, it may be possible to 



determine the importance of each to the dormancy and 

storability of the seedlings. 

Increases in cold hardiness and decreases in 

physiological activity generally occur in the fall and 

winter. Declines in photosynthetic gas exchange have been 

seen in many conifer species in winter (Helms, 1965, Shiroya 

et al, 1966, Delucia 1987, Leverenz & oquist 1987, Jurik et 

al, 1988). Winter declines in chlorophyll fluorescence also 

occur in several conifer species during frost hardening and 

dormancy (Martin et al. 1978, Hawkins & Lister 1985, Strand 

& Lundmark 1987, Bolhar-Nordenkampf & Lechner 1988, Strand & 

6quist 1988, Vidaver et al. 1989a, Sundblad et al. 1990). 

It is unlikely that such declines in chlorophyll 

fluorescence and gas exchange are due only to low air 

temperature (Jurik et al. 1988); photochemical regulation of 

the photosynthetic apparatus appears to be involved as well 

(Vidaver et al. 1989a & b, Gillies & Vidaver 1990). 

Evidence for photochemical regulation of photosynthetic 

activity has been observed in white spruce seedlings where 

late summer and early fall declines in chlorophyll 

fluorescence were associated with decreased day length and 

not ambient temperature (Vidaver et al. 1989b). 

My studies fullawed winter dormancy and spring recovery 

of photosynthesis in white spruce and coastal ~ouglas-fir 

seedlings. Seasonal changes in the photosynthetic activity 

of seedlings was assessed using both gas exchange and 

chlorophyll fluorescence. 



Seedlings received dormancy induction treatments to 

test for the presence of day length-mediated photochemical 

regulation, and to provide a range of seedlings for cold- 

storage. The efficacy of a number of physiological 

measurements, including chlorophyll fluorescence, root 

growth potential, needle water potential and photosynthetic 

gas exchange were assessed as predictors of seedling quality 

after cold storage. 

The objectives of this research were: 

i) to compare the physiological reactivation in the 

spring of seedlings over-wintered under natural conditions 

with that of cold-stored seedlings 

ii) to compare the sensitivity of these species to 

various 48 hour temperature regimes prior to cold storage 

iii) to test for the presence of day length-mediated 

photochemical regulation of photosynthesis 

iv) to compare the physiological differences between 

hardened, dehardened and newly flushed needles in white 

spruce seedlings. 

v) to determine the efficacy of chlorophyll 

fluorescence, mitotic index, C02 gas exchange, cold 

hardiness testing, needle water potential, and root growth 

potential as methods for evaluating the physiological status 

of seedlings. 
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B. GENERAL MATERIALS AND METHODS 



Plant Haterial 

White spruce (Picea slauca [Moench] Voss) and coastal 

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

(Table 1) were provided by Hybrid Nursery, Pitt Meadows and 

Ministry of Forests Surrey Nursery, Surrey, British Columbia. 

The establishment and growing conditions of the seedlings used 

by the nurseries were as follows. All seedlings were grown in 

styroblock containers (Figure 1A) containing 3:l 

peat:vermiculite mixture. Two to three seeds were 

mechanically sown in each cavity in February and early March, 

styroblock containers were then placed in polyethylene covered 

greenhouses. In April and May, seedlings in styroblock 

containers were culled to one seedling per cavity. 

Seedlings were watered when styroblock container weight 

decreased to 50% field capacity weight. Seedlings were 

fertilized according to the nursery practice and photoperiod 

was artificially extended to 16 hours using high pressure 

sodium lamps from the time of sowing until May. 

All seedlings used for fall dormancy research were sown 

in the spring of the same year, Styroblock containers were 

brought to Simon Fraser University (SFU) one month prior to 

the beginning of each study and placed in an unheated 

greenhouse or an open compound. Seedlings were well watered, 

but were not fertilized after being brought to SFU. 

Typical white spruce and Douglas-fir seedlings are 

shown in Figure 1B. 



Table 1. Seedlot origin, container size and cavity volume 
for the white spruce and Douglas-fir seedlings 
used in the experiments. 

Species Seedlot Elevation Origin Styroblock Cavity 

(m) size volume 

White spruce 29135 850 56"07'N 124"49'W 313 75 mL 

Douglas-fir 6399 915 4g035'N 122"30fW 415 100 mL 



Figure 1. A) 313 Styroblock container with white spruce 
seedlings, B) Seven month old i) white spruce, 
and ii) Douglas-fir seedlings. 





Ezperisienka2 Pmcedt;i;$es 

Hitotic Index 

Mitotic indices w e r e  determined for the terminal buds of 

batches of IO seedlings using the method of Grob (1990)- 

Terminal buds were fixed in 4 • ‹ C  formaldehyde for 24 hours, 

then rinsed several times with 4 • ‹ C  distilled water for 24 

h o u s ,  stained with Schiff's Reagent for 2 hours and rinsed 

for 1 hour with roam temperature (22 2 1•‹C) distilled water. 

Apices of te-inal buds were excised and squashed on 2 

micrascope slide, Mitotic index is the number of apical cells 

in aL1 stages of active mitosis (excluding interphase) 

expressed as the percentage of the total number of cells that 

fefl on transects 200 micrometers apart, 

Witotic index can be underestimated using this transect 

method, mitotic indices calculated per unit area are generally 

higher; however, there is a g a d  correlation between the two 

metfrads. It is afsa much quicker to calculate the mitotic 

index using transects rather than per unit area (Grob 1990). 

Si th in  the bud itself, the apices are the first to cease cell 

division, cell division continues for some time in the needle 

gxirsordia, 

Cald hardiness 

Two methods of determining cold hardiness were used. The 

first m e t h o d  was similar to the procedure used by the B,C. 

PFinistny of Forests, Seedlings (n=15) were placed in 

styroblock containers insulated with moist peat, then placed 



in a dark incubator at 15•‹C. The temperature was lowered at 

6'~-h-~ until it reached -18'C, and maintained there for two 

hours. Temperature was then raised at a rate of 6 " C-h-I to 

room temperature before seedlings were placed in an incubator 

with a photosynthetic photon flux (PPF) of 70 pmol 

23/17"C day/night temperature and 14 hour photoperiod for two 

weeks- Seedlings were considered to be cold hardy to the 

Hinistry of Forests standard of -18•‹C if ~ 2 5 %  of the foliage 

showed necrosis, 

The second method of determining cold hardiness testing 

followed the procedure of Levitt (1980). Seedlings (n=40) 

were placed in styroblock containers insulated with moist 

peat- Seedlings were placed in an incubator at 15•‹C and the 

temperature was lowered at 6 ' f  = h-'. Ten seedlings were 

removed at four different temperatures. The temperatures were 

chosen to bracket an LT5* temperature predicted for the 

particular species and time of the season. Seedlings were 

kept at the desired temperatures for one hour. The 

temperature was then raised to room temperature at a rate of 

6'~-h-'. After thawing, seedlings were placed in an incubator 

with a PPF of 70 pmol-m-2 -sel, 23/17 * C  day/night temperature 

and 14 hour photoperiod for two weeks. 

Seedling status was assessed after two weeks, the 

temperature where 50% of the foliage had visible damage was 

determined using linear regression (LT50)- Data between 5-95% 

visible damage w e r e  used to calculate the regression. 



ChLoro~hvll fluorescence 

Chlorophyll fluorescence assay systems have been widely 

used to investigate the photosynthetic functioning of plants 

(for a review see Krause & Weis 1991). Chlorophyll 

fluorescence was measured using an integrating fluorometer 

(Toivonen & Vidaver 1984); data acquisition and processing was 

interfaced to a computer (Dube and  ida aver 1990). This 

fluorometer utilizes an integrating sphere that allows for 

fluorescence measurements to be taken from whole shoots rather 

than from a subsample with a small surface area. This 

minimizes the effects of variation between subsamples, with 

the resultant curve representing an integrated fluorescence 

signal for the whole shook. 

Vidaver et al. (1991) st-te that seedlings moved from an 

outside growing area or growth chamber to a laboratory for 

physiological assessments, such as chlorophyll fluorescence 

and C02 gas exchange reflect the response or physiological 

capacity of the seedlings to a given set of laboratory 

conditions at the time of measurement. Therefore, measurement 

conditions should be kept as constant and reproducible as 

possible throughout an experimental series. For this reason, 

seedlings were brought into the laboratory, well watered and 

equilibrated to room temperature for 2 hours at a PPF of 350 

pminol-m-2-s-' to allow them to acclimate to room temperature at 

low light intensities. Seedlings were then placed under a PPF 

of 650 prn~l-rn-~-s-l for 45 min to condition and standardize 

all seedlings to a uniform near saturating light intensity. 



Seedlings were then dark pretreated for a minimum of 25 min at 

room temperature, 

The chlorophyll fluorescence of the whole shoot was 

monitored for 300 s for most experiments, a total of 3740 data 

points were collected for each scan (Table 2). The excitation 

light level in the sphere had a PPF of 115 prn~l-rn-~*s-' 

provided by a quartz-iodine projection lamp (Sylvania EJL 150W 

12V), as measured at the centre of the sphere by a LI-COR 

Model LI-185A radiometer with a quantum sensor (Li-Cor Inc. 

Lincoln, NE) , 

The typical features of such curves, seen in Figure 2, 

known as Kautsky or induction curves are described in Krause & 

Weis (1984). Unless otherwise indicated, all curves for white 

spruce and Douglas-fir are the average response of 10 

seedlings, data are normalized to compensate for different 

seedling sizes according to Vidaver et al. (1989a). 

Normalization is performed using the formula: 

Fvar = (FV-FO) *Fo -1 

where 

Fvar is normalized variable fluorescence at time t 

Fv is non-normalized fluorescence at time t 

Fg is 0-level fluorescence. 

Several components of the induction curve were used for 

analysis: Fg, initial fluorescence; FT, steady state 

fluorescence; F'v/Fm, the ratio of the induced to the maximum 

chlorophyll fluorescence at the time of peak fluorescence (P) 

(Hipkins & Baker 1986) . 



Initial fluorescence, Fg, is not related to the 

photochemistry of variable fluorescence but is dependent upon 

the instantaneous excitation light flux (Papageorgiou 1975). 

~nitial fluorescence is then proportional to the total number 

of emitting sources of chlorophyll fluorescence in sample, 

which in turn is proportional to the amount of tissue and 

seedling size. Normalization assigns a unit value of 1 to For 

although when normalized curves are graphed FO appears at 0 

(Vidaver et al. 1989a). This does not indicate that there is 

no fluorescence at all at Fg, only that there is no variable 

fluorescence at Fo. Normalized chlorophyll fluorescence 

induction curves are therefore graphed to emphasize the 

variable fluorescence, as shown in Figure 2. 

Steady state fluorescence, FT, was estimated after a five 

minute scan, and is related to C02 assimilation (Hipkins & 

Baker 1986). 

The ratio of the variable to the maximum chlorophyll 

fluorescence, Fv/Fm, was used as an indicator of PSII 

photochemical efficiency, since it relates to the probability 

of a photon absorbed by the chlorophyll matrices being 

utilized to drive PSII photochemistry (Baker 1978). 

The Fv/Fm ratio was calculated by the formula: 

m/Fm = P/(Ptl) 

where 

Fv is measured at the time of peak variable fluorescence, 

Fm is maximal fluorescence P + Fo. 



The Fv/F'm ratios reported in this study were lower than 

ratios acquired using alternative chlorophyll fluorescence 

measuring systems, possibly due to lower excitation light 

levels in the integrating sphere; however, the ratios do 

appear to be consistent with those of other studies of 

conifers (Bolhar-Mordenkampf & Lechner 1988, Krause & 

Somersalo 1989) and were considered to be valid, though not 

directly comparable with ratios measured using higher 

excitation light intensities. Therefore, the ratio Fv/Fm may 

be considered as an indicator of PSI1  activity rather than 

efficiency when measured under such subsaturating light levels 

(Strand & Lundmark 1987). 



Table 2 Rate, frequency and duration of 300 s chlorophyll 
fluorescence induction scans. 

Rate Hz Duration Data points 

Total 



Figure 2. Typical 300 s chlorophyll fluorescence induction 
curve. An integrating fluorometer with an excition 
PPF of 115 prt~l-rn-~-s-~ was used. Right axis shows 
normalized units where all variable fluorescence is 
plotted above the origin ( F o ) ,  left axis shows non- 
normalized values. Shown are 0, P, S f  M and T-level 
fluorescence. Variable fluorescence, Fv, and 
maximal fluorescence, Fm, measured at peak (P) 
fluorescence are indicated. 



Carbon Dioxide sas exchanqe 

Immediately following fluorescence measurements, 

seedlings were placed under quartz-halide lamps providing a 

PPF of 400 ,umol*m-2*s-' for 15 min to acclimate seedlings to 

moderate light levels under laboratory conditions, seedlings 

were then placed for a minimum of 30 min under saturating 

light levels of 900 prn~l*m-~*s-l. Room temperature (22 2 2 ' C) 

was maintained by placing a water bath between the light 

source and seedlings. Whole shoot gas exchange was measured 

using a method modified from ~ister et al. (1961) and 

described by ~oivonen & Vidaver (1988). Seedling shoots were 

sealed in a transparent Plexiglass container connected into a 

closed gas circulation system in which changes in C02 

concentrations were measured by means of a model 865 Beckman 

infrared gas analyzer (IRGA) . 
The IRGA was calibrated using a standard C02 in air 

mixture, 100% nitrogen was used to set zero. Water vapour in 

the air stream from transpiration mimics C02 by absorbing 

infra-red radiation, and can cause errors. Therefore, 

transpired water vapour was removed from the circulating air 

by an ice jacket water vapour condenser, thus maintaining a 

constant relative humidity (Wf in the system. 

Net photosynthesis (PN) measurements were taken using a 

C02 range of 310 to 370 ~ L L O L - ~  at room temperature (22 t 2'C) 

and 80-85% RH. Minimum air flow velocity in the Plexiglass 

chamber was 1.26 m-min-I. Plants were positioned to receive 

from the side 850 to 900 pmol-m-2*s-1 PPF (90-95% light 



saturation) provided by a high pressure sodium lamp (400 watt 

Poot Elektra, type PC 1078/N lamp, with a General Electric 

Lucalox LU400/40 bulb). 

Dark respiration (RD) was measured using the same system 

by covering the Plexiglass container to seal out all light. 

Measurements were taken for several minutes until a steady 

respiration rate was achieved, 

Liftins and storase 

Randomly chosen seedlings were lifted by hand and 

gathered into replicate batches of 10 seedlings each. A 

plastic bag was wrapped around the roots of each batch. 

Batches were placed in plasticized paper bags, then into waxed 

cardboard boxes and placed in cold dark storage (-2.0 + 1•‹C) 
at SFU, Burnaby, B.C. 

Root arowth ~otential 

Root growth potential (RGP) conditions followed the 

procedure of Stone (1955). On removal from cold storage, 

seedlings were allowed to warm to room temperature under low 

light conditions (70 p n ~ l - m - ~  as-') prior to potting. 

Seedlings were potted in one liter containers (7 X 7 X 21 cm) 

containing moist standard potting mix (Fison's Sunshine Mix). 

Seedlings were then placed in a growth chamber at SFU with a 

PPF at canopy height of 375 pmol-m-2=s-1, 85% RH, 24/19*C 

daylnight, 16 hour photoperiod. Seedlings were well watered, 

but received no fertilizer, Root growth was assessed 28 days 

after potting. The number of white root tips longer than 1 cm 

were counted. 



Bud f lush 

Flushing of apical buds was monitored daily, scores for 

different stages of bud break for the seedlings were assessed 

as follows: 

0 tight brown bud 

1 bud brown and swelling 

2 bud swollen and appears green, some green needles visible 

below scales 

3 needles free from scales and clearly visible 

4 needles elongating, free of bud 

5 stem elongating 

Seedlings were considered to have flushed when 50% of the 

seedlings were at stage 3. 

Dry Weiqhts 

Seedlings were divided into root and shoot, then all 

rooting material was washed off. Root and shoot dry weights 

were measured after oven drying ( 70 • ‹C )  for 48 hours, samples 

were cooled in a desiccator, then weighed. 

Calculations of surface area 

The importance of the selection of a method for measuring 

leaf surface area to express gas exchange data has been 

reviewed by Smith et al, (1991). In particular, conifer 

seedlings have complex shoot patterns, where leaf geometry is 

not planar and orientation to the light source is not 

perpendicular. This study used several methods to calculate 

surface area. In particular, projected surface area (PSA), 

the area of the leaf shadow cast on a surface beneath and 



parallel to the leaf plant was utilized, Projected surface 

area was calculated by removing all needles and photocopying 

them. Projected surface area of individual needles was 

estimated from the photocopy. This method permitted surface 

areas to be calculated at a later date from a permanent 

photocopy record, and allowed for a larger number of samples 

to be tested than would have otherwise been possible, 

Where this method was not practical, the following 

formulae were developed after calibration with 100 samples. 

To calculate projected surface area (PSA, in dm2): 

i) White spruce: 

PSA = -009 X total number of needles 

ii) Douglas-f ir: 

PSA = -015 X total number of needles 



C.  FALL DORMANCY AND SPRING 

REACTIVATION OF  PHOTOSYNTHESIS IN WHITE 
SPRUCE AND DOUGLAS-FIR SEEDLINGS 





I#TRODDCTION 

Seedlings over-wintered under natural conditions show a 

decrease in stress resistance (eg. cold hardiness) in the 

spring (Schuch et ale 1989) ; however, Lavender (1985) and 

Burr et al. (1989) have shown that the best seedling 

performance in the field occurs if they are lifted and 

replanted when their stress resistance is highest, For this 

reason, a large proportion of seedlings are over-wintered in 

cold storage to maintain seedlings in a dormant, hardy state 

far late spring ~lanting (Ritchie & Tanaka 1990). Over- 

winter cold storage has been found to maintain or actually 

enhance spring root growth potential (RGP) (Ritchie & Tanaka 

1990), providing the seedlings are both morphologically and 

physiologically domirant prior to being placed in cold storage 

(Hermann et al. 1972, Timmis 1980). 

Seedlings are generally considered suitable to lift and 

place in cold, dark storage when they achieve a minimum cold 

hardiness of -18•‹C (Colombo et al. 1984; Simpson 1985). Cold 

hardiness has also been correlated to subsequent RGP in 

Dauglas-fir seedlings (Simpson 1990) and is therefore 

eonsidered a g o d  general indicator of the capacity of 

seedlings t o  store satlsfacioriiy. 

r n L Z  -&.-A** r m l s  ~ L U U ~  followed seasonal changes i n  photosynthetic 

activity of one year old containerized white spruce (Picea 

glauca [Hoench] Voss,) and Douglas-fir (Pseudotsusa rnenziesii 

[Wirb.] Franco) seedlings grown for reforestation following 



the nurseries' standzrd procedures. The objective of this 

study was to provide a baseline of information on seedlings 

grown using typical conifer nursery procedures, and also 

compare the spring recovery of spring-lifted seedlings over- 

wintered under natural environmental conditions with 

seedlings over-wintered in cold storage using C02 gas 

exchange and chlorophyll fluorescence. In order to determine 

the contribution of new foliage to recovery of photosynthetic 

activity in the spring, newly flushed needles were compared 

separately to one year old needles both over-wintered under 

natural conditions or cold-stored. 

ELATERIALS ANI) ME!l%OIdS 

Seedlings used in this experiment were grown and 

supplied as per General Materials and Methods. To induce bud 

set, the seedlings were subjected to a 12 hour photoperiod 

for two weeks in late July using a greenhouse with black-out 

facilities. Approximately 600 seedlings sown in 1989 were 

used for study in 1989-90, and another 600 seedlings sown in 

1990 were used for study in 1990-91. 

Seedlings were brought to SFU at the end of July and 

placed in an outside compound, Seedlings were kept well 

w a t e r e d ,  but w e r e  not fertilized after this date. In 

N o ~ e ~ e r  of each year, the styrtbitck containers w e r e  

recessed 15 in saw!ust filled p~tting beds at the outside 

compound to insulate the roots against sub-zero temperatures. 



In July seedlings were randomly assigned to three groups 

(Figure 3) : 

1, BL - The first group of seedlings were left in an open 
compound for the duration of the study to collect baseline 

data on dormancy and spring reactivation of seedlings under 

natural conditions. This group is referred to as baseline 

(BL) seedlings. 

2 C S  - The second group of seedlings were winter-lifted 
and cold-stored for 13 weeks. In the spring, seedlings were 

removed from cold storage and placed in a growth chamber. 

This group is referred to as cold-stored (CS). 

3 , SL - The third group of seedlings were over-wintered in 
the outside compound, then spring-lifted in March and placed 

in a growth chamber. This group is referred to spring-lifted 

(-1 

In order to follow the natural seasonal pattern of 

photosynthetic activity of seedlings, BL seedlings were 

maintained under ambient environmental conditions in an open 

compound from August to the end of May in both 1990 and 1991. 

Once a month during this period, 10 randomly chosen BL 

seedlings were brought into the laboratory and warmed to room 

temperature before chlorophyll fluorescence and C02 gas 

exchange rates were measured (Figure 3 ; .  These seedlings 

experienced cultural canditims typical of those found in the 

conifer nursery that supplied the seedlings, data was 

therefore considered to representative of the typical 

seasonal responses of nursery grown conifers. 
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Figure 3 .  Time l i n e  of Experiment. B a r s  indicate when net 
photosynthesis (+), chlorophyll fluorescence (CF), 
mitotic index (MI) and cold hardiness (CH) testing 
were conducted, Arrows indicate when seedlings 
were lifted for  cold storage, and when cold-stored 
(CS) and spring-lifted (SL) seedlings were placed 
into  growth chamber. 



Environmental conditions for the seedlings over-wintered 

in the outside compound were monitored and supplied by 

Environment Canada. The number of sunshine hours is reported 

in Table 3, and the five day minimum and maximum temperature 

reported in Figure 4. 

For the BL group, the number of days to bud break was 

measured in December, January, February, March and April 

(Table 4) to assess the bud dormancy stage. Ten BL seedlings 

were placed in a growth chamber with a 16/8 day/night 

photoperiod, 85% RH, PPF of 375 pmol-m-2-s-1. Seedlings were 

considered to have flushed once the terminal bud flushed on 

50% of the seedlings as per General Materials and Methods. 

To optimize the quality of the seedlings winter lifted for 

cold storage, seedlings were lifted when they were both 

dormant and cold hardy. Bud set and mitotic indices of 

apical buds were used as indicators of morphological 

dormancy; from October to January, mitotic index was 

calculated biweekly on a random sample of 10 BL seedlings. 

Cold hardiness testing, (LT25 -18"C), was conducted from 

October through December as per General Material and Methods. 

The mitotic index of the apical buds was 0% and the seedlings 

were cold hardy to -18•‹C when they were lifted for cold 

storage. mite spruce seedlings were lifted the first week 

of Becemhes in 1989 and in December of 1990, the coastal 

Douglas-fir were lifted the third week of December, 1989 and 

1980. Randomly chosen seedlings of both species were lifted 



Table 3. The number of bright sunshine hours per month 
measured at the Vancouver International Airport. 
Sunshine hours were calculated using the Campbell- 
Stokes method, supplied by Environment Canada 
(1989, 1990, 1991) .  

Year 

1989/90 1990/91 

A w  

SeP 

Oct 

Nov 

Dec 

Jan 

Feb 

Mar 

APr 

May 



Aug Sep Oct Nov Dec Jan Feb Mar Apr May 

DATE 

Figure 4. The five day minimum and maximum temperature 
measured at Simon Fraser University, A) 1989-1990 
and B) 1990-1991. Average air temperature is 
indicated by solid line. 



by hand and placed into 4 replicate batches of 10 samples in 

each batch and placed into cold storage. 

Beginning the first week of March in 1990 (year 1) and 

1991 (year 2), both CS and SL seedlings were placed in a 

growth chamber to induce growth. Two replicate batches of 10 

randomly chosen naturally over-wintered BL seedlings were 

spring-lifted (SL), and one batch of 10 cold-stored (CS) 

seedlings was removed from cold storage each day for four 

consecutive days. The CS and SL seedlings were allowed to 

warm to room temperature (22•‹C) under low light conditions 

(70 pmol*m-2*s-1 PPF) and potted as per General Materials and 

Methods. Seedling net photosynthesis, PN, and chlorophyll 

fluorescence were measured 1, 2, 4, 10, 18 and 28 days after 

placing them under growth chamber conditions. 

In year 1, one subsample each (n=10) of SL and CS 

seedlings were maintained in the growth chamber for 70 days 

(SL-70 and CS-70), at which time PN, RD and chlorophyll 

fluorescence were again measured. 

Water potential 

Needle water potential was measured using a 5-14 Plant 

Press (Decagon, Pullman, WA) on day 1 and 28. A random 

sample of 5 needles was removed from each of 10 seedlings and 

placed on filter paper in the press window. Pressure was 

applied until liquid appeared on the uncut edge of the 

needles (Rayendrudu et al. 1983). 



statistical analysis 

All statistical analyses were done on the mainframe 

computer at SFU using SAS (1988). Measurements of winter 

dormancy and spring recovery of BL seedlings were analyzed 

using one-way ANOVA contrasting for time. The 28 day spring 

recovery of the CS and SL seedlings' PN, RD and chlorophyll 

fiuorescence components, Fv/Fm ratio and FT, were analyzed 

using two-way ANOVA on one factor with repeated measurements 

and multiple comparisons (~onferroni test) (Bellavance 1987; 

Winer 1977), as well, an F-protected T-test and non- 

overlapping 95% confidence intervals was used. 

Differences in climatic conditions between year 1 and 

year 2 precludes data between years from being pooled (see 

Table 3 and Figure 4); however, when no significant 

difference was found between replicate groups within a given 

year, data were pooled. In year 1, chlorophyll fluorescence, 

root growth potential, PN and RD data for replicate groups of 

SL seedlings were pooled. Also in year 1, chlorophyll 

fluorescence, root growth potential, PN and RD data for 

replicate groups of CS seedlings were pooled. Data were 

pooled in a similar manner in year 2. 

Simple linear correlations were used to determine 

relationships between factors where neither factor is assumed 

to be functionally dependent upon the other For these cases, 

the coefficient of determination, rZ, is reported as the 

measure of the strength of the straight-line relationship, no 

dependent and independent variable is implied (Zar 1984). 



RESULTS 

a1 Easeline !BL! Seedlinss 

The number of days to bud break (Table 4), measured from 

the day seedlings were placed in the growth chamber, 

decreased over the winter and spring for both species. At 

the time of lifting for storage, time to bud break was 38 

days for white spruce, 46 days for the Douglas-fir. 

Both white spruce and Douglas-fir seedlings showed 

similar seasonal patterns of photosynthetic activity. Net 

photosynthesis and RD decreased in the fall, reaching a 

minimum in January, then increased in the spring in both 

years (Figure 5) . 
Net photosynthesis of white spruce was positively 

correlated with day length (not sunshine hours) in year 1 

(r2 =. 76) and in year 2 (r2 =. 75) . Net photosynthesis was also 

correlated with average air temperature for the previous 5 

days based on Figure 4, in year 1 (r2=.74) and 2 (rz=.69). 

Similar correlations were found for Douglas-fir, PN 

correlated with day length (r2 =. 69) in year 1 and 2 (r2 =. 72) , 

and average air temperature in year 1 (r2=.65) and 2 

(r2 =. 6 3 )  . 



Table 4. Days to bud break for white spruce and Douglas-fir 
seedlings over-wintered outside. Bud break was 
measured from the time seedlings were placed in 
growth chamber until 50% of the terminal buds had 
new needles showing. 

Species Date 

Dec Dec Jan Feb Mar Apr 
6 21 11 11 21 23 

White spruce 38 27 20 10 * * 
Douglas-fir NA 46 NA 25 20 14 

- - - - - - - 

* seedlings had already flushed by this date 

NA data not collected for this date 
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Figure 5. Seasonal C02 gas exchange of baseline (BL) 
seedlings over-wintered under natural conditions. 
A) white spruce, 8) Douglas-fir. Arrow indicates 
when 50% of the terminal buds had flushed. Net 
photosynthesis (pH) and dark respiration (RD) 
measurements were taken mid-month. (Mean + SE, 
n=10) 



Chlorophyll fluorescence induction curves for BL white 

spruce seedlings from August to A p r i l .  are shown in Figure 6. 

The typical features of such curves, known as Kautsky or 

induction curves are described in Krause & Weis (1984). Each 

curve is an average of 10 seedlings, data have been 

normalized to compensate for different seedling sizes. The 

shape of the induction curve varied each time, and was 

substantially different on all four dates, 

Both species showed seasonal changes in the chlorophyll 

fluorescence induction curve. The Fv/Fm ratio decreased from 

August to January for both species (Figure 71, then recovered 

in the spring. In year 1, the Fv/Fm ratio was positively 

correlated to daylength (r2=.72) for white spruce and 

Douglas-fir (rZ=.76), and was similarly correlated in year 2 

(r2=-69, r2=.73) for white spruce and Douglas-fir 

respectively. The Fv/Fm ratio also correlated positively 

with average air temperature for white spruce (r2=.75) and 

Douglas-fir (r2 =. 68) in year 1, and (r2 =. 68) for white spruce 

and Douglas-fir (r2=.76) in year 2. 

Steady state fluorescence, FT, also decreased to a 

minima in January, then increased over time in the spring. 

Steady state fluorescence correlated with average air 

temperature for w h i t e  spruce in year 1 (rz =. 79) and 2 

(r2 =72) , and Douglas-f ir in year 1 (rZ =. 65) and 2 (r2 =. 63 1 . 



Figure 6. Norrealized chlorophyll fluorescence induction 
curves of white spruce seedlings. Each cuwe 
represents an average of 10 naturally over-wintered 
seedlings assayed in August, November, Januzry and 
April .. 
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R a t i o  of variable fluorescence to maximal 
fluorescence, Fk/Em, and steady state fluorescence, 
F T ~  of baseline seedlings (EL) naturally over- 
wintered, A) white spruce, 8 )  Douglas-fir, 
Heasurememts were taken mid-month, (Mean + SE, 
n=10) 



bl S~rins recovery of SL and CS seedlinqs 

After 28 days in the growth chamber, both the white 

spruce and the Douglas-fir SL and CS seedlings had all 

flushed. The newly flushed needles were tightly bunched and 

had not fully expanded on day 28. New needles were succulent 

and light green in colour. 

Root srowth ootential and water potential 

In year 1, the RGP of the SL white spruce seedlings was 

higher than in year 2 (Table 5). There was no significant 

difference between the RGP cf the CS seedlings in year 1 and 

year 2, The average length per white root was significantly 

longer in SL seedlings (7.2 cm) than CS seedlings (1.4 cm). 

In year 2, the RGP of the SL and CS Douglas-fir 

seedlings were not significantly different from each other; 

however, in year 2, the RGP of the CS seedlings was 

significantly higher than the SL seedlings (Table 5 ) .  The 

average length per white root of the SL seedlings was 8 cm, 

the average length per white root of CS seedlings was 1.5 cm. 

for both species, the needle water potentials of bath 

the SL and CS seedlings were significantly higher on day 28 

than on day 2 (Table 6 ) .  



Rttt growth potential (number of white roots 
greater than 1.0 cm in length) of white spruce and 
Douglas-fir seedlings. Root growth potential was 
measured after 28 days in growth chamber (mean 2 
SE, n=40 CS, n=20 SL) for both spring-lifted (SL) 
and cold-stored (CS) seedlings. 

Species treatment Year 1 Year 2 

White spruce S L  36.52 1.2~ 26.14 1.4 b 

CS 24.6+ 2.1 b 19.72 1.7 b 

same letter signifies no significant difference between 
rows and columns. 



Table 6. Needle  water po ten t i a l s  f o r  a )  n a t u r a l l y  over- 
wintered spring-f ifted (SLj  and,  b) g a l l  lifted and 
c o l d - s t o r e d  (CS)  w h i t e  spruce and Doug las - f i r  
seedlings, Needle water p o t e n t i a l  w a s  measured 
with a J-14 leaf p r e s s  on day 1 and day 28 after 
placement i n  a growth chamber. (Mean + SE, n=10) 

Water p o t e n t i a l  

Species Treatment n= t i m e  H P ~  

Y e a r  1 

White s p r u c e  cs 48 d a y 1  -1.97 + 0 . 3 2 ~  

CS 40 day  28 -2.34 ,C 0.29 b 
SL 20 d a y 1  -1.72 + 0.33a 

SL 20 d a y 2 8  -1.37 2 0 - 3 1  b 

White spruce 

CS 40 day 1 -1-94 + 0.35a 
es 40 d a y 2 8  -1.17 k 0.16 b 

SL 20 d a y 1  -1.89 2 0 . 3 0 ~  

SL 20 d a y 2 8  -1-18 -E 0.27 b 

Year 2 

CS 40 d a y 1  -1.89 2 0.33a 

CS 40  d a y 2 8  -1.28 2 0.27 b 

SL 20 d a y 1  -1.80 2 0,2ga 

SL 20 day 28 -1.31 2 0.35 b 

CS 40 d a y 1  -1.95 2 0 . 2 6 ~  

CS 40 day  28 -1.18 4 0.28 b 

SL 20 day  P -1 ,91  2 0,31a 

SL 20 day 28 -1.23 4- 0.29 b 

a r b ,  same letter signifies no significant difference between 
values in column (Bonferroni test p<.001) 



Carbon dioxide gas exchange 

After placement in the growth chamber, for most groups a 

rapid increase in the FN rate from day 1 through day 5 was 

observed, then in most cases a less rapid but still 

progressive increase occurred (Figure 8)- The decreased PN 

rate seen from day 5 through 28 may be part~y attributable to 

increased dark respiration perhaps related to bud swell. 

From day 15 to 28, rapid increases in dry weight and surface 

area of the newly flushed needles before they have full 

plhutosynthetic capacity and increased self shading would also 

decrease PN rates. 

There were no significant differences in P ~ J  or RD rates 

between SL and CS white spruce seedlings in year 1 or 2. 

There was a significant difference in the PN rates of 

the Douglas-fir seedlings in year 1 and year 2, and there was 

a significant difference between SL and CS seedlings. In 

year 1, the PN rates of the SL seedlings increased 

significantly over time (Figure 8); however, in year 2, there 

was no significant increase in PN over time. 

In year 1, the Q and RD rates of the GS ~ouglas-fir 

seedlings increased until day 10, then w a s  not significantly 

different through to day 28. In year 2 the PN and RD rates 

continued to increase over time (Figure 8). 
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F i g u r e  8. C02 gas exchange of spring-lifted (SL) and cold- 
stored (CS) w h i t e  spruce and Douglas-fir seedlings. 
Net photosynthesis (PN) and dark respiration (RD) 
were measured while seedlings were in growth 
chamber far 28 days in March. A) SL White spruce, 
B) SL buglas-f ir, C) CS white spruce, D) CS 
Douglas-fir, (mean 2 Sf), n=40 CS, n=20 SL) , 



Chlorophvll fluorescence 

There was a significant change in Fv/Fm ratio of the SL 

and CS white spruce seedlings over the 28 days in the growth 

chamber (Figure 9 )  . 
Steady state fluorescence, FT, increased over time for 

both the CS and SL white spruce seedlings. 

There was no significant increase in the Fv/Fm of the SL 

Douglas-fir seedlings from day 1 to day 28 in both year 1 and 

2 (Figure 9 ) .  There was no significant change in steady 

state ffuorescence, FT, over time in year 1. The FT measured 

in year 1 was significantly higher than in year 2. In year 

2, FT increased significantly over time (Figure 9 ) .  

Cold-stored Douglas-fir seedlings also showed no 

significant increase in Fv/Fm ratio from day 1 through day 

28; however, year 2 was significantly higher than year 1 

(Figure 9)  . Steady state fluorescence, FT, of the CS 

seedlings increased significantly over time in year 1, but 

not in year 2. In year 2, FT was below relative FO level 

until the fourth day after potting (Figure 9). 

There was a linear correlation between PN measured on 

day 1 and RGP measured on day 28 (Figure 10A) for cold-stored 

seedlings, A linear correlation was found between the Fv/Frn 

ratio measured five hours after cold-stored seedlings were 

removed from storage and RGP measured after 28 days (Figure 

1OB). 



A) SL White spruce 

' - 
C )  CS white spruce - 1.2 

rC I I 

--am- FvlFm y2 
--*-- 

-0.4 
0  5 10 15 20 25 30 

DAY 

- 0 . 4 t * 1 ~ 1 ~ 1 ~ r ~ t -  
0  5 10 15 20 25 30 

DAY 

Figure 9 .  Ratio of variable fluorescence to maximal 
fluorescence, Fv/Fm, and steady state fluorescence, 
FT, for spring-lifted (SL) and cold-stored (CS) 
white spruce and Douglas-fir seedlings. 
Measurements were taken while seedlings were in 
growth chamber for 28 days in March. (A) SL white 
spruce, B) SL Douglas-f ir, C) CS white spruce, D) 
CS Douglas-fir. (mean 2 SD, n=40 CS, n=20 SL). 
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Figure 10. A) Net photosynthesis (w) measured five hours 
after seedlings removed from cold storage related 
to RGP of same seedlings measured after 28 days. 
Each point is an average of five seedlings. 
B) EV/Fm ratio measured five hours after seedlings 
removed from cold storage related to RGP; each 
point is an average of five seedlings. 



Table 7  summarizes the differences in net photosynthesis 

and Fv/Fm ratio of newly flushed and 1 year old needles after 

seedlings experienced 2 8  days in the growth chamber and 70 

days in the growth chamber. It should be noted that new 

needles were not 28 days old; buds flushed between 15-20 days 

after seedlings were placed in the growth chamber. 

Analysis of variance indicated that neither cold storage 

nor spring lifting were significant factors in affecting PN 

or Fv/Fm in these seedlings. The age of the needles was a 

signficant factor for PN after 28  days and Fv/Fm after 7 0  

days. Newly flushed white spruce needles had significantly 

higher PN rates after 28  days in the growth chamber than one 

year old needles. There were no significant differences in 

the PN rates between newly flushed needles and one year old 

needles after 70 days in the growth chamber. Newly flushed 

needles had significantly higher Fv/Fm ratios than one year 

old needles after 7 0  days in the growth chamber. 



Table 7. Net photosynthesis, PN, and ratio of variable to 
maximal fluorescence, Fv/Fm, of newly flushed and 
one year old neeales. Seedlings were either 
naturally over-wintered and spring-lifted (SL) or 
cold-stored (CS) seedlings. Measurements taken 
after 28 and 70 days in a growth chamber in year 1 
(mean 2- SD, n=10). 

Net photosynthesis, PN (pmol s-l) 

Treatment 28 days 70 days 
New I v old New 1 Y old 

White spruce 

Fv/Fm ratio (relative units) 

Treatment 28 days 70 days 
New 1 Y old New 1 y old 

White spruce 

SL 0.6320.14~ 0.5650. Ogab 0.78+0.12~ O.6lkO. llab 

b f i  same letter signifies no significant difference 
between values in columns or rows (Bonferroni test p<.001) 



DISCUSSION 

In both white spruce and Douglas-fir, the number of days 

to bud break in the baseline (BL) seedlings steadily declined 

from December till April (Table 4). Such a decrease in the 

number of days to bud break over time is commonly seen in 

conifers, and is related to an accumulation of chilling hours 

(Campbell & Sugano 1975, Carlson 1985, Garber 1983, Ritchie 

1984). Seedlings over-wintered in an open compound rely on 

natural conditions to meet their chilling requirement, 

whereas the cold-stored seedlings can have a portion of 

theirs met within storage. The days to bud break in all 

cases indicates buds were in the quiescent state, where 

environmental conditions were maintaining rest and much of 

the chilling requirement had already been met (Lavender 

1985). 

The average length of new white roots was much longer in 

spring-lifted (SL) seedlings than cold-stored (CS) seedlings, 

possibly because of the longer growing period avaxlabfe to 

the spring-lifted seedlings. Even though photosynthetic 

rates of the baseline seedlings over-wintered outside was low 

in February and March, and were likely overestimated by 

warming them in the laboratory prior to measuring, they could 

still have been capable of positive net photosynthesis during 

warm periods, and thus accumulated more total photosynthate 

for root growth sooner than the cold-stored seedlings. This 

possible accumulation of more total photosynthate is 

consistent with ~ielder br Owens (19189) who found that 



naturally over-wintered containerized ~ritish Columbia 

coastal Douglas-fir has a root growth period beginning in 

late January or early February and continuing through the 

early spring. 

Similar to the results found by McCreary & Duryea 

(1987), the needle water potential of both cold-stored and 

spring-lifted seedlings was higher after 28 days in the 

growth chamber, and was positively correlated to RGP (Deans 

et al, 1990). Seedlings with high RGP values had higher 

water potential values on day 28; consistent with previous 

results found by Deans et al- (1990). Seedlings with lower 

RGP values had needle water potential values that did not 

change significantly from day 1 to day 28, indicating 

restricted water conduction and root function. 

The chlorophyll fluorescence of naturally over-wintered 

white spruce (Vidaver et al. 1989a) and Douglas-fir seedlings 

(Hawkins 1981) has previously been found to decrease in the 

fall and recover in the spring. The variable chlorophyll 

fluorescence of baseline seedlings over-wintered outside in 

this study were also fuw in the winter and recovered over 

several months in the spring. This reversible decline of 

W/Fm in winter is due to a decrease in Fm, not an increase 

in For indicating there was no daaage to the photusynthetic 

reaction centers (Briantais et al, 1986). 

The decline of FBI in winter, and its subsequent recovery 

in spring, has been attributed to either photochemical 

regulation of the photosynthetic apparatus in conifers 



(Vidaver et ale 198%) or to photoinhibition (Krause & 

Somersalo 1989, dquist C Malmberg 1989) and has been treated 

in the literature as tihe same phenomenon. This decine of Fm 

in winter serves an adaptive function to prevent photodamage 

during periods of cold and high light levels (Krause & 

Somersalo 1989). The baseline naturally over-wintered 

seedlings had low Fv,.'Fm ratios in the winter, which increased 

significantly over time prior to bud flush. This would be 

expected if reversible photosynthetic inactivation or 

photochemical regulation were involved; cold-stared seedlings 

showed little increase in F v / h  prior to flushing* 

Spring reactivation of photosynthesis in cold-stored 

white spruce seedlings has previously been monitored using 

chlorophyll fluorescence; Vidaver et al- (1939a) show that 

the first 30  seconds of the chlorophyll fluorescence curve of 

vigourous seedlings return to nearly normal within 4 8  haurs  

of removal from storage in the spring- In this study, a h i g h  

Fv/Fm ratio five hours after seedlings were removed from cold 

storage w a s  indicative of rapid recovery of PSI1 activity. 

This agrees with Van den Driessche (1987), uko suggests 

reactivation of photosynthesis raray be very rapid in seedlings 

after removal Eram cold storage; seedlings removed from cold 

storage in -e current study had positive nee photosynthetic 

rates withim 5 hours, Prior to 5 hours, there  was negligible 

net uptake of C02 [data not shown), perhaps because af high 

stomata1 resistance, or insufficient recovery of 

pfiratochemical or biochemical components of photasynthesis, 



The E%/Fm ratio declined on day 2 in afl cold-stored 

seedlings i n  both year 1 and year 2 (as seen in figure 91,  

and in most cases did not recover to the day 1 value until 

day 28, This decline of kP/Fm on day 2 may be related to the 

cold storage treaement; seedlings were maintained under cold, 

dark conditions for 5 3  weeks, Internal protective mechanisms 

to prevent damage from excess light may not be fully 

functional when re~iaared from such an extended storage. 

The higher Fv/Fm ratios aE the newly flushed needles 

after T O  days may be partly attributable to newfy f lushed  

needles being f u l l y  expanded on day 70, whereas, on day 28 

they were still tightly bunched. Measuring the chlorophyll 

fluarescence of tightly bunched needles in an integrating 

sphere resulted in lower fluarescence levels than for fully 

expanded needles possibly because of self-shading. Newly 

flushed needles appeased to have higher PSI1  photochemical 

efficiency than ofd needles, as indicated by higher Fv/Fm 

values, althaugh the photosynthetic rate w a s  not 

significantly different between them. This may be explained 

if the new n e e d l e s V S I L  and electron transport system have 

surplus capacity relative to that of reductive carbon 

kl;%eP:abolis.rs: (Oquist 81 Ealmberg 1989). 

The ET of the baseline seedlings in year 2 was extremely 

HOW during winter ,  reaching levels below apparent Fg levels 

in January ar Febmary (Figure 7)- This was also observed in 

spring-lifted Douqlas-fix seedlings in year 2 after they w e r e  

placed in the g er, Such a decline in the FT 



portion of the chlorophyll fluorescence curve is likely due 

to Fg quenching, caused by quenching within the pigment bed 

or the reaction centers (Bilger & Schreiber 1986, Bilger & 

Bjorban 1990). The phenomena of FO quenching has been 

observed in seedlings under low C02 conditions and 

environmental stress, and has been partially attributed to 

xanthophyll cycle regulation of the energy flow to PSII 

reaction centers (Demmig et al. 1987, Demmig-Adams 1990, 

Adams et al. 1990). Seedlings maintained outside under 

natural conditions may be subject to the combination of low 

temperatures and bright sunlight in the winter. Therefore, 

along with photoinhibition and photochemical regulation, FO 

quenching may allow excess energy to be dissipated harmlessly 

as heat, 

In this study, seedlings with FT values below apparent 

Fg (Fa quenching) prior to placement in cold storage, 

displayed Po quenching after cold storage. The presence of 

Fg quenching after cold-storage was not necessarily 

associated with decreases in net photosynthetic rates nor a 

decrease in seedling vigour or quality. The amplitude of the 

Fv/ESn ratio after cold storage was more indicative of 

photosynthetic reactivation than FT, The presence of FO 

quenching may Ire a confounding factor in the interpretat ion 

of chlorophyll fkuorescence induction curves, The 

persistence of Fa quenching after seedlings were placed in 

the growth eha&enr implies m o r e  than just a short term, 

sapidly reversible structural change in the pigment bed, the 



passibility of changes in picpent bed composition must also 

be considered. 

Spring-lifted Douglas-fir seedlings had lower 

photosynthetic rates in year 2, possibly as a result of 

exposure to environmental stresses, Conifers can suffer 

photodamage during winter, resulting in the loss of 

chlorophyll due to bleaching (oquist 1983), although 

extremely low temperatures in combination with bright 

sunshine is rare in coastal ~ritish Columbia, as can be seen 

in Table 3 and Figure 4 .  The extremely low temperatures 

experienced in December of year 2 were not associated with 

periods of sunshine. It is more likely winter freezing 

damaged the roots. The roots of containerized seedlings are 

generally more sensitive to low temperatures than shoots, and 

any damage to the roots due to winter freezing results in 

decreased RGP in the spring (Lindstrom & Nystrom 1987)- 

Recovery of photosynthetic activity in the spring could 

therefore be highly dependent on environmental conditions 

experienced during the previous winter. 

Root growth potential has been proposed as being 

indicative of whole seedfing quality (Ritchie & Tanaka 1990). 

The relatiansfrips found between RGP and needle water 

potential, net photosynthesis, F'v/Fm and FT for both the 

cold-stored and spring-lifted seedlings indicates a strong 

interaction between shoot and root functioning. Van den 

Elriessehe 12987) found new photssynthate was necessary for 



new root growth in the spring, suggesting that increased 

photosynthetic rates could result in higher RGP values. 

There appears to be a trade-off between over wintering 

seedlings under natural conditions and placing them in cold 

storage. Inmediately out of storage, cold-stored seedlings 

may be deficient in internal protective mechanisms against 

high light intensity, as indicated by the decline of Fv/Fm 

seen in these seedlings after being placed in the growth 

chamber. Therefore, direct planting of cold-stored seedlings 

in clear cut or highly exposed areas may be detrimental to 

seedling survival. Cold-stored seedlings are planted in the 

late spring and summer, which may also hinder seedling 

establishment- Douglas-fir has a root growth period in the 

early spring and fall; cold-stored seedlings do not 

experience this early spring root growth period. The longer 

average white root length of naturally over-wintered 

seedlings may place them at an advantage in dry and highly 

cmpetitive conditions. 

Although this study suggests photochemical regulation is 

operating during f a l l  domancy induction, further research 

w a s  conducted and reported in Section 3 to look at the 

process of photochemical regulation during fall and winter 

dormancy. ?Phis section provides background data on seedlings 

produced using typical conifer nursery procedures that were 

non-detrimental to seedling vigour and provides a basis of 

camparison for seedlings given alternative domancy induction 

treatments, 



The currenk method of determining fall and winter cold 

storage lifting dates is based on cold hardiness testing. 

Including other techniques for assessing the physiological 

status of seedlings may help produce consistent, high quality 

seedlings. 

Once seedlings have been determined to be suitable for 

cold storage, lifting may not actually commence for several 

weeks. The next study looked at the physiological effects of 

dehardening temperatures on such seedlings, their storability 

and quality after cold storage. 



11. EFFECT OF TEMPERATURE VARIATIONS ON 

THE PRE- AND POST 

-STORAGE PHYSIOLOGY OF WHITE SPRUCE AND 

DOUGLAS-FIR SEEDLINGS 



INTRODUCTION 

Over-winter cold storage of seedlings is an important 

silvicultural procedure to keep seedlings in a dormant state 

until late spring planting (Ritchie & Tanaka 1990). In 

British Columbia, many conifer nurseries are located in the 

Fraser Valley, where maximum temperatures in unheated 

greenhouses can reach over 15•‹C during November and December. 

Warming prior to lifting for storage may affect the 

suitability of the seedlings for storage and the quality of 

the seedlings after storage (Gillies & Vidaver 1991)- 

This study assesses the effects of short term pre-storage 

temperature treatments on the physiological activity of 

dormant seedlings, as well as the recovery of photosynthetic 

activity of the treated seedlings after cold storage. 

Seedlings grown under standard nursery practices were obtained 

Erom diverse climatic regions, ranging from northern interior 

British Columbia (56 "N latitude) to coastal Oregon (4 6 "N 

latitude), because seedling temperature responses may be 

related to provenance. 

BBTIERI2US ZiSD KETBOEIS 

The container grown 1-0 w h i t e  spruce and coastal Douglas- 

fir seedlings Erorar British Columbia used in this study are 

described in General Materials and Methods, A southern 

sedlat of coastal Dauglas-fir Erom Oregon grown in 415 



Styroblock containers was used as well (seedlings supplied by 

Pelton Reforestation, Ltd., Maple Ridge, British Columbia). 

Seed origin was near sea level, 44"N latitude, 124"W 

longitude. 

British Columbia coastal Douglas-fir and Oregon Douglas- 

fir sown in 1989 were used for study in 1989-90, white spruce 

seedlings sown in 1990 were used in 1990-91. Seedlings were 

brought to Simon Fraser University (SFU) in August, left in 

the styrobocks, and placed in an unheated glass greenhouse. 

Seedlings were well watered but were not fertilized after this 

date. 

In December and January of each year, seedlings were 

assessed for dormancy using mitotic index, cold-hardiness 

testing (LTS0), net photosynthesis (PN), and chlorophyll 

fluorescence, When seedlings were considered dormant and 

physio1ogically inactive fMI=O%, CH < -18"C, FvfFm ratio and 

PN were low] they were randomly divided into treatment groups 

and placed in a growth chamber at 48 hour intervals for 

temperature treatment, Growth chamber conditions were: 12 

hour photoperiod, PPP of 375 pmol *s-', and 70-85% RH 

maintained by a container of water placed on the floor of the 

growth &amber, Six replicates of 10 samples each were placed 

under 4 different temperature regimes (day/night) for 48 hours 

in the growth ch 

diately after temperature treatment, a subsample of 

seedlings, 3 replicates of 5 samples each, were taken to the 

laboratory where cold hardiness, net photosynthesis, and 



chlorophyll fluorescence were again measured. The remainder 

of the seedlings were lifted and placed in cold storage (-2 t 

1•‹C) for 15 weeks at SFU as per General Materials and Methods. 

Following storage, seedlings were potted and placed in a 

growth chamber for 28 days as per General Materials and 

Methods, Gas exchange and chlorophyll fluorescence were 

monitored regularly (a total of six times) during the 28 days 

in $he growth chamber. 

Several morphological parameters of all seedlings were 

measured after 28 days. The number of white roots > 1 cm in 

length, the length of the newly flushed leader and the oven 

dry weight (48 hours at 70•‹C) of newly flushed leaders were 

measured at that time. Flushing of apical buds of all 

seedlings was monitored daily as per General Materials and 

Methods. 

Post-treatment data was analysed using SAS/STAT (1988). 

Two way ANOVA, as well as one way ANOVA with orthogonal 

contrasts were done. The ambient temperature at the time of 

lifting the seedlings prior to treatment varied; therefore, 

pretreatment parameters were not included in the statistical 

comparison of the treatment groups. The T g / l  group was 

considered the control because on the basis of my hypothesis, 

this temperature would reflect the ideal pre-lifting 

conditions, 

In the spring, the same seedlings were measured 

repeatedly to reduce the variation in sampling. This allowed 

for a reduction in the number sf seedlings tested- To 



compensate for a lack of independence, post-storage spring 

 measurement^ of PN, FY,~JF~ and FT were analyzed independently 

using two-way ANOVA on each factor compensating for repeated 

measurements, ANOVA tested for differences between each 

sampling date and between the four different treatments, 

resulting in multiple comparisons (Bonferroni tests of 

differences) (Bellavance 1987; Winer 1971). 

Morphological characteristics of seedlings on day 28 were 

analyzed using one-way ANOVA and Bonferroni tests of 

differences. Simple linear correlations were used to 

determine relationships between factors where neither factor 

is assumed to be functionally dependent upon the other, the 

coefficient of determination, r2, is reported. Linear 

regressions were used to determine relationships between 

dependent and independent variables, the coefficient of 

determination, rz, is reported as the measure of the strength 

of the straight-line relationship (Zar 1984). Where there was 

no significant difference between replicate groups, data were 

pooled. 

BESULTS 

Post treatment 

Two way ANOVA, using data for all species, showed a 

significant treatment effect on PH and FT (p=,002], There was 

axso a strang species*treatment interaction for all 

parameters, indicating each species had different responses to 

the treatment, 



The chl oraph; 611 fluorescence ind 

temperature treatment for white spruce, as seen 

Jes varied with 

in Figure 11. 

One way ANOVA on individual species showed the treatment had a 

significant effect on steady state fluorescence, FT, for all 

species (p=.OOOI) (Table 8). Steady state fluorescence, FT, 

decreased with decreasing temperature (r2=.79). 

The treatment had a significant effect on PN (Table a ) ,  

which increased with increasing temperature for the white 

spruce and B.C. Douglas-fir, and was neither linear nor 

quadratic for any of these species. Cold hardiness was also 

significantly affected, decreasing with temperature increases. 



F i g w e  11- NumaXized chlorophyfi fluorescence in&ction 
curves of white spruce seedlings after 48 hour 
temperature regimes. Each curve represents the 
average of ten seedlings, Day/night temperature 
treatments were 5/1, 10/5, 25/10, and 20/15*C. 



Table 8, Physiological parameters measured after 48 hour 
temperature regimes, Day/night temperature 
treatments were 511, 10/5, 15/10, and 20/15"C, 
Hean F SE fn=45). 

Species pretreatment Tg/l T10/5 T15/10 T 2 ~ / 1 • ‹ ~  

FT (relative units) 
White spruce -,08+-01 .04k.01a .02_+-01~ -135.02 ,40+.02 

BC Dmdglas-fir .12&,€!4 .082,02 .f8+.OJ - 4 0 2 . 0 4  ,62?.08 

Oregon ~ - f  -222.09 .08+,04~ .08+.05~ .10+.04a ,222.05 

Fv/Fm (relative units) 

White spruce ,43+.0.5 -422.05 -412.06 -472.05 -452.06ns 

BC Douglas-fir ,46&,8? , 4 6 l , O 6  - 4 7 4 - 0 7  ,46k-07 ,46+.05ns 

Oregon D-f ,54f.07 ,675-07 -574.06 ,662.07 ,66+.08ns 

+ [Bmol-m-2-s-1~ 
White spruce l,OTi-. 12 1.02-t. la 1.061- - la 1- 462.12 1.852. 1 

BC Douglas-fir 2.399--2 0.92f.12 1.372.1 2,12+.la 2.0F.2a 

Oregon D-f 3-399-48 1.92+.la 2-37+,06 2.12k.06 2.02 .la 

Cold Hardiness (LTS0) 
White spruce -3221 -31+la -28+la -2421 b -24+1 b 

BG Douglas-f ir -2321 -22kla -22+la -2021 ab -1851 b 

Oregon ~ - f  -1821 -18&la -17+la -1521 ab -141~-1 b 

sam letter signifies results are not significant between 
colu~ns at p=.01 (Bonferroni test). 
ns not significant 
I]-f - Douglas-fir 



Post-storase 

The pre-storage temperature treatments had a significant 

effect on the  post-storage recovery of aff seedlings (Table 

9 ) .  There was a strong negative relationship between pre- 

storage temperature and the number of white roots; white 

spruce (rZ =- - 6 5 )  , B. C- coastal Douglas-f ir (r' =- - 8 3 )  and 

Oregon Douglas-fir (r2=--93)- The lowest tesiiperaiure 

treatment (Tg/ l -d  seedlings had the best root growth for ail 

species, 

Vigour, as measured by the rapidity of bu.$break, 

decreased with increased treatment temperature (Table 9). 

Temperature treatment also had a significant effect [p=.QO1) 

m the length and dry weight o f  the new flushed leaders [Table 

9 ) .  The lowest temperature treatments yielded the longest new 

leaders w i t h  the highest dry weight. 

Net photosynthesis, P H ~  measured aver the 23 day recovery 

period, increased significantly Ear most treatment groups; a 

strang species*treatment interaction was also found (Figure 

12)- Met photosynthesis varied significantly vith treatment 

tezzperature for each of t h e  species tested, v i t h  P ~ J  being 

lowest in the T15l10 and T20/15 treatment groups, in 

particular on day 28, W relationship w a s  fuund between PN and 

-.-..A+ evut, AttrCft+-~ y r  both species (ZP =, 87;  . . z L I ~ " F ~  wzx=L= ~ f i - 4 3  s G G w A A , n v ~  i r ~ - d  ~ i t h  the 

hiq&g.iC_ , , )lad -- +-ha pZse. s r ~ a = l + . r r m c  3111U11S .--.Us--L sptmmh~r ~f  yo&^, 

Steady state f umrescence, %, increased significantly 

p=,00i) aver the 28 days far all seedlings, but varied widely 

w i t h  treatment temperature for each species and provenance 



(Figure 13)- Steady state fluorescence, FT, measured on day 

28 correlated with root growth (r2 =, 86) and PH (s2 =- 89) , 

There was a significant (p=.OOl) treatment effect on 

W[Rn over time in the B.C, coasral Douglas-fir seedlings 

(Figure 14). Seedlings from the T g / l  treatment group had the 

highest Fv/Frn on day I for all seedlings, and W/fm on day 1 

correlated w i t h  soot qgrouth (r2=,73)* The P;tr/E% ratic was 

significantly (p=. 01) lower in the T15/10 and T~0/15 treatment 

groups for all seedlings- 

Steady state fluarescence, FT, measured a f t e r  temperature 

treatment prior to cold storage was linearly correlated to the 

treatment temperature (Figure ISA), as well as post-storage 

root grawth (Figure 15B) , 



Table 9-  Morphological parameters of seedlings determined 
---MA ~ f t 5 1 -  15 weeks cold storage (-221>Cj and 28 days in 
growth chamber* Pre-storage dayfnight temperature 
treatments were 5/I,  10/5, 15/10, and 20/15"C. 
Mean 2 S E  (n=45), 

Species 

Root growth (number of white roots>l cm ienqth/seedling) 
White spruce 18.83z.5 ll.lt.5 7.25.5 " 7.12.4 a 
B-C, Douglas-fir 34.69.~~ 2 8 . 3 5 .  6ab 21.7+.GbC 16.22. 5C 

Oregon D-f ir 36,32,6a 21,62.7a 20.82.5 4 .22 .4  

New leader length (cm) 
White spruce 6-12.4~ 5,8+.5a5 4.82.4 ' 5.0k.G b 
B-C, Douglas-fir 5.2+,6a 5 ,04 ,5  ab 4.62.5 bc 4.22.3C 

Oregon D-f ir 8-62-5 6 .44 .6  4 . 3 k . 4  MF 

New leader Dry weight ( g f  

White spruce 8-642.08" 0.632.07~ 0 .422 ,05  0,505.07 

B.C. Douglas-fir 0 , 5 4 1 - 0 7 ~  0 , 5 2 2 , ~ ~ ~  0-435.07~ 0.39f -06 b 

Oregon D-f kr 6.699.09~ 0.61t.08a 0.41+.07 NF 

Days to bud break 

Hhit.2 spruce 7 8 9 8 

B. C- Douglas-f ir 6 7 9 10 

Oregon D-fir 2 7  18 19 NF 

a ~ b r c  same letter signifies results are not significant 
between columns zt -- gr- .u l  n3 

%rOF apical buds did n o t  flush 
B-f ir Douglas-fir 



A) White spruce 
12 

Figure 12, N e t  photosynthesis, Ppg, of seedlings d e t e r m i n e d  
during 28 days in growth chamber, Seedlings w e r e  
cdd-stored for 15 weeks (-2k1"C) after pre-storage 
dayjniqht It erature treatments 5/1, 10/5, 15 /LO, 
and 28/15"C. 



I 
A) White spruce 

e fluorescence, ET, of seedlings 
uring 28 days in growth chamber, 
re cold-stored for 15 weeks (-2+1"C) 

-storage day/night temperature treatments 
5/10. and 28/15"6- 



6) Oregon Dougfas-tit 

0 5 30 55 20 25 36 
DAY 

Figure 3.4- Ratio of variable fluorescence to  maximum 
fluarescenee, FV/F%, of seedl ings determined during 
28 days i n  growth ch er, Seedlings were cold- 
stored for 15 w e e k s  (-221 " C )  after pre-storage 
dagapnight temperature treatments 5/ 1, 10 / 5, 15/10, 
and 20/15"42. 



-0-4 -0.2 0-0 0-2 0.4 0.6 0.8 

Steady state fluorescence. FT 

F i g m e  15- A] Prestorage steady state fluorescence, FT, 
reHat& to prestorage treatment temperature. 
E ation E a r  the line is y = -0,322 + 0,044 x ,  
rc.92. B) number of white roots after 28 days in 
growth chamber refated to prestorage steady state 
fluorescence, F T ~  measured after temperature 
treatzsent. Equation E Q ~  the fine is y = 16-33 - 
25.85~. $=.52. 



Dixscassxm 

Similar ts results faund by other researchers (Martin et 

al, 1978, Hawkins % Lister 1985, Strand & dquist 1988 and 

Vidaver et al. 1989af seedlings under natural winter 

conditions had low variable chlorophyll fluorescence or F r / F m  

prior to temperature treatments in December and January, 

&pist; and Malmberg (1989) Pound that Erost hardened pine 

remained susceptible to short: tern (2 hour) photoinhibition, 

as seen by a decline in Fv/Fm, and suggests the decline 

reffeets a protee%ive function. In contrast ,  this study found 

low temperatures with moderate light levels ( 3 5 0  pmol *rn-= * s - ' )  

in the growth chamber caused a decline in steady state 

fluorescence, FT, is frost hardened conifers; but there was no 

significant change in ]kF/Fw. The already lox Fv/Fm levels of 

the seedlings prior to treatment may have contributed to this 

insignificance, 

There was a decline in PT below apparent: FQ levels in the 

Ts/k group of the white sp~~f lce  seedlings, which BiPger & 

Sehreiber (1986) have temed Fa-quenching, and is likely 

caused by structural changes in the pigment bed, This may 

sene a pratective function by allswing excess excitation 

energy to be released as heat, 

Forty-eight hours dehardening treatment, T15/10 and 

T20j15acR w a s  sufficient for seedlings to lose some cold 

iness. Photosynthetic activity also generally increased 

as tesperature treataent increased. These seedlings, although 

camsidered dormant, were quite capable of responding rapidly 



to increases in teaperature. The increased physiological 

activity seen in the seedlings placed in w a r n  temperatures 

appears to make then less suitable f o r  cold storage. The 

capacity a•’ the these seedlings to rapidly increase their 

photosynthetic activity in response to increased temperatures 

suggests that the tern physiological quiescence should be 

used, similar to the terminology used for bud dormancy. f n  

this state, the physiological ac t iv i ty  of the seedlings is 

maintained at a P o w  level by environmental conditions, not 

necessarily by internal controls, 

A decrease in suit3bifity for cold storaqe was the most 

evident in the Oregsn Douglas-fir seedlings, where dehardcniny 

temperatures resulted in poor survival after storage. 

ABthaugh the tk-eat~ent had the least effect on the pre-storage 

otasynthetic gas exchange af the Oregon Douqlas-fir, FT 

increased significantly with increasing temperature regime, 

indicating altered physiological activity- 

The British CollumEEia c~astal Douglas-fir was afsa 

strongly affected by the treatment temperature, Douglas-fir 

from the P a c i f i c  Hoehuest has been found to be 

~ ~ t s s y n t h e t i c a H ~ y  active in t e f a l l  and w i n t e r ,  depending 

upan the ambient temperatures (Uaring ii. Franklin 1474). 

B&ar&eninq in "khe grokeh chanber for 4 8  hours appeared to 

reactivate the atosynthetic and metabolic a c t i v i t i e s  quicker 

uglas-fir than far a boreal species such as %bite 

spruce, 



Resistance to the effects of short-term temperature 

increases may therefare relate to the provenance origin, The 

mast southerly Oregon Douglas-fir seedlings are adapted to a 

mild winter, as are the B,C,  coastal Douglas-fir seedlings, 

though to a lesser extent. The capacity to be 

photosynthetically active in the fall and winter may be an 

advantage to these  seedlings, 'Typically these seedlings 

endure dry summers, which limits photosynthesis, 

Photosynthetic activity during mild fall and winter periods, 

when water is plentiful, potentially accounts for up to 40% of 

the total accumzlated photosynthate each yeas for these 

seedlings (Warinq & Franklin 1979). In contrast, white spruce 

is a boreal species subject to harsh winter conditions, a 

shsrt-term warming in the fall or winter can be followed by 

sudden temperature declines, rapid reactivation of 

photosynthesis would be a disadvantage to such a species, 

leaving them susceptible to freezing damage, 

There was a strong inverse relationship between the 

q a f i t y  of the seedlings after storage and temperature 

treatment prior to storage. The recovery of photosynthetic 

activity after cold storage was significantly affected by the 

pre-starage treatwent in a l l  species; the lower the 

te~liperature the higher the % and FT after storage, Van den 

miessche (3987) has suggested that new pkatosynthate is 

ired for new root grawth in conifer seedlings; therefore 

the higher photosynthetic gas exchange rates in the Tg/ l  and 



T1015 treatment groups could be responsible for the hiqher 

root growth and greater vigour seen in these groups. 

T h e  importance of assessing root growth in conifer 

seedlings has been investigated by Burdett (1979, 1987). 

Seedlings with poor root growth usually have poor f i e l d  

survival, whereas seed1ing.s with good root growth and high 

vigour, as measured by rapid budburst, have the greatest field 

survival and height growth (HcCreary & Duryea 1987)- The 

decreased root growth associated with increased temperature 

treatment prior ia cold storage seen in this experiment could 

have a significant effect sn the survival  QE the seedlings in 

the f iehd. 

Vidaver et al, (1988) suggest that, in the event of a 

warning trend in t e fall or winter, chlorophyll fluorescence 

could be used to assess physiological reactivation sf 

seedlings to prevent losses in seedling quality during cold 

storage. Decreases in chlorophyll fluorescence during frost 

hardening or dormancy have been found for several conifer 

species [Martin et aL, 1978, Hawkins t L i s t e r  1985, Strand & 

irt 1988, BoEhar-Hordenkangd & U c h n e r  and Vidaver et al, 

1989a) and has been used as a predictor of cold hardiness i n  

Scots pine (Sundblad et a 4 ,  1990), Douglas-fir [Hawkins & 

~ i s t e r  1985) and vhite spruce [Ifidaver et %It 1984aj- 

Cafd hardi~iess,  COZ gas exchange and chlorophyll 

f3aorescence are capable of neasuring dynamic and rapid 

responses in t h e  plane to changing environmental conditions; 

however, m i t o t i c  index is nu& slower to respond to such 



changes, This study indicates pre-storage measurements of 

chlorophyll fluorescence, C02 gas exchange and cold hardiness 

might be good indicators of post-storage quality, although a 

more rapid technique for measuring cold hardiness would be of 

greater value in assessing seedlings immediately prior to cold 

starage, ~mbient temperatures have a significant effect on 

the quality of seedlings, suggesting that, when possible, 

nursery personnel attempt to lift seedlings during periods of 

e d d  ( 2 5 • ‹ C )  temperatures to help maximize seedling quality. 

It should be noted there were difficulties in storing the 

Dsuglas-fir seedlings from British Columbia. The experiment 

had to be repeated several times for this group in order to 

obtain complete data sets, Losses in storage due to grey mold 

(Botrvitis sp.) especially in T15/10 and T20/15 seedlings were 

prevalent- Further research is indicated to see if pre- 

storage temperature is a factor in the development of grey 

wold during eafd storage- 

Natural chilling i s  necessary for seedlings prior to cold 

storage (Carlson 1985)- Cold temperature sith 1 ~ w  light 

levels or j u s t  csPd nights may be adequate to induce 

reductions of c h h m  hyl% fluorescence and 682 gas exchange 

(Strand & oquist i%$, Strand h Lundmark 1987); however, high 

lighe levels in combination with low temperature have been 

found to cause a math f a q e r  decline of variable chlorophyll 

fluorescence (Krause Q SomersaEo 1989). The relationship 

between temperature and Light levels needs to be investigated 



to assess whether they have a synergistic effect on the 

storability of conifer seedlings. 

In this study, the physiological activity of the 

seedlings was maintained at a low level by environmental 

conditions, and not necessarily by internal controls; however, 

previous studies have indicated that photochemical regulation 

of the photosynthetic apparatus is important in the induction 

of dormancy in conifers (Vidaver et al- 1989a)- Section 3 

addresses the effects of both photoperiod and chilling 

temperatures as dormancy induction treatments to determine i f  

photochemicak recpfation is initiated by either treatment ,  



111. THE INFLUENCE OF PHOTOPERIOD AND 

TEMPERATURE ON PHOTOCHEMICAL REGULATION 
OF WHITE SPRUCE AND DOUGLAS-FIR 

f EEDLIMGS 



A decline in the variable chlorophyll fluorescence 

induction curve or the ratio of variable fluorescence to 

maximal fluarescence, F v j F B ,  indicates decreased 

photachemical efficiency, and is  commonly seen i n  conifers 

under winter conditions fB~lhar-Nordenkampf & Lechner 1988, 

Wawkins & Lister 1985, Vidaver et al, 1989a)- This decline 

of Fv/Fm has been attributed to photoinhibition (for a review 

see Krause 1988) and results In a decrease of excitation 

energy transfer from the light harvesting antenna'complex to 

the reaction centers [oquist & Malmberg 1989) .  Vidaver et 

al- (1989a) have suggested an alternative e x p l a n a t i o n  for 

white spruce seedlings, where photosynthetic r e g u l a t i o n ,  as 

seen a s  a decline i n  3 1 / F m  and photosynthetic gas exchange, 

occurs either under conditions af environmental stress or i s  

i n i t i a t e d  by deerea5ed day length. Day length mediated 

ghatockremical. regulatian of t h e  photosynthetic apparatus 

would be hkgl-rfy adaptive for boreal species such as white 

spruce, where the onset of freezing temperatures is rapid i n  

the fall, Under freezing crmditions biochemical r e a c t i o n s  

are inhibited but photochemical reactions are not, resulting 

in the graduction af twig-oxygen species xithin the 

chIor~pSLasts {Safrin "us?] ,  To prevent ceif damage, 

production of toxic-oxygen species can be reduced by 

inactivating PSI1 [GiTEies &  ida aver, 1990).   eversible 

inactivation of phakasynthetic photochemistry within the 



chloroplasts wau%d decrease photodamage under conditions of 

fsw temperatures { W i s e  & Naylor 1987), water stress (Sibbald 

& Vidaver, 2987, Toivp-I-* w r =i 6- Vidaver, f 988) , and when f?QZ 

assimilation is reduced {Maewpaa et al. 19238). 

Previous studies by Vidaver et all f1989af suggested 

that shortened day fength initiated the decline of 

photosynthetic activity in the fall prior to chilling 

temperatures- If this is the case, seedlings placed under a 

short day length with w a r n s  remperatures would be expected to 

exhibit photoehenical regulation, resulting i n  photosynthetic 

inactivation: declines ir net photosynthesis and chlarophylf 

fluorescence. O t h e r  researchers suggest temperature as an 

important factor in the decline of net photosynthesis and 

chlorophyll fEuorescence (Strand & oquist 1988, Oquist & 

Malmberg 1989). If so, seedlings under chillin2 temperatures 

with a long phatoperiod might also exhibit photosynthetic 

inactivation due to chilling initiated photochemical 

regulation. 

This study examined the relationship between photoperiod 

and temperature on the morphofogy and photosynthetic activity 

sf white spruce and Douglas-fir seedlings, in particular, 

evidence af photachemical regulation of the photosynthetic 

apparatus, T'hre secand objective of this experiment was to 

provide ~eedfings for c o l d  storage after different dormancy 

induction treatments- 
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Appraxinately 1808 one year  old white spruce and 1100 

one year o l d  Douglas-fir seedlings were used for study in 

2.990, another lZOO one year old seedlings cf each species 

w e r e  used in 2992,  Seedlings used in this experiment are 

described in General Materials and Methods, In the first 

week of August of each year, seedlings were randomly divided 

into a control and two treatment groups, 

Gantrol seedlings (n=360) were left in styroblock 

containers under ambient natural conditions (A,YB) in an 

unheated, well ventifaeed glass greenhouse. Temperature was 

monitored continuously in the greenhouse (Figure 26). 

Long day length, chilling temperature conditions (LD-C) 

seedlings (n=360) were placed in styroblock containers in a 

growth chamber [Conviron) with a 16 hour photoperiod, a 3PF 

of 375 pmol*m-2*s-1, 70-85% RH and day/night temperature of 

23JL8"C. The temperature was lowered at the rate of 2•‹C 

every three days until it reached 10/5"C day/night, then 

maintained at this setting Eor the remainder of the study. 

Short day length, warm temperature treatment (SD-W) 

seedlings (n=3&0) were placed in styrobock containers in a 

growth chamber (Cowiron) for one month with a 12 hour 

photoperiod, 25/20"6 dayjnight temperature, PPF of 375 

prnol-m-'*s-' and 70-85% RH. On September 19, seedlings were 

wove6 to a temperature controlled glass  greenhouse: day/night 

temperature was 25/20mC, with 70435% RH and a natural 

photoperiod f <I2 hour) . 



Due B10 practical cansiderations the ather potential 

experimental csndiiions were n ~ %  used in this study: short 

day length, chilling temperatures; and long day length, warm 

temperatures. 

Mitatic index, o ~ l d  hardiness, chlorophyll fluurescence 

and net photosynthesis (Q) were measured (Figure 1'7) as per 

General Materials and Methods, 

Root/shoot r a t i o  w a s  the ratio of the oven dry weight of 

the root divided by the oven dry weight of the entire shoot 

(stem and needles). It was calculated by washing a l l  

mazerial from roots and separating roots and shoots at the 

root collar. Roots and shoots were oven dried at 70•‹C for 48 

hours then cooled in a desiccator and weighed, 

Statistical analysis was performed using SAS/STATS 

(2988) on the main frame computer at SFU. Two-way ANOVA on 

one factor, with multiple comparisons contrasted for both 

time and treatment, and the Bonferroni test of differences 

were used to evaluate significance of treatment effects 

fWiner 1977)- Simple linear correlations were used to 

determine relationships between factors where neither factor 

is assumed to be functionally dependent upon the other- For 

these cases, the coefficient of determination, r\ is 

reported as the measure of the strength of the straight-line 

relationship, no dependent and independent variable is 

implied (Zar 1985)- Due to differences in climatic 

eanditions between the two years, data for each year is dealt 

with separately. 
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Figure 16. Three day average minimum and maximum 
temperatures measured in unheated greenhouse at 
Siman Fnaser University. a) 1990-1991, b) 1991- 
1992 ., 



Tabhe 18- EnvironaentaP conditions for white spruce and 
Dsugfas-fir seedlings. Cay fenqth is the period 
fucm sun rise ts s u n  set for Vancouver, the average 
air te~peraEure is reported for the three days 
prior to testing- Dormancy induction treatments 
groups uere: ambient (AMB), short-day, w a r m  
tenperature &SD-X] and long day, chilling 
tenperatuse [LD-C). 

----- 
GROUP DATE 

Heug Aug s@P O c t  Nov Dec J a n  
8 27 3.1 2 4  15 2tr 4 

Three day average temperature ( " C )  

MI3 1990 22- 8  17.0 18-9 10.2 5-53 4 , 4  4 , 7  

ME3 1991 21.2 15-65 15.7 7.7 6 . G  5-53 5 - 3  

LD-C 6 - 6  6 . 6  6 - 6  6 - 6  6 . 6  6 . 6  6 - 6  

SD-W 2 2 - 5  22.5 2 2 - 5  22.5 22.5 2 2 - 5  2 2 . 5  
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ONTH 

Figures 17- Schedule oE experiment. Bars indicate when 
measure~ents were taken: CH - cold hardiness, MI - 
mitotic index, CF - chlorophyll fluorescence, PH - 
me& photasyntfresis, Treatment groups were AMB - 
ambient temperatures and day length, 5D-Id - 512 h 
pho&~per id ,  25/2Q"C, ID-C - 16 h photaperlid, 
1015~ rr- 
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Similar results were found for both 1990 and 1931. 

Seedlings had a l l  set bud prior to the start of the study; 

however, apical buds w e r e  still mitotically active in August.  

The mitotic index declined to 0% by the end of September f o r  

all groups (Tabf e 11) - 
There was no significant morphological d i f f e r e n c e  

between the three groups, with the exception of root /shoot  

r a t i o ,  Wean height for all groups was 16.4 c m  in 1990, 15.7 

cm in 1991, %&an stem diameter was 3.2 cn in 1990, 3.3 cm in 

1991- The root/shaot ratio of the aMB seedlings increased 

significantly in Septenber and remained at this l e v e l  until 

December, when it then decreased (Table 11). The LD-C group 

had a continuous increase in root/shoot r a t i o  from August t o  

December, attributa'Ple to somewhat more rapid growth of roots 

than shoots, The rostJshoot ratio of t h e  SD-W seedlings 

increased in late August and September, then decreased in 

Hovemer and December; the ratio was significantly lower than 

far the other two groups from October to December, and may be 

because root growth ceased, 

Cold hardiness increased during the fall and winter in 

1990 and 1991 (Table Z Z j  for t h e  Af4B group, and correlated 

with photoperiod [rr=0.91, r2=0.88) and average 3ir 

temperature (rz=0,97, r2=0,92), There was no significant 

change in the cold hardiness of the SD-W group after the 

treatment began in August; seedlings were significantly less 





cold hardy than zhe ather tuo groups. The esld hardiness of 

the LD-C group increased until the end of F 4 a ~ ~ e m b e r ;  seedf i n g s  

began to lose hardiness %hen bud swell started and t h e  

m i t o t i c  index increased {Table 11). Cold hardiness w a s  

inversely correlated with mitotic index for t h e  LD-C 

seedlings (r2=-0.54). 

The AHB grmp had a average of 7.9 white roots per 

seedling on each sampling date after mid-September in 1990, 

8 . 3  in 1991, the LD-C group had an average of 12-2 white 

roots per seedling in 1996, 12-6 in 1991; the SD-W seedlings 

had no white roots on any sampling date. 

Pfultivariate analysis sf net photosynthesis and Fv/Fm 

ratios from all three treatment groups indicate that both 

ghotoperiod and a i r  temperature are significant factors 

(p=0,001). Net phototsynthesis in white spruce was related 

to ghotoperiod (pj , (BN = 0-47CTp, r2 = U . % f )  and air 

temperature (t) ~ P ' N  = 0.353t, rk=0 ,86 )  and both together ( P  

N= 0,213p + Q.222t1 r2=0,91) Similarly the F v f F m  ratio was 

related to photoperiod (p f  , (Fv f Fm - 0.832p, r- =a. 98)  and a i r  

temperature (t) , ( k r f F r ; e  = 0,025t, rL=0.72j and both toqether 

(FvJFPn = 0.03 p t O . B 0 4 t ,  r2=Cr,98), 

x,,wa qQizal " **"'"""-""- ' """a" : -- ------- 18 skm-s- .%AUWJLC=~LCXIL~= ~ X Z U U L L L U ~ I  b U L  VG2-a 

obtained at r o o m  tenrsperature with dark---ef,reaf,ed r* white 

spruce seedlings sampled in August, September, October, 

November, December and January (1990/41), The changes in 

fluorescence yield at P were mainly attributable to changes 



Figure 18. Chloraphyll fluorescence induction curves of 
white spruce seedlings measured at room temperature 
in 1990, Each curve represents the average of 10 
seedlings, seedlings were under natural 
conditions, SD-W was <I2 h photoperiod, 2 5 / 2 0 5 C ,  
LF)-C was 16 lh phatoplerisd, 10/5*C. 



in variable fluorescence, rather than changes in Fop which 

remained relakiveiy stable throughout t h e  period af study. 

As can be seen in F i g u r e  18, the kinetics of the c h l o r o p h y l l  

fluorescence induction curves changed over the fall for a l l  

three treatment groups, and appeared to be different for  each 

group, A decline in all portions of the chlorophyll 

fluorescence induction curve %as observed in the AMB and SD-W 

seedlings throughout the fall, All portions of the 

chlorophyll fluorescence induction curves of the LD-C 

declined f r o m  August to December, some recovery was seen in 

January. 

The chlorophyll fluorescence ratio, Fv/Fm, (Figure 19) 

and steady state fluareseerice, FT, (Figure 28) of the AMB 

seedlings declined wsr time in both 1990 and 1991, and 

correlated with phatoperiod fr2=0.Z39, r='=0,93) as well a s  

w i t h  average a i r  temperature (r"& 7 9 ,  r2 =a.  97) . The Fv/Fm 

ratio and FT of the SD-W treatment group also declined over 

time in 1990 and 1991 and correlated with photoperiod 

(r2=0.94, r2=0-981. The LD-C treatment group showed a 

significant (p=0,G1) change in Fv/Fm over time; the FvJFm 

declined until December 15, then it began to increase, 

coinciding with flushing of the buds. Steady state 

fluarescencei FT, of the U - C  seedlings decreased in October 

1990 and in November of 1992 to levels below apparent Fg, 

then increased significantly (p=0.01) in January with the 

appearance of newPy flushed foliage. 
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Figure 19. Ratio oE variable fluorescence to maximal 
fluorescence, FV/EHI, of white spruce seedlings, A) 
1990 and Bf 1991, AM3 seedlings were under natural 
conditions, SD-W was 512 h photoperiod, 25/2OSC, 
LD-C was 36 h photoperiod, 1 0 f 5 " C .  
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and 8 )  19411- 
canditions, SD- 
C, LD-@ was 16 h phatoperid, 



In bath 1948 and 1991, net photosynthesis decreased from 

a maxinll im in August to a wininurn in January in the control 

M B  seedlings, carrelating with average air temperature 

[rS=E9,%8, r2 = Q - 8 5 )  and photoperiod (r2 =O,S15 ,  r' =0.91) (Figure 

21)- A similar decrease was seen in the SD-W seedlings in 

1990 and 1991, but a correlation was faund only between PN 

and photoperiod [pr"=fp*86, r*=ft-8(3) ,  The PN rates of the LD-C 

seedlings decreased during the first month in the growth 

chamber in 1998 and 1991, and was linearly correlated with 

grawth chamber temperztrrre (r2=0,81, r2=0.78). After the 

chamber reached 18/5"C, P ~ J  remained a t  a low level until new 

foliage flushed. 

Douqfas-fir 

S i m i l a r  results zere found in both 1490 and 1991. The 

SD-W group set bud rapidly after treatment beyan, mitotic 

index decreased to zero by the end of September (Table 12). 

Bud set was not eamplete in the AfsfB group until January, the 

ED-C group had not yet completed bud set by the end of the 

study, 

The rootfshost m k i o  of the SD-W seedlings increased to 

a stable Pevef in Septe&er (Table 12). The rootfshoot ratio 

of the MI.3 group increased ta a maximum in October, then 

decreased, There was no significant change in the LD-C 

seed2 ings , 

Height increased in the B group to an average of 2 3 . 0  

c m  in early cember 3990, 21.9 cm i n  1990, when buds set. 

Weight growth ceased in the SD-W group when buds set, and 
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seedlings were much shorter than the other two groups, with 

an average height of 15.36 cm in 1990, 15-07 cm in 1991. 

Height growth was slow in the LD-C seedlings, increasing to 

19.2 cm in December 1990, 18.23 cm in 1991. 

Cold hardiness (Table 12) of the AM3 seedlings 

correlated to photoperiod (r2=0.81, r2=0.77), average air 

temperature (rt =0,86, r2 =82) and bud set (r2 =-a, 69, rk-0.73) 

in both 1990 and 1991. There was no significant change in 

the cold hardiness of the SD-W seedlings after bud set was 

complete. The LD-C group increased cold hardiness much 

slower than the APlfB group, and were significantly less hardy; 

cold hardiness was correlated to bud set (r2=-0.91) in both 

1990 and 1991. 

In November of both years, lammas growth of individual 

buds was present in 10% of the SD-W seedlings, increasing to 

16% in December. No lamas growth of buds was seen for 

either of the two other groups. 

The LD-C seedlings had significantly more white roots 

present at each sampling date than the other two groups with 

14.7 roots per seedling in 1990, 13.9 in 1991. The SD-W 

seedlings had no white roots visible on any sampling date. 

Multivariate analysis of net photosynthesis and FvI'Fm 

ratios from all three treatment groups indicate that both 

photoperiod and air temperature are significant factors 

f~a.001). Net phototsynthesis in ~ouglas-fir was related to 

photoperiod (p) , (% = 0 . 4 2 ~ ~  r2 =0,66) , and average air 

temperature (t) (Ppf = O,38t, r"U, 97) , When net 



photosynthesis is related to both photoperiod and air 

temperature together, (PN = 0.40t - O.O44p, r2=0.97), the r2 

does not increase above the value for air temperature alone. 

The Fv/Fm ratio pooled from all treatment groups is 

related to photoperiod fp) , (Fv/Fm = 0. O42p, r2 =0.95) , and 

average air temperature (t) , (Fv/Fm = 0. O27t, r2 =O. 72) . When 

Fv/Fm is related to both photoperiod and air temperature 

together, (Fv/Rn = 0.002t + 0.40pf r2=0.96), the rZ does not 

significantly increase above the value for photoperiod alone. 

Figure 22 shaws the typical chlorophyll fluorescence 

induction curves obtained for the Douglas-fir seedlings in 

August, September, October, November, December and January 

(1990/91). A s  can be seen in Figure 22, the chlorophyll 

fluorescence induction curves changed over the fall for each 

of the three treatment groups, 
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Figure 22- Chlorophyll fluorescence induction curves of 
Douglas-fir seedlings measured at room temperature. 
Each  curve is an average of 10 seedlings. AHB 
seedlings were under natural conditions, SD-W was 
512 h photoperiod, 25/206C, LD-C was 16 h 
photoperiod, l O / 5  " C, 
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Figure 23- R a t i o  of variable fluorescence to maximal 
fluorescence, Fv/Fm, of Douglas-fir seedlings, A) 
1990 and B] 1991, seedlings were under natural 
canditions, Sf)-W was 512 h photoperiod, 2 5 / 2 0 5 C ,  
LLI-C w a s  It6 h photoperiod, 20/5"C- 



There was no significant change in the  F v / F m  ratio 

(Figure 23) of the AMB and LD-C groups fro3 August through 

January, although Fo did vary from August to December in both 

1990 and 2991, This change in FQ did not appear to be due to 

damage to the reaction centers, rather, it appeared to be 

related to seedling size. As seedlings increased in size, Fo 

also increased, and was linearly correlated to dry weight 

(rz=0.56). The SD-W white spruce showed no significant 

change in Fg fro= August through January, consistent with the 

lack of growth seen in these seedlings. A significant 

increase in Fa was found in the LD-C seedlings, although FQ 

remained lower than for R i B  seedlings. The growth of the 

these seedlings was also much slower than the AHB seedlings. 

Steady state fluarescence (Figure 24) decreased 

significantly in the IS48 seedlings over time in 1990 and 1991 

fp=0,001), and was correlated to both photoperiod (r-~0.71, 

r " O . 8 1 )  and average a i r  temperature ( r - = 0 . 7 7 ,  rZ=O-79). A 

decline in FT was seen in the SD-W seedlknys from October to 

January, which correlated to photoperiod f r' =Q .57,  ri 4 . 5 9 )  

in 1990 and 1991. 

Net photosynthesis decreased significantly in the AMB 

seedlings fro= August to September in 1990 and 1991 (Figure 

251, and correlated to photoperiod (r-=0-82, r- =Ei-36) and 

average air tempe~ature (r"=gE,89, r2=fi .42) .  There was no 

significant champ in PM for P;D-C seedlings In 1990 and 1991 

amce the growth &a er temperature reached 10/5"C. There 

was also no sicpificapat change in Pt4 for Sf)-W seedlings in 
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Figure 24. Steady state fluorescence, FT, of Douglas-fir 
seedlings, A) 1990 and B) 1991. AMB seedlings 
were under natural conditions, SD-W was 512 h 
photoperiod, 25/20"C, LD-C was 16 h photoperiod, 
10/5"C, 
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Figure 25- Net photosynthesis (PN) of Douglas-fir seedlings, 
A) 1990 and B) 1991. AMB seedlings were under 
natural conditions, SD-W was 112 h photoperiod, 
25/20eC, LD-C was 16 h photoperiod, 10/5"C, 



1440 and 1491, - - %as not correlated to day length, 

I)ZiBCUSSION 

White Spruce 

Evidence w a s  found for day length initiated 

phatochemical regulation of photosynthesis in white spruce 

seedlings. 

The ratio of variable fluorescence to maximal 

fluorescence, Fv/Fm, is used as an indicator of P S I I  

phatochemical efficiency, and relates to the probability of a 

photon absorbed by the chlorophyll matrices being utilized to 

drive P S I I  photochemistry (Baker 1978). Decreased PSI1 

activity, as seen by reduced Fv/Fm ratios, was evident during 

the fall in a l l  three treatment groups. This decline of 

FvJFn was not due to increases in Fo, indicating no damage 

was evident in the PSI1 reaction centers (Eriantais, et al. 

1986)- Reduced FvlFm ratios have been observed during the 

EaZl and winter in many conifer species, and has previously 

been related to both cold hardiness and photoinhibition. 

Changes in Fv[m have been used to predict cold 

hardiness in conifers (Sunblad et al. 1990). In this study, 

the Fv/Fm ratio of t h e  M B  and LD-C seedlings did decrease as 

cold hardiness increased; however, this was not the case for 

the SD-W seedlings, where FvJFm decreased but cold hardiness 

did not increase- Short day length did not cause an increase 

in cold hardiness in white spruce seedlings in this study, 

similar to results found by Burr et al. (1989)- Therefore, 



the decrease in PSI1 electron transport can not be explained 

by changes in cold hardiness only. 

Reductions in Fv/Fm ratios have also been attributed to 

photoinhibition in many chilling sensitive and resistant 

plants (Strand 6 Lundmark 1987, Smillie et al. 1988, 

Hetherington et al. 1989, Krause & SomersaZo 1989, oquist & 

Malmberg 1989), including conifers (dquist & Huner 1991). 

Photoinhibition results in a loss of both electron transport 

capacity and variable chlorophyll fluorescence, and is 

characterized by light-induced degradation of the Dl-protein 

of PSI1 (Richter et al. 1990). 

Northern species, such as white spruce, are subject to 

sudden frosts in late summer, White spruce is protected by 

setting bud in mid-summer in response to declining day 

length, It would also be adaptive for physislogical changes 

associated with dormancy, including the reduction of 

photosynthetic activity, to begin early in the fall. A 

reduction of photosynthetic electron flow would prevent over 

excitation of the photosynthetic apparatus and protect 

chloroplasts from photodamage during periods of high light 

intensity and reduced C02 uptake (Gillies & Vidaver 1990). 

Therefore, the capacity to reduce electron flow prior to 

potentially damaging conditions, observed in conifers would 

be highly adaptive, enabling them to survive harsh 

conditions, 

Ottander & 6quist (1990f have suggested that 

photoinhibition, measured as a decrease in Fv/fm ratio, may 



s e n e  to regulate the rate of photochemistry tc match reduced 

rates of GO2 fixation, thereby balancing the energy flows in 

Scots pine at chilling temperatures. Under such conditions, 

excess energy may be dissipated as heat by the transformation 

of active reaction centers to photochemically inactive 

fluorescence quenchers, perhaps without degradation and 

reassembly of the reaction centers (Krause et al. 1990), 

making this a rapidly reversible reaction. dquist et al. 

(2.992) suggests that photoinhibition may also represent a 

rnechanisn for the long term regulation of PSII, especially in 

the fall and winter. In this study, such regulation appeared 

to be day length dependent, not stress (high light and 

chilling temperature) induced. 

Seedlings in the SD-W treatment were not exposed to 

environmental stresses, therefore C02 fixation should have 

continued unabated; but even though the photosynthetic rates 

were higher than for the other two treatment groups, variable 

chlorophyll fluorescence and net photosynthesis did decline. 

The decrease in the Fv/Exl ratio and net photosynthesis 

observed in the SD-W seedlings was correlated to day length, 

suggesting photoperiod induced photochemical regulation of 

PSI1 in white spruce, This is consistent with the results of 

Vidaver et aft (1989a) who found photosynthetic regulation, 

decline in chlorophyll fluorescence and C02 gas exchange of 

white spruce seedlings began in mid-August in the absence of 

low temperatures, and approached completion in late October, 

suggesting a short day length dependent mechanis~. This 



decline in photasynthetic a c z i v i t y  has also been Eaund to be 

provenance dependent: even when seedlings %ere grown i n  the 

sane nursery, %ore northern seedfots showed decreased 

chforsghyll fluexescence end C02 gas exchange earl ier  than 

Bore southsrn seedlots (Vidaver et al. 1988, Vidaver et a l .  

19&9a, Vidaver et af, k499$), 

Dormancy induction had &?ready been trigqercd i n  the 

LD-C seedlings, as indicated by t h e  initiation 05: loud set 

prior to the beginning of the study, Therefore,  results were 

not conclusive; t he  decline of net photosynthesis and 

chkoraphyll Elutvresicence seen in these seedlings af tcr  

pPacemenc in LD-C conditions could have been the result of 

depressed enzymatic activity brouqht on by chiilinq 

temperatures and photainhibition, or possibly, was the result 

of photochemical regulatkrn associated with dormancy, 

A f t e r  dormancy induetian j s  initiated, and bud set 

nearly complete, reaetivalicm of growth in s h d t e  spruce 

requires chilling (&vender 1985). The 16 hour day length 

w i t h i n  the growth chamber appeared to have less effect an t h e  

physiofogicsef activity of these seedlings khan t h e  chlr23imj 

temperature, The gx-awtb chamber conditisns permitted 

seedlings to acwire sufficient chilling hours for the 

release 02 bud darnancy, and seedlings flushed in December. 

Set  photosynthesis and variabIe chforophyll fluorescence 

increased once the neuly flushed needies  were present ,  

indicating physiaPcqiea1 reactivation, similar ts that 

camopoPy seen in spring under natural conditions, It would 



appear that the grox&h cha~Is-er conditions zet the seedling's 

chilling requirements, as gel1 as being conducive ts 

flushing, EssenliaBBy, the grogth chamber conditions reduced 

the period sf t i ~ e  these seedlings might othertise have 

rerained damant, Had this study begun prior ts bud set, Gay 

length may have been a m a r e  impartant environmental s ignal  

for these seedlings- 

Similar ta the res Its found in Section 7 ,  fo quenching 

was observed, steady state fluorescence, FT, declined below 

appa ~ n t  Eo Bevel in the AMB seedlings when the temperature 

declined, and was consistently below apparent FQ in the LD-C 

treatment seedlings, The LD-C seedlings showed Fg quenching 

at much warmer tenperatures than the BMB seedlings. 

Seedlings under LD-C conditions may have becone shade adapted 

e to lower light Bevels in t h e  g r w t h  chanber, rendering 

them mare sensitive to FQ quenching than the contral A14B 

seedXirmgs, 

It has been suggested that there are two mechanisms 

imvolved in the proteetian of the photosynthetic apparatus 

ig-Adams P99Q1, This study also found evidence for two 

okves % quenching in the pigment 

(BiPger Q Schrehber 19% and may be zeaxanthin mediated 

ig et ax, 3 9 8 7 ) "  the other causes a decline in electron 

flowp is seem as a ecBine in W/En and appears to be 

triggered by p h o t o p r i d  in white spruce. Both mechanisms 

f u n e i a n  ta protect the phatosynthetic apparatus from 

erids when excess energy must be removed. 



bquhst & Wuner (1991) proposed that photoinhibition of 

PSI1 might be an efficient way 0 5  controlling the dissipation 

of excessive excitation as heat in evergreens during 

prolonged winter canditions; however, this study found 

evidence of day length contrafled decline of PSI1 activity, 

indicating photochemical regulation might be a more 

appropriate term. than photoinhibition for white spruce. 

Dmslas-fir 

Day length mediated photochemical regulation of 

photosynthesis In white spruce is characterized by both a 

reduction of net photosynthesis and the chlorophyll 

fluorescence ratio F%r/Fm. Mo evidence was found for day 

length initiated ghotachemical regulation of photosynthesis 

in coastal Douglas-fir- The seasonal decline of Fv/Fm ratios 

observed in the SD-W Douglas-fir seedlings were not 

accompanied by an associated decrease in net photosynthesis, 

indicating they had only lost excess electron carrying 

capacity; photosynthesis did not appear to be limited. This 

is similar to results of oquist & Malmberg (1989), who found 

that  pine has considerable surplus capacity for electron 

transport versus capacity for carbon metabolism. Declines in 

E v p m  did not refate to decreases in photosynthesis and may 

not be indicative of day length mediated photochemical 

regulation in Douglas-fir. 

Net photosynthesis declined over the fall in the AMB 

seedlings, yet no decline in the Pv/Fm ratio was observed in 



either the AM8 or LD-C seedlings. This is in contrast to the 

results reported in Section I and by Hawkins & Lister (1985) 

for Douglas-fir where, in winter under freezing conditions, a 

decline of peak fluorescence, P, occurred in conjunction with 

a decline in net photosynthesis. 

The difference between the results reported here and 

those of Section I may be attributed to the level of 

development of the seedlings at the beginning of each study. 

In Section I, seedlings had been subjected to 2 weeks short 

day length in the summer to induce bud set. The seedlings 

had well developed buds, the needles were mature and dark 

green by August. In this study, bud set as measured by 

mitotic index was not complete until the end of December for 

AMB seedlings, similar to the observations of Fielder & Owens 

(1988) and the study ended prior to completion of bud set for 

LD-C seedlings; the needles remained light green and 

succulent, and acquired little cold hardiness during the 

f a l l .  

These results indicate a significant difference in the 

response of seedlings at different levels of development. 

The reversible decline of Fv/Fm, as well as an increase in 

cold hardiness, was observed only in the fall and winter in 

seedlings with resting buds and mature needles. There was no 

decline of F v J F m  or increase in cold hardiness observed in 

seedlings without buds and with immature needles under fall 

and winter conditions, A decrease of Fv/J?m ratio in 



immature, unhardened needles might be indicative of damage to 

rather than regulation of PSII .  

Because AMB seedlings experienced both decreasing day 

length and temperature, it is not possible to determine which 

factor had more influence on the net photosynthetic rate; 

however, SD-W seedlings experienced decreasing day length 

only, and seedlings had high photosynthetic rates throughout 

the fall. Conversely, the long day length (16 hours) given 

to LD-C seedlings did not result in high photosynthetic 

rates, Temperature appeared to be an important factor 

influencing net photosynthesis in all treatment groups. 

Com~arison of white spruce and Douqlas-fir 

The different responses of these two species can be 

partly explained by the disparate climatic regimes they are 

adapted to. White spruce is a boreal species that 

experiences the sudden onset of freezing temperatures in late 

summer and early fall; without the initiation of dormancy in 

mid-summer, seedling mortality in the early fall could be 

very high, In contrast, coastal Douglas-fir is from a 

temperate region, and is an opportunistic species that can be 

photosynthetically active in the fall and winter (Waring & 

Franklin 1979). 

Both M B  and LD-C seedlings had white roots when sampled 

throughout the fall, indicating ongoing root growth. The 

occurrence of large numbers of white roots in the fall seen 

in this study is similar to the results seen by Johnson- 



Flanagan & Owens f 1985 ) .  These observations suggest root 

growth in white spruce and Douglas-fir may be temperature 

related; cool temperatures appeared to induce root growth. 

The LD-C seedlings at 10/5"C had the greatest number of white 

roots, and the peak root growth of the AMB seedlings occurred 

when the ambient temperature averaged between 5-10•‹C. 

In this study, temperature was the most important factor 

in the development of cold hardiness in the white spruce 

seedlings; bud set was the most important for the Douglas-fir 

seedlings. White spruce seedlings appeared to require 

chilling to increase cold hardiness, short day length alone 

was not sufficient. If this study had begun prior to bud set 

in the white spruce seedlings, mitotic index might have been 

a more important factor in the development of cold hardiness 

in the AMB seedlings, as it was in the Douglas-fir seedlings. 

The photosynthetic activity of these two species were 

found to response to both temperature and photoperiod. Both 

temperature and photoperiod were equally important factors 

affecting the net photosynthesis of white spruce, but 

photoperiod was a more significant factor affecting the Fv/Fm 

ratio- Air temperature was a more significant factor 

affecting the net photosynthesis of Douglas-fir than 

photoperiod, but photoperiod was a more signficant factor 

affecting the Fv/Fm ratio. 

There was a significant difference between the two 

species at the beginning of the study: the white spruce 

seedlings had set bud prior to the onset of treatment, the 



Douglas-fir seedlings had not. The effect of the presence or 

absence of buds on the physiological responses of seedlings 

to dormancy induction treatments should be explored. 

Alternative photoperiod and temperature regimes would also 

provide more information on the control of dormancy, cold 

hardiness and photochemical regulation of photosynthetic 

activity. 





EE3TBODUCTIOH 

There is general agree~ent that photoinhihitian occurs 

under conditions %hen photon flux energy exceeds the plant's 

capacity to dissipate it through heat production, fluorescence 

and use in phatosynthesks {Powles 1484). Photoinhibition is 

based primarily on an inactivation of the electron transport 

system in the thyfakoids (for a review see Krause 1988) and 

bas been at least partly attributed to the degradation of the 

DT-pratein (Richter et af, 1990)-  

Photoinhibition is characterized by the quenching of 

variable chlorophyll fluorescence, causing a decrease in the 

ratio of variable fluorescence to maximum fluorescence, Fv/Fm 

[Richter et al, 1940). An initial increase in the variable 

ehlorophylf EPrrarescence may occur prior to t h i s  decrease 

[persanal comnunkcatisn Vidaver, W . ) .  The quenching aE Fv/Fm 

results predominantly fram a decrease in variable 

fluorescence, Fv, and nat from a decrease i n  Fg [Krause 1988). 

Chlorophyll flucrrescence has therefore been used extensively 

to investigate photoinhibition (Strand d Lundmark 1987, 

SmiElie et a), 1488, Balhar-Nordenkampf et all 2991, Cqren 

Itssa), 

LOW temperatures can increase the susceptibi2ity to 

ghekoinhibitim i;n both chifling sensitive and resistant 

plants (Hetherington & ~rnilfie 1989, Krause & Samerasala 1989) 

as well as cold tolerant plants such as white spruce (Strand & 

ist 1985, 



Plants chilled in the light show greater injury than plants 

chilled in darkness (wise & Naylor 1987), and even cold 

hardened conifers appear to be susceptible to photoinhibition 

(Strand & 0quist 1988, Bolhar-Nordenkampf & Lechner 1988). 

Because photoinhibition is rapidly reversible, taking 

from minutes to hours, it can be viewed as a controlled 

protective mechanism that serves to dissipate excess energy 

(Krause 1988) under conditions of low temperatures and high 

photon flux (Krause & Somersalo 1989). 

Fhysiologicai differences were observed between newly 

flushed needles and dehardened one year old needles in Section 

I. This study looks at the differences in the susceptibility 

of cold hardened, dehardened one year old and newly flushed 

white spruce needles to sub-zero temperatures in light and 

darkness. 

EPATERIALS & METIiODS 

White spruce seedlings used in this study were supplied 

as per General Materials and Methods. Seedlings were brought 

ts SEW in November 1991 and placed in an unheated glass 

greenhouse. 

Cold hardiness testing was conducted in January 1992, as 

per General Haterials and Methods. Seedlings were considered 

hardened when cold hardiness LT5g was >-25•‹C. In February, 

approximately 190 seedlings were placed in a styroblock 

container in a growth chamber at 24/18"C day/night 

temperature, 16 hour photoperiod, PPF of 375 pmol-m-2 *s-', 70- 



85% W .  Seedlings were well watered and maintained under 

these conditions for 35 days, at which time they were 

considered dehardened. All new foliage was removed except the 

leader; needles remained tightly bunched and had not fully 

expanded at this tine. 

Carbon dioxide gas exchange and needle water content were 

measured on randomly selected hardened seedlings in January, 

sub-zero temperature treatments were also done at this time. 

This was repeated in March for dehardened one year old and 

newly flushed needles afzer the 35 days of dehardening in the 

growth chamber, 

The C02 gas exchange was measured at three 02 

concentrations (percent 02 = mole fraction X 100%): 2.1%, 21% 

and 51.3%. Gas for low and high 02 concentrations was 

supplied by Linde (Vancouver). Room air was used for 21% 02. 

Gas exchange was measured on three seedlings, each measurement 

was repeated twice at each oxygen concentration. 

All C02 gas exchange measurements were taken between 310 

and 370 p ~ * ~ - '  C02 using the system described in the General 

Materials and Methods, The PPE for light saturation curves 

used a range from 2350 to 50 prn~l-m-~-s-l, measurements were 

taken from highest PPF to lowest. Seedlings were acclimated 

for a minimum of 30 minutes at 2350 pmol*m-Z-s-' prior to 

measurements. 

The G02 gas exchange Gas measured in the following order 

of 0 2  concentration for each individual seedling: 21%, 2.1% 

then 53.3% 02. The C02 gas exchange was measured twice at 21% 



0 2 ,  then the system was flushed with 2 .1% 02 for 3 minutes. - 
C02 gas exchange was measured twice at 2 . 1 %  0 2 ,  the system was 

then flushed with room air for 5 minutes. The system was then 

flushed with 51 .3% 02 for 3 minutes before C02 gas exchange at 

51.3% 0 2  was measured twice, 

Rates of photorespiration, Rp, (pmol s - l )  , were 

estimated as the difference between photosynthesis at 2 . 1 %  and 

21% 02 (Mebrahtu et al. 1 9 9 1 ) .  Rates of high 0 2  concentration 

photorespiration, Rp*, were estimated as the difference 

between photosynthesis at 2.1% and 5 1 . 3 %  02. 

Needle water content was estimated by weighing needle 

fresh and dry weights. Plants were well watered prior to 

weighing. Water content was calculated as 1 0 0  minus the 

percentage of dry weight to fresh weight using the following 

formula: 

Water Content = [ (FWT - DWTIFWT-' X 1 0 0 % )  1. 

Chlorophyll fluorescence followed the procedures of 

General Materials and Methods, To measure t~hlorophyll 

fluorescence of the old and new foliage separately in the 

integrating sphere, foliage not measured was either left 

external to the sphere or covered by crushed foil, the foil 

had no effect on chlorophyll fluorescence measurements (data 

not presented) . 
Chlorophyll fluorescence was also measured using the SF- 

30 (Brancker, Ottawa), 1 0  needles were removed from each 

sample and lined up an black masking tape after dark 

pretreatment. The probe was placed over needle samples and 



chlorophyll fluorescence measured. This was repeated three 

times for each sample. 

Randomly selected seedlings from each group (hardened 

needles, newly flushed needles and dehardened one year old 

needles) were given sub-zero temperature treatments in both 

light and darkness. Sub-zero temperature treatments were 

performed in a modified deep freeze (Figure 26). The freezer 

lid was removed and replaced with an insulating foam lid with 

a 40 X 30 cm double pane glass window, A Plexiglass water 

bath filled with 9 cm of water was placed over the window, the 

external light source was located above the water bath. Light 

was supplied by a high pressure sodium lamp ( 4 0 0  watt Poot 

Elektra, Type PC 1078/4 lamp, with a GE Lucalox LU400/40 bulb) 

and the PPF at foliage height was 4 0 0  ,mn~l-m-~-s-l as measured 

by a LI-COR 185A radiometer with a quantum sensor (Lincoln, 

HE). To ensure the maximum amount of foliage received a high 

photon flux density, samples were placed in a horizontal 

position in the freezer (Figure 26). All seedlings 

experienced light for the last 4 hours they were in the 

freezer, regardless of the minimum temperature. Seedlings 

receiving sub-zero temperature treatments in darkness were 

enclosed in a light-proof black box and placed in the freezer 

at the same time as light-treatment seedlings. Temperature 

was monitored in both the black box and the freezer using 

thermistors- 

Initial freezer temperature was 15"C, temperature was 

then lowered at 6'~-h-l, and maintained at the desired 



temperature for 1 hour. To ensure uniform air temperature, 

air circulation within the freezer was provided by two fans in 

the bottom of the freezer. 

Six sub-zero temperatures were used, ranging from -2•‹C to 

-22.5"C; the minimal temperature attainable in the freezer 

with the light and fans on. Five samples were used at each 

temperature, each temperature treatment was repeated three 

times. 

After sub-zero temperature treatment was complete, the 

light was turned off and both light and dark-treatment 

seedlings were warmed at a rate of 6'C.h-I to room temperature 

in the dark. After 16 hours recovery in darkness, seedlings 

were then placed under a PPF of 150 pmol -m-2 s-' for 2 hours 

at room temperature to slowly acclimate them to light. 

Chlorophyll fluorescence .ffas then measured as per General 

Materials and Methods, and repeated again after 3 days. 

Control seedlings were placed under identical conditions 

in the freezer, but experienced a temperature of 25+2"C. All 

seedlings were then placed in an incubator with a PPF of 

70 yrnol-rn-2*s-1, 23t2'C and 75-85% RH for two weeks. 



Figure 26. E d i f i e d  deep freeze used for sub-zers temperature 
treatments, A - light source, B - water bath, C- 
double pane window, D - black box containing 
seedlings given dark-treatment, E - fan, F - 
seedlings given fight-treatment, 





Table 13. Analysis of Co-Variance table for the ratio of 
variable fluorescence to maximum fluorescence 
(FVJFnt) of dehardened seedlings after various sub- 
zero temperature treatments in the fight 
(400 pmol*m-2-s-1) or darkness. Needle status - 
hardened, dehardened, or newly flushed - was used as 
the co-variant. 

~naiysis of Co-Variance Table 

Source Sum-of-squares DF Mean-Square F-ratio P 

Temp 10.078 6 1.680 123.654 0.000 

Light 0.160 I 0.160 11.802 0.001 

Status 0.108 1 0.108 7,986 0.005 
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Carbon dioxide qas exchanse 

Dehardened one year old needles had a significantly 

higher light saturation ceiling at 1000 prn~l*rn-~*s-' than 

hardened and newly flushed needles (Figure 27). The 02 

concentration had a significant effect (p=.001) on 

photosynthetic rate for hardened, dehardened and new needles, 

At the high O2 concentration, photosynthesis was inhibited. 

There was no significant difference in the Rp of hardened 

needles, dehardened one year old needles and newly flushed 

needles (Figure 2%) .  There was a significant difference in 

Rp* between hardened one year old needles and newly flushed 

needles (Figure 28). At 51.3% 0 2 ,  newly flushed needles were 

strongly inhibited and the photosynthetic rate was 30% lower 

than the gross photosynthetic rate at 2.1%, whereas the 

dehardened needles were reduced by 43% of the Pg rate. 

Water content 

Mewly flushed needles had the highest water content at 

B a a ? % ,  dehardened one year old needles had 63.5%, hardened 

needles had the least water content at 41.2%. 
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Figure 27. Light saturation C02 gas exchange curves at three 
0 2  concentrations for white spruce. A) hardened 
needles, B) dehardened one year old needles, and C) 
newly flushed needles. 



Newly flushed Dehardened Hardened 

Treatment Group 

Figure 28. Photorespiration jRp) at 21% 0 2 ,  and 
photorespiration* (Rp*) at 51.3% 02 calculated as a 
percentage of photosynthesis measured at 2.1% 02. 
For hardened needles, dehardened one year old 
needles, and newly flushed needles at a PPF of 
2350 pmol*m-2*s-1. 

- same letter signifies no significant differences 
between columns 



Sub-zero temperature treatments 

Hardened Needles 

There was no significant difference between the Fv/Fm 

ratio of control seedlings (25•‹C) or seedlings given sub-zero 

temperatures in both the light and dark (Figure 29A & B). For 

all temperatures, Fv/Fm recovered fully when measured after 

three days. There was no visible damage to foliage after two 

weeks recovery (Figure 32A) and electrolyte leakage was not 

significantly affected by the sub-zero treatments in either 

the light or the dark (Figure 32B). 

Dehardened Needles 

Dehardened needles were significantly affected by the 

sub-zero temperature treatment (p=.001), and were more 

susceptible in the light than in the dark (p=.005). Sub-zero 

temperatures had a significant effect (p=.001) on all measured 

parameters, Fv/Fm, visible damage and electrolyte leakage. 

There was no significant change in Fv/Frn for dehardened 

one year old needles at temperatures above -10•‹C (Figure 30A); 

however, the Fv/Fm ratio was significantly lower at 

temperatures below -1O0C, and after 3 days Fv/Fm did not 

recover (Figure 30). There was a positive correlation between 

Fv/Fm and sub-zero temperature (r2=.79); Fv/Fm declined as 

temperature declined. At temperatures above -109C, Fv/Fm 

recovered after 3 days. There was no 3 day recovery of Fv/Fm 

for temperatures of -10•‹C and lower (Figure 30). 

For seedlings given sub-zero temperatures in the light 

there was a positive correlation between the sub-zero 
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treatments in the dark did not show the same characteristic 

decline, Fv/Fm did not decrease as temperature decreased, 

instead Fv/Fm declined only at temperatures which also 

appeared to cause tissue damage. 

The percent visible damage to needles after two weeks 

(Figure 32A)  showed that damage occurred at a higher 

temperature in the light than darkness. There were strong 

linear correlations between percent visible damage and 

electrolyte leakage (rk.88) and percent visible damage and 

Fv/Fm measured immediately after treatments (r2=.9) (Figure 

33). The LTgQ calculated using data from all three methods 

were very similar, From visible damage data, dehardened one 

year old needles had an LT50 of -10.5"C in the light and - 

12.4"C in the dark. 

Newly Flushed Needles 

Similar to the results seen in dehardened needles, there 

was a positive correlation (r2=.82) between sub-zero 

temperature and Fv/Em in the light, For seedlings given sub- 

zero temperature treatments in the light, the Fv/Fm ratio 

declined as temperature treatment declined, at temperatures 

above - 4"C ,  Fv/Fm rec~vered after three days, at - 6 • ‹ C  there 

was no recovery of Fv/Fm after 3 days (Figure 31). 

For dark-treated seedlings, Fv/Fm did not decrease as 

temperature decreased, instead Fv/Fm declined only at 

temperatures which also appeared to cause tissue damage. 

There was no significant change in the Fv/F'm ratio for dark- 



+-.- LLeated newly f lushed needles seedlings given sub-zero 

temperatures above -OCC, a t  -6.2"C Fv/Fm decreased and d i d  n o t  

recover a f t e r  3 days (Figure 3 1 ) .  

Damage occurred a t  a higher temperature i n  t h e  l i g h t  t h a n  

darkness ( F i g u r e  328). 

Using v i s ib le  damage data, the newly f lushed needles  had 

an LT50 of - 4 - 8  'w'fien light-treated, and when t reated in t h e  

dark had an L T ~ o  of -6.2-C (Figure 3 2 A ) .  
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Figure 29, The variable fZuorescence to maximum fluorescence 
ratio (Pr/Fm) of hardened white spruce seedlings 
after sub-zero temperature treatment, and after 
three days recovery in low light 120 pmol ern-' *s-l. 
A) dark-treated and B) light-treated 
(400 p n ~ l - r n - ~  -s-') (mean + SE) . 

same letter signifies no significant difference between 
means. 
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Figtrre 30. The variable fluorescence to maximum fluorescence 
ratio [Fv/Fm) of dehardened white spruce seedlings 
after sub-zero temperature treatments and af er 
three days recovery in low light 120 pmol*m-f*s-l. 
A) dark-treated, and B) light-treated 
(400 irmol.m2-s-1) (mean + SE). 



25 - 2  -4.1 -6.2 -10 -13.2 -22.5 
Csntrof 

TEMPERATURE ("C) 

Figure 31, The variable fluorescence to maximum fluorescence 
ratio (Fv/Fm) of newly flushed white spruce needles 
after sub-zero temperature treatments, and after 
three days recovery in low light 120 pnol=n~-~-s-~. 
A) dark-treated, and B) 1 ight-treated 
(400 piol =m-2 = s-l) (mean + SE) . 
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Figure 32, A) The percent of visible foliar damage of white 
spruce seedlings after two weeks recovery from sub- 
zero temperature treatments in the light and the 
dark, and 
B) Electrolyte leakage of the needles of white 
spruce seedlings after sub-zero temperature 
treatments in the light and the dark. 

D-H- dark-treated hardened, L-H- light-treated hardened, D-M- 
dark-treated newly flushed, L-N- light-treated newly 
flushed, D-D- dark-treated dehardened, L-D- light- 
treated dehardened needles- 
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Figure 3 3 .  The variable fluorescence to maximum fluorescence 
ratio (Fv/Fm) related to needle damage. Dehardend 
and newly flushed needles were given sub-zero 
temperature treatments in the light 
(400 p m ~ l m m - ~  -s- ' )  . Each point represents the mean 
of 5 replicates,  quat ti on for the line is 
y = 0.638 - 0-0058x (r2=-.91). 



f>ISCUSSIOPll 

Meeaie maturity and hardening were important factors in 

understanding the photosynthetic rates observed in the three 

treatment groups. The low photosynthetic rates of hardened 

needles, as seen in this study, are frequently observed in 

hardened conifers in the fall and winter (Strand & O q u i s t  

1988, Vidaver et af. f989a); however, the low photosynthetic 

rates observed in newly flushed needles, which were tightly 

bunched rather than fully expanded, may have been the result 

of self-shading. 

Oxygen concentration had a significant affect on the 

photosynthetic rate; at ambient (21%) and high 0 2  

concentrations (51.3%), photorespiration, as well as the 

Mehler reaction, decreased photosynthesis in all seedlings. 

Photorespiration was most pronounced in the new needles, they 

demonstrated greater photosynthetic inhibition under high 

oxygen concentrations than either hardened or dehardened one 

year old needles. 

Photoinhibition, seen as a reversible decline of Fv/Fm, 

was observed in all light-treated seedlings after sub-zero 

temperatures, but not in dark-treated. Newly flushed needles 

showed photoinhibition at warmer temperatures than dehardened 

cr hardened needles.  Recovery of F v j F m  occurred after three 

days only if there w a s  ns danac- Y- to tissue. This a g r e e s  with 

,he results of Oquist & Malmberg (1989), and indicates 

photoinhibition, acting as a protective mechanism, functians 

in the light for these seedlings, 



Tissue damage in seedlings occurred at warmer 

temperatures in the Bight than in darkness. In both the light 

and dark, sdbstanEia8 and irreversible decreases in FvJFm were 

indicative of tissue damage. The combination of low 

temperatures and high light can result in photodamage, caused 

by photooxidation - fight and oxygen dependent bleaching - by 
the production of strong axidants (Wise 6 Naylor 1987). 

Irreversible decreases in Pv,fFZn after sub-zero temperature 

treatments in the Sight indicate a lowering af the 

pAotocPEemicaZ efficiency of YSII; Dl-protein has been proposed 

as the site of damage fStrand & uquist 19883, 

Damage ts t i s s u e  given sub-zero temperature treatments in 

darkness cannot be explained by light dependent photodamage. 

In the dark, damage to needles would likely be due to freezing 

injury and appeared to be related to the water content of the 

needles. Sub-zera temperatures generally cause needle water 

to freeze at about the - 4 • ‹ C  range (Pisek 1972, Bauer et al. 

1935), which can disrupt the plasma membrane, the primary 

cause of freezing injury in plants (Steponhs & Lynch 1989)- 

The increased electrolyte leakage seen these seedlings would 

indicate  that aemkrranes had indeed been damaged, 

In this study, hardened needles had the lwest water 

content; newly flushed needles had the highest, A t  -5,2"C it 

i s  possible w a t e r  in the needles would freeze and damage 

r a m s  thsoemcgh w a t e r  crystall formation and dehydration. 

ened needles ~ i t h  Baw water content did n ~ t  seem to 

suffer froa freezing damage, %hereas freezing damage was 



observed in the newly flushed needles after subzero 

temperature treatments of -6-2•‹C in the dark, 

Reversible decreases in Fv/Fm were the result sf 

decreases in Fv and not increases in Fg, and are attributable 

to photoinhibition as a form of photochemical regulation. 

Irreversible decreases in FvfFm; however, were the result of 

decreases in Fv and large increases in Fo, and are 

attributable to photodamage and freezing damage in light- 

treated seedlings, and membrane damage caused by freezing in 

dark-treated seedlings, 

Susceptibility to photoinhibition and photodamage 

appeared to depend upon the developmental stage of the 

needles. Newly flushed needles were the most affected by high 

G2 concentrations, having the highest photorespiration rates. 

High photorespiration rates may be indicative of the increased 

sensitivity to photodamage caused by strong oxidants observed 

in the newly flushed needles. Needle water content appeared 

to be an important factor in susceptibility to freezing damage 

in the dark, newly flushed needles with the highest water 

content suffered damage at the warmest temperature, hardened 

needles with the lowest water content showed no damage. 



V. EVALUATING THE EFFICACY OF SEEDLING 

OUAEfTY ASSESSMENT METHODS 



IHTRODUCTIOH 

~ffectivefy assessing seedling quality has long been 

crucial in the forest and conifer nursery industries. In the 

nursery, morphological tests are frequently used to select 

and grade seedlings, they are easy and rapid to perform 

(Thompson 19851, and result in a relatively morphologically 

uniform crop. Problems arise because there can be a large 

variation in physiological quality of apparently uniform 

seedlings, resulting in little relationship between 

morphslogical parameters and the survival and growth of 

seedlings in the field. 

Information on the physiological status of seedlings, in 

combination with morphological tests and standards, would 

provide siliviculturalists with greater information for 

making decisions. In any reforestation programme, planting 

seedlings in the field incurs the largest expense, If 

seedlings are of poor quality, it is more cost effective to 

not plant these seedlings, plant them in a low stress 

location or to increase the planting density. 

Physiological tests are already used in two areas of 

seedling production: determining lifting dates for storage 

and determining seedling quality after cold storage. Current 

methods for assessing seedlings1 physiological status rely on 

single tests: cold hardiness for determination of suitability 

for cold starage, and root growth potential to measure 

seedling quality in the spring prior to planting, Some 

physiological tests may also have the potential to be 



prescriptive during the growing season, facilitating any 

necessary alteration of cultural treatments. 

Hany different physiological tests have been suggested, 

and some techniques have proved to be of value in evaluating 

seedling quality at different times in the production cycle. 

In this study, several morphological parameters were measured 

(height, stem diameter, number of white roots visible, 

root/shoot ratio and bud set) to ensure seedlings met the 

B-C, Ministry of Forests standards for each species. 

Fkysiological assessment methods used prior ko lifting for 

cold storage include C02 gas exchange, chlorophyll 

fluorescence, mitotic index and cold hardiness testing. 

After storage, CO2 gas exchange, chlorophyll fluorescence, 

root growth potential, timing of bud flush and leader growth 

are used as measures of seedling quality in the spring. Root 

growth potential is used as the standard to assess the other 

methods because it is the standard used by the B,C, Ministry 

of Forests, 

Zaerr (1985) proposed that an ideal test of plant vigour 

should have several characteristics: 

a) rapid, yielding final results immediately 

b) simple to understand and use at all levels of 

operation 

c) inexpensive, accessible to all potential users 

6) reliable, the test works everytime 

e) non-destructive, enabling test plants to be 

outpkanted 



f) quantitative and non-subjective, allowing 

probability values to be assigned, rather than 

qualitative, and 

g) diagnostic, so that the cause of seedling damage 

could be indicated. 

Puttonen (1989) suggests adding several other criteria, 

four of which will be used in this study: 

h) basis of assessment known: Is what you are 

measuring understood or empirical? 

ij able to accommodate changes in seedlings; for 

example, seasonal changes 

j) prediction span: How long is the information 

useful, and does it actually predict future 

performance? 

k) applicability for quality control in the nursery. 

In assessing the methods used in these studies, emphasis 

was placed on the prediction span, how long was the 

information useful, and did it actually predict future 

performance? If the parameter or test was not useful in 

predicting the future performance of the seedlings, or the 

information was only useful far a very short period of time 

then the test would be of little value in determining lifting 

dates and subsequent seedling quality. The objective sf this 

study was to assess the efficacy of various parameters and 

physiological tests in determining lifting dates and seedling 

quality. 



BBTEBIEM & WgTXOE8 

In order to determine the effectiveness of the 

physiological assessment methods, a large range of seedlings 

varying in quality was required. Seedlings used in this 

study were therefore provided from the dormancy induction 

study conducted in 1990 and described in Section 111. 

From August  1990 to January 1991, on a regular basis, 10 

randomly selected seedlings of each species from each of the 

three treatment groups (AMB, LD-C and SD-W) were lifted and 

placed in cold storage (-2+I0C)- SeedLings were cold-stored 

for 15 weeks, then potted and placed in a growth chamber for 

28 days as per General Materials and Methods. 

There are difficulties involved in estimating the PSA 

(projected surface area) of seedlings with newly flushed, 

tightly bunched needles, as well as the associated problem of 

determining a satisfactory basis on which to express CO2 gas 

exchange measurements- For needles that are not fully 

expanded and still tightly bunched, expressing C02 gas 

exchange on either a dry weight or PSA basis over-estimates 

the effective photosynthetic area because of shelf-shading. 

Toivonen (1985) and Murphy (1990) have suggested initial 

fluorescence, Fg, can provide a estimate of seedling size as 

a basis for C02 gas exchange calculations because it 

proportional to the size of the active photosynthetic pigment 

bed (Krause & U e i s  1984). 

A linear carrelation was found between PN calculated per 

PSA (mz) and PEJ calmlated per Fn unit, using data from both 



white spruce and Douglas-fir seedlings ( rZ=-691 ,  To keep the 

range of PN calculated per Fg unit within a similar scale as 

P~.J values calculated per surface area, net photosynthesis was 

calculated Fg/500 as an estimate of seedling size; where 500 

is the slope of the linear correlation. 

Statistical analysis was performed using SAS/STATS 

(1988)- Simple and multiple linear correlations were used to 

determine the strength of the straight line relationship 

between two or more independent variables; the coefficient of 

determination, r2 , is reported fZar 1984). Analysis of 

variance and the Bonferroni test of differences were used to 

evaluate significance of treatment effects (Winer 1977). 

RESULTS 

Dormancy induction treatments produced seedlings with a 

large range of quality in the spring after cold storage. 

Pre-storage parameters for white spruce seedlings are 

summarized in Tables 14A and B, Douglas-fir in Tables 15A and 

B. Post-storage parameters for white spruce seedlings are 

summarized in Tables 16A and B, Douglas-fir in Tables 17A and 

B. 
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Figure 34. Net photosynthesis af Af3B white spruce seedlings 
ateasured aster cold-storage during the 28 daysw 
recovery itn growth c-er, A) ealcualated per 
projected surface area (Eat ) and B) caf culated per 
area e s t d t e d  by Fa/500, 



Fall liftins assessment: was the test or parameter capable of 

predicting seedling quality (RGP) after cold storage? 

Figures 35 and 36 summarize the relationships between post- 

storage RGP and prestorage parameters for  white spruce and 

Douglas-fir seedlings. 

Cold hardiness was predictive of RGP in the spring for 

both BMB white spruce and Douglas-fir. For all treatment 

groups of both white spruce and Douglas-fir, seedlings with 

little cold hardiness had poor storability, 

Mitotic index was only predictive of RGP in the spring 

for AMB white spruce and Douglas-fir, but not when all 

treatment groups are lumped together, Seedlings with low or 

0% mitotic indices did not necessarily store well, 

particularly seedlings given SD-U dormancy induction 

treatment, Conversely, Esouglas-fir seedlings with high 

m i t o t i c  indices did store well. 

The presence of white roots at the time of lifting 

seedlings in the fall appeared to be predictive of good 

recovery after storage for both white spruce and Douglas-fir, 

in particular the relationship was strongest when data from 

all treatment groups was used. 

Net photosynthesis, measured using C02 gas exchange, 

decreased over the f a l l  for all dormancy induction treatment 

q~apps,  hiit %as sozzevhat pzetictive of RGP i n  the spring, 

men the AHB group is considered independently, it was more 

predictive for the muglas-fir seedlings, where as net 

phatosynthesis decreased, storability did increase* 



Chlorophyll fluorescence decreased over the fall for all 

dormancy induction treatment groups; however, there were 

characteristic differences in the curves for each group (see 

Figures 18 and 22, Section 3 ) .  For white spruce seedlings 

Fv/Fra decreased as storability increased for AHB seedlings 

and was predictive sf RGP after storage; however, when all 

groups are taken tqether Fv/Fm was not predictive, Steady 

state fluorescence was somewhat predictive for white spruce, 

and in particular APE3 Douglas-fir seedlings, The lack of 

budset in the Emuglas-fir seedlings may have been confounding 

the results, since in Section I, F'v/Fm was found to decline 

in the fall and relate to storability. 

Temperature measured the day before lifting was 

predictive of RGP after storage for both white spruce and 

Elaugfas-fir seedlings- Seedlings lifted when the temperature 

was low had higher RGP values after storage, 

Chilling hours, the number of accumulated chilling hours 

at S 5 0 ,  was sonewhat predictive of RGP after storage, 

although the regression was not significant (rZ=.OO). 

Seedlings without any accumulated chifling hours stored 

pwrly for all treat~tent groups for both white spruce and 

DsugIas-fir, 

Several of these tests: ~itotic index, net 

photosynthesis, and[ ~Irlarophyil fluorescence FvJFrm ratio, 

w e r e  not capable of distinguishing between white spruce 

seedkings given SD-W treatment (112 hour day length, 25/20m6 

datylaight te~tperature) which did not store well, and 



(seedlings under ambient conditions) which generally did 

store well, although it is unlikely that seedlings would be 

lifted prior to any chilling. There is no test which 

directly measures %torabilityr, the capacity of a seedling 

to survive winter cold storage without the loss of quality, 

in this case measured as RGP. Many of these tests measure 

different morphological or physiological phenomena related to 

fall and winter dormancy in these seedlings, how they relate 

to storability is still questionable. 
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Figure 35.  Relationship between post-storage root growth 
potential (RGP) and prestorage parameters for white 
spruce seedlings. I)) XI? refated to the number of 
white roots at ti= of lift. E) RGP related to 
mitdtic index. 



0.7 x Att treatment groups 
y = 0.48 - 0.00014~, R = 0.001 

1 

0.5 

0.4 
AM3 treatment group 

0 10 20 30 40 
2 x All treatment groups 

G ) y = 0.68 - 0.083~ + O.OW6X2 - O.WO083~3, R = 0.d = AMB treatment group I 

0 f 0 20 30 40 

x treatment groups 
jr = 6.49 - 0.64~ + 0.034~2 - 0.00053x3, r2 = 0.51 

r AMB treatment group 

potential (ITGP) and prestorage parameters far white 
spruce seedlings, F) RG? related to Fv/Prm ratio. 
G )  RGP related to steady state fluarescence, FT, 
and H) RGB related to net photosynthesis. 



20 
AMB treatment group 

y = 17.28 - 1.57~ + 6.1 246-2x2 - 7.0964~3, r2 = 0.8 

10 
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s-r>rinq auality - assessment: How well did the test or 

parameter compare to RGP? Figures 37 and 38 summarize the 

relationships between post-storage RGP, measured as the 

number of white roots greater than 1 cm in length after 28 

days in the growth chamber, and post-storage parameters for 

white spruce and Douglas-fir seedlings. 

Chlorophyll fluorescence Fv/Fm ratio was predictive of 

RGP measured after 28 days for white spruce. There was a 

linear correlation between Fv/Fm five hours after removal 

from cold storage and the RGP on day 28 for AiviB white spruce 

seedf ings (r' =. 76) (not shown) . When SD-W and LD-C data are 

also considered, the linear correlation was reduced (Figure 

37A).  The different dormancy induction treatments resulted 

in variation in the response of the W/Fm after cold storage; 

in particular, the LD-C seedlings had high RGP and lower 

Fv/Fm than the AH% seedlings, 

For the AFifB Douglas-fir seedlings there was also a 

linear correlation between Fv/Pm measured five hours after 

removal from cold storage and RGP calculated after 28 days 

(r2=.66) (not shawn). The linear correlation between Fv/Fm 

measured five hours after removal from cold storage and RGP 

was also less pronounced when the LD-C and SD-W groups are 

also considered [Figure 38A). 

Both A#B and ID-C Douglas-fir seedlings came out r t f  

storage with h5gh Po levels, indicating damage to PSSI 

reaction centers (Briantais et af. 1986); there was no 

relationship between Fg and needle dry weight, In i t ia l  



fluorescence, Fg, decreased significantly aver the 28 days in 

the growth chamber and coincided w i t h  the senescence of 

apical needles, The increased Fg levels would result in 

erroneous Fv/Fm vaf ues. 

Net photosynthesis, C02 gas exchange measured five hours 

after seedlings were removed from cold storage, was also 

predictive of RGP measured after 28 days, in particular for 

AE9B seedlings (not shown)- For: both white spruce and 

Douglas-fir, net photosynthesis measured five hours after 

renrovai from storage was linearly correlated to RGP (Figures 

378, 388) for a11 treatnrent groups. In the spring, net 

photosynthesis calculated on a needle dry weight (data not 

shown) or PSA (projected surface area) basis increased 

rapidly to a maximum on day 4, then decreased throughout the 

rest of the 28 days in the growth chamber (Figure 34A) .  When 

the % was calculated per E0/500 it continued to increase 

over the 28 days for most lifts (Figure 34B). A linear 

correlation was found between PH calculated per F0/500, rates 

and the number of roots produced (r2=*7&), but not when PN 

was calculated per unit surface area or unit dry weight. 

Bud flush generally accurred sooner in seedlings with 

high RGP values and new leader length was generally fcrnger- 

Although n e w  leader length was refated to RGP it was not  

predictive because it was measured a t  t h e  same time as RGP, 



Ref atiarship bet-is'een post-starage root gro-fiLh 
ptent ia l  (RGP) and post-storage parameters for 
white spruce seedlings, A) RGP related to Fv/Fm 
ratio 5 hours after xernzovaf from storage. B) RGP 
related Pra net photosynthesis 5 hours after removal 

storage, C )  RGP related to new leader length 
after 28 days, 



potential [RGP) and post-storage parameters for 
Douglas-fir seedlings, A) RGP related to Fv/fm 
ratia 5 haurs after removal from storage, B) RGP 
related ea net phstasynthesis 5 hours after removal 
from starage, C )  RGP related to new leader Length 
after 28 days- 



Table 18 lists the eleven criteria used to evaluate the 

assessmmt ~ e t h d s ,  ranking scores were assigned to each 

criteria similar to those used by Hawkins & Binder (1991), 

Table 19 summarizes the relative ranking of each of the nine  

different seedling quality assesslsent m e t h d s  or measured 

parameters used in these studies. 



Tabie 18, Criteria used to assess tests. 

Characteristie Ranking Criteria 

Rapid : 

Sbpf e: 

Cost : 

Quantitative: 

Diagnostic: 

Basis: 

Adaptability: 

5 24 hours 
1-3 days 

3 days 

anyone can use 
requires technician 
researcher use only 

very reliable 
ref iable 
not re f  iabf e 

no da~age 
partial damage 
seedling can not be planted 

quanitative, results can be 
statistically analyzed 
qualitative 

able to determine cause of problem 
not :,able to determine cause of 
problem 

known physiological basis 
basis unknawn 
non-physiological 

ore than one function and season 
=ore than une funetisn 
useful at more than one time 
useful at one t i m e  in growing season 

highly predictable of future quality 
and long prediction span after 
* s t i n g  
highly predictable 
s at predickivr?. 
not predictive of future perfamance 

highly useful for quality control 
~oderately useful. 
sligbtfy useful 
not useful for quality control 





azsmgsx:O# 

R o n e  of the physiologicaf tests net all the criteria of 

an ideal, test of plant viqour- The prediction span of all 

these tests is likely to be very short: seedling physiology 

em change very rapidly- Therefore, repeated testing would 

be reqhuired to  oni it or any changes in seedling physiology, 

Far several of &he tests, frewent testing waul& be t h e  

consuming and labour intensive, or results would be acquired 

tw late to be useful ,  therefore the  ability to get rapid 

results becomes a primary prereqdsite- Tests, such as RGP 

and cald hardiness, &phi& take up to a week to perfom may be 

of less value daring critical periods when decisions must be 

sade ilmnedfately, 

Several of the eests are suitable for use only during 

a m  portion af the growth (production) cycle. Far example, 

~t~e;asuring m i t o t i e  indices and cold hardiness testing are of 

value only in the faXl, 

Tracking errvirameataf cot?ditisns is simple, rapid and 

inexpensive Ear a nrrrseq; however, neither average air 

temperature, nor the r of acquired chilling hours have 

(say physiolqiczaik basis andl is cot suitable far other eimes 

In  the qawiarcg- season, 

The average a i r  tesperatuze seasurd the day before 

Z i E t i n g  folr stoxage appeared to be prediictive of subsequent 

qaaTihy after cold storage, Lifting seedlings under 

l o w  taperatare canditions produced higher quality seedlings, 

in agreesent w i t h  &he results presented in Section 2.. 



chZlfing hours also appeared "to have a strong affect an 

ehe storability of white spruce seedlings; after seedlings 

had acquired even as few as 27-7  chilling hours, a 

sigtrifican, increase in storability was seen. Any increase 

%r; c.krilling fhaars beyand this time did n& have a majar 

affect on &he pest-sfia~age wigour oE seedlings, The afiiB 

white spruce se&fi,ngs stared %elf after aeqirisinq 2 7 - 7  

ckxltlifinq hours; hawevex, the acquisition of chilling hours 

daes not appear to be independent of other factors, as shown 

w f t h  l i f t  2 of tire ID-€2 w h i t e  sprruce seedlings, which did not: 

survive starage even after acquiring 120 chilling haurs- The 

~nitatfc index of the LEt-f seedlings was higher at lift 2 than 

at the ether lifts, and m y  have been a factor, 

nonitroring rlaorphrolagical parameters is rapid, simpfa and 

inexpensive, GeneraZXy, seedlings are reqrrired to meet .  

maqhalqical, criteria set by the Ministry of: Farests, 

therefore, ~ospholioqical parameters are routinely measured by 

a nursery- TSiexe is nu physiolagical basis far this test and 

there aaiy be little relationship betsweerr mrrawhofiogica2. 

measurements and Euture performance after planting; hawever, 

a nursery cam alter cultural conditians to produce seedlings 

of specified rea~ho%~irr;rl? parmeters, me &fee- of 

om spring R6P has been we12 researched and will not be 

discussed here, e nrartber of white roots greater than 1 cm 

in Zen- per s ing at the tise sf lifting for storage was 

found to be related to subsequent spring RGP- Seedkings w i t h  



w h i t e  roots present at the tiaxe of lifting had the best. RGP 

values in the spring- 

Root growth potential is C_he standard physiological test 

used by the B-C, Hini~try of Forests, and other tests were 

judgedB against this standard- This technique did not scare 

bighfy. It is slaw, taking from 7 to 14 days to complete, 

and is Labour intensive- It is destnrctive, seedlings are 

mot suitable for planting after testing, anct results are not 

diagnostic. It is therefore unlikely that RGP would be 

useful for quality costref vit3in the nursery; hawever it is 

a predictor of seedling ytzafity af tex cold storage, 

The mitotic index of t h e  apical bud m e t  few af the 

criteria of an ideal test, The teeirnique xequires a 

technician to pesforcgz and is slow, taking three days to get 

resalts. Determination of the mitotic stage of the cells can 

be subjective, and vary w i t h  individuals* The technique is 

destructive, Xeaving seedlings in a condition not  sui table  

far plantfng, f n f o m t i o n  obtained using this tr;.&-rniqw is 

~re)rediagmclstkc= and not suftabfe for quality control in the 

nursery, 

E i t a t i c  index seasure& in the fafa was not pr&i&ive of 

sabsequent rmt grcwth of the seedlings in the spring. 

Seedlimp given SfiP-E treatsent in the fall &ad aitotic 

hdkces of 0% for a l l  lifts, yet seedlings w e r e  uniformly of 

par quality after starage, Conversely, AHB and XD-C 

gPas-fir seeidlings had kigb mitotic indices in the! fall 

l e t d  budset, yet these 



seedEings had high RGP measureaents in the spring after 

starage; hawever, especially for early l i f t e d  material, 

nonXlardened needles and apices were unable ta survive 

freezing temperatures i n  storage. The lass of the apices in 

storage may have resulted in new photosyntfiiste going to root 

g r d h  rather than apical growth, resulting in higher RGP 

values than lady have been observed if apices were not 

damged , 

After Sept r, the mitotic index of all white spruce 

treat~eene groups declined to  0%- After this time, mitotic 

index could give not further information that would assist in 

the selection of lifting periods, 

Cold hardiness testing also m e t  few af the criteria of 

an ideal test, &pending upon the method used, it can be 

very slow, taking from 3 to 7 days for results, The amount 

sf training rrequkred to perform cold hardiness testing also 

depends upon the technique used. Assess~ent of visible 

damage can be very si~~ple Lo perfom and requires little 

training, but measuring electrolyte leakage requires a 

trdhed researcher- Cold hardiness testing is d e s t ~ c t i ~ e ,  

seedlings can not be planted after test%-, 

CoBd hardiness testing was of little predictive value 

far bath w h i t e  sphuce and Ulouglas-fir, alttmugfr seedlings 

stored better once samne degree of cold hardiness had 

. Seetdlinapi with paar cold hardiness, in 

rticukar , seedlings lifted in August  and Sept 

the S W W  se&fiinqsJ d5d m o t  stare well, 



In Section 2, a loss of cold hardiness was associated 

--- w i t h  a decline in storabiiiiy. Uptima3 use of cold hardiness 

testing as a predickor of seedling quality after storage 

would require frequent testing in the fall and winter prior 

to liEting, requiring labour intensive, destructive sampling, 

Needle w a t e r  potential fusing a Leaf Plant Press) was 

used in Section 3E to assess seedling recovery after cold 

searage, and was found to 'he predictive of go& recovery. 

Although this m e t h o d  was not used during other Limes in the 

grawiprg season it is pcrssible that it way be useful  in the 

s-er to indicate drougM, and in the fall, decreased needle 

w a t e r  potentiall m i g h t  also be an indicator of suitability for 

storage, particarfasly when used in conjunction with another 

method, This t e & m i q a e  is rapid and simple to operake, 

Chlaraphyll fluorescence ranked the highest af all the 

assessnrent m e t h o d s  utilized,. It was rapid, reliable, non- 

desfmetive, quantitative and diagnostic, The basis of 

assessment is becorning clearer and many reviews have been 

published an using this technique for determining the stress 

of plants (LichLenthaler 3990)-  This method has the greatest 

ptent ia f ,  for its applicabELity far quality contra1 in 

seedling nurseries, as well as in the field, Changes in the 

variabXe chl~rophyl3 ffucxeace~ce induction curves can 

&,mi-- whem ses6lim-q~ are rrsm3e,- enz.iranmenZa jKf.iiusa & 

SazitersaPs 1989, Li afer 1990) or nutritional st?x%ss 

f 5 et axt 2985, Conroy et al- 2986, Rao et af. 1986), or 

expsed ta taxins err herbicides; (Scitrieber h Bilger 1985) 



during the growing season, permitting remedial action to be 

taken by nursexy personnel, 

Chlorophyll. fluorescence prior to storage indicated 

increasing photosynthetic inactivation during the f a l l  and 

winter, In eke fall, at deerease of F v f F m  was indicative of 

photochemical inactivation of photosynthesis, which 

correlated with starabifiky in APfs white space seedlings and 

Douglas-fir seedlings under fa11 natural conditions in 

Section 1. different results  seen in this study and ~ I A  

Section I were because seedlings in Section X had already set 

bud prior to l i f t i n g  for storage, The effect of storing 

~ u g % a s - f i r  seedlings prior to completion of budset 

confounded the data seen in this section and may not be 

indicative ofr what sight actually occur in a nursery 

sikuation, sfme seedlings w m f d  not be placed in storage 

prior to budset. 

Steady state ffuarescence, FT, also declined as 

storability increased- An analysis of the whole curve 

(SuxldbPad e-fs aE- 1990) may give mure infamation than 

seXecLiora of a few features, W/Fm ratio and PT, Analysis 

af the whole curve ~ Z g f i t  have provided sufficient information 

ta successfully differentiate between the dormancy indarction 

treataents am3 be predict5ve in selecting Iff.fsing dates for 

high quality seedlings in the spring after storage. 

One area ~f concern was nated, For both %bile spruce 

Dau~1as-s-fir~ the linear correlation between the W/Fm 

ratio measured five hours after removal from cold storage and 



RGP is reduced when the  LD-C and SD-W treatment groups are 

considered. This brings into question the robustness of the 

Fv/Fm ratio as a pckerratiaf measurement of seedling quality 

af ter  cold storage, although it is unlikely that seedl ings 

w o u l d  be lifted prior to budset or the acquisition of any 

c h i l l  ing hours. 

To address this pokential problem, chlorophyll 

flrmorescence should be used in combination w i t h  other 

parameters: cold hardiness, m i t o t i c  index and environmental 

conditions, or &he number af acquired chilling hours, By 

doing this, ideal lifting w i n d o w s  for cola storage may be 

determined, 

Because of the rapidity of this technique, seedlings can 

be monitored frequently in the f a l l ,  As shown in Section 2, 

phatasynthetie reactivation caused by warming trends prior to 

lifting resulted i n  increases i n  steady s t a t e  fluorescence, 

F Therefore, frequent testing could help avoid any loss of 

storability. 

CkloropPryll fluorescence can a l s o  provide valuable 

information to the nursery at ather times in the growing 

season. A f t e r  cold storage, seedling quality can be rapidly 

assessea using &his technique-  his study found that five 

hears after semwaf, froze storage, photosynthetic 

reactivation, seen as  an increase in Fv/Fm ratio, indicative 

of BIH: activity, was predict ive o f  seedling quality for  

white spruce seedlings, Damage t o  the  reaction centers also 

resulted in high Pv/Pra ratias i n e d i a t e l y  a f t er  removal from 



storage for many of the Douglas-fir seedlings, decreasing the 

predictability; however, in Section I when Douglas-fir 

seedlings were stored after budset, a good relationship was 

found between Fv/Fm ratio after removal from storage and 

subsequent RGP, 

Initial fluorescence, Fg, may also be of value in 

assessing damage to foliage after cold storage or exposure to 

sub-zero temperatures in the field. High Fg values are 

indicative of damage to the reaction centers (Briantais et 

al. 19861, Tke - and LD-C Douglas-fir seedfings came out 

af storage with very high Fa values, which then declined over 

the 28 days in the growth chamber, coinciding with the 

senescence of damaged tissue. 

Still to be addressed using this system is the potential 

for Fg quenching within the pigment bed, this should be 

accounted for since it decreases the slow kinetics part of 

the induction curve and can lead to improper interpretation 

cE crrxves, 

Chlorophyll. fluorescence has the potential to increase 

the speed of cold hardiness testing as well, As shorn in 

Section IV, 24 hours after seedlings are tested for cold 

hardiness, damage to the photosynthetic apparatus can be 

rapidly assessed using chloropfry11 fluorescence. The results 

correlated w i t h  both membrane leakage and visible damage 

assessed a f t e r  two weeks;. Canventional cold hardiness 

testing is slow, requiring one to two weeks for conpletion, 

measuring membrane leakage is Labour intensive, and requires 



three working days to complete- Results can be available 

within 24 hours after removaf from the freezer using 

chlorophyll fluorescence. 

Carbon dioxide gas exchange also ranked high. It is 

rapid and results are qiantitative. It was of moderate 

predictive value, capable of measuring photosynthetic 

inactivation in the winter, and when used in conjunction with 

environmental conditions or other parameters, results were 

similar to those of chlorophyll fluorescence, This technique 

does not appear to have the potential to be diagnostic, 

because it is not possible to determine the cause of seedling 

damage from the data, it does appear to be useful at many 

times during the growing season, 

The use of at least two pazameters appeared to be a 

better predictor of seedling quality after storage than a 

single method. Chlorophyll fluorescence used in conjunction 

with the number of chilling hours, average air temperature or 

seedling cold hardiness was a more reliable predictor of 

seedling quality than either parameter alone- Chforophyll 

fluorescence with mitotic index was not predictive, as is 

evident with the SD-W seedlings, which had both low 

chlorophyll induction cusves and mitotic indices. 

Many of these techniques require expensive equipment: 

fBusrometers, IRGEPs, microscopes, growth cha-ers or 

temperature controIPltd, greenfksuses, The cost of the 

ffluormeter; however, could be considered to be low when its 

flexibility is taken into account, 



The ability eo m ~ r r i t o r  the physiofogicaf s t a t u s  of a 

crap of seedlings may become as integral a part of nursery 

protocol as monitoring the mrphological characteristics, By 

altering cultural treatments, nurseries may be able to 

produce seedlings which m e e t  a physiological criteria similar 

to the current morpfralogical one used- In the quest for an 

ideal test of seedling physiological status, many potential 

techniques have h e n  offered (fox a review see Hawkins 6 

Binder 3991); however, no test has been granted this status 

yet, Of all the techniques used in this study, chlorophyll 

fluorescence was found to have the greatest potential, 

although the ideal test of seedling physiological status may 

prove to be a combination of several tests, 







Short-term t rature treiitsients {48 hours at S j X ,  f 015 ,  

35/10 and 20f 15 'C dayjrmight temperatures) in the winter 

affected the storability uE all seedlings, the lower the 

temperature at lifting, the better the seedlings stored, The 

degree of reacztivation and the  rapidity of the response may be 

related to provenance; the lasre southern coastal Dzlugfas-fir 

firm Oregon w e r e  rus t  affected by dehardening temperatures. 

Bud domancy is triggered by day length in both of these 

species, with white spruce also displaying pfrotocftemical. 

inactivalkm of phttosynthesis in response ts deereasing day 

length under 'rrBam temperatures- Photachemkcal inactivation 

was characterized by decreased PSI1 activity, seen as a 

decrease in W/ ratio, and a parallel decline in net 

phatasyrrthesis, 

Met photosynthesis did not decline with day length in 

Douglas-fir under w a r n  tespxpesaltures, as would be expected in 

such an 0ppor4xmkti~ species- Low temperatures did appear to 

inhibit photaspthes is  in this species, consistent with the 

resul t s  oE Hawkins & Lister (1985)- 

Photoinhibition, rapidly reversible declines of FvfFm, 

has h e n  proposed as a protective mechanism to prevent damage 

in the light (Ocjuist & Bakmberg 1989)- Ph~tuinfribition was 

obsenred, in white spruce needles after sub-zero temperature 

treatments in light, but not in darkness, D m a g e  occurring at 

sufs-zera temperatures in the light was attributable to 

photodamage, and was characterized by irreversible declines of 

HTEplFnt, Pbotoidasa~e is primrily induced by light and oxygen 



dependent pbotaoxidation (Wise & Naylor 1 9 S T ) .  Damage at sub- 

zero tearpearatures in darkness was attributable to freezing of 

needle water, res'txitisrag in laceration of membranes by i ce  

crystals and dehydration fSteponIrus & Lynch 1989), and was 

rela%& $0 needk water content, 

Susceptibility of whiee spruce needles ta damage from 

sub-zero temperat~res in light and darkness was dependent upon 

needle maturity and degree of hardiness, Mewly flushed 

needles were highly susceptible to phokainhibitian, 

grPmotdarrtage and freezing damget They also had the highest 

needle water coneent and photorespiratisn rates, High 

photorespiration rates under 51.3% oxygen may indicate the 

production of high fevels of toxic oxygen species, making them 

m o r e  susceptible to glmotad 

CkloropZryEl %luorescence was found to be the mast 

efflcaeiaus m e t h o d  for determining seedling quality, It was 

rrsefuP for zmltiple purposes throughout the growing season; 

when rneasplred prior to l i f t i n g  and five hours after  removal 

fr~m cold-storage it w a s  predictive of seedling quality as 

ascertained by root growth potential. The prediction span was 

very. short for all tests because seedling physiology can 

change: rapidly, therefore tes t ing  should be done frequently* 

%Be rapidity m d  nondestr~r&ive nature of chlolroghyll 

fluorescence gave it a clear advantage over the other seedling 

quality assessment 

Several topics for future research emerge from these 

studies: (i) the biochemistry and physislagy af cafd-stored 



versus naturally over-wintered seedrings, to be studied w i t h  

respect to changes occurring during cold s-F,orage; (ii) the 

i sprtancc of morphol i c a k  and physiological differences 

between cold-stored anig naturally avex-wintered seedlings, in 

partkcular average rwt length and yzhotocheaicai reactivation; 

fkif) the presence or absence of day length mediated 

photat=Aea&cal rqun1ztEon of photosynthesis i n  other conifers 

and evergreen plants; ( ivf  the potential role o f  chlorophyll 

f luorsscence in forestry - 
In concfusisn, detemination of suitabze lifting t i m e s  

bor placement ~f seedkings in cold storage w a s  essential i n  

gxducing quality seedikings, Pxcm a practical perspectkve, 

chllosophylf flucrrescence can easily be used to quickly and 

no~destmctiV&y determine suitability fur lifting. ff 

seedlings are then l i f t e d  @hen the a i r  temperature is low, 

cbloropfryll fluorescence hecames a g a d  predictor of past- 

storage seedling quality, 

Xmpraveatent and assess~ent of seedling quality i s  

critical to  successful reforestation i n  Bri t i sh  Col 

Planting poor quality seedlings at failing ta understand the 

em-pELysio2cqi~al needs of the autplanted seedlings can result 

in expensive plantation failures, Costs of reforestzrticm may 

be T&UC& if seedling quality can Be easily and effectiveiy 

assessed, Pfantatian success bepenEis not only on tne  

'pr&u&iarm. of quality seedlings, but also on site canditions. 

Eco-pbysfoPac~ica1 studies in the field should be the! next 

target for seedfixq ality assessment, 
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