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ABSTRACT \
» : o
N
\ “.
he eco-physiology of black - .ruce (i’eea mariana (Mill) BSP.) was
investigated with respect to net assimilation and water rel “ions hoth

in the ficld near Edmonton, Alberta and laboratory.

Needle water potentials and its components were measured throughout .
the year at regula: intervafs. The data indicate that the species is
Hydrolabile‘wi;h a maximum water potential of about -10 atm in June and
a minimum of =35 atm in late March. A good relationship exists between /
air temperature and WGter.potenLial for most of the year. In spring,
needle water poteritials rise with increasiﬁg temperatures as dormancy is
terminated but then decrease due to a water deficit developing in the
trees while.the soil remains frozen till the end of May. This causes a
severe drought=copdition, resulting in needle cast. On warm -days during
the summer the daily water potential exhibits a typical mid-day iag
battern as the,stomata open and close in.response to the water balance
. of the needles. Due to the Iowgr temperatures in spring(and fall, lead-
ing to lower transpiration rates thls patterﬁ is often not observed dur-
ing these s;asons. Throughout the dormancy period the stomata are closed
and do not respond to light and temperature changé;. The lowest needle
infiltration pressure measured was 17 psi, agreeing well with the high
diffusion resistance reportéd in the literature.

A maximum net assimilation rate:gf 7.0 mg CO,/gm DWt/hr as measured
by infra-red gas analysis was recordeq;in the field. Laboratory studies
confirmed that thevmaximum fixation rate occurred af a needle temperature

of 15°C with a light intensity of ‘450 u E/m2?/sec or 0.2 cal/cm?/min.

iv ' \\

N\,
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Lower light saturation values were obtained in the field at lower needle
temperatures. Light compensation.;t lS“C-needle ;emperature occurred at
about JYIU E/m?*/sec or 0.04 cal/cm?/min. An increase or decrease of 10°f
from the optimum temperature resulted in reducing the net.assimilation
ratevby 50 percent. Frost at night reduced the maximum net assihilation
rate on the following day even though temperatures rose to optimum and
light was above saturgtion level. A relationship between net assimil-
ation and water potential was a;so observed.

Evidence of the importance of_soil temperature's role on the onset
of dormancy was obtained both in the field and laboratory. Soil temper-
ature wég not as important as air temperature for the termination of
dormancy. Throughout the dormant period the species did not respond to
changes in the environmental parameters measured.

A series of hormone‘experiments was conducted to determine their
influence on dormantv;fanches. The transpirétion data obtained from this

hormone study is inconclusive. Both benzyladenine and abscisic acid at

7 owever, had an

concentrations of 1 x 10 ¢ and 3.8 x 10 M respectively,

.

gnhancing effect on net assimilation.

Some of the principle findings were: frost ducifig the summer severe-
ly inhibits net assimilation the next day; low water potentials are found

even though the p]an; is growing on a site with soil water potential near

. . 4y . -
- RN : .
zero} black spruce is subjected to especially severe drought conditions

/"
during May when the soil is still frozen; photosynthetic activity pre=
cedes bud break by several weeks; the stomata remain closed during the

winter months while the trees are dormant; and dormancy is only termin-

ated after temperatures have been above ffeezing for b to 5 days.
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INTRODUCTION AND LITERATURE REVIEW

The greéter part of the forested area of Canada consists of boreal
fofest, of various types, in which white and black‘spruce (Fieen alanca
(Moench) Voss and P. mariana (Mi11) BSP, respectively) are characteristic
" species. While much information is available about the'eco;physiology of
the coniferous forests of the Egrohean Alps, particularly for Pinus
cembra and Piceaq excelaa, very little is known about species-qf the
Canadian north. A study of a closely “elated species could thus lead to

‘interesting comparisons.

£

Picea mariana is one of the most important pulpwood species in
Canada (Vincent, 1965). Relative to other species with which it occurs,

“black spruce increases in numbers northwards (Rowe, 1972). This may
.9

indicate that it is better adapted to the harsh climate.

‘The~speciés ranges across the entire North American:continent from

;ast to west. The southern Timit in thé eastern U.S.A. corresponds

- roughly with the 21°C July isotherm while the northern limit in Ungava |
EIO;ely fol]ows:fhe;IOfC July isotherm. It recedes south of this
‘isotherm Wesf of'Huqsoh‘Bay (Vincent, 1965). In Alberta, it is
consjdered the most common tree of the muskegs over the northern two-
thirds of the provin;e.

Black s‘~pruce'r “ests occur on soils ranging from very wet peat bogs
to deep sandy soils or gravef tjlls. It is.absent or spaéée on very dry
sites. The specig§ grows best on well drained loamy soils but, because
it appears less competitive than other species, it cannot always occupy

these soils.



“Sites which it does occupy commonly, and those which
are usually regarded as black spruce sites, it must
be regarded as occupying by default.'" (Vincent, 1965)

-
The ability to produce.adventitious roots appeats to be the most
important adaptive feature enabling fhe species to occupy peatlands.
The root system is platelike;énd aQerages six meters in diameter for
mature trees and rarely more than 60 cm deep, usually being conffned to
the upper 15 to 30 cm (Heinselman, 1961; Stanek, 1961 in Vincent, 1965).
Rowe (1972) has divided the boreal forest of Canada into 33 forest
regions. fhe main forest type around Edmonton is the Aspen Grove (Rowe
‘type Bl7)! East of Edmonton is an outlier of Rowe's type Bl18a or
vHi;edwgod. This latter type is recognized by an abundance of needfg-
1¢aved conifers, The lower positions énd upper water catchment areas of
the mixedwood forest develops .into black spruce and tamarack (Lariz
laricina) muskeg with a limited accumulation of.peat. The characteristic
soil development in ghe outlier is podzolic consisting of 70% Cooking
Lake Loam, 10% Uncas Loam and 20% Sloughs and organic soils (Bowser et
al., 1962) in the i?Tediate vicinity of the study site, which was 20 km
ESE of Edmonton. This locality is Elose to the southern distribution
limit for the species in central AlBerta. The trees studied were gréwing/
in a small swamp, about two ha in area. ,
i Thé climate of the boreal forest can be QOnsidered as humid meséﬁ
therm;}. Edmontbn is located in a zone with severe winters, moist a}l
year'arouhd with short warﬁ summers (Dbf according to the K6ppen systeh
of classification). All the regions north of EQmoﬁtdﬁ are in the
subarctic zone (Dcf of Kdppen) which has severe winters, moist all year

round and short cool summers. ”K]imadiagrammé“; following Walter and

Leith (1967), have been drawn for Edmonton's two major meteorological



stgtion; (The Edmonton International and Industrial Airports) and are
given in Fig} 1. The figures are based on data published by the |
Atmdsﬁheric Environmen;\gervice of Canada (1972). Following this
system Edmonton'S'cliﬁate belongs to type Vti or cold boreal climate
with a very long cold period and the monthly average temperature of the

warmesé\month over 10°C. Temperatures at the International Airport are
slight};,lower than tﬁése at ghe Industrial. This can be ascribed to

the latter dirport bein%gfituated in the middle of the city while the
former is located 20‘km to»the south. According to the "Klimadiagramme'',
the International Airport has two frost ‘free months (July and August)
while frost occurs during all months at the Industrial Airport. While,
this is contrary to expectation, it can be attributed to the records for
the International Airport being only over a period of 13 years while
those at the Industrial cover a 90-year period. Based on the same‘timg
period both localities have the m7nths of July and Auggst without frost.

The advantage evergreen species have over deciduous‘tregs is that
everqgreens can fix carbéﬁ*T;Ngg?*y spring and late fall when the -
decuduous species are without leaves. Th;se'two periods were found to-
be extremely umportant to Pinus cembra and Pilcea excelsa by: Plsek and *
Tranquililini (1951) as well A@ Zeller (1951). Daily temperqtures are
warm but not hot and thus Hig%\photosynthetic rates result. Night time._
temper;tUres are cool, and‘resgiration‘ratés are reduced to a minimum. ‘
After the first periodé of frost in the fall, CO,=assimilation is
reduced but becomes.jnhibitéd’on]y when frde dormancy sets in at the
beginnfng‘of the intenée'&old ;;¥iod. This is probably at the time the

needles freeze. Zeller (1951) found that true dormancy in Picea excelsa

never occurred durlng a very mu]d winter in. the Austrian A]ps and perlods



of positive net assimilation were measured throughout. Parker (1953)
was abfe to measure CO, uptake on warm clear days of November and early
-DeCember even after severe frost had occurred. (€0, fixation was not
measured under similar conditions in late Decemberiand January,  however.
Ungefson and Scherdin (1965) measured positive net ass:mtlatlon only at
nooﬁ in late autumn, and none was measurable in midwinter. Similar

results were obtained by Tranquillini and Machl-Ebner (1971) for Pinus

\

" cembra.

Tranquillini and Holzer (195R8) have shown that respiration ceases
in Picea excelsa and Pinus cembfa at -6 and -8°C when all the water th;t
can easily freeze in the cell has turned to iée. By reducing temperature
to -40°C only a fprther2162_of the fotal'water in the cells will freeze.
Photosynthesis,roh the other hand, is much more susceptible to cold.
They'found that photosyhthesis céased at the temperature that ice
formation was initiated (-3 to -4°c). This temperature was undoubtedly
to some extent dependent on the wgter and osmotic potentials of the
needles.

The cessation of photosynthesis and onset of dormancy in winter
can be explained in terms of profound changes ‘in the plastid apbaratush
of the cell. Genkel and Barskaya (1961) found that needles of-all age
classes of dormant Picea exceisa exhibited marked aggregation of
chloroplasts around: the nuclei of the cells. Evidently this chloroplast
aggregagion leads to the establishment of a close contatt between the
nucleus and plaspids as well as being the visible manifestation of |
;omplex processes develoﬁing in the resting cell. The nucl;us Lndoubt-

edly plays a role in these changes of the plastid apparatus and the -

overwintering ability of the cells. Upon exposufe to room temperature

o



for 3.to 5 days many cells showed disaggregationyof

. - .5

! ]
)

the;chlofoblast mass

Voo ,
-and dispersion occurred. When this tad taken plate the needles began to

metabolize actively again. A lowering of temperature to bBelow freezing

\

forr long or short periods was not found to re-initiate aggregation of

the plastids.

Tranguillini (1963) has shown that in both Pinus; cembra and Piéea
ercelsa photosynthesis and dry‘matter produEtion are Hormal'while the
temperature remains above 0°C. As soon as temperatures drop to. -4°C
in the fall, however, the photosynthetic rate of the next day is below
normal even though temperatures may be the same onAthe déy before and

after the frost. With femperatures dropping lower and lower at night,.

o

less fixation occurs until a point is reached when production ceases.

This fairly well coincides with the time that e soil freezes and

water losp.during'the déy can notlonge¥'be repla ed. Stomata close as

a result of the water loss and remain so as dormancy sets in. "In

spring .the temperatures rise, needles thaw, and respiration resumes.

- Y

‘vlnitially, net assimilation is negative but grddually the photosynthetic

r,

-apparatus comes into operation and dry matter production becomes

positive. This sequence of events has also been observed by Weise (1961)
2

who studied photosyﬁthetié re “ter artificial Froét periods. Whife‘
-photosyntﬁesis,s]ow]y increases “siration sho@s an initial strong |
increase and.then gradually decro . to a jower fevel.

Zacharova (1929, in Walter, 9f “as irdicated that the onset of
dbrmancy does not occur at the same . .. 3 4’1 species; for examble,

N

Picea excelsa fixed (0, later into w -ter than did Pinu: sylvestris in
’ [

the Moscow region. This was considered to te assoc’ated with changes in

the plagtid‘apparatUSu



While photosynthesis thus shows a&dfstinct cycle durigévthe_year,
respiration does not and may continue, even in winter, whenever
temperatures aone frgeziﬁg are reached and the needles thaw. Pi{3ek
and Wiqklér (1958), working on Pinus cembra and Picea excelsa were able
to obtain about the same respiration rates for thawed out dormant
needlés as for summer needles at the same temperature. Thus warming 6f
the needles in winter causes a release of carbén'dioxide.

Throughout the do}mancy period wHen photosynthesis has ceased the
stomata are closed and franspiration rates are very low (lvanoff, T924
in dalter, 1968). Parkef (1963) has indicated that the decline in
transpiration is not associated with a décreasé in Ieaf‘water‘ content ’
for Pinus nigra but with hardiness which. causes an increase in’sugars” “
;nd_thus a decrease in 6§mdtic potentia].A Thus, while the watéx content
did not change in the need}es, the stomata could close due Eo a shortag;“f

of water because more was bound in the cells.

I

Frost hardened cells are less active photosyntheticajly than .
unha%éened cells but have the advantage of belng able to tolerate
fregzing temperatures (Zeiler, 1951; Risek and Tranqdillini, Iééf).
dest hardiness also 5uow§ a’distinct annual cycle. It is jnitiated by
the first.frost in fall whén the sugar coﬁtent of the ;ell sap suddenly
intrea§es and the psmotic potential decfeases (Pisek, 1950). The
sacgharose:élucose ratio simultaneously decreases. In spring) frost
hafdinés;’de;;eases after the first Qarm days thle there-is a
simultaneous decrease in sugar levels and an increase in osmotic
potential (Walter, }960).1 Heber and Santariﬁs (1964) have shown that
the sugar content of .the cytoplasm.is important but not the sugar content

of the cell sap. Sugars in the cytoplasm méi»prevent damage to the

\



phosphorylation system by low temperatures.
Direct frost damage to conifers is rarely.found, even in Siberia \\~;
where temperatures may go down to -60°C. This is largely because
temperature changés in nature are slow‘enough to allow plants to adapt
to the change (Levitt, 1972). Rapid cooling will increase fréezing
injury.w There is, aécording to Levitt (1972), a critical freezing zone
fér any one hardy plant. Above and below this zone rates of cooling or
-warming have no effect. At temperatures above the‘;one a plant will
survive regardless of the ;ooling (or warhing) r;té.while below it the
L L]
plant will be killed. Within the critical zone the rate‘of.warming or
cleing is Qf éfegt importance to the survival of thé sggkies.
Prolonged—low temperatures in spring can, however, damage and even kill
tissue. Due td higher solar radiation at that time and warm daily
temperatures, needles bécome active ana transplration. is initiated. The
soiT, however, remains frozen due to cold temperatures at night. Since
roots’cannotl;eédily takg‘ug water from the frozep soil to rep!ace that
lost during the day, severe drought conditions can devé]op in the plant:
Thus Goldshith and Smjth {in Walter, 1931) found the lowest osmotic
potentials for Picea engelménnii not in midwinter ayimight be expectea
but in ea;lx épring. |
Sin;; the discovery of gréwth stimu]atihg_and inhibitory substances
it waé ngturaf to propose that they played a major role in dormancy .
.Bud dormancy is thought to be contrplled,by a balance between them. In
the preceding section, dormancy has been considered as the bériod when
favorable conthfons wiil not induce photosynthesis. .This, however,

1 . . . . . .
needs closer examination when considering hormonal influences since

phdtosynthesis continues long after active grbﬁfﬁ“has ceased and starts
S ( : ’

1



well before bud break in spring. Two main formg of dormancy cgn be
distinguished, namely imposed or enforced dormancy which is caused by
unfavourable environmental conditions and innate or gpontane0us dormancy
wHich is associated with the formation of resting buds in summer and .
‘autumn when growing conditions are still favoufable (Wareing and Phillips,
1970). "As there are different forms of dormancy, there are also different
" stéges the plant goes through durlng the normal dormant period. Terminal
buds, when'firstlformed, can frequently be induced to resume growth by
treatments such as defoliation. This is termed sﬁmmer dormancy or
predormancy. Conifers still actively photosynthesize during this period.
Later in the season the éamé Species wfl] not respond to this treatment
‘and then a state of ‘winter or true dormancy is said to prevail. It is
during this period that pﬁoquynthesis ceases and aggregation of the A
pléstid apparatus around the wucleuéktqkes pWace in conifers. After a
certain time period, usually invlate winter or-ear}y spring, buds can
;gain be Jnducgd to‘rei@me growfh. They aré then in a postdormant stage.
) fﬁis is fhe be}iod during which conifers photosynthesize before the buds
’héve opened.

 Garner and Allard (]920)‘ihdicated moré than 50 Yearg-éga that'day_
length plays an important gart in the'cdntrol of dormancy. in mos t
"species long days will induce growtn and short Aays,cessation. Certain
plants wf!].grow;cdntinuously>f0r eighteen months under warm, Ibng day
conditions while others show terminative growth by going into a pre-
dormant stagé after a certain long day period thle.cénditIOns are still
faQourabIe}for growth,

It is presently considered that the length of the dark period,

‘rather than the length of the photoperiod is important. An interruption
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of the dark period by a short ''light-break' nullifies the effect of the
short photoperiod and dormancy is delayed. The red region of the
spectrum is the most effective which suggests the involvement of phyto-
chrome.
¢ ] )
Low temperatures and low light levels are as important as day

length in initiating leaf senescence and abscission in d ﬂig cus’ species.
o . . N

Wide ranging species such as Picea excelsa show a markey ecdtypic

i —~ 2 \\
difference in their photoperiodic response in relation to latitdde-and
the altitude at which they are growing (Wafeing and.Phiilips, 19700

The response of the shoot apex to a short day period is controlled
.primarily by the day.length at which the leaves are maintained. This

was determined by maintaining leaves in long day condltions and buds in

4

short day conditions, resulting in cojtinued growth of”qhe buds+ By

.

placing the buds under long day-and tﬁe leaves under short day

\

conditionslphe buds remained dormanpu .This response can be.the result
of one o% two/possibifities; if wé consider‘it\ié light of a.hormonal
bé”ance. Either an inhibitor is produced in the leaves during short days
and is transported to the buds or a growth substance ceases to be
produced. Direct inhibition by the hormdne abscisic acid (ABA) has been
demonstrated in bopﬁ Betuia and Cornué (wareiné and Saunders, 1571). L
Changes in growth promotors and inhibitors have been étpdied }n
ledves and buds of Acer, Populus, a&é Saltx. An inhibltor was found, to
be present in all extracts made from Acer budé and leaves which-exhibit-
ed quanti{afivehchanges throughout the course of thé year. Apical
extracts showed greaéesf inhibition in early winter, ahd least-when
active growth was taking place in ﬁay and June. In late summer and-

early autumn inhibitor levels increased until late August w- there
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began a gradual décrease to zero which is thought to be associated Qith
the senescence of the leaves prior to abscission. The concentrat{on of .
the inhibitor in the léaves was found to be less than 20% of that in .the
apex. Populus, on the otherdhand, exhibited much higher inhibition in
the shoot in Oétober after growth had stopped than in August. Sal?m
phloem and xylem had an jpc;;aée in an inhibitory factor throughouf
autumﬁ. Betweeﬁ October and December it declfned and qisappearéd from”
the xylem sap. Spieger_(in Samish, 1954), working on grape vines,
shéwéd that inhibitor concentrations increased during winter to'a'
maximum n January and then fell to zero two weeks before bud swelling1
'Qﬁfle auxin levels'were,}ising sHarply. Studies oﬁ mature trees,
however, becoae much more complicéted becéuse~othgr factors become -
important. Water stress, for instanéé, léads to a signlfican£ increase
in the ABA concentration of the leaves., ABA may Jead to tge formation —
of quiescent buds and later true.dormant buds. Little and Eidt (1968)
) . ,
have shown a distinct i;ETb}fo?y effect on the transpiration rate and
delayed bud bfeak in white spruce (ﬁicea gZaﬁca)-dgg to ABA treatments.
‘Working with wheat and bartey, Mittelheuser and van Steveninck (1969)
have shown that concentrations as low as 3.8 X jOuWM of.fhis hormone
will cause stomatél closure and a reduction in trgnspiration.

As is clear fr;m th; above, buhs are not in true dormancy throuéh-
out winter but tend to reach a quiescent state Iatebin winter and remain
;o until conditions are favourable %or growth; Fluctuatloq& of grow;h—
regulating substances in late winter and early'springxoccgr but may be
thé result rather than the cause of emergence from dormancy (Warei;g and

Saunders, 1971). While the levels of growth inhibiting substances tend

to decrease from February to April; growth promoting substances,

(
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.especially auxins, ;increase and reach a peak at the time of bud break.
in Syringe and Quercus, however, no change in hormone levels were
observed durlnq thls perlod Gibberellins as ﬁell as auxin showed a
peak at the time of bud break (Wareing and“ .nders, 1971).

Returning to the questlon of dayahnmth and ~dormancy it is interest-
ing to note that higher Ievels of qrowth-enhibitor were present in plants

transferred to short day condltuons than those that rfmauned under* long

day conditions. This was found to be true for Acer hut not for Retula

-~

‘and Robinia. A further |nterest|ng fact |n thesé experiments was that

1

a the change in level was detectable in leaves after two days and in the

apex after five days before any marked effect of day length on growth

could be noticed (Phillips and Wareing, 1959).

)

Until now hormones have been referred to as growth-promoting ar

growth-inhibiting.” Only in the last,twenty years has it been possible’
\ . ; .

_ s | . o :

to separate and identify these hormones. The growth-inhibitor was

“Thitially named inhibfitor fraction B, then dormin and abucisin I'l ‘and

is now identified as[abscisic acid (ABA). The nature of abscisin | is *

P

.still ‘obscure. ABA annot solely he concerned with dormancy regglation
- ) i ) ) \' . o

since it also occurg in active growing areas of plantS/ ft has not

been provén/that the inhibitory effect of ABA is not dverridden.by other

inhibitors or proﬁotors mainly because ABA and some of the gibberellins

that .counteract xt are dlffucult to seperate.
It is d|ff|cult to reconC|le at present that some promotor muqht

be present that has, until now, defied separat:on from ABA. It could be

-

that ABA produced in ‘the leaves undgr short day conditions is transported"
to the apex accompanied by a low level promotor wi th ”anti-dOrmin”

activity such as one of the gibberellins. ~Under’lon§ day'dpnditions the

S

-



lezves could produce sufficient promotor to inhibit the action of ABA
even though its levels have not changed.

Gibbere]lie acid (GA3) is.considered to be the growth-promotor
involved with dormancy control since it will cause‘qu breek if applied
exogenousiQ in some species" Furthermore the level of GA increases
durlng the postdormant pernod while the ABA level decreases. It is_
thus possrble to postulate that dormgbcy is induced by high ABA and 1o
GA levelg, while the converse could be true for emergence from dormancy.

HavIng considered the role of hormones in dormancy |t would be
approporjat o conclude with avbrief section en how chaﬁges in hormene:

levels accomplish their control. Initially it was consideréd that with
the oneet of dormancy respiretion wae suppressed and thus made less
energy aVailable to the growing tissue. It has, .however, recently'been
discovered- thaﬁ AB£ dnrectly inhibits RNA and DNA synthesus Dormancy is

aintained by biocking proQuctlon of specific types of mRNA and thus |

.specnfic protelns needed for.growth (Wareing and Saunders, 1971):. The
action of GA is not fu]ly understood elthough it is known to sti%ulate
RNA sywthesié. Auxins also stimulate.RNA g;nthesis at low coneentrations
but inhibit it at hrgher concedtratidns._ fnteractions between groth-
promot ing anq‘growtﬁ-inhibi?ing hormones can occur at many bpints end
i; is thus probably not surerising tgat opposing hormone actione‘heve
beeﬁ recorded.-‘ |

Very little is known. about'the eco- phySIology of black spruce The
following research was therefore under taken partrcularly w1th regard to:
A:VWater Relations. |
(i) annual flgctuatlons of water potential and its components.

(
Courtin and Mayo (I97h) have stressed the lack of this type of

.,,’\‘
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information for most species. These.data also provide'én
fgaicationlof the degree of winter desiccation taking place,
o (ii) diurnal waterhand component poten#ia] fluctuations. !
(iii) stomatal opening bn a year round basis particularly wah
regard to the dormant period.
B. Phofosynthesis. o
(i) a kagwfedge 6f net»assimfiation on an anﬁpal basis.
Particular interest was paid to the winter period. Do
the trees respond to,sh?rtg wa}m Ee?lods {n'wihter by

initiating photosynthesis? When and what factors_cause

-
v

t?e onset and- termination’ of dormancy?
. o -
(ii) laboratory studies on net assimilation with respect to

}ight intensity and temp;ratufe. This supp]gﬁents the field
?nvest{gation and could lead to the determination of
limiting factors Forpcertain pfocesses;

These invéstigations cén lead to an understanding of ‘how blaék

wruce functions within its range.
<

[}



MATERIAL AND METHODS

The Basic Gas Analysis System

An opgn gas-exchange system was used in which the fncominq air
stream was divided; with one portion ;oing through the cuvette containing
the branch and 'the other going directly to the infra-red.gas analyser
(IRGA) (festak, Catsky and Jaéyis, 1971). The basié system for the gas

exchange studies was designed in such a Way that it could be used both

in'the field and laboratory with a minimum of change. A diagrammafic

representation of the system is given in Fig. 2.

Field Studies

)

Three Réciprotor mode! 506R air pumps, whose speed was controlled
by.variable transfonmers,kwere used. The afr~infake was situated at

the top of a 3.6 m dexion tower which supported the cuvette and other

apparatu: 1.ed in the field investigation.

’

All tubing used to connect the different components together was
Polyvinylchloride of 0.6 cm 1.D. and 0.15 cm wall. After pump #1 the

inta?L I'ine was split to the samb!e and blank reference cuvettes, the

latter being.added to the system to balance the volume of the two lines.

l

It was of identical construction to the sample cuvette but without

temperature control. Before and after the sample cuvette thereAwere two
Johnson type V-24 3-way solenoid air valves for switching the flow
patterns. This made it possible to send ambjent air through both cells

of c¢he gas analyser without altering—the air flow through the sample

>

cuvette. The method in which this was acc?Tplished is shown in Fig. 3.

L .
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L The solenoid va\Ve$ were controlled by a Tork model 60M8001 timer
with a 60-minute cycle. Fér reading the sample gas against the reference
(Amb/Cuv) valves 1 and 2 were activated while 3 and 4 were‘deact}vated.
To obtain reference gas through both cells of the analyser (Amb/Amb)
solenoids 3 and 4 were activated and 1 and 2 deactjvated. The timer was
set so that Amb/Cuv was read for 20 mihutes followed by 10 6inutes en
Amb/Amb . :
In the field the sample and reference cuvettes were joined to
pumps #2 and #3 respectively gy‘hS m of tubing. After pumps 2 and 3
o |
the air passed through Gilmont size 3 flow meters whiéh monitored the
totaf flow rate throﬁgh the system. Thgse were followed by needle
valves (Whitey type 1VF2) through which a certain volume could be

3

passed'if necessary so that a constan;,,oftén‘é?ower, flow, rate qf

hZO ml/min could be maintained through the anéky%gr. A series of three
further néedl%zyalves'with interconnections>ﬁade it possible to
switchlair streams hanuélly from one side to the other. These

were used to zeéo aﬁd span the analyser wipﬁ standard gases. Gilmont .
§ize 2 flow he{ers were used to monitor fhe flow rate of the sample

l;nd reference gases ;hrough thé analyser. The gases next passed through
" Drierite (CaSOu)“cqumns to remove water vapour and finally through.
Gaﬁma 12.in - line filter‘units with grade 20 filter tubes to remove

any dust Seforé pass{ng_to the IRGA.

The gas aﬁalyéer used for the majority of the étudy was élMiHe
Séfety Hode}!ZOO LIRA (M.S.A.) Qith a maximum sensitfvity of 100 parts
per million (ppm) €O, %ull scale. Due to problems with the M.S.A.
analyser (e.g.ia faulty chopper motor) a UNOR model 2 and a Beckmgn'
vmode] 865 analyser-were occasionally used. Their sen;iéfvity was set o\

.—/ . . ° .
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to correspond to that of the M.S.A.

The analysers were set up in chh a way that when ambient ajr was
passed through bofh cells (Amb/Amb) it would give a mid-scale metér
reading. This enabled measurement of both photosynthesis (a net uptake
of Cbz) and respiration {a net product{oﬁ of Cdz) of the branch under
investigatipnl | |

The output of the gas anaiyser was ‘recorded on a Honeywell
Etectronik 16 dﬁal range,‘Zh channel, strip chart recarder. Channels
1 to 8 inclusive Qere calibrated for ihputs of O;IO mV and channels 9
-té 24 inclusive for copber?constantan thermocouples with a fange from
-10 to +h0°C. By changing .a range card, this recorder could be
convérted to‘ranées of -5 to ¥IO mV and =50 to +50°C, respectively.

In addition to the IRGA output, the followingbpafameters were -also
recorded: solar radiation inside éﬁd ou& of the cuvette, soil
‘temperature at 5 and 20 cm, air temperature inéidgdand out of the
cuvette, ngedle temperature in and out. of the chette, tree root'aqd'
tree trunk témpefatures 2.5 cm from the deface.

Because no power wa;ravailable in the field until 1973 the first
three 2L4-hour investigatidhs were conducted Qsing an Onan 2.5 kW
. . 3 . :

generator. This resulted in occasional frequency problems with the

IRGA .

. The dry weight of branches within the cuvette was'dete}mined by
drying the sa;ple'for three days in an oven at 80°C. Longer drying
‘periods at this femperature resu]ted iﬁ no further change of weight.
On]yvneedle dry weights were used ‘in the célculation of net assfmi]ation

rates. No attempt was made to express the fixatjon data on a leaf area

basis.



Laboratory Studies.
Thevbasic gas analysis system used in the Taboratory was the same
és that described for the field with only»%lnor*ohanges. The air intake
was positioned in the fresh air venrilatioﬁ duct of the bulldiﬁq coming
into the room where the grow:h chamber was situated. The compressed
air sdpply of the building was found to be too unétable_for this
purpose.~ The distance between the cuveftes and the analyxser was

reduced to 6 m from 45 m ln the field. This reduced the lag time of

the systeml Due to the smaller size of the trees used in the laboratory

‘ study no measurements were made of root or trunk temperatures.

Cuvette Design

.

A cuvette with temperafure control was deslgned and constructed for.
use in the net assimilation work (Fig, b).‘_Although needle tempgrature
'is very closely coubled to amblént air teﬁperaturé (Miller aﬁleates,
>l967), temperature control wéé considered necésséry'due to heat broduced-
by the fan inside tHe cuvette and to solar heatlngl

The body;of the cuvette consisted of a plexiglass tubel7,5 cm léné :
with é_lQ cm 1.D, and 0.3 cm walls. The bottom was_closed off by a
sheet of plexiglass 0.3 cm thick in which an aluminum block 7.5 cm in'
aiameter and 3 .cm thick had.beén mounted. uTHis served for pumping out
heat.produCed in the cuvette. A heatsink, generally used to prevent
power t?ansLStors Fromloverheating, was mounted on top- of the aluminum
block with heatsink compound to facilitate better temperature exchange 
. iR .
“within the chamber.

¢ .

' . i I .
The cuvette dome was sealed tightly to the base by the use of a .

plexiglass ring 15 cm 0.D. and 2 cm thick mounted on top of the

r
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plexiglass cyllnder On one side there was a 1 x | cm entranceé in the
r|ng through which wires and ‘the bradch were tntroduced into the cuvette.
Suspended from the ring on the inside of the cuvette was ‘a Pamotor
miniature axial! fan (model 85OQ C) for stirring the air fn the cuvette.
This ensured prqper mixing of the gas at all times and reduced the
‘boundary layer around the' needles. The fan motor was of an induction
type and thus e]iminated the possibility of ozone being produced by the

brushes of conventional motors which might affect the net assimilation

rates of the p]anté. The air speed within the cuvette was kept at a

'

minimum velocnty of 1.6 km/hr
The cuvette dome was produced by heatung a sheet of 0.3 cm plex:
glass to 160°C in a mould and, while still hot, applying elr-pressure'to
it; This process produced a uniform hemisphere 10 cm'in d|ameter that
would provide a better light field within the cuvette than a flat surface
with right angle corners. Fig. 5 shows the inf]uencb”of the plexiglass
dome on the spectrum of sunlight in wavelenéths as measured with a
speCtroradiQmeterc(lnstrument Speéiattfes Company,‘Lincoln, Nebraska) .

-

N

It is evident that there is no great shift in any particular wavelength

S . . _
but only a's]ight_?ic:ease in intensity over the whoie spectrum (380 to

<
-

1550 nm) .
The aluminum block was secured into the base of the cuvette with
eilicon rdbber,.General E]ectric Type RTV 102, while the base, cylinder
_.and sealing ring. were . glued together with Devco clear epoxy. The dome
was sealed onto the rest of the cuvette with Terostat type VII (Terson,
Germany) and held ?n place by eight, 2.5 cm stove bolts with ngte.
A sheet ot 2.5 cm stYrofoam was p]aced'between the cuvette base and

sa

the cooler top-fQ\ensure good thermal isolation. Good thermal contact



between thé cold plate and aluminum block was.obtained with héétsink
compound between the two metal- surfaces. The incoming and outgoing gas
ports were situated half way up' the ;ylinder on opposite sides of the
fan;housing. This preyented gas from passing through the chvétte in a
straight fine even if the fan was a0t in operation.

The circuit diagfam used in .the cuvette tgmperature'éontroller was .
based on that described by’Ashe (1972) and depicted in Fig:v6. The
opératignal amplifier feedb;Lk resistot wasvchanged from 1.0 meg ohm to
2.2 meg ohm, thus .increasing the circuit gain and sensitivity of the
controller. The second modification to the'cikc?it.Qas to switch the
110 V At by méans éf two silicon contrpller'réctifiers (SCR), the\gateS'
of which were connected to the relay. This eliminated the hiéh voltage
and current going through the relay and the possible arcing of its
contacts, fhe reference diode was mounted in a pléxjglass tube, that
was painted white and covered with aluminum foil, 0npthé incoming side
o% the cuvette and cuvette d{ode was mounted under the Fan_asfgkown in
Fig. 7.

The cooler, a Peltier cold plate (Thermoelecgrics modeleéP 2), :
had its built-in fan wired separatel; from the cold plate so thaf ft"
would run continuously ikrespecfi&e of whether the'plate was cooling or.
not. This -reduced the sudden drain of current on the syétém-to séme
extent with.fhe result tha£ fhé gas analyser gave a more stable
operation, In fhe laboratéry the:cooler was capable of m;intaining‘
temperatures inside the cuvette to'within I°C-of ambient. In the field,
however, due.tovsudden andtmd?e frequent cHanges in ambient air témper—

atures a'control of only +2°C of ambient was possible. On a few |

occasions air temperatures within the cuvette rose to 10°C above ambient
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because the fuse of the cooler blew due to sudden power surges and relay
(. chatter. Under normal opera:ing conditions the cooler was turned on

and off about equal lengths of time.
Standard Gas Galibration

Bottles of standard gas were purchased at concentratnons between
}OQ and_350 ppm CO2 in air balance (Llnde Specnalty "Gases). These gases
were standardized against p;ecisely mixed geseg produced from pure
carbon dxox1de and carbon dioxide-free air, by Four.cascadlng Wosthof f
‘preeision mixing pumps (two type I SA 18/3a a;d two type 1 SA 27/3a.
pumps were used) as described by Bate, D'Aoust and Canv1nv(J9F9). The
concentration of the two gases p?oduced was chosen so that one wou]d be
higher and one lower than the gas-to be standardlzed Furthermore they
had to be less ‘than 30 ppm apart. A UNOR model.2 IRGA with a full scale
span ef 30 ppm was used to meesurevthe unknown bottled gas aqainst the
primafy standard produced by the pumps.. The aQerage of two values
obtained, which usually difféered by. less thaﬁ O.S‘ppm, was taken asrthe
concentration of the enkn6Wn bottJe, .Pefiodically.as the bottles were
used they wege reanalysed }n the same manner to ensure as eccﬁrate’a
value as possible.

To.ensere fhat the pgmpslaere fenctioﬁing properly gases produeed
by them were oCcasionally checked_agafnst a U.S. National Bureau of
Standards gas guaranteed to bg 308 3 ppm C02 in. ﬁitrogen. For this

‘purpose n|trogen was used as. earrner gas in the pumps instead of air

since oxygen causes a slught shift [f present in only one of the

analyser'cel}s (D'Aoust,‘Bate and Canvin, 1971):

»



Controlled Environment Chamber

Laboratory studies of net assimilation were conducted in a chamber

h .
]

manufactured by Environmental Growth Chambers of Chagrin Falls; bhio.-
The unit had\a 2:75 x 3.6 m floor and a 3.6 m ceiling with a mylar
- : .
barrier. Light was supplied by 84 F96T|0/CW Fluorescent Tubes, 24; 100
watt incandescent bulbs and 8 Phillips model 133353E/4L4 infra-red lamps
with an output of 250vwatts each. A spectral analysis of the light
made with the 1SC0 Spectroradiometer is given in ?ié. 8. Light duration,
temperature and humidity varied fo; hifferent experiments and w%]l be
mentioned at tue‘approprfate.places. Temperature and humidity Qere
controlled with a HonéyWeII ﬁamAénd Manual Programmer through a Honeywel
Controller. The chamber confrolled temperature within 1°C and Eelative.
humidity within *5%. , , ' -
. .

The downward airflow in the chamber wés at a rate of 30 m/min and”
the fresh air make-up fans provided ten changes of air per hour.

Small frees from 1 to i_m high were collected at thezfield study

site and grown in 36.cm diameter polyethyléne bots in their nafural

‘soil. The plants were irrigated on alternate days with distilled water
~ . . :

N

and once a month with a'blacklspruce nutrient solution (Swann, 1960 in
Hewitt, 1966) during the growing season. No watering was done during the

-dorpant period.

‘f\-\_,5

Temperature Measurement

4

All temperature measurements were made with copper-constantan
(T-type) thermocouples.' During the 2b-hour investigation periods as well

as the growth chamber studies temperatures were‘continuously monitored
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on a Honeywell Electronik 16 recorder. This instruﬁent.was calibrated
against Brodk]yn TﬁérmomEters with an accuracy of 0.01°C. Spot measure-
ments were made using a Fluke Model 845 AB Microvoltmeter in conjunct}on
with én Omega model CJ-T Cold Junﬁtfon Compensator.

Soil temperatures Qére measured with 20 cm lona T-typ¢ s0i | tHermo;
y

2

couple probes.

Root, trunk and air temperatures were measured with thermocouples
made from 5 mil teflon coated thermocouple wire., “hirty cm from the

jhnction the wires were joined to | m of 26 gauge (15.9 ml) B. & S.

-fhermocouple wire (Thermoélectric type GG-26-TT). The final connection

between the racorder and the thermocouple (45 m in the.field,and 6 min

the Iaboratory) was made with 20 géﬁge (31.9 ml) B. & S. thermocouple

lead wire (Therﬁoeleétric tybe PR—ZO-TX). Both‘the rqok-and the trunk
Eherm050upjes were insertéd'iétb'the appropriatg organs b; drilling a
small hole at the site of ipsertjqn and ‘then p}pgéiné %he,hole witﬁ a
match to ensﬁre br6per closure. Good contact between the thermo¢0uple
and surrounding wood was also achieved inj?his manner., The depth of.
inser?ion'in both cases'was‘about 2.5 cm. ATl bare tHerﬁocouplgs were
sprayed with‘a urethaﬁe film to prevent loss of theAsigna]. |
Needle temperatures were-meésureﬁ with needle thermocouple clips
made of 10 mil stainless steel_wire and a hylpn washé} simifak to that
described by Fry (1965, pp. 109—1105. Three mil copper and constantan
witres were used for tHe constructivn of the’junctions.' These weré

joined to & mil teflon coated wires and lead wires as previously '

described.
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Light Measurement

Four different methods were used in thetilaboratory and field to

measure light intensities.
‘ .

Kipp Solarimeter.

In the field and Iaboratory~a Kipp solarimeter (pyranometer) was
positioned as cTose to the chvette as possible. THe output of the
.specific pyranometer gsed was provided by ‘the manufacturer-as being
8.9 mV/cél/cmz/min. Since.this caused ‘the recorder to drive off sﬁale
at light integsities.of just over' 1.1 ;al/cmz/min a voltage diviaér\
made of two 499 ohm 1% resist0rs‘wés placed in the circuit. The pyrano-
meter was then calibrated against another Kipp solarimeter (constént 8.3“
,mv/cal/cmZ/minz and an Eppley modei 8-48 pyranometer witft a.constant'bf

7.95 mV/cal/cm*/min in full sunlight on-a clear day at vaffoﬁ§:]ight

intensities. ‘

{

Silicon Blue Cell.
Thé pyrahometer was too large to Be placed inside the cuvette so it
was p]aced about'lb em to one side. This, however, created problems
bepause at timés the chette would be in full sunlight while the pyrano-
meter was shaded and Qice versa. Therefore a form of light sensortwasl
sought that Qas small enough to fit inside the cuv;tte and at the same
t%me.not‘shade the branch being investigated.  ThéAS%arp mode | SBC—ZOZd
photovoltaicvcé}l Qas chosen because if had a spectral response peak in
the visible region. Fifty—fiQe bercent/of the voltage output was due to
light.between the wave}gngths.boolto 700 ﬁ@, wit- - pea? between 600 and
.;DO:nm. |

o

~
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" radiation was made with the 1SCO spectroradiometer. Spectra were also

~ [
\9 o2h

Due to the high output of these sensors, two 10 ohm 1% resistors
were connected to the leads as a voltage divider so that 1.6 cal/cm®/min

would produce an emf of 10 mV or 100 scale divi§j0n5 on the recorder.

Like the altered Kipp solarimeter, this photocell was calibrated against
“the Eppley‘pyranometer and unaltered Kipp solarimeter in suAnght of
varying sintensities during the day; Thus, at any momen; during a 24-hour
vfieldlstudy or in the growth chamber, a measure was obtained of the light
intensity within the cuvetfe. The calibration of the vakigus'light.

sensors against one another-is given in Fig. 9. \

Spectral Analysis. < -

At four-hour intervals throughout the light period of a 24-hour 4¢H;”‘

investigation period in the field, a spectral analysis of the incoming .
™~

obtained at different light intensities in the growth chamber studies.
Periodically the instrument was recalibrated with the aid of an ISCO

model SRC Spectroradiometer Calibrator. =
Lam?da Meter

| At the féur—hour intervals when light readihgs were made with the
spectroradidmeter, measurements were also taken with all three>sensors
bof-a-Lambdaimodel LI-185 Quanfum/Radiomete%/Pﬁbtometerw
' |

Photosynthetically active radiation (PAR) was measbhred with a model

L1-190S Quantum sensor which héd cut-off waveTenéths of |400 and 700 nm.
Solar radiation waé measured using a L!-200S pyranometer. These readings
‘Were converted to cé]/cmz/min using the.correction fag}or 1.43197x10 ?

L

so that they could be checked against the Kipp solarimeter and silicon

~blue cell values.
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Since many authors still report light values in Lux, a model LI~
210S photometric sensor was used with the Lambda meter which produced

direct readouts in these units.

Water Relations

Water Potentials

Water potentials of the néedles were measured by two different
methods. In the field, a WeSCOt HR-33 Dew Point Microvoltmeter was
used in conjunction with a.Wescor model! C-5) Sample Chamber. The
method employed to obt3in gtandard réadingsywas to cool the junction
.for five séconds and take the reading after a further 30 seconds. This
procedufqvwasiused to eliminate a sligﬁt drift on the meter which some-
times occurred. The' sample equilibration time was two hours for the
tofal water potential measurements. Three readings taken five mjnuteé
gpart were averaged.fﬁExtreme variétioa among ghe three readings would
be 1.0 uv or 2:0 afm. Normal variations for the same sample were 0.5 UV
or 1.0 atm for a =30 atm sample. During the ZH—hour investigation
periods ip the field, samples for water potentiél determinatibn were
taken every four hours. -

In the laboratory a constant temperature.béth was u§ed in oy

l

conjunction with sample chambers as described by Mayo (1974) . A cooling .

current of-4 mA was uded for 15 sec and the measurement was made on a
¢ . . .

Fluke model 845 AB Microvoltmeter or the microvoltmeter of the Wescor

HR-33 dew point meter.

[

Component Potentials

After readings of total water potential were taken the samples were
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potential,

o - 26
" . . -
removed, together with ‘the sample holder, wrapped in aluminum foil, and.

immersed in liquid ﬁ?trogenjfor five minutés. The samples were then

allowed to warm up tc room temperature for ten minutes, care being taken

that no condensation could take place before the foil was removed, iThe

sample was then rép]aced in the bath in the same sample chamber and three
further readings were made, five minutes apart, after an equilibration

of one hour. The values obtained;in thfs manner are defined as a .
combined measure of "osmotic and matric" potentials, since both comﬁon-
ents would |nfluence readlngs taken as described above.

Periodically a large sample of needles was taken in the field and
placed in Tiquid nitrogen while wrapped in %oil. Upon returﬁfng to the
laboratory a few needles were removed and'measuremeﬁts of combined’

"osmotic and matric' made on them. Hereafter the remalnder of the sample
was allowed to th;w and the sap extracted from it with the aid of a‘
hydraulic press. Values obtained for these sémples‘gave the osmotic 1

Turgor dresséfelwés a]Ways determined by the d¥fference bétween the
total water pétential and the combiﬁed "osmotic and matric'" hotentials.
Matrfc potenfials were calculated from the cbmbined "osmotic and matric'!
anﬁ osmotic values.‘ In the equation:

; R /...'.‘....equation 1. %

P
the follownng measurements were thus takqﬁf ¥, (Wﬂ + ¥) and Yo

where Y = water potential . "
. ) ! =
Wﬂ = osmotic_potentiaP'- *
Y. = matric potential -
¥p = turgor or ‘pressure potential » o o
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Sample Chambe: “alibration

5

The sample chambers were calibrated with sucrose, mannitoly or
potassium ch]dridc solutions having potentials of the following ve lues:

~
(

/-].8, -8.8,7-22.6, and -42.1 atm at 3G°C.. Three readings. five minutes

" apart were made after~L,_ 2, 3, 4, 5 anc 6 hours in the constant

W

temperature bath. Thelchange in Sutput ,of. the psychroheter‘?s shown a
against time in Fig. 0. These data were used to draw calibration curves

for the chambers used after equilibration times of one and two hours, /
: /

e

which were the times used when making. the actual mea- .rements (Fig, 11)

Due to very negative water potential; being foundltowards the end of th

winter the sample chambérs were later also .calibrated to -90 atm for use

{

in this range. _ " - ;%;ﬁy

‘Séil Water Poténtial

Soil water potentials were measured at two depths with the aid of

|

égl wgscor modél PT¥51-05 soil *psychrometers. Measurements were médeawith . "
Lo T . ‘
the. WescoP modgl HR-}}.Dew-Point Microvoltmeter as previously described. o

o e o )
. The soil psychrometers were positioned under the:tree at depths of 5 and
i ‘ wﬂqu, . ,
‘720 cm in such a way that"water would not be condicted down the wire to

. . . ,

77 the cup. : , .
e - .

Needle Infiltration Pressure Q
*
. .QlA .
Concurrent with taking samples ,for water potential measurements,
/Semples'wére also taken for the estimation of stomatal aperturs. Needle - .
“infiltration pkessuresgwerg determined with a2 pressure dhamber as'.

) . _ L . o ¢ ' - .
described By Lopushinsky .(1969a)" with 57% ethanol as ‘the infiltration
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fluid. Five readings were made at a time and the average value

reported.

Hormone Experiments

During recent years much work.has been done on the influence of -
plant hormones on growth; deQelopment and dormanc&. Two sets of
experiments were conducted to investigate the imﬁgrtance of selected
‘hormones on the breaking of dormancy; as indicated by an inérgase in
transpiration, net assiml]aflon and the effect upoﬁ stomatal aperture.

Dormgnt branches were co]lected in the field and brought into the
laboratory. Small branches we:e cut of?’and placed in individual
containefé-of hormone .solution. The tops of ihé contrainers around the
~branmches were closed off with aluminium foil to minimize evaporation.
Treatments were rep]Lcatedland varlious cdncentrations‘df gibberellic
‘acid (GA3), kinetin, abscisic acid (ABA), benzylaaenine (BA), and
napthalene acetic acid (NAA) were studied.

Measurements made on the branches fﬁcluded: transpiration, neédle
dry we@ght, water po;éntiaf and its components,nand C0, assimilation.

Specific details conéerning hormone .concentration, type of measurg—

ment-made,\gnd conditions under which the experiments were carried out

-

are d?scriﬁed for each experiment in the Results Section.: .

o



EXPERIMENTAL RESULTS -~ NET ASSIMILATION

Field Studie§

Net Assimilation

Field d@ta were taken periodically:between October 13{ 1972 and
April 19, 1974, | T

Due to the very open canopy in black sptuce bogs, no distinction
between sun and shade leave; was made in‘th.s study borcayse ell‘needles
were exposed to full sunlight at various times of the day. The results
presented here are examples of days during spring (jrior.to bud break)
summer and fall (onset of dormancy) The effects of drought (Tow water
potentle]? and frost during the summer are also illustrated. Additional
data can »e found In Appendix A. .

The daily méximum and minimum temperatures for tﬁe Edmonton.'
rnterndtional and Industrial Airports.from September, I972<throdgh May,
1974 are given 4in Figs. 12 and 13. During Marce minimum tempetStures
gradua]]yvincteased and in early Aptil the first frost free day wes-
recorded; The last frost of sprnng was recorded on April 30 at . the
Industrial Airport and on May 12 at the International. |

A minimum cuvette temperature of -1.0°C was recotded in the field
during the night'of‘6vto 7 May. This had novinfluence on the net
assimilation rate which became'positive at sunrfse (Fig. 14). A
maximum rate of k.8 mg COg/gm DWt/hr was recorded at 10.5°C neédle
temperature and a light vntensnty of over 1.10 cal/em?/min.. -At this

stage bud swelling had just started and a.,net gain of 34.2 mg €0, was

fixed over the 24 hours (Table 1). The loss in €02 during the night was
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replaced withid 2.5 heurs the next morning.

At the end of May, when the next field experiment was conduetedy
frost no longer occurred, The buds were verf swollen and in the stage
just'prior‘to opening. Considerable problems wefe experienced with the
Peltier cooler, resulting in.cuvette air temperatu}es at dne §tege rising
- to a maxjﬁum of 8°C over the ambient air temperature. thwithstandinq
this a maxfﬁum net assimilation rate of 4.56 mg CO0,/gm DWt/hr was
recorded at 18.5°C and 0.39 cal/cmz/min (Fig. IS):\ An hour later light
|ntensuty had increased to 0.94 cal/cm /min but ‘temperatures of both the
cuvette and ambient air had Increased‘gfom 10°C to- 29° and 28°
respectlvely, resulttng in a fixation rate of only 3.47 mg C02 /gm DWt/hr.

P

For most of the remainder of that day temperatures and light lnten5|t|es
stayed hlgh and net assimilation rates decreased shOW|ng a marked mid~
day lag due to high temperatures. Although the €0, lost at nlght was
doubie the amount of three weeks earlnerb( .59 compared to 0.72 mg COz)f
mainiy due to higher nighttime tempefarures, it still only required two
hours to replace the dmount‘lbsti An ovg;él] gain ofi3§.9l mg CO, was
reco?ded for the 24 hpurs. This is markedly less than %hat observed,‘
three weeks'before.vl -

Toward the edd of Juhe maximum and minimum temperatures were very
simf]ar'to thoSeiat the end of May. The new shoots were now.up to 7.5 cm:
in }ength'and made up the majority ofbthe plant material in the cuvette.

A maximum net ass:mnlatlon rate. of 6, Ol mg C0,/gm DWt/hr was recorded
at 25.5°C and 0.56 cal/cm? /mln (Fig. 16). Durlng this tnvestlgation
it was found, like the month before, that temperatures o&éé 30°C

resulted in a marked drop in net assimilation. A maximum net gain of

48.67 mg CO; was found during the 2b-hour period. The high assimitation
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rate is ascribed to a high water potential that created Févourable;:
éondifions fér photos?nthesis. Due to the High minimu% temperature at
night (10.5°C) high respiration ratesiwere recorded and.a total of 5.76 .
mg C02 was lost. This was, however, regained after 3 hours of positive
fixatién. |

A'hegvy overcast sky with intermittent rain prevailed on July 22
when the next invéstigét?on was conducted."There was only a 5;S°C
difference between the maximum (16.5°) and minimum (11.0°) temperaturegh

recorded, The overall result was that the maximum fixation rate (7.00 mg

COz/gm DWt/hr) was recorded at the time of maximum light intensity (0.2Z3

. cal/cmz/min) and temperature in the cuvette (16.0°C) (Fig. 17).

Respiration at night was still relatively high (3.07 mg CO2 lost) and it

took L hour's’ to\replace the COz lost mainly due to low light levels until

noon (less than 0.1 cal/em®/min).

In mid-August temperatures‘suadenly began to decrease and frost
occufred on the 18th and 19th, The influence of the frost was very
evident on th;-19th when a maximum net assimilation rate of only 3.74 mg
C02/gm DWt/hr was recor&ed,at‘22.5°C and 0.8 cal/cmz/min of Iight’(Ffé.
18). TQO hours prior to the occurrence of the maximum fixat?on rate (at
12.30) only 2.35.mg CO2/gm DWt/hr was fixed at'avtemperature of 19.5°Ci
and a light intensity of 0.6 cal/cm®/min. This indiéétes thét the low
fixation rate was nét due tb a temberature aboveloptimum for fixation'
but to some<other factof. Pharis, Helmeré and Schuufmans (1970) have

shown that subfreezing temperatures of =2°C during the 16 hour night

will depress theiphotbsynthetic rate the following day at +3GC in both

Pinus ponderosa and Pseudotsuga menziesii. The rate of temperature

ascent from the subfreezing temperature was found to be critical in the
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degree of depression. With a rise of temperature to +11°C the recovery

was enhanced. Compared with the data obtained on 22 July, the amount of

€0, fixed during the 24 hours was halved (20.79 mg C0;) and only one

quarter as much respiration took place at night (0.75 mg €ox lost) . *
Nevertheless, 4 hours Qas still requifed to repla;e the €0, lost at night.
This is largely because low light levelc.prevaiied (below 0.1 cal/cmﬁ/
min) for most of the morning. |

By the m}ddle of "October frost oécurréd'niqhtly and minimum

temperatures had reached -8°C. Definite signs of dormancy'were by now

" evident. Although the minimum temperature was only 0°C fixation rates

did not exceed 1.79 mg C0z/gm DWt/hr at 12.0°C and 0.26 cal/cm”/min

(Fig. 19). Respiration at night ‘resulted in a loss of 1.48 mg €02

3
A

which was similar to the amounf respired on October 2nd and 3rd af a.
similar temperature. After ?.5 hours of ‘positive fixation the CO0; ha&
beén regained and a.total'net gain of 7.09 mg CO, was found over the
2L hours.

In - early November temperatures décreased sharply and no more fierld

investigafions were conducted. No worf could be undertaken during the

. o " '
warm petiods in winter because the gas analyser did not work properly.

Light'Response~'. - ‘ | .

.

On July 2;, October 2-and 18, in the field, light intenya

siiddenly decreased from a relativc]y high value and then infreased

N . )
again within an *hour while temperatures remained virtually lunaltered.

-

This made it possible to draw.light response curves f
(Fig. 20). The three curves differ markedly. On Octdbef

saturation was reached at 0.1 al/cm?/min with a needle temperature
p
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between Q.S'and‘6.0°C.' At -needle temperetures betwaen 7.5 and 10.0°C.
on October 2, light saturatioh was reached et almost 0,15 cal/cmz/min;
the data for Julx/zzfshows'é l'ight saturation at‘0,20 cel/cmz/min at
eedle temperatures between 13.0 and 14,5°¢C. The differences in the
Curves may partially be due to the differences in needle temperature

" at which they were obtalned but also to the phenologlc state of the ‘tree

- \

at the time. - In July the new shoots were a month and_é half old and?the
needles were at their maximum Photosynthetic capacity. In October,
,however the trees were gradually going into dormancy, daylength was

HEduced and Frost occurred at nlght This could result in a decrease in

Ilcht saturatlon level while photosynthetic rates are also reduced

Laboratory Studies

Dormancy Termihation and Net Assimilat}On

Early'in February, 1973, several small trees were col?ected'at the
Study site, potted, and maihtained in a growth chamber at temperatures
of 0 to -5°C. From February 18 to March' 4 one of these trees was
brought out of dormancy while net a55|m|lat|on mea5urements\~ere made
contlnuously Maxnmum net assnmllatlon rates taken at lg.OQ noon from
February 18 to March 3 are given in Fig. 21. There was an initfet burst
of respiration followed by a gradual activatioh of the photosynthetic_
apparatus. The.light regime, tempeéé)ures and net assimilation data
from Februgry 22 to Marchl3 are given in Appendlx B. No positive net
assimilation was recorded and only mlnlmal respiration was obserued

Y

between February 18.and 2! and therefore these data are not presefted
4

‘graphlcally Throughout this period minimum temperatures reached -5.5°C

at night and maximum temperatures- +4 . 0°C under the full. light_load.

=T
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Lightvneriods and intensities are given in Appendix B for the period of
investigation. |

On February 22 pet assimilation was still negative except for the »#
'leadong at 12.00 when a p;2|tlve F:xatlon rate of 0.02 mg €0, /gm DWt/hr
o was measured.~ A certain amount of photo;ynthesis was, however, §aking
place during most of the light period since net assimilation values were
.hlgher during the Iught perlod than the dark period (O 00 in the lnght
compared to -0.04 mg CO2/gm DWt/hr in the dark). Positive net
IBSSIml]atIOﬂ rates were measured from 09.00 to 16.00 on 23 February,
that.ls throughout\the perioc when 1ight intensities were over 0.03 cal/“
:nz/min.‘ Hereafter net assimilation rates gradually |ncreased untnl a
max i mum ualue of 1.03 mg COz/gm DWt/hr was attalned on March 2. The
reason fgﬁ the lower absolute flxaF:On rate on March 3 is not'evident.

The Fjrst'pesitive fixatfonlwas measured on the fifth day'after ¢
temperatures had risen;above freezing. * This evidence would supnorr4that '
reported by -Genkel and*Barskayaf(l961) who found that dormant PZcea |

excelsa became metabolvcally active after three to fnve days of exposure

to room temperature.

Teﬁperature ReSppnsevof Dormant Trees » . .

tn the pr-ceding é}neriment it was shown that photosynthesis would
not be initiated in.a dormant tree if the temperature rfse% to above.
freezing during one day ohl§l >0n the first four days of the‘experiment
the temperature did not exceed +4°C. Hrgher temperatures could possibly‘
have led to a positive C0: ?ixatibn‘and thia was tested on three
occasions Frozen pets'of scil with dormanf trees were placed in.large

¥

containers and surrounded by wermiculite. This insulated the pots and
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prevented the ;oi!_f(om thawfﬁé'durfng the experiments. Ambient air
temperatures weré'then Qraduaily increased from 0 to over 30°C in 5°
steps over 32 hours.whi]e net assimilation was monitored both in the
" light and dark. During t52 trials, egch of which was conducted on a
different tree, no sign 6% photosynthesis was observed. Figure 22
gives thelresults. A marked difference in respiratién raFe$'is evident.
'This can be directly attributed to the water.potential of the ne?dlesk
The respiratibﬁ rate at 30°C of "a tree with a w;ter,potential of -40 atm
was 0.58 mg C02/gm DWt/hr and thst of another with a water potentiél‘of

less than -90 atm was 0.32 mg CO2/gm DWt/hr. Only at temperatures below

5°C was there no appreciable difference in the respiration rates.

Temperatpfe Response of Non-dormant Trees

The photosyntﬁetic response of one-year-old and new needies was
investigated in the growth chaﬁber. Dukihg’the Bud swelling stage
- branches were brought into fhe laboratory from the'fie]d and, with
maximum light intensity in the growth chdmber (0.21 cal/cm?/min), net
assfmilation and respiratTon rates wer%gmeasured ét temperatures between
0° and 30°t; The data obtained for.on% of these branches, in which only
one-year-old needleé were used, are é{ven fn Fig. 23.° Betweén 0° and
10%C net assimilation increases.sharply'and dérk respiration started to
increaée at temperatures over}5°C._ An optimum net_assimilation rate of
sligﬁtly over 6 mg C0>/gm DWt/hr was attained at 15°C;‘temperatur§s
above this level céu;ed a rapid decfgaée. Between 10° and 30°C
'respiratfon fncreases vfrtually in a straight line. Gross'bhotosynthesis,
calculated from thé net'assimilation:and respifation data, also showed a

maximum at 15°C. It is interesting to note that net assimilation rates
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at 0° anq 30°C are similar., Unfortunately temperatures below 0°C could
not be achieved in tHe growth chamber under a lel lfgh; load. The
minimum temperature at which positive net éssimilatipn ceases was thus
not determined. By extrapolation it céuld te in the region of -5°C
Frecland (1944) contends that black spruce ¢an photosynfhgsize-to a

temperature of -6°C.

Light Response at Optimum Temperature

The influence of light on net ‘assimilation was.determined‘onv
branches brought in from the field and maintained at .15 * 1°C in the
growth chamber. Erom Fig. 24, which giveé the light responsé of a
branch with swéilfng buds, it can be concluded that bhotosynthesis starts
. at very low light intenéities. At a light intensity of 0.01 cal/cm®*/min
(7.0u E/m*/sec) 0.42 mg CO, /gm DWt/hr was being fixed. Light
compensation occurred at aboutg/?u E/m?/sec (0.04 cal/cmz/mfn) and light
saturation at about 450u E/m?/sec (0.20 cal/cm?/min).

3 ’
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EXPERIMENTAL RESULTS - WATER RELATIONS

Annual Cycle of Water Potential and its.Component Potentials

Samples for determination of water and component potentidls were

taken around solar noon at fairly regular intervals from ealy May 1973’

to the end of May 1974, Osmotic potentjal measurements were also made

and it was then possible to estimate the matric potential. Annual

‘water 'potential and "combined osmotic and matric'' potential cycles for

the youngest geed]es on the tree are given in Fig. 25, Readimgs taken‘

in early May 1973 were made on 1972 needles which were nearly one year

*old at that stage. The new needles emergeﬁ from the buds ih'early-June

" 1973 and the readings from then to the end of May 1974 were made on

"needles increasing in age from one week to one year. In March 1974,

-

‘an additional sample chamber became available and readings were

subsequently also made on -eedles one year older.

v

The most striking features of Fig. 25 are the great fluctuations

in water potential and '‘combined osmotic and matrfc” potentials which
L—eﬂcﬁ“ “Loughout the year. Between May 2 and May 16 1974 the water

potent :Tthanged 13.5 atm (from -14.4 to -27.9). Over the same period

N ' . . i
the '"'combined osmotic and matric'' potentials changed 15.1 atm (from

-19.7 to -34.8). This suagests that the species is hydroiablle acce -

to the classification of Waiter (1931).

When water potential data are compg{ed with maximum and minimum

temperature data (Figs. 12 and 13) it becomes clear that a strong

correlation exists between them for most of the year. The only

exceptions are in May of bo%h vears and July 1973, While air -
' 37
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temperatures.were rising, water potential dropped sharply in May 1973,
" Soil temperatures between +2.5 and 7.5°C were recorded.at a depth of
\;\em while 0°C was recorded at 20 ¢m throughOUthMay (TableIZX;thhis led
to difticulties in replacfng the uater lost by transpiration and resulted
in low values for May. June- readnngs were made on young needles .that
were still expanding and very succulent; thus the high water potentlal
By this stage the soil at 20 cm was no longer frozen. /
On July 22 water potentials were Jower thenfat the énd of June and
temperatures remained unaltered. This drop in water potential is
ascribed to the ageing of needles which had by then ceased to grow.-and
were in their stage of full photosynthetic activity In mid—August
temperatures decreased to freezing and water potential also decl|ned
This IS considered to be the direct .reaction to the lowering of the
temperature and the frost hardening of the needles. In early Septemher

temperatures were again above freezing and the water potential had
, .

increased from the values measured in August. Hereafter, water

..
5T
oo

potentials'ciosely f%llowed changes in temperature¢ The water
potentlal measurement for early February 1974 seems high. This might be
because the snow was not completely removed from the needﬁes before
t; 7 were placed in the sample chamberi By late March, a-minimum water
pot.intial was reeched. Daily maximum temperatures were around 0°C and
the soil at both 5 and 20 cm was trozent

On all days‘during April the maximum oaily'temperature was above
0°C -and the tree trunk temperetures were also measured above 0°C by the
9th. Turrell and Austih (1965), uorking on citrus trees, have shown
that branches up to 10.5 cm in diameter exhibit no gT;=7?icant differ;i

. : _ . R
ence from air temperature in their centre during the course of the day. ..

P
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The tree trunks might thaw during thisvtime whfh generally rising-
tempé?atureé. The sharp increase in water potential during Apri)] could
result) from mobilization of water stored in the Xylem. Wilner (1952),
in Saskatchewan, found that the wéfer coﬁtent of twigs attached to trees
increased during the periods of above-freezing temperatures in late
'March and April.. They did nbt‘exhibit an increase in wager contént from
January throdgh'March. Detached twigs showed a dectease in-water

content.duringiﬁoth periodi,\:fiiSe no mention is made of soilwtempér:
/ : : ' ‘

atures, it can be assumed that they were below freezing at that time of

year. This ;endsAto substahgiate the idea that water movement .is

o~

initiated within the trees in spring before the soil thaws. The field

{

station was dismantfeé{gn May 23;;J97b and on that day so[l at 5 cm
depth waé‘unfrozen.A fhe soil at ékéepth of 20 ;m, however, was stil]
frozen. This impliﬁs that rootg ét'a'depté of 20 cm wefe unable to take
‘o , . . '

.up water.- ;¥:\ho§§v¢r, the wate 4pply in the trunk had decreased
sufficiently due to transpirat}dn:of the actively photosynthesizing
néedWes at that stage a deficit c%ﬁld develop and lead to a lowering“
éf;the water potential in the neeq}es such as was obser&ed during May
in both 1973 and 1974, That the trees were under stress was evident
because extensive necdle;cast occur%ed in late May of.boiH years, By
_early June; Qhen thé buds start swelling, the so{l usually i;ﬁunfrozeﬁ
and wa;érfis'again available to tne roots. ,Fhis leéds to a rise.in
wéter potential.

The difference between the curveg of jg. éS illustrates.the
hagnitude of the turgor pressure in the'gé]!s a; indicated in Equation

“(l).on page 26 . The average annual_furgor pressur of ﬁ;O atm is low.

It varies from a minimum of 0.5 to a maximum of 8.4 atm. A minimum
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. Potentialv(Equation'(1) page 26). The smallest matric pdtential, -3.0

4o

»

turgor pressure of 0.5 atm was measured on two occasions. The first

in early May 1973, when the soil was frozen and the tree was actively

photosynthesizing. This was undoubtedly caused by a water deficit in

the needles. In early November 1973, when daily max i mum temperatures
.,

4

suddenly decreased from about 0° to -18°C in four days, a turgor

Q

pressure of 0.5 atm was again measured. This was prdbably caused by an

abrupt-cut-off of the water supply to the needles. The maximum turgor

pressure of 8.4 atm was measured in the new, expénding ngédles just

o

after bud break occurred. A high turgor pressure in this activeJy"

- growing tissue would be adVantageous for cell expansion. Cleland (1967)

Y

contended that maximum turgor causes maximum enlargement. While this

is judged not to be gntire{y correct, as water flux has not beeﬁ
considered, higher turgor pressures do tend to promote expénsidﬂ (Boyer,
1968)¥ The next highest turgor pressureA(8.2 atm) was measufed in mid_
Ab}il @Hen water poten;?qls were<risfng sharply 'with increasing

temperatures.

Occasionally measurements of osmotic potentials were made. These
data together with the ''combined osmotic and matric' potential
measurements on- the same days are depicted in Fig. 26. The difference

between the two curves in this case gives an estimate of matric

g

atm was measured in young expandf%g needfes. The value grgdual'y

increased with the ageing of the needles to a minimum of ~13.4 atm in

late March. By eaf!y May .matric potential had been increased to.twice

this value.

- Vo
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Daily Cycle of Wafer Potential and Needle Infi]trétion Préssurqs
: - . ' , , -
The daily cycle of water potent?al.and its EompohgnE poéentials

. [

g

was measured ‘every four hours, where‘bossiﬁle, duting the 2b-hour field

=

e - : ‘a‘
investigation periods. Genérally, water potentials were high early in

the morning, ‘then decreased as the day progressed reaching a minimum

Iy

v

around noon. This-resulted in higher readings of ‘needle infiﬂtrafion

pressure and indicated that the étomatq were probably closed. ¥hen

N

water pbtential

rncreased. because transpiration had decreased.

.

The dg¥a ,presented here.are for representative days during the/year

indicating the diurnal pattern of water potentials and needle infilir-

ation pressures in the spring before bud break while the soil is stil]

v

F(ozen at 20 cm, during the spring drought period, mid-summer with

~/

thawed soil and high aker p?}pntﬁals, énd thé,influgncg of the first
frést in@éhe fafl. Additionq] data for thg~other field investigation '
periods can- be: foghd in Appel;ldi'x c. ¢

The lowest needle inFil&ration pressures measured were in the
region of {i psi (Fig. 27) and this value. was fakén to represent open

N

stomata. _Pressures in the infiltration chamber’were increased up to °
LO psi and values of this magnitude represented closed stomata.
Lopushinsky (1969b) gave a value of 13 psi for open. stomata of Fipea

2iuge imarni. He alsc considers stomata to cause no further change in

I

transpiration when infiltration pressurgs.reached 30 psi. Miller and
Gates (1967) found that the minimum diffusion resistance to water vapour
in the field and labcratory for black spruce was 50 sec cm—l."This high

value agrees well with the high minimum needle infiltration pressure

measured on the trees studied.

e
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0@&6 and 7, 1973 needlé_i/nfiltration pressures varied between
17 énd 2; psi. This inﬂicateé.fhat‘the stomata were almost fully open
most of the day (Fig. 27). \Mater pofe;tials started at about -13 atm
by 20.00 in the evening. on May 6 and then increased to a maximum of -11
atm.at 04,00 in the mornlng. With the complete opening of the stomata,
the value decreased to a minimum of -22 atm at noon on May 7. Although
stomata were -not closed at midday on the 7th, water potentials had
started to increase-by 16.06. The ''combined osmotic and matric"
potentié1 exhibited a similar response to the water potential but a\l
" greater change’occurred during the night. Turgor pressures were high
(1275 atm) at 20.00 on May 6 and decreased steadily to about 0 atm by
08.00 on May‘7. It remalned at a low value for the rest of the day R
At this stage the soil at.'5.cm had thawad but was still frozen at a
depth of 20 cmv(Table 2). |

The neeale infiltration pressures on May 29 and 30 indicated that

]

the stomata wthATrom fully opén to c]osed'(l8 to 40 psi, Fjg. 28).

At 18.00 on May 29 the stomata Qefe nearly closed and four hours later
they were Fu]fy closed. Tﬁg water poteq}jal g% well as the ''combined
osmotic and-matr?c” potentiatl fncreaseg ;6;il Oh.OO_the next morning

-when the stomata had opened again. After 08.00 on May 30 the water

potentual dnrreased and leached @ minimum value at noon. Needle

infiliiv c wﬂacures“|ncreased after lb OO and water potentlals were
Hfgher ner :: aeasured t 16.00.
Water pueential e sub uently measufed on June 27 and 28 and
'littje‘variatIOn occ.rred 7 the course of the 24 hours .(Fig. 29).

The stomata, howeve still displayed the'r normal pattern by beina

£

open,laﬁe-in the afternoon of June 27, closing to same extent during the
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night and Feopening;ﬂext morning. During this 24—h2#r period the highest
water potential was measured in the field, namely -8.5 atm and at 0L.00
on the morning of June 28: .

The first frost of autumn was réco(ded on thé niéﬁt of ‘August 18
tb 19 and this had a marked effect on Lhé water pofentials as well as on
thezstémata (Firgq. 30). The stomata were partially open for most of the
nigh£ but they clgsed suddgqu once frost_occurred at 02.00 on August
13. When the temperature rose above freezing the stomata again reopened.
fnstead of inﬁreasing, as expected, water potentials decreased during the
night. Once the stomata were closed there was, however, a sliéht -
increase but this r?verséd”itself again as soon as the stomata reopened.
Water potentials‘were thus not_rﬁstorgd during the night and a geé%ral

decrease prevailed over the 2h-hour period.

P



. EXPERIMENTAL RESULTS - HORMONES

The influence of Various Hormones on Transpiration

Experiment No. 1
The first experiment on the influence of hormones upon transpir-
ation of dormant branches was carried out in 1972. The samples were

v

kept in a growth chamber with 16°C day temperatures (8 hr) and 6°C

nights (12 hr) with 2 hour change over periods. Light duration and

intensities.ere_giyen_in Table*3.
The vials containjng tﬁenbranches were weighed on a Metler (mode}
balance each morning at 08.00,'refilled with the same . hormone
solution, reweighed, and replaced in the chamber.
Throughout the course of Fhe e*periment notes were kept on signs

of bud swelling and colour changes of the needles. The experiment was

terminated after 30 days. Needle dry weights were determined'for each

~

" branch and the transpiration rates calcu!ated on a dry weight basis.

- The treatment and results of the first transpiration expe et

“are sUmmarlzed in Table 4. After 30 days the average amoun® transpi-ed

byfthe three contfole and the benzyladenine (BA) 1 x 10 M trea?mf’t was
gfeatef_than fn ehy of the other treatments, incJuding the BA 1 x_lO-SM,
fhisewas the.only treatment in which a targe difference in rate was
observed between the two concentratlons . BA 1 % 10°® appeared to enhance
transpiration slightly, but BA 1 x 10 "5 appefred to suppress it‘
distinctly. Abscisic acid (ABA) in both conjlntrations showed the

greatest suppression and all :he other treatments exhibited varying

degrees of suppression. Somet imes these were dependent on the. ‘55;
: -~
Ly



concentration and sometimes not.
- The data obtained are depicted graphically in Figs. 31 through 35
plotted in cumulative totals for average values at five day intervals.

Experiment No 2

Because of the results obtained in experiment No. 1, it was

considéred important to examine further the influence of ABA and BA on.
transpiration, net assimilation, and water potentials. The temperature
of the grbw;hvchambqr was maintained at a constant 10°C with a relative

humidity of 60 percent. Light.duration and Intensities are given in

T

Table 5., - '

. Transpiration was measured by filling 25 h) méasuring cylinders

to the same mark with the Qrigiﬁa] solution evéry evening at 20.00.

This was done with a 2°ml pipette and the volume added was récorded to

the nearesg 0.01 ml. At ‘the end of the experiment the branches were

re

dried and the transpiration rates calculated on a needle dry weight \
basis. ' . : ' M

o

Water.poténtials and component potentials_waré measured as
described previously. Only needles from the contrblé ABA 3.8 x ]O;7M
and BA 1 x 10 °M treatments were used for this. |

Net assimilation-andvreépiration me;surements weré‘similarily
hade on the.con;fol, ASA_S.B X lO"ﬂ; and BA 1 % 10 © treatments. On
-alternating days a branch of ome of the Lreétments was‘plé;ed in the
cu -ette énd its net assimila;?on and respiration rates monitored over
‘a 24 hour period with the base of the branch remaininy in the treatment

solution. In this manner the same branch for each treatment was

measured 5 times over the !5 day duration of the experihent. The
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method in which.tﬁe gas analysis study. was conQucted has been described
previou;ly. | |

The treatments and transpirati;n data obtained are summafized in
Table 6. While this experiment was conducted only over a 15 day'pengd,
there was a big difference if compared with the 1972 data (Expt. No. f)
over a similar time period with thé same treathents and the same
concentrations. Both ABA and BA showed SUppreQSed traﬁspiration'
stightly. The qnly treatment that exhibited a sljghf enhancement of
transpiration was ABA + BA 1 x 108, Alf freatments showed a‘geﬁqral
increase over fhe first week‘followed by a decreése the qext:

Figures 36 through 38 give the Fesults graphically For the
different sets of treatments. Both ABA + BA 5 x 10°° and ABA + BA

A

5 x 10°° have final yaluéslvery close to that found in the control.

The treatment with ABA + BA | x 107° had a higher total than the control
but not sigﬁ}ficantly so; On the-other hand ABA + BA 1 x ]0_5 was |
significantly lower than ahy(of the other;Ereétments in this groﬁp and
simflarvto that obtained for BA 1 x 107° by itself.

7 Throughout both the transpiration experimentéJQith hormones

gréat variability was found among th¢ three replicateé of each

treatment. In the extreme case the difference between the highest and

the lowest value for the same day as 8x.
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The Influence of Hormone Treatments on Water Potential

and its Component Potentials

Water éotentiéls of the three treatments stué?ed'fn experiment No. 2

varned grcﬁt]y from day to day (Fig. 39). Thlé was surprising—since

the samples were all taken at 11, OO in the mornlng and temperatures,
relative humidity, light intensity, and photoperiod remanned constanf
for‘the'eration of'the experiment. The only conclusion that caﬁ be
draQn_from the water potential data is that the BA treatment had an.
average value éf 5 atm lower than the other two treatments over the

15 day investigation periﬁd. This coutd be due to enhanced stomatal .
opening and “increased transpiration. Pallas ‘and Box (1970) have shown
“an increase ihitranspiration rate and.a decrease in stomatal, resistance

>y

in Avena after treatment with cytokinins. v

Although 'combined osmotic and matric' potentials élso varied,
- their amplitude of variation was much smaller; 'Consideréble Jifficultf
was gxperienced when making‘these readings and six values were not

available.
The Influence of Hormone Treatments on Net Assimilation

Thg three treatments in experimeﬁt No. 2 were conducted
simultaneously, but since net assimilation was inveétfgapéd only on
alternating days d:rect compér'sons cannot be made. ~ Appendix D éives
the net assimilation dats as obtained on the 1nd|vidual days for the
2b-hour inveétigation periods. ]

The control branches (H20 measured on days 1, 4, 7, 10 and 13)

exhibited maximum fixation rates during the -third investigation period
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and thereafter a decrease (Fig. 40). With respect to the net gain in
COp‘fiXed, equal quantities were fixéd on days 1 ahd 7 énd_the smallest
net gain was recorded on day 13 (Fig. &41).

The ABA 3.8 x 1077M treatment (meas;red on days 2, 5, 8, 11, and
14) sHoweé a general increase in.méximum fixation rate for the fifst
four periods and then.a decrea;é (Fié.IQO). Net gains on the other
hand increased over the fifst'three periods and then decreased (Fig.
4i). Althouéh the highest ffxatidn rate waslrecorded on day.l1, this
rate.was mainta?ﬁed only for a short period®and was then fojlowed'by a
sudden decrease to justqgpove compensation bdint.

The BA 1 x 10 °M treatment (measured on days 3,‘6, 9, 12, and 15)
started with the Highest fixagionirate and éengrallx decreased there-
afte; (Fig. 40). Q§iyy gains in net fixation exhibited a similaf trena
(Fig. 41).

Whén the net géins are piotted on an accumulative basis (Fia. h2);~
it is evident that the control gained nearly 20 mg C02/gm DWt on the
fi&e days measuredjand theé branch subjected to ﬁhe-BA treatment. fixed ‘a
total éf 40 mg CO2/gm DWt. For the branch g[vé “he ABA tréafment'the('
total fixed as 60 mg €O2/gm DWt (Fig. AZ). This indicates that both -
hormones enhanced net aég?mi]ation but notlto;the same extent. . Adedipe,

Hunt and Fletcher (1971) have shown that a BA solution applied to the

leaves of réa\Eédney bean plants will enhance photosynthesis.



DISCUSSION

Black spruce ‘is well.édapted to .the environment in which it occurs
with a maximum net‘assimiﬂationfkate at 15°C under tow light intensities
(Fig. 23). The evergreen néfure of the species hakes it possible to :
- exhibit positive net assimilation untij Iété in tﬁe autumn, long after

deciduous species havevlost their leaves. Similarily, net assimilation
can commence before the new leaves have developed on deciduous species.
Because net assimilatién is positive for more'than a month Before bud
swefling is initiated, energy feserves which have to Be brought through
the']ong, haréh winters to maintain vitalvprocesses do not have to be
'lafgeﬂsinCe little, if any, are needed for the dgvelopﬁent of the new
leaves&Tn»spring. |
ideal growing conditions, as indicated‘by both the field and

laboratory fnvestfgatfons, would éonsfsf‘of maximum daily temperatures
»betwéen 12 and_]é°c and minimum night-tihebtemperature; from 0 to +5°C.
This would ensure a maximum net assimilation during the day and_é
minimum CO, loss &t night dqé to respiration. Furfhermore, if
-temperatures remain above freezing at nfght, photosynthesis would not be
impaired during.the subsequent déy. Light intensities of one-tenth

the solar constant ensure ]ight saturation for photosynthesis provided
that the water potential of the needles is not too low (Fig. 24),

e

Net assimi]aéTB% rates of evergreen conifers vdries between 5 and
15 mg CO2/gm DWt/Er (Sestak,_Catsky and Jarvis, 1971).‘ Small k1972a)

. . y

\published an extrapolated paximum mean net photosynthesis rate of 4,32

i

.mQVCOQ/gm DWt /hr. for black spruce. This mean was derived from two
‘ ‘ ©. 49 . : i ‘

cd
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determinations in each of June, July, .and August. Branches were brought -
into the laboratory and qet assimilafién rates determined under

standard conditions. No méntion is made, however, of the environmental
conditions at thke time, the age of the needles used in the study or the
phéholpgical state of the tree from which the branches'werg taken. This
is less than the 7.0 mg €0,/gm DWt/hr measured in this study. The only
other data that are available on the photosynthetic rate of black spruce
is that of Clark\and édnga'(]970), whiéh was aiso conducted on branches
brought into the laboratory. A maximum fixation rate of approximately
1.3 mg GO2/gm DWt/hr was ﬁea5urcd at Zch and a light intensity of

0.058 cal/cm”/min. The very low-maximuﬁ net assimilation rates reported
in this study are due to the very low light }évelg used. The present
investigation indjcates that a fixation rate of only‘0u29 mg CO2/gm DWt/
hr occurs at a light intensity of 0.05 cal/cm?/min (Fig. 24).

. The general pattern of phptosynthesis as found in thi; study over
the seasons is given in fig. QB. A1l the data collected in the field
were combined to indicate the infiuéncé of temperature and lighf
intensity on net assimilation.  This combined Informatién is prééentéd
in Fig. l{h;

’ Miller and Gates (1967).have"stated that the finely divided needles
of conifers have large conéectlon coefflclentb and a strong convective
heat exchange due to their small diameters which cause the needles to be
strongly.coupled tolair temperature. Even under a full Tight load .of
1.3 cal/cm?/min in mid-summer, needle temperatures were not fbund to
deviatetmOfe than 1°¢ fromvairAtemperature; While this phenomenon can

be advantageous to a species by preventing high temperatures from

developing in the leaves under conditions of high light intensities and

;
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ﬁigh air temperaturés, it can also be disadvantageous by depfessing
photosynthesis during. periods of low ambaent air temperatﬁres and high
tight intensities.- in btack spruce, an increase or decrease of about

10°C from the optimum net assimilation‘temperature of 15°C results in

twhile conditions are //
Y and late autumn, maximum

~3

1'mmer at the same 1ight

&

‘cted in'tMe 0, balance for the

field inves%igarigﬁ 5ériods during tBe sbéiﬁé.and fall when it téok
longer to replacé the CO: lostat night by respiration. Thé.time taken
varied f}om 2 to 5 hours; therlonger.pérfods being after cold nights wHen
less CO, was lost by resp{ration.

‘Froét during the summer, as occuEred.on August 18 and 19, 1973,
causes a.drastic reduction }p fixation over the next 24 hours even
thougH temperatures may return to optimum with light intensities well
above saturation (Fig.'18). Tranguillini (1963) has shown that net
:aésimj]ation is deg}essed on day§ following frost of -4°C or mofe;fof

IMeen exzcisy.  This phenomenon is considered to be associated with
frost hardiness and the water relations of the species since it does not
occur during spring and fall when frost occurs regularly at night.

Pisek and Tranquillini (1951) and Zeller (1951) have shown that frost-

hardened ceils are less active photosynthetically than unhardencd cells.

The depression of net assimilation during the summer after frost at
night in Pyne poiderss and Prewiprsuga mennieel? has been shown by
Pharis, Helmers and Schuurmans (1970). . Lo

: st

As with temperatures beiow optimum, temperetures above opt imum

cause a decrease in fixation. This decrease is due to a higher
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respiration rate, and desiccation which Jeads to lower water potentials
and closure of the stomata. Data obtaiqed in the field on MéY'BO; 1973,

exemplify this phenomenon when needle temperétureé rose to over 30°C in

o~ o,

the cuvette during the aftefnoon fesulting in“IOWer\netﬂaséimilatjon
~ o .
rates than during the morning (Figt 15).

Vincent (196?) contends;that soil temperatures do not appear”to”bé
a cont;olling factor fn qu break since this happens when the s%i!
temperature varied between 38 ;nd Lhe°F (+3 and 8°C;crespectﬂVely): This

[ 4

- investigation Woujd, hbwever, indicate that soil temperaturé.is'of great,
importénce in sbring due to its direcffinfluence on.water relations aqd
thus iﬁdirect]y on bua’swelling énd net_assimilatian. . Bud swelling was
initiateé duriné»early'May when water:potentfalsvwere high (Fig. 25).

The decreasing water potentials'iﬁ%late May, due tovtranspifation while

-tﬁe soil is stil) frozen (Table 2),'¢aUSe a ceésat?on in bud swe]ling;
The buds break in early Juné when soi]_temperathes are'abdve 0°C andlv
when water poteqtia&s,are higher due to water being available to the roots.

Conceivably, sOil temperatures also play an }mportant part in
determining fHe initiation of dormancy in the fall. Soil temperatures

.were still a few Aegrees above freezing at both 5 and 20 c¢cm below the

" surface during the second field investigation of October 1973, but were
rapidly decreasing (Table 2). Two weeks later air femperature dropped
sharplyraﬁd soil fémperatdres probably reached freezing tenmperatures

‘soon thereafter (éig, 13). DoFman;y must have set in at thiy stage
as:maximuﬁhéfr;FéﬁBératures théreaftef}did not exceed —]Q°C. ‘Due to

the ‘den change in air temperatures in 1373 ‘it is diff@cu]t to
ascribe the onset of dormancy in that year to either air or soil

\

temperatures. In 1972, however, air temperatures decreased gradually
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and then increased again in late vaember to just above. freezing (Fig.
.Ié). Throughout October and November that yéar soil temperatures at
a depth of 20 cm below the surface were at O C or sl!ghtly aboye Freez—
ing. Pos;tnve net assimilation was sti)l measured on November 23 when
air and needle temperatures reached a maximum of +6.5°C. Fixation rates
were, however, extremeTy low, suggesting the onset of dormancy.
Additional information on dormancy and frost hardiness was obtained

during one of the‘transpjnation'experlments (discussed in Appén&ix‘E{
‘when a8 growth chamber went ou#ﬂéf contol. vA trée with fts soil ffozen
and maintained at -5°C with a cold plate, after it had been used in the

transpiration experifdnts, and anothén that was st?lilto be used were
placed in a growth chamber for investigation the n;xt day. ISuring the.
night, temperatures in the chamber inadvertently dropped to -20°& For'a-'
few hours. The following day efforts were made to sustain the two trees
by pldClng them under optlmal condltrons and allowing the soil in the\
oneupot Fo thaw. After a few weeks, however, the tree that was stifl

to be used in@%he_transpiration experiment showed no sign of survivéﬁ
while the other, thch had the ffozen soil, had initiated new growth and

. 1 . ;
" subsequently overcame the setback. Thisvindicateé that soil temperature

probably has a very important fynction in‘regplating both ?Eost hardi-
ness and dormancy. .
Data obtained in the f:eld »ndlcate that temperatures also
lnf!uence lnght saturation levels d?<%ge need]es (Flg 20) At needle
emperarures between L5 and 6.0°C, light saturation was reached at
0.1 ca]/cm'/min; Needle temperatures from 7.5 to IQ°CVgavé light
saturation values of'O;IS ca?/cmz/mmn, and 0,20 cal/cmz/min was needed

-

. . : <
to saturate’ needles at a temperaty-e of 13 to 14,5°C. . Growth ‘chamber
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studies conducted at a needle temperature of 1546 aleo jhdicate_iight
satdration at an intensity ofy0.20 cal)cmz/mih which’eorresoonded to
about 450 p Einsteins/m?/sec (Fig. 2h). Emen‘on overcast rainy days
this light lntensuty was reached suggesting that light is rarel; a
Jimiting factor for net assimilation. Sma]l (1972) found that light,
satyration had been reached at 185 W/m? (0.265 ca]/tmzlmin) at a -
temperature of 25°C. ‘Comparing these results with those reported for
comparable spegies (Larcher 1969).it is evident that @ good agreement
exists (Table-7). The llght compensation value obtained was on the hngh
ade whule the 1ight. saturaﬁlon level is below the average. The‘data

publrshed by Larcher‘(l969%1nahe sun and shade leaves into cons:deratlon ~
but due to the very openYnature of the canopy' in a black Spruce swamp'
no distinction between sun and shade feaves was made in this studyaas
all the need]es.were exposed to full sunllght at var|ous times of the

day. Both the max|mum F'xatlon rate and the optlmum temperaturesfor‘

g
fixatnon agree well’ wuth Ypecies growing under comparable COndItIOﬂS. -
Growth.chamber studies |nd|cate that, at a needle temperature of 15 CVFV
light compensation'occurs at about anh cal/cm /min or 12 W E/m /sec
’(F}g ZQ). I't can be assumed that this value will not be higher at .;
lower needle'temperatures This would ensure that, even though max i muy
fnxatuon might not occur on the dullest days, positive fixation would
still occur. Similarily a posutlve f|xat|on was often mfasured in tha
field before sunrise in the mornung»and after sunsetu7n the evening.
. The very low light saturafion and low light compehsatioh levels -
?are of great |moortance.to a species inhabiting high latitudee wheri;g
long twullght hours exist durung sprlng, summer and fall. At 1atit§;§e

)

north of 60°N this could lead to'a positive frxat|0n throughout the- )
' o . b
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!

2h-hour day of continuuuk/aqylight in mid sdmmer.
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A great enhancement

in the amount of €0, (ixed during the summer months would result with

nore storage of reserves and the possibility of the species

to inhabit otherwise unfavourable c]imate& where

chiort tor reptacing the energy Tost during the 1o

the weysons indicates that black spruce is hydrol

-8.5 to -35

measurements ctaken at noon vary from

being abTe

the summers are too

v
ng winters.,

The measurement of water pu&ynriul and its component potentials over
A ' , ‘ A

abile. Water potential

atm while '"combined -

osmot ic and matric' potentials [luctuate from -14 to =38 atm (Figs. 25

and 20Y. Swall (1972b) obtained an average water <. .. 1] of about

=19 afm, ranging trom =17 to =21 atm, for six.mea ‘1 eme

'

June, July and August. These values are surpris
that is starding:with its roots: in
““than hal' e . oar.

ost of the ye

[z

with temperature overd
h red

ce relation

value of =8.5 atm was obtained in tate June 1973

W&f taken during

if. ,‘T'»’

contact with available water for more

Both water and osmotic potentials exhibit a gnod

,

ar. A maximum roon

Ve,
when the new needles

Chad reacked fol) develogmenty | Minimum values at noon of less than -30
: S BN .
atmowere found in early Novémber 1973, due to a sudden increase in air
- . o ) ) . . X,.
r late March, 1974, owirg to maximum .

and ngedle temperatures, and i
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freezing while the soil remained frozen;

-
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o
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s

final minimum value with-resulting needle cast- before the soil thawed.

-Denyer and Riley (196%) have'neﬁdrted need]e cast in black spruce due
’ SN o :

y ,:' "~ :to drought conditions in summer. THe?,indicate that the older ncedles
' <y;.;are noke affected than the younger needles - In early June the snil
e - /

tq%med and made water avan)ab1e for qptake by the roots. It was only

5

. S 4 ’
Kjt-Whég'this occurred that Py grb%xh‘was |n|t;ated Be]yea%et al, (1951)

uf‘;) found rao;al growhH’to be LnltTated .in black spruce towards the end of
it i -

[

/
o SN

i
v May in northern Ongarﬂat(463 L Thls corresponds well wuth the tlme of
. ‘If I3 A) : --,

- - .bud break bserved lﬂ rhe Edmonton region.

et s ) ‘ .

. ’ ” U - . . »
Daily fJuctuatxons in water and comblned osmotlc and matric'

. L

rotentlals Showeg a dlStInCt pattern in summer ) Duringethe early
’ v ' i . N -

5

w %’morning-hours before sunrise the stomata open and water potentials tend

to decrease graduafly to a minimuﬁ value at-noon (Ria. 28). The guard

cells then close ‘and water potentiajs rise. The- stomata may open again

in the late afternoon, but &nis vsnally has little effect on the wate-
. oa [ : . :

potentials. After sunset, the ptnwata‘c1ose again and water potentials

b rise to a maximum value at night. ‘Noon values of water potentials are

N

. / . ‘
usua[]y S.Lo IO atm lower than/ night-tIme values. The ''combined

. / .
osmotic and matrlc“ potentlals exhibit a s:mllar quctuatlon durlng the-

‘ | & v .
~day but with a smaller ampllgude + B ‘
'\/r

v The h|ghest turgor potentla] (8 atm) was measured in young growing

needles. Once. the needles weredﬁully extended turgor diminished .

o .
~

considerably, hTurgor pressures generally Varleﬁifrom 2 tb 5 atm with
occasional values ocutside this range due to sudden changes in the

. environmental conditions. Young growing needles alao had high matric

potentials ; 3 atm) compared to the wverage value which was between —6

- .
L2 . M

ap :
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Soil water potentials measured at both 5 arn 20 cm below the

surface throughout the summer never fel! P'wv =z atm. This indicated

that wéter iv always abundantly availa - le ¢ |ptake by the roots while:

the soil i+ 1ot frozen. The present stu. iicates a high root
resistance to water uptake, because soil water potentials are high

‘throughout the vear while needle water potenqiéls remain low even under

the most favourable conditions. BN )

Ahlgren and Hansen (1957} studied the effect of temporary flodding Ve

P
N

on black spruce and found that nearly 100 percent survived for all

periods of flooding up to 48 days. The shallow, plate-like root system

the species e. its througho;? its range may be an advantage. Oxygen,
' . : oo

¥

-

q v
'sions in the soil would be higher close to the water curface than
o . :
deeper down. Furthermore, a plate-like root system would be advantag--
eous “in the arctic region where a shallow active 'layer prevails over the’

M

'pégmafrost. A shallow root system could, however, be disadvantageous

. : . E;R&
in dry, sandy s : where the species would suffer from #Weiccation long
! V . - : . » - s ,A" "
before a deep-rooted species. This could possibly be the reason, for v * 3
. ‘ i : TETEh . ,
M N 4- . . ! . | . (‘L\ .
black spruce showing a distinct preference for wetter <ites tH?BﬁJ;out
ite wanae, Greater com%rfition for available nutrients a1d water could
also take place hetween a shallow-rocted species and the shrubs and
RS : ) . . v; . - . l»
Jherbs growing arcund it, which due to their smaller size generally have
'numwfﬁcial rogts. T : ’ : ' S B

A B
Evidence was obiaiced indicesidg iHere is a relationship between

'

| ) i ‘
the maximum photo-ynthetic and rospiratory rates and water potential.

During both field isvesiiaations in May 1973 net assimilation rates<o’
. i S
only 60 percent of faximun weré o btained under favourable conditions.
: 3 - - :
iLed te hhe veedie age class because needles of the

e

N N
This canrgt he ascr

4 B - . : . -,
. : gt
’ / N . o7 . " V'.:ﬂ‘
e, d - . R - b.‘
T . e &
~ . / . SV e . ~ » ";3
: <



‘dormant tree with a water- potentiag of less than -90 atm was only 55

‘cases the trees were in a growth chamber and subsqguent]y died.

58

same age in a growth chamber study, but with high water potentials, gave
P

max imum fnxaLion_rates. Comparing the maximum net assimilation'rates as

obtained in rthe field (Tab]e 1) with the anoual cycle of water potential

(Fig. 25) it is- evndent that net assimilation was suppressed by water

potentials below -20 atm. However high fixation rates were measured at

)

“water potentlals above -20 atm rndlcatlng the ablllty %0 fix carbqp at

~

a relative low water potential, Sumllarly the resparat:on rate of a

percent of that of-.a dormant tfee with a water potential of -40 atm at

o<

the same temperature (Fig. 22). The lowest water potential at whichf@w

e,

signs of’photosyntheeis were still evident was -54 atm whidle respffation »

was measured at a water potential of less than -90 atm. In both these

-

w

Studies'conducted on dormant trees indicate that ohotosydthes 5 was
not initiated by short periods of temperatures above freezing as was
reporLed by Clark and anga (1970) Lt was only after a period of four

days with maximum temperatures up to +4°C that phOtOSYﬂtheSIS was
o P

initiated (Fig. 21); Apparently during Chinook periods of short
duration photosynthesis does not take place but fespiration does.

Chinooks can, however, cause severe damage due to an increased trans-

a
'

pifation rate with the higher temperature and thus consumption of the

reserve water supply. Christersson (1972) found a maximum transpiration

rate -in spruce seedlings (Picea excelsa) only after ¥to 5~Qays of

. conditions favourable for the termination of dormancy. Under sihiltar™
A ’ .

Y
nditions Pinus sylvestris neeced 10 to 14 days to reach a maximum

<

N LY

transpiration rate,

. . : i |
Throughout the winter while the trees were dormant, needle

,
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infiltration pressures greater than %O psi were a]waysrmeaSured. This
indicates that the stomata were constantly closed. Thé Iowe§t needle
intiltration pressure measured was 17 psi and ¢his was Lakén to .
represent tully ohen stomata. This figure agrees well4with the very high‘/
diffgsion‘resfgtancc value obtained by Miller and Gates (1967).

The results of the hormone experiment§ are inéons?stant; for example

transpiration results obtained-for the BA 1 x ]piuuw‘eampent contradict

one another on the two years, the one enhancing transpiration and the

othet inhibiting (Figs. 34 and 36). ABA at all cohcentrations tested,

o - . 4

“... + however, reduced water loss (Figs. 35 and.36). |In the transpiration
. experiments with ABA and variousyconcentrét%ons of BA, and BA conflicting
e _— ' , - ,

VRS results were obtained. -ABA and BA 1 x 10 ® enhanced transpiration while

both ABA and BA 5 x 10°° and 5 x 10 ¢ gave values similar to the control.
ABA and BA 1 x 10 ° supphissed traégpiratioﬁ. Both BA éndxABA enhanced
net ;;similation which s surprising since ABA is known to Cause»
stomatal closure (Figs. b ani&hé). Ltudlow and, Jarvis (157]) fou%d that

the mesophy!l resistance to C0; transfer in Sitka spruce was much hIghef

. \ M N
than the stomata! resistance (minimum values of 6.0 and 1.8 sec/cm,

respectively). < The eﬁhancingfeffect of bath ABA and BA on net

- 5y
]

- - £ . < . ._

assimiiacion could be dus to a «eerease 1n the mesophyll resistance
S C .

- A : . ! ". - A ' - . . . . v

? caused by rhesa, bordones * This would lead to a morée- efficient transfer

- . R o - . .

LD it the 5h?nnc$?%?t‘ ArdTYmas) @ ~ca fixation. TRis contradic-

re

. W

TR
tory evidence necd i 1 ‘¢ﬁ/iﬂ)e&t:gatlon.

, fre e
Recently a Laen coanleto¥d on the eco-physiology of
oS 1";"
black sopruce near oo uprthess, fomit u#WQﬁgyributIon at Schefferville,
I3 N - . .
La . ~ .
N .
. ‘.'.". - . Al . N . 8 . . " - .
Quebueo Taoe.dfistch “ooonplets fara are at present available {(Vowinckel ot
I ° . ~. .
: ‘ ‘ L O ,
1S76) 0 Daidy sinein 00 Huring the summer are reported to vary
i
o
< ”.
S
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¢

from 2.5 to 3.5 mg CO2/gm DWt at Schefferville whiké/;?;}lar values for
the Edmonton region were found to be between 30 and 50 mg CO,/gm DWt/day.

While the relevant data are not available, this is thought to be due to

~h

N

the needles being frost-KHardy throughout the summery résu};ing in the
lower fixation rates. The femperature for maximum fixat}éﬁh%t the
tree-line was reported at 15°C, the séme as that found in this study.
Light saturation, however, only occurred at 0.8 cal/cm®/min (I.O U E/em?/

sec, their given figure) while this waS/found to occur at 0.20 cal/cm?/.
min (450 1 E/m”/sec) at Edmonton.

It would be appfopriate to consider whét distributional barrtiers
wod]d prévent tﬁis species from extending its gange. I+-has been
shown that frost duringAthe summer greatly reduces net assiﬁ}latioﬁ.
The fﬁrthef north the Spéciesvgrows, the greater is thg‘poséibility of
it being exposed to frost in summer.u Spmmefs_are:a[séég%ngral1y ;hprter'
and cdlder farther hO(th. A zdne is reached Whére tH;Agmount of energy
that can belstored during thg summer, is not sufficient to sustainithe
species‘during the winter®, An addiéional:problem fdr black sp}yce js
the rise and fall in water’ﬁotential that occurs in Aprij and May.
Shoyld the soil hot thaw for a long time aftérAéir‘temberatures rise
above freeziqg, drought cénditibns may cause death due to its intehsffi—

cation. The plate—iiké root system is undoubtedly an ‘advantage in this

respect.

Vincent (1965).hag'st}e§§éd the fgpt that black spruce does not
tolerate competition for groﬁing SP?C&';gTrave]]fng towards the equator,
floras become richer and.fhe species moré diVerse in»adaptations fo
specific environments. This results in greater coﬁpetition, which -

causes black spruce to be confined to unfavéﬁfeble localities. In
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addition to this the higher temperatures in <ummer cause a decrease in

net assimilation while night time respiration rates are also high due

to the high v night“time temperatures. Again a zone i's reached where
fixation rutes during the summer become limitfng. While the latter

condition is of some. importance in. limiting black spruce from spreading

) . : ' .

further south, competition and the availability of suitable habitats-ar
. . s ’

thought to be more important restraints

In Alberta,; Chinooks increase in frequency and duration towards the

S south, This_%@uld cause the trees to break dormancy is late winter only

to be confronted with extendgd peribds of temperatures below freeziﬁg

once the ChunooL cbnds?.ons are over. This gQuld have a very adverse

. 1 SR ;é'git?zpw Cow ; z‘.
effect on the survivals of the prCIeS lﬂCé much energy whnch cannot be
replaced will be lost during respiration. o ‘ . -
: 1]

) - The following are.the major contributions-of this study to an

. & -
mnderstanding of black spruce. Both in the field and laboratory

investigations the maximum net assimilation rate was measured at a

needle temperature of 15°G, An increase or decrease in temperature of

.

10°C reduced tne fixation rate by abaut 50 peércent. Light compensation
. . p g

193

fvr net assimilation was found to be at 0.04 cal/cm?/min (1211 E/m?/sec)

% .
at s temporst o0 of 15°C while lrght saturation occurred at 0.20 cal/cm?/
R - ) ‘."I . . ::{3%
min Mh50 u Efm /sec).  The maxirun fixation rate recorded in summer was

SL0 mge CO- g DWL S, 'QQ-;ﬂ'fegungd 'n between 30 to 50 mg CO./gm DWWt/

\

day being fixes Lv the tvwes. During late summer, frest at night

\

drastically reducod ie net aso:vilathon rate of the following morring

even though temperzture and Tight intensity returned Yo an optimum,

A velationship was found ¢ evist between needle waper potential and

et ausimilstion. “Water ogler*i=ls bhelow -20 atm had an inhibite



. . . : ' i v .
RN : . . ' . 62
g . N /

S
-effect on fixation. /
The trees were found to be hydrolabile exhibiting a fluctuation in
needle water potential between -8 and -35 atm over the seasons. "Combined
. : 4

osmotic and matric' potentials varied\from -14 to -38-atm over the same

period.” Minimum needle water potentials were measured at noon and were

ey

generally 5,.

o 10 atm lower than values obtained at mid-night when the
- . .

"highest measurements were obtained. Turgor pressure in the cells

fluctuated from 2 to 5 atm.'/The’matric potential of young, gfb%fhg

’ _— /'
»

neeaieslwas~very high (-3 aé%) but decreased with aée to between -6 al
-12 aém. Soll water pbtenrials were always found to be higher than -2
atm.. ..

| Winter desiccation‘takes place and is followed by a spring drought
period when the trees are oyt of dormancy, actfvely photosynthesizing,
buf unable to take up water frém the frozen_soil. During dormancy the
stomata are _closed and do.not respond to changes in light or temperature
of -short duration. Photqsynthesis;wgs only induced after 3 to 5 days “éﬁ

of temperétureS'above fréézing by which time the stomata were again

[ g .
active. Needle infiltration measurerents taken with fully open stomata

indicate a high diffusion resisﬁbﬁce to water loss. .

g

The following question, which warrant further investigation, have

arisen, or remained unanswered by this study:
E i

1. New assimilation studies could only be conducted to a temperature
a few degrees above freezing. At this temperature fixation was still

positive. It would be important for an understanding of black sprice to

o . .
‘determine the lowest temperaturé at which a positive net assimilation

‘still occurs. : ey
. 2. Indications are that root'reéistqnce to water uptake is high.

¢



This, however, needs verification.

3. The occurrence of the plate-like root system fhrébghout‘the
A ' ’
! : 4 .- . o ‘-
ww range ot - the specie suggests that this phenomenon is genetically

controlled. No genctic.studies have at present-been undertaken to test

!
this hypothesis,

t. Dormancy tends to set.in at the time that the soil freezes in
the tall instead of being controlled by air temperatuve. This needs

further -investigation,

5. A study of the spring drought peridd would be redérding. The

‘occurrgnce of the'drought has been established but its overall influence
@n the ‘trees needs further study. !
. '

6. A correlation has been shown to exist between needle water
‘potential and net assimilation rate., |t is, however, not known if the

decrease ?dsfixation is due to desiccation of the cytoplasm or other
. . . N .

changes within the cells.
' N

7. Water and osmotic pthnfiaIs were found to change rapidly in the

cells. fs this accomp]ishedhgy hydrolysis of starch to éugars or by other

7 T
,wawpanaf
8. An increase in net.assimi L7ion was reported with the hormone
2xperiments, 13 was swegested inar rhis might be due to changes of the
nesonhvll resistance  but ne proef is available for this at present .,
\ ' ‘
4
-,
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TABLE 2. Average soil temperatures in °C durlnq the fleld investigation

periods and %upplemental noon readings dur:nq l97h

Date o 5 om depth 20 cn depth
b October 147 , RN .. H0.5°C
20 Get wr 1972 . -1° 0°
23 November 19,72 ’ -1 . _ 0°
7 May 973 3 A +2.5° ‘ 0°
4 ; N, . o
30 May 1973 : 7.5%" 0°
[
P June 1973 | o' ’ a
28 June 1973 . & 1¢° _ : +27
2 July 1973 , . ©10° ’ 3.5°
19 August 1973 . ) 5% : 7.5°
7 prremoer 1977 {? ' 10333 _ 7.5°
‘ ’ o o u . :
3 Octaber 1973 o . - 20 i - 4.5°
| L v o~
18 October 1973 3 ' e 2.5° 3°
A « . ' Lo . - : |
b February 197: _ o -6° : - -2.5°
i2 March. 1974 -3.5¢ -2
9 April 1974 : -1.3° S -1.30
. * . ‘ .
P9 ApriloIn7h -0.5" ~0.5°
4
- o Xl
5 - R ,:. 42 ‘nm. .
1’ »
“.. P

~ ¥
Sl
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TABLE 3. Radiation intensity and duration, and photosyntheticafly active

~‘radiation (PAR, 40Q-700 nm) in hormone experiment No. 1.

’ \ Radiation PAR
Time period Incdndescent  Fluorescent cal/cm?/min  pE/m?/sec
00.00 - 06.00 | 1/3 1/3 | " 0.08 j 160
06.00" - 10.00 3/3_ /3 0.l0 175
10.00 - 18.00 3/3 3/3 - 0.21 koo
18460 - 22.00 3/3 1/3 o0 | ‘175 -
22,00 - 2b.00 . 1/3 1/3 0.08 Ly

TABLE 4. Summarized results on the, effect of hormones upon‘tﬁahspiration.‘

EXperiment No. 1. Average of 3 replicates dver a 30 day "
period. 'Transpirétioﬂ in ml/gm QWt at -various hormone -
‘ * concentrations (M)..
Treaﬁment w, {.x'lb-s C"‘-I X IO—f 3.8 x 10 ° 3.8 x.10%7
T S 2168 17.01 |
; Kinetin . . , . ..19%73 19.70
BA - g "ﬁi' YL 8T | 29.19
NAA " . 22,39 16.2h
ABA . : S | . 15.42 ~ 13.05
SHo0 - . R D . | ‘ 2‘6,‘72 |
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TABLE 5. Radiation intensity and duration, and photosyhthetiqa:lyfactive

ratiation (PAR, 400-700 nm) in hormone experiment No. 2.

Radiation PAR
Time period Incandescent -Fluorescent cal/em?/min - pE/m’ /sec
00.00 --06.00 - : -- .- --
06.00 - 08.00 /3 - 0.03 10
08.00 - 10.00 1/3 N VE N 0.08 - 160
10.00 - 14,00 373 ®3/3 0.2 ., hoo ,
o LT B S
14.00 - 16.00 1/3 1/3 0.08 160
16.00 - 18.00 . = 1/3 S - 70.03 10
18.00 -. - -- -- --
| Z
e _ ‘ o -
TABLE 6. Summarized Fesuylts on the effect of,bnxmonesﬁuponﬁLranspikétiqﬁz
Experiment Nd{~2. Average of 3 replicates over a 15-day
period. Transpiration in ml/gm DWt at various hormone
’ concentrations (M) .
4
Treatment o ~ 1973 A | ‘972‘;"
Ha0 (Control) : . 13417 : ~17.15
ABA 3.8 x 107 : 1245 : 9.09
BA S x 107" | S T na
1 x 107" ‘ o 10.43 3 19. 14 .
5 x 1077 o SN RS '
WBA 2.8 x 1077 + BA 5 x 10 13.20
ﬂ! ° .
I x 1072 _ 10.88 -
# £ M s 13109 A oy
. : . : & NN
; o S I o
bx 10 ; 12.99 o . el
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Figure 10. The effect of equilibration tlme on thermocouple
® psychrometer output. . .
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Figure 14. PRadiation, needle temperatufe, and net .
" . assimilation (IM.A.) as measured in the field on
e 6 and 7 May, 19773 before bud-break. The 'soil¥is
- still frozen at 29 cm. : . ’
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Flgure 15. Radiation, needle remperature, and net
- assimilation (M.2.) as measured in the field on
29 and 30 May, 1973 indicatina mid~day lac.
The soil is still frozen at 20 cny neodlos one
Ycar old.
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Fioure 16. Radiation, needlsé temnerature, amd net
assimilation (N.A.) as measured in the field on
27 and 28 June, 1973 showina hi.,i fixation rate

with high water 'potentials. .urrenit year's necdles

}

1.0 Radiation intensity in .

5
J cal/cm® /min

0‘0 T ———

. Needle témperaturc in C
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Figure 17. Radiation, needle temperature, and net
- assimilation (N.A.) as measured in the field on
21 and 22 Julx, 1973 showing maximum fixation
rate. i

-
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Figure 18. Radiation, needle temperature, and net
assimilation (N.A.) as measured in the field on
.18 and 19 August, 1973 indicating the effect of
frost on fixation. . )
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Figure 19. Radiatjon, needle temperature, and net
assimitation (N.A.) as measyred in the field on
17 and 18 October, 1973 ingftatihg the ohsct
of dormancy.

-
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Figure 20. Net assimilation response to radiation as
e field at different tem

AN

J
mg ,£0,/ gm DWt / hr
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~« 'Figure 22. Respiration response to temperature af a dormant
tree with a water potential of -40 atm and less

-
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f:Figure 27.

N

Springtime:daily cyclé of water potential and
its components while soil is frozen: and needle .

95

. " infiltration pressures (N.I.). 6 and 7 May, 1973.
& Y = water potential; ¥ 4+, = "combined osmotic *
and matric potentials" - ‘ e
. Time - in hours :. : . , v
. 24 .6 12 18 . (
-10 1 1 11 1 1 L) | L1 445
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Figure 28. Daily cycle of water potential and its ‘ »
R components while soil is frozen; and needle .
infiltration pressures (N.I.). 29 and .30 May, 1973
¥ = water potential; ¥ = "combined osmotic °

T+7

and matric potentials"

\

Time in hours
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'Figure 29. Summertdai]y cycle of water potential and its
components; and needle infiltration pressures
(N.I.). 27 and 28 June, 1973.
Y = water notential; ¥ - = "combined osmotic

. ; T+
and matric potentials" @'

Time in hours
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"Figure 30. Daily cycle of water potential and its =~

components; and needle infiltration pressbres

(N.I.). 18 and 19 August, 1973. .
Y = . ‘ter potential; ¥ = "combined osmotic
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Figure 31. The influence of gibberelic acid (GA3) on
transpiration.
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Figure 32. The influence of kinetin on transpiration.
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Figure 33. The influen. of napthalene acetic acid on

transpiration.
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Figure 34. The influence of benzyladenine on transpir-ation.
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Flgure 35. The influence of abscisic acid on transpiration.
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Figure 36. The influgnce of abscisic acid and benzyladenine
' on transpiration. . '
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Figure 37. The influence of benzyladenine at various
concentrations on transpiration.
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Figure 38. The influerce of abscisic acid and various
concentrations of benzyladenine on transpiration.
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Figure 41. Daily total net assimilation as influenced by
abscisic aqzi (ABA) and benzyladenine (BA).
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Figure 42. Accumulative increase in CO. fixed for the
different hormone %reatment§. :
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Fiqure 44. The response of net assimilation to chances in
needle temperature and radiation as measured
during all the field investigation periods."

A, B, C,and E Single readings with low water
potentials. : .
D. fingle readina with hich water potential.
{ F. No respiration<data available and no
radiation .intensities measured below
0.9 cal/cm?/min. '

mg CO,/gm DWt/hr.
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The first 24-hour investigation was conducted on October 13 and 14,
1972. The minimum cuvette temperature for the period as -10°C.’
Tranqufllini (1963) has shown that net assimilation is.depressed on the
day féllowing frost of -4°C or more for Picea amceléa. This was cdearly
the case in this instance. It was not until noon on fhe T4th that net

assimilation went positive although conditions were favourable for some

-~

time prior to that (light intensities qp to 0.4 cal/cm’/min and
temperatures to +11°C) (Fig. 45). The m;ximum fixation rate obtained
on the thth was 0.31 mg\COz/gm DWt/hr at +6°C with 0.72 cal/cq?/min of
light (Table 1): Over the 23 hours from 18.00 on the 13th to 17.00 on
the lhthca net loss of 6.83 mg CO, was recorded. .
Between the 14th and 19th October, 1972'when the next investigafion
was initiated minimum températures'were not recorded below‘—6°C and on ,
the 19th a minimum cuvette tehperature of -2.5°C was attained. The
effect of the warmer days is very evident in tha£ higher net assimil-
ation rages were oBserved'than é week earlier (1.84 mg CO,/gm DWt/hr at

+5.5°C aﬁd O.lS_ca[/cmz/min).' Furthermore, no significant lag period

between sunrise and positive fixation was observed (Fig. 46). A net

gain of 5.80 mg C0; was recorded during the investigation period. 1t

took five hours on the 20th to replace the 3.57 mg CO2 lost by

respiration during the night.

';, By the fime the next 24-hour investigation was started on

[

November 22, 1972 (Fig. 47) there had been a period of ‘over two® weeks

:during which maximum temperatures did not reach 0°C while minimum

-

temperatures reached -16°C on.Novemberlé; 1972. Although a minimum

cuvette temperature of only -3.5°C was rgcorded during the night,

maximum net assimilation rates were very low (0.34 mg C0,/gm DWt/hr at

o

v .S ~
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6.5°C-and 0.11 cal/cm®/min). This is ascribed to the true onset of

‘Problems with power. and cuvette temperatufe arose during thls

dormancy. .

invegtigatiop making it fmpossiﬁ]e to establish if a net gain or loss
in COz occurLed during the 24 hours.

After August 19, 1973 temperatures‘agéin increased and- remained
above freezing unti{ Septemter 7 when thg next invéstigation Las
conducted. Possibly éue to the frost earlier, photosYnthetic rétes
did not exceed 5.43 mg C02/gm DWt/hr at 14°C and 0.20 cal/cm?/min
aI;hough the'minimum’temperaturé during the night was 9.5°C (Fig. 48).
The loss ofvcdz at nigHt (2.82 mg) was similar to the amount lost on
July 2%<_T§73 (3.07 mg)then a night-time minimum temperétgre of 9.0°C
occurred. Respiration thus seemed té be fully recovered from the short
frost period three wééks earlier, 'Throughoﬁtiphe42h—ﬁouf ﬁnvegtigation.
26,26 mg CO2 was fiked. The CO0, lost at night was replace@ only after
five hours of bositive fixatién, which is due to lowrlighg levels ungil
after néoﬁ on Sepfembef 7. |

Minimﬁm temperatures as low a5 -4°C were recorded between
September 14 and 18, j973. L}ght frost again occurred on.Septemberiié
and October'f and 2, 1973. A,minimum temperature of -0.5°C was
registered du;ing the night of October 2 and 3 when measurements were
" again made. This, however, had no adverse effect on the photosynthetic
rates and a maximum of 5.67 mg CO2/gm DWt(hr was found at 14°C and 0.23
Acél/cmz/hin (Fig. 49). Due to the low night time temperatﬁ}es little
respiration took blacé and the CO2 lost was replaced within %hree hours.

Again, light intensities’were very low for the first few hours after

sunrise and low initial photosynthettc rates resulpeﬂf Over the 24

r



hours a net gain of 28.70 mg CO, was rzcorded.

7

114



s 115

Figure 45, Rad@ation; needle temperature, and net i
assimilation (N.A.) as measured in the field on
13 and 14 October, 1972. :
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Figure 46. Radiation, needle temperature, and net
: assimilation (N.A.) as. measured in the fleld on
19 and 20 Octobe , 1972,
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Figure 47. Rad%a§9on! needle temperature, and net
. assimiYation (N.A.) as measured in the 'f eld on
22 and 23 Nevember, 1972.  ° '
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Figure 48.,Radiation, needle ﬁemperature, and net

assimilation (N.A.) as measured in the field on
6 and 7 ‘September, 1973. '
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49-_Rad%a§ion, needle temperature, and net
assimilation (N.A.) as measured in the field on
2 and 3 October, 1973. .
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TABLE 8. Radiation intensity and duration and photosynthetically adtiye'“'

Time
00.00
06.00
08.00
10.00
14,00

16.00

18.00

TABLE

Time

00.00

06.00
08.00

10.00

14,00

16.00

18.00

24

06
08
10
14
16
18

radiation (PAR, 400-700 nm) in growth chamber from' February

18 to 21, 1973, - - T
) . Radiation . - PAR
Incandescent ﬁFluqrescéntg' cal/cm?/min, uE/m?/sec‘;
06.00 - -
os.od S 1/3 - 003 10
vo:oo 173 /3 «o.qﬁ T A
14.00 - 3/3 © /3 4 0.1k 190 '
16.00 - 173 N o | 0,08 . ' 160
1800 . a3 o -- | 0.03. . 10
24..00 - o .
N

Radiation.intensity and duration, and photosynthetically.
s . . . ¥

active radiation (PAR, L400-700 nm) in growfh cﬁamper from.

February 22 to March b, 1973,

o N Radiation. . PAR .
Incandescent - Fluorescent cal/cm?/min “WE/m?/sec S
.OO . —_— ) -.__. .. . ‘.'_ . . -
. ? . ’ . .
.00 : 1/3. -- -~ 0.03 . 10
.00 /3 /3 0208 160
-00 - 3/3 3/3 . 0221 420
.00 1/3 3 0.08 160
NV R == .« 003 . - o
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Radiation, needle temmerature, and net
assimilation (M:A.) with emerqence from dormancv
on 22 February, 1973. ° - '
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Figure j52. Radlatlon, needle temperature, and net
assxmllatlon (N.A.) with emergence from dorm ’
on 24 February, 1973. i
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Figure 53, Radiation, needle temperature, and net
assimilation (N.A.) with emergence from dormancy

on 25 February, 1973.
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Figure 54. Radiation, needle temperature, and net

assimilation

on 26 February, 1973.
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‘Figure 55. Radiation, needle temperature, and net
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Figure 56. Radi .ion, needle temperature, and net .
assimilation (N.A.) with emergence from dormancy
on 28 February, 1973. -

~
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Figure 57. Radiation, needle temperature, and net

assimilation (N.A.) with emergence from dormancy
on 1 March, 1973.
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Figure 58. Radiation, needle temperature, and net

assimilation (N.A.) with emergence from dormancy -
on 2 March, 1973.
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Figure 59. Radiation, needle temperature, and net
assimilation (N.A.) with emergence from dormancy
on 3 March, 1973, .
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Supplémehtary'Fie]d Water Relations Data
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.Intermittent rain on July 21 and 22, 1973, along with prob]ems with

the pressure chamber caused tke data for this 24~ hour perlod to be
ancomplete. Water potentials changed dramatically over the day as did
the: ''combined osmotic and matric'' potentials (Fig. 60). As a.result
these data are consfdered doubtful. To aome extent this may have been
because the needles were notdcomp}etely drY when placed &n the sample _
chamber.

Air temperaturesAwere well above free2|ng on September 6 and 7
1973 when the next 24- hour |nvest|gat|on was conducted. Needle
infiltration pressure indicated that the stomata fluctuated between
Fully open and slightly closed (Fiq. 61). Due to rain during the
mornlng of 'September- 7 the relatrve humldlty of the air was high and
little water ‘was’ lost through transp:ratlon Water potentials thus
increased gradua]!y during the day to a maximum yatue (-14.73 atm) ‘at
15.00 on September 7 from a minimum of -22.8 atm at 13.00 on Septenber
6. | ‘ |

‘Mild frost occurred during the night of October 2 and 3, 1973
(a minimum temperature of -0.5°C wasnreached). Again rieedle infiltr-
ation.pres$ures Tndicated that the stomata were between fully open and -.
partially closed (Fig. 62). Water potentials gradually increased
v during.the‘first half of the night and then showed a sharp decrease.
Durxng the period of Jight frost the water potentlal decre;eed sharply
‘and did not recover afterward. The stomata showed a tendency to close
' after the frost and had not reversed this trend by 17.00 on 0ctober 3.
Needle infiltration pressures nndvcated that the stomata were

closing. durlng the late afterncon of October 17, I973‘(Fig. 62) and

were shut by 01.00 on October 18. Thereafter, they opened gradually
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and were fully open by noon only to start closing agéfn during the

afternoon.

The final 24-hour investigation for which data are available was on
. April 18 and 19, 1974 (Fig. 64). The stomata varied between half closed

in the early evening of April 18 to fully open at noon on April 19.

Water pdtentialé over the 24 hours changed Lfttle while "combined
osmotic. and. matric'' potentials decreased considerably dufing the night

and then increased again next day to end at .about the same-value 24

hours later.
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" Figure 60. Summer dally cycle of water. potentlal and its
components. 21 and 22 July, 1973

¥ = water potential; ¥ ,. = "combined osmotic
and martic potentials!
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"Figure 61. Autumn daily"’ cycle of water potential and its
: components. 6 and 7 September, 1973.
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Fall daily cycle of water potential and its
components; and needle infiltration pressures
(N.I.). 2 and 3 October, 1973. .
¥ = water potential; Y ,, = "combined osmotic
and matric potentials? '
.
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Figure 63. Fall daily cyéie of needle infiltration
‘ pressures (N.I.) on 17 and 18 October, ¥973.
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Figure 64. Spring daily cycle of water potential and its

components; and needle infiltration pressures
(N.I.). 18 and 19 April, 1974.
) Y = water potential;

T+T
and matric potentials!
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Daily Net Assimilation Data for the Different Hormone Treatments
3 .
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Figure 66. et assimilation (N.A.) data for hormone
' treatments from day 4 to 6 at a constant
temperature of 10 + 1°c.
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Flgure 67. Net assimilation (N A.) data for hermone’
treatments from day 7 to 9 at a constant 4
temperature of. 10 { 1° C
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‘Figure 68. Net assimilation (N.A.).data for hormone

' - treatments from day 10 to 12 at a constant
temperature of 10 # 1°C. ‘ ‘ -
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Transpiration Measurement - Methods -

A few trénspir§tion measurements were made on small trees with a
specially construﬁted trasspirétion balance.. A general diagram of the
systijkAS given in Fig. 70.  The balance used was an Ohaus model fll9
heavy duty type with a sensitivity of 1 gm and a maximum capacity of
20 'kg. - The p]ant.w?th the soil in the pot covered by aluminum fojl was
placed on the pan., Two electrodes made of thick copper wire were
connected to tBe arﬁ of the balance. One electrode was longer than the
other and was imnersed.in a mercury bath. The other Qas adjusted so that
when the sysfem was fn halance it would be just above the surface of.the
mercury. The electrodes were connected to the gates of two S.C.R.'s
thét were capable of switching 110 V AC. As the tree transpired. it
wqﬁﬁd Iésé‘weight and the arm of the balance mer down. -The two
elecfrodes made contact with the mercury. This caused the S.C.R. to
turn én and a solenoid valve to open. When this happened water was
) s]dwly addea to the pot by gravfty'feed until the‘ba]ancé‘?as re;urped
fo the original positiqn &ith one electrode just above tHe‘mercury. Tbejh;_
solenoid valve was manufactured by Valcor Engineering (model 51C R9N3h—6)
and the tubing used was Intramedic polyethylene tubiﬁg {Clay Adams type
160 with an !;p, of 0.02 cm). Conﬁectfons were made\using éize 18‘91
syringe needles. . _ | Tt

‘ Tﬁe S.C.R.'s nét only acfivated thé so]enoid valve but were also
connected to a Hurst model SM 1 Epm*mofor. This motor was connected
to the shaft of a 1K ten turn potentiometer with a flexible joint.

A Heath model EUA 20-27 Zener Reference supply was used to provide

a constant voltage. This was connected to a 1| meg ohm resistor and the
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1K ten-turn poténtiometer in series as shown in Fig. 70. When the
potentiometer wa§ turned fully from one end to the other, an output of
0.t0“9.6 mV was obtained, This outbut was connected fo ao to'iO mV
recorder mak i ng ié possible for continuous recording of the
transpiratibn'rate. )

The system was calibrated byaflowjng‘known volumeg of water
fhrough it and observing the output difference for the different
volumes. ‘Calibratioﬁs gave 1.2 and 1.8 ml per recorder division
pépgnding~on the recordéf»in use and tﬁe set-up of the system. Since
average transpiration ;gfes weré 5 mi/hr énd the chart paper could be
;ead off in 1/4 divfsions, i.e., 0.3 aqd‘O.QS'ml, respectively, it was

considered accurate enough for this study. Throughout the transpir-

ation experiments air, needle and soil temperatures were also recorded

.as described previously.
Transpiratibn'Mea5urements - Results

Gindel (1973) reported that (fanépiration is too small to be

-
i

measured during the physiological '‘resting phase'' of trees even though
wind and evaporation might be at a maximum. Coniforous «-2es in mesic

climates transpire only 1/55 to 1/250 as much in winter as in summer,

whereas I'lcea excelsa, Picea obovata, Pinys sylvestri: and Pinus cembra

have a rate equal to 1/300 of that of summer even though soil water is

abundant (Gindel, p. 82). Christersson (1972) working with /’inus
silvestris and Picea excelsa found . the transpifatfon rate of frost-
hardened seedlings to be half that of dehardened seedlings.. The -

hardened plants exhibited a very slight reaction to light, indicating

that the stomata did not reSthd greatlyito light at that stage.

Y
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Transpiration ba}ance experiments in the growth chamber on dormant black
spruce trees shpwed a loss of 1es§ than 0.3 ml/2§ hr. No real change
could be measured with the'Galahce. Most of thfs work was cOnddcted‘on
small trees cof]ected at _ lnuvik, N.W.T. These trees were needed later
for other experiments therefore the transpiration rates were not express-
-ed on a gram dry Qeight45asi;. The data presented are not completely
bcomparéble since they were not obtained on the same'tree.

ngefa] experiﬁents were conducted to invest%gate the influence of
bemperathevon-the transpiration rate.sf dérmant trees. At 5°C needle

temperature the transpiration rate varied between 0.0 and 0.45 ml/hr

1
»

(Figf 71). Needle infiltration pressures méasured at IQLOO.on November
- 30 inﬂicated that the stbmata were cfoSed. The transpiration.rate of’
the "same tree at a needle témperatu}e o% 15°C also varied between 0.0
and 0.45 mi/hr (Fig. 71). - Again‘needle infiltration'pressures iédicated
that the stomata were'élésed. Thé stomata were, however, fouqd to'be
"partially open at a-neédle temperature of 28°C when a-reading$pf 28 psi

" was Bbtained. Transpiration rates were, howéver, unalﬁereq (Fég. 71).
On the th}ee occasions above; low transpiration rates were recorded .«
during the‘gark peréod and generé}ly higher rateg during the Ifg t
period. The overall conclusion that cap,be drawn from th}s‘is thét while ’

the trees are dormant the stomata are closed and any transpiration which

takes'plaée is cuticular. )
The tree used in thé_abvve.experimehts>was brougbt out of dé?ﬁancy

and its Eﬁanspiration rate monifored during the bud swelling stage.

Figﬁrel72 gives the dafa obtained at that sfagé and. shows slightly higher

transpiration rates during full 1ight than during the twilight period. .

A needle infiltration pressure of 23 psi indicated that the stomata were
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open and giving rise to much higher transpiration rates (1.8 to 6.3 mi/

hr), The temperature of the growth chamber was maintained- at a constant

10 +.1° C during this |nvestlgat|on

A tree of 5|milar dimensions was brought out of dormancy and its
trdnspnrat;on rate measured for an eight-hour perlod at 15°C and for

12 ‘hours at 5 C. A two-hour change over occurred between the temper-

atures,. The transpiration rates, depicted in Fig. 73, exhibite7’a

distinct diurnal pattern. Little transplratlon took place dur{ng the
perlod of low temperature and low Ilght |nten5|ty, ‘but reasonable raéas

were recorded during the warm perlod with high light’ intensity. - The.

t

max i mum rate, however, may have occurred'beceuse a different -tree wﬂth

i

v a different biomass was used in this experiment. On March 7, a distinct

mid-day lag period, as has also been found in the field studies of het

assimilatjon, was present. . o ' !

A final experiment was conducted in which the influence of cold

s0i 1 was investigated. One of the trees used in the preceding

experiments was placed in a styrofoam container with an open bottom.
It was then placed on a ccld-plateeand the soil temperature was
gradually decreased to below freezing while above ground parts remained

on the 5 - 15°C cycle. The result was an immediate cessation of

-transpiration. After a few days +Q‘th|5 condltlon the tree gave the

appearance of having gone into dorméncy Upon heating of the soil to

ambient air temperature the tree resumed growth after bud break.

¥

-ty
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APPENDIX F

1sco Spectroradiometer data taken in the field during the

investigation periods. All results given as p W/ cm?/nm.

Légend Fér.SEV;éﬁﬁ,

clear ~-mdzp':

itureadings taken in the shade. \

. K

H. cloud Q'fﬁfn;hi f;ait?tudésilouds present,

E

clbudy - clouds in sky, ;ould-lead'to the results being taken in
full sunlight and shade during the period of measurement.

overcast - no blue sky visible. | ) v

Photosynthetically active radiation (PAR) measured in p E/m?/sec.
Total radiation measurgd in cal/cm?/min.

Radiant (luminous) flux measured in Lux.



6 & 7 May, 1973

Wavelength

" 380
400
425

#so
475
500
525
550 !
575
600
625
650
675
700
725
650
800
850
900

950
1000

1050

1100

1150

1200
1250
1300

1350

1400

1450

1500

1&50

PAR ,
cal/em?/min

Lux

 Time  20.0b
clear
0.32
1.63
" 3.32
4.62
h.74
§.45
3.85
3.58
. 3.09
' 2.84
2.74
2964
2.67
2.43
2.37
2.51
2.27

1.96

1.53
0.76
0.93
10.77
0.50
0.20
0.26
0.22/}
0.16
0.06
0.02
0.01
- 0.03.
© 0.03
< .
46.0

2260

08.

00 -

«“ clear

- 0.00
1.
.32
4.33
4,14
3.85
3.95
4.0
4.09
4.05
4.09.
3.97
3.90
3.72
4.08
4.60 -
3.
2
2
1
1
i
o]
0
0
0
0
0
0
0
[0}
0

68

36

.81
17
.05
.25
.07
.72
.29
.30
.25
19
.18
.01
.00
.01
.02

12.00

.cloudy
3.93
14,62
29.03
61.20
65.80
68.62

49.35

61.09
63.24
58.32
© 60.59
56.32
42.88
40.32
40.80
38.94
3416
29.82
23.78

14,70 .

17.94
14.03
10.43
4.63
5.12
4.60
3.30
1.24
0.35
0.36
0.80
1.08

1200

. 50000

16.00
cloudy

2.79

" 10.88
24.07

©31.55
3572
35.77 -

32.43
32.04
31.62
29.97
29.93
28.16
28.80
50.49
64.80
67.85
70.76
63.90
49 .20
27.72
27.30
14.95

7.L8

b.22

- 3.63
3.22
2.43
1.50
0.38
0.27

0.73
0.90

1500

70660

149



29 §-30 #ay, 1973

Time 20.00 08.00 12.00
Wavelength H. cloud H. cloud - Overcast
380 . . 0.4) 0.75 3.93
oo © 1.42 2.75 16.03
425 2.87 5.27 20.24
450 4.o8 7.48 28.56
75 3.95 7.33 30.08
500 372 7.5, 30.66
525 3.31 : 6.48 28.76
550 3,13 6.41. 29.06 ——
575 2.88 2837
600 2.63— 5.83 126.32
625 _— .52 5.69 25.55
650 2.3 5.25 123,68
675 2.40 5.18 23.04
* 700 221 5.73 2089
725 2.22 L.71 20.10 -
750 2.42 5.43 22,13
800 2.56 10.07 21.35
850 2.20 8.52 19.17
900 1.80 7.01 14.51
950 1.01 3.28 7.69
1000 1.13 4.2 9.91
1050 0.92 3.57 8.54 .
1100 0.64 2,31 5.94
1150 0.29 0.87 2.64
1200 0.33 1.16 3.43
1250 0.28 1.04 3.1
1300- 0.20 0.80 2.33
1350 0.07 0.23 0.86
1400 - 0.03 0.07 0.27
so _0.02 0.05 " 0.20
1500 . “o.03 0.08 ©0.32
1550 h?ﬁ%@%} £0.15 0.39
. PAR 50.0 200 470
. cal/cm?*/min 0.04 0.14 0.34
Lux 2630 10040 30500

53

. 88

66,

26

16.00 2
clear c
9.25 -
25.67

.48

.60

24

81
90.
93.44

90.24
9373
93.00"
89.10

.33

83.20
83.20

74.34

oo

67.85
71.98 -
63.19

50.02
25.20

31.2

.84
17.16°
7.55°

Ry

.05 A
.93
.87
0.74
0.5
1.3)
1.76

- U1 W

1540
1.05
80000

0.00

lear

0.32

1.66

3.21

4.08
3.93
3.43
2.82
2.47
2.12
.82
1.64
1.44
1.34

.19 .

1.23
1.44
1.34
114
0.89
0.45

0.57 .

0.48
0.31
0.16
0.16
0.13
0.10

0.05:

0.04
0.02
0.03

0.03

43.0
0.21
1900
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27 & 28 June, 1973

- Time 17.00
VWavelength clear §
380 . 0.73
koo - 3.06
K5 . 5.50

k50 7.0
W75 6
500 . '5.87
525 515
550 5 4.99
.5715 4,37
600 ' 3,66
625. 3“21‘
650 o ‘72
6715 gt
© 700 2.6
725 . 3.54
750 5.10
800 Y 5,55
850 4.83.
300 ?;' J.;i.soj
950 .. *®1.97 =
jooo 2.3
1050 .95
1100 1.30
1150 0.47
- 1200 - .0.50
1250 0.44
#300 0.32
. 1350 " 0.08
100 0.02
1450 0.01
1500 . 0.02
1550 0.03
PAR 2

cal/em?/min 0.06
© Lux . 3550 .

'21.00
H. cloud

(3]

0.30
1.05
2.4

-3.26

3.50
342
3.05
2.89
2.60
241
2.37
2.32
2.38
2.21

2.9

- 2.45

.2.35.

2.0k
1.69

0.80 -
1.02

0.89
0.57

0.22 -

'9.29
0.25
0.18
0.07
0.02
0.01

~0.04

0.04

23.0
,0.02
1400

05.00

Overcast

.00
.07
7
.26
.27
.25
.20
16
a3
12
Jd2
15
A7
A7
a7
19
18

.12
.05
.07
.07

.01
.02
.02
.02
.01
.00
.00
.00
.01

§.95
0.003
219

15

09.00
ciear S

0.52
2,64
4.s5
6.09
5.45
4.82
4,23
3.99
3.44

-2.89

- 2.61

2.21
2.04
2.03
2.94 ¢
4.51

: b.5h

e

';,92,_
3.26

134

1.83

1.57.

0.99
0.29
0.36
0.36
0.27
0.07
0.02
D:fl
o 0.2
0.04

66.0
0.07
3600

12,45

éloudy

17.00

'_cloudy

10,00 .

25.50
80.22
130.56 -
142.88

<

146,00

135.36
134.10
134.85
127.17

105.85 .

108.80
105.60
100.80

99.60

106.20
91.50

79.52
. 53.30
25.20

27.30
28.67

0 19.36

7.03
10.89

10.12
z.Bo ’
2.52 -
0.86 -

t,
0.60

1.62
2.30

2,00
5.51

151

"10.89

15.78

©16.92"

16.79
15.79

16.039

16.74
15.71
15f26
14.08
13.76

12,47
,fgi.zu

14,75
12,69
710.65
9.27
4.03

st
4 45

~2.82
- 1.04
1.35
1.27
0.99
0.34
0.11

0.08 .

0.25

0.39

310

0.22

15600
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21 & 22 July, 1973 > _
' Time 20.00 - 08.00 12.00-
Wavelength Overcast‘ Overcast Overcast
380 | o . 0.3 :
400 , 1.12
425 - 2.33
450 - ) oo 3.37
475 - . 3.48
500 S . 3.36
525 o . 3.10
550 ' 3.03
575 - i » 2.84
600 : 2.59
o 625 : 2.56 -
650 ' 2.40
T ' .675 ' . : ’ 2.k2
700 ' 2.14
725 ; S 200 5
750 2.5h
< gBoo . . 2.5
| 850 e 2.13
900 N - t.72
950 , 9 - o7
1000 o R}
1050 o 'p,goo -

.25 3
95 3
10 '
.13 \
.27 N
.30
.07
.0l
.84
.51
.59
.34
37
.95
.74
.‘42: ad
.20- ”‘u
.81 v

/

¢ %

w o =

43 ) E o . T
.30 . s, iRl
.75 T
.77 o

© 0 0 d.O O O O O O O O O ~ = NN = =N NRNNRNIWIWIWWWRO O

1100 _ . 0.62 .k SR ”
nse o S W b .06 R
12007 . . 0.28 a0 T A
_ _ 1250 A 0.28 - g2 |
- w0 ' 0.20 .08 N
: W 1380 : 0.05 dff .
. o Thoo 0.02 .61
L. Thso : 0.0} . 0.00
T 1s00 S 0.00  ~ 0.00
by asse ‘ 0.02 0.0
PR : el . y
T PR 2o .. 3o "

s cal/cm?/min o leow 0,02

B A T : 7 2240 1690
], . ~ -

,
Ea



().j-{-){, -

18-5 19 August, 1973

Tlme'

Wavelength

380

v

~ 400 i,

has -

3
At L7

-

BORE Y S
L Ae00

BN

T a5

& 650
) 675
700
725
750
800
850
900 ~ -
950
: IdOO
1050

1100 J

1150 /

. 1200 i
1250
-, 1300
1350
1400 N
5o
1500
1550

PAR
cal/cmzlmlﬂm

v

Lux

: . k 5 \' :q
._,ma?;2§§25%§';§,

'é,‘ﬁb
Y !

16

clo

-3

1,22
- 27
42.70 .,
Y
1. ‘.f.‘;

5n
Ly
L)

4s.
39.
24,
2.
' 20.
19.

20

59.
51.

38
20

26,
20.
13.

5
6
N
2
"0
0

0.4
0.35;-
.48

0

0
3

.00
udy

82
=20

.00
.18
.60
.70
.39
12

16
20
.65
17

.95
.58
18
74

.03

24 -

.72
.85
.62
.19

780
.62
200

12.

20 -

7

42 T !
haf.wf
48

o 00 ®B o oo d 000 00O 0 = = = = r wm
bt

20.00

. cloudy

0.27
0.88
1.79
L
.23

.Sk
.30
.07
.90

.70

.54
.56
.60
.49
.35
.15
.20

.96

817
o

.59 .

08.00

clear S

&

.52
.62
X.0s
.70
.24
.69
47
3
.81
.59
.36
.22
.24
.74
.51

.99

.38 .

.ok
.96
.21
.06
.69
.25

.28

.25
.18
.06
.01
.01

(1}
1
2
¢
3
3
2
2
2
1
1
1
1
1
1
2
2.75
2
2
0
1
1
0
0
0
0
0
0
0
0
0.01

)

“0.01 .

8.0
! 3

) 0.03

1980

o

12.00

Clenr

10 .89
26.01
57.30
89.76
94,00
91.98

' 86.01

. 82.25

91.14
91.53
89.06
83,84
83.20
72.45
66.00
66.08
65.88
57.51
42.64
24,36
26.52

20.13 .

13.11
5.88
6.63 .
5.34
3.90
1.43
0.67

T0.47
0.99 .
1.17

1340

0.93
6500

16.

00

cloudy

69.
.80
86.
.84

142

8

50.
TS

4y

25.
23.
.60
.95
.90
.60
19
72
70.
60.
.36
3.36.
.90

22
2

QO = O O o =

3

23.
6
.55
.93
.75.
.95°
.46
17
.07
5
' 19

6
5
6
5
A
1
0
0
0
0

1360
'. -
500 % 4

62

33
76

38
06

15
35

18

00

153

J
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6.& 7 September, 1973

Time 14,00 18.00 10.00 15.00
’Vavelcngth ' cloudy clear S Ovcrcast. ,Ovc(cassﬂ?a‘ WA ,
380 | . .07 ' 2.19,¥ﬂ§§§¥
400 8.36 5.10 12 5Y ?@ﬂ;ﬁ
u25 , 16.62 10.93 25002
450 : 24.75 14.56 : 39.17
475 - 25.19 574 | © 39.10
500 24,73 . 14,60 . 138,40
525 204 12.55 N 35.52
550 ' 21.90 1n.9s 0 ~ 35.02
- 575 . 22.04 10.79 c 3395
600  20.49 9,40 o -30.78°
625 © 20.00 7 8.83 R 30,15 o
650 | 18.56 7.74 . 6 -~ e7.20 e
675 & 18.50 7.42 - 26.88
700 q 16.95 6.6 A Co23a9h.
725 . SN2 536 D 2160 7,
750 17.35 " 6.49 _— 24 49
800 10.13 2.50° 10,13
850 - - - 8.80 2.06 N 8.80
900 - ’ 7.50 .80 © 7.59
950 | R L IR I R S 3.26
1000 © 4.95 1.05 | .. 508
toso . 4.27 0.96 - e hse .
oo , . 2,79 - 0:60~' i ngj- o 2.88
1150 o 1.00 . ole - o 0.97 ,
1200 " R 0.29+ o 1.50
“1250 : Y 0.27 ; 1.5
1300 : 0.98 0.20 | a2 S
a3s0 ©0.33 0.05 - T " 0.29
1400 - 0.08 0.02 | ~ 0.09
1450 *. ¢ - 0.06 B . 0.04
1500 / : R 7% L I 0.03 " ° 4 ‘ 0.12
1550 | . 0.22 0.05 R 0.20
PAR . \ 318.0 78.0 A 312.0
cal/em®/min ’ 0.26 0.05 R 0.24
bex . 18700 4200 N 17600

.3}'
5P /°
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2 & 3 October, 1973

Time 18.00 10.00 14.00
Wavelength " clear S clear clear S
380 N 017 0.79 5.96
400 1.32 - W18 18.84
425 1.58 RN 75.11
450 2.82 o - B.W6 . . 12784 - N
475 . 2.82 8.69  138.00 ,
500 2.62 8.11 ne.eo . . T
525 © 2.08 7.63 113,36
550 ’ A 1.80 7.37 108.81, .. ,
5715 1.46 6.72 G.Ba: L U
600 , ' 1.30 6.30 hg.ﬂa:pﬁ;]};1?
625 1.1 5.1 b5.607% ke -
650 ' 1.03 5.22 , 36.40 el
675 - 0.94 s. . 3080
700. o 0.80 4.75 29.00
725 . 0.76 4.80 - 25.48
750 o.77 L84 24.96
800 ' ~0.68 - 5.21 535* 15.68
850 0.53 4.52 10.32
900 - 0.39 3.92 o S
- 950 , 0.20 2.28 3.73
1000 0.25 3.09 h.86
1050 " 0.23 3.05 4.58
1oo - 0.16 2,40 2.34
1150 0.06 ~1.10 1.05
Y200 - . 0.08 - 1.52 1.56
1250 "0.08 .., 1.50 1.20
1300 o 0.06 T 0.87
1350 ' ' 0.02 0.41 0.3
1400 - p.02 0.11 0.06 s
wso -7 0.00 ~o.10 0.07
1500 ) 0.0t . 0.19 0.14
1550 : . 0.0f - 0.26 0.20
PAR . 235 925 O 130.0
cal/cm*/min 0.01 0.07 0.10

Lux , . 1230 ?200 . 6600



17 & 18 October, 1973
Q-

7

Time 18.00
Wavelength “Overcast
380 0.08
oo 0.53
425 0.65
450 1.18
475 Wbl RQ.
500, ) ux§§§§2j§??
525 0.81
550 _0.78
575 0.65
600 _ 0.60
625 : . 0.57
650 0.59
675 0.61
700 0.58
725 0.56
750 0.59
1800 0.47
850 0.43
900 0.36
950 0.20
1000 0.28
1050 - 0.27
1100 , 0.22
Hso 0.10
1200 0.15
1250 0.4
. 10 ¢ 0.12
e - L1350 0.04
BRGNS 1), B _ a.0{
BT I 0.0!
. J500 an :735’ . 0.02
-yt g0 T *ﬂfo'Oh
. £ . .o
PAR | _ L X
cal/emifmin,  ~ag” .S 0.01 -
. Lux xS

10.00

‘clear S -

0.63
2.32
2.42
4.06
3.96
3.18
2.73
2.49

, 2.07

1.79
1.55
1.37
1.21
1.20
1.59
2.06

2.09

1.88
1.58
0.87

S 115
1.19
0.94
0.35

.0.48
0.47

0.38
0.14
0.00
0.00
0.00

p.ok

34.5
0.03
1830

156

lh;30
glear 5

0.63
3.1 —
3.25
5.32
h.83
3.98

3.38

3.04

2.52

2.14

1.80

1.51

1.33
1.30

1.76

2.35

2.31

2.06

{.63 &.
1.00

1.28

1.28

1:02

436

0.54

0.54

0
0

.16
sohoT
0.0t
0.03
0.05

22,0
0.03 -
2250 - i
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18 & 19 April, 1974 :

S . Time  17.00 09.00 13.00 17.00 ~
. \Ia'.vellength ° Overcast Overcast Cloudy clear S '
380 2.2 1.19 3.98 1.
boo e 7,31 4.o8 14,62 - 5.24
h25 1.4 7.74 26.80 8.78
450 17.67 " 9.02 27.26  10.15
475 1891 . 973 31.74 ©9.94
500 - : 18.90 9.72 32.40 9.02
525 20.90 9.08 33.00  8.03
550 " 2118 -8.83 23.40 7.49
575 14.13 0.09 18.46 ,(6-.67
60 13.57 7.55 19.20°  \ 6.b2
625 13.57 7.54 20.30 5.51
650 : 13.01 ~ Z.34 19.98 5.2k
675 12,79 7.2 6.2 4.78
700 12.24 6.12 15.30 4.08

. 725 1.8 5.5 15.68 - 3.92

750 12,25 g3 16.66 3.97

800 " 13.91 .. Ny 13.68 .2.85
- N L X DI 2,625 .
" 800 o 12.32 3.70 1.55 208 .
950 5.64 .48 s.64 21 o

100 - 4. 729 2.03. . 6.48° . 1.4

1056 : 6.91 1.81 +5.90 144

1100 5.3 1,51 48 1.10

1150 L2730 - 0.46 2.06 0.47

1200 . 3.35 ~ 0.50 2180 “0.62

1250 . ' 3.08 0.27  2.66 . 0.6]

1300 : 2.39 ©0.19° 2,15 o0.k8
1350 | 1.0 0.07 - 0.53 0.18
oo T T 0.26 © .05 o0.21 - 0.05

1450 B ©0.16 0.00 - 0.19 . 0.05

)50 , . 0.9 - 0.00 _ 0.4 0.13

1550 7 ou2k 10.00 0.40 0.20

PAR v A g 99.0 300 *91.0°

cal/cm?/min © 0420 0.07 0.19 0.06

Lux ' - 10230 43900 15000 " 4500

-y



