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ABSTRACT

! [
/

‘ [, . .
The survival temperature of Ledum groenlandicum growing

1

at the University of Alkerta Devonian Botanic Gardens 25 km

SW of Edmonton, Alberta varied from -9 C in the summer of
‘ I
- 1976 to <-40 C in the winter of 1976-77. Controlled

environment studies suggested that Ledum groenlandicu

requires two stages of cold acclimation. The first stage of

{

acclimation requires a short day (8 h). photoperiod and Rpove
freezing temperatures. The second stage of ‘acclimation is
triggered by night frosts (eg. 2 hfdt?-2 C).

: /
© Throughou* the summer and early fall of 1976, Ledum

gqroenlandicum leat watér potentiéi (W)‘waé above -25 bars N
ahd the combined osmotic ‘and matric\poteﬁtial'(WH+Ti ¥as

.apove -30 bars. Turgor 'pressure (Wp) va§ positive. Examples
of summer and early fall hydration levels are.as follows: on .

July 21, 1976 v was -11.7 bars, Wn+r vas -16.2 bars, and_Wp

vas 4.5 bars; on September 25, 1976 Y was -10.8 bars, Wﬁ+r
was -fu.O bars, and wp was 3.2 bars. Water potential values
'decreased with the occurrence of October frosts. Winter
wéter potential was regularly beiou -67.5 bars and turgor
pressure was negative. In controlled environment studies, a
short day photoperiod during coid acclimation caused a

decline 1in tissue hydfation vhereas a long day photoperiod

had no effect.

The xyler sas_of'Lgdun,qroenlandicum was found to

iv



cavitate following artificial freezing. No cavitation
following freezing was found in the xylem sap of Pinus

banksiana. The solute and colloidal concentration was found -

. . N |
to increase with hardening in Ledum groenlandicum. Analysis
/

of Hofler diagrams suggested that cell wall elas,icity

-decreases and the proportion of apoplastic wateF increases

in hardened Ledum groenlandicum. Hardened Ledu g

qr oenlandicum had a coefficient of enlargemeng of 65.2 bars

—

compared to 36.6 bars for unhardened tissue.

The transpiration rate of hardened Leduz/ggoenlandikum

vas 139 ¢ 20 mg g—1 dry;et h=1 in the light/lonpared toua
rate of 242 t+ 26 mg g-! dry wt h—1! for unha dened shoots. In
the dark, the transpiration_rate of hardenjd‘ggggg
groenlandicum was 103 1 56 mg g=! dry wt hy1!, about 3 times
higher than the rate of unhardened shoots.

l The maximum net photosynthetic rate df unhardeneé Ledur
groenlandicum under optimal conditions was 4.06 + .20 mg C02.
dm—2 h-1. Hardened plaﬂts had a reduetion iﬁ their
photosynthetic eapécjty. The maximum recorded net

photosynthetic rate was 1.77 % .So:mg C02> m—2 h=1, Ledunm

g_oenlandlcum exhibited thermal acclimation to the daytime

groiing temperatures. There was an increase in the

respiratory capacity of hardened Ledum groenlandicus.
Interpretatlone ot an Arrhenlus plot revealed that’ neither

unhardened nor hardened plants were chllling sen31t1ve.;w
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TNTRODUCTION AND LITERATURE REVIEW

Drought and chd‘QEE,qenerally cqnsidered to be the two
most important ‘climatic V'féctors, affecting plant
‘dis*ribution. For a piant species to survive, 1t must De
capable of developing a resistance to a temperature that 1s
below the minimuam teﬁpefature of 1ts ecological rangé.
Plants are .éaikilOtherms, therefore, they must tolerate,
rataner <+han avoid, subfreezing tempefaturef. Northern
deciduous plant species partially avoid subfreezing
temperatures by seasonally shedd;ng thelir foliage. - The
foliage of northern conifers andAbroadleaf evergreens 1is
exposed to the prolonged ‘subfreezing winter temperatures.
However, the evergreen habit provides a feadily available
eniergy source in the spring, and thus, 1is advantageous 1D
fhe relatively';shogt growing season of the northépn clime

tScholander et al. 1953).

edum groenlandicum is an evergreen, ericaceous shrub--

ranging from the NW coast of Oregoh, porthward in*o tne
Olympic Penr _.usu @, British Columb;a; and possibl? northern
Idaho, ex~ >nd*nc north +to Alaska, an: <~astward 10to
"Greenland a=n N- W Ehgiand (Hitchcock et al. 19i7).
anou;hou? its range, Ledum g;ggg;gggiggg innabits acid,

rather thah moist, soils (Hitchcock et al. '1977) and is

commonly found in muskegs and moist coniferous woods (Moss

_—
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IL

m Jgroenlandicua 1s an erect shrub from 3 to 8 dnm
‘high. It exhibits a grQiLi, form that 1s typical of moét\\
sembers of the Fricaceacv. Its leaQeS 'have a thick-wallegd,
sinyle-iayered epidermis that 1s covered with a thick
cuticle. The lower surfaces of the leaves and twigs are
rusfy—tomen:oib. Stomata are contlhed to the Lover ieat
surface. The leaf §natdmy of Ledunm gqroenlandicum 1s
pecuilar: 1t ;aém xeromorphic adaptations, that include: a
thick cuticle &nd‘a closely packed pal;sad@ layer; yet 1t
alco has; nydrophilic adaptations, such 4ds large airspaces
that bqﬁupy A4 . considerable portioq of t he mesophyll
'(netcalre and Chalk 1957).

It.. has beén suggested that thekxeromorphic adaptatiqns
ot the Ericaceae are a result of a ‘'physiological dfought'
12 posed upon the plaﬁt even in tlmes‘ of high water
availability. Gates (1914) and Small (1972) suggested that
*he xeromorphic adaptations, inclqglng sclerophylly, small
cell si;p, A well developed cuticl@,’revolqte leat margins,
coverings of hairs, sunken stomata, énd a4 waxy bloom, all
contribute <0 -he plan*t's resistance to winter drought.
Observations of the growth habit of overwvintering meambers of
the Ericac=ae sdpport the 1idea that a plant expe:iences
deanyiration during periods of subfreezihg temperatures. The

leaves of 2hododendron catawbiense were found to iroop and

curl from Januarcy *o May kHavis 1960) . . Gates (1914 and

Bannis*ter {1964y - observed an increase in +he dark red



\
.

pPlgmentation (presumably anthocyanins) in exposed ericaceous
toliadge duriuy the winter. An 1increase in anthocyanins
during cold acclimation was also observed in Hedra helix’

(Parker 1962), however, no causal relationship between th

/D

anthocyanin level and an increased cold hardiness was found
(Steponkus and Lanphea{ 1969)-.

In the majority of' plants exposed to subfreezing
remperatures,. the «cell water has 5eén found to freeze and

the fregzinag resistance of plants is usually considered a
% .

~

tolerance mechanisnm to the ice formation. However,
Supercoolinq, 1.e. the avoidance of ice formation in vcooled
tissue, has occasionaliy‘ been observed. Pellet and White
(1969) sucges*ed that water binding substances in the roots
of Juniperus chinensis may have -caused significant

suvercoolaing. Lumis, Mecklenourg, and Sink (1972), Milon,
Burge, “ana Helser‘ {1974y, Gréham and Mullin (1970a), and
George and Eurke\(19f7qy found no sign of ice formation in
th~ tloral -prldordia of azalea. In aialea, ice existed in
the sten axis and bud scales at -10 C, therefore, George and .
Eulxe (19573) suggested that a physical barrier, or
thermodynamic «quilibrium, must have existed between the

tlesuers 1o prevent the growth of ice 1in%*o the supercooled

floral primordia. Ice was found in the extremely hardy stenm

1

tiZsfue ol Coruus stolonitera (Welser 1970), however, none
was rtount in the living rark of shagbark hickory (George and
“Burke 1977b) or 1L several othker hardwood species native to

<

the eastern .deciduous forest (Burke, George, and Bryant



1975) . The supércoollng or water in the living «xylem
depended upon the 1isolation of the rays preventing the

propagation of the 1ice or vapour cavi(ation from other

tissues.

The freezing of a solution «can be delayed if its
freezigg point is lowered. An increased sugar and salt
concentration in hardened tissue, causing a depression in
the cell sap freezing point, has been suggested as a
freezing avoidAQEe mechanism (eg. Havis 1973). However, an
osmotic potential of -50 bafs would lower the freezing point
of the «cell sap solution to dnly -4 C. Freezing point‘
depression, therefore, ‘canﬁot solely account for the
freezing resistance of cold hardehedﬂtissue.

Because freezing avoidance mechanisms cannot explain
the extreme freezing resistance found 1in woody 'pl§nts, a
Ireezing tolerance mechanism has been sought. Intraééllular
freezing causes the formation of large ice masses within the
protoplast, and thus, results in a lethal mechanical injury
to the frozen plant cell {egqg. Levitt 1972) . Infracellulér
freezing has been'found to occur in rapidly frozen aold

hardened +ticssue. Hardened Rhododendron catawbiense leaves

”

wvere killed when they were frozen rapidly to -18 ¢ (Havis

1964) . The branches of Nothofagus Brocera exposed to a wide
range in temperatures suffered more damage than those
expdsed to equally low minima but cooler day temperatures

(Nimmo 1965) . When b:anchés of - Thuja occidentalis were

cooled at 17 C aim-1, intracellular freezing occurred. It
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was tound “ha- the predominance of 1njury occurred on
branches on the SW si1de of the plant exposed to the rapad
temperature tluctuation: at.sunset (White and Welser 19Yo4).
Because of freeze-desliccation, freezing can 1injure
hardened woody plants even 1f intracollular freezing does
not occur. Freeze-desic-a*10n 15 caused by the loss of water
rrom th@ued ledves at o time when the translocation of water
throughou* *he plant 1s 1impeded (eg. Levitt 1972). The
impedance of translocation could be due to a resistance to
water uptake in frozen sbils Oor a Tresistance to . water

rranspor* *hrough cavi*ated xylem. Wilner (1952) tound that

Ireeze-desiccation occurred 1in the twigs of caragana
aborescens, Fraxinus pennsylvanica, Ulmus americana, Acer

winter. The N or N® branches of Cupressus mpacrocarpa,

Chamaecvparis lawsonia, and Thuja plicata suffered 1injury
from desiccating cold winds (Phillips 1965). White and
Welser (1904) observed 'winter burn' in the exposed branches

of Thuje occidentalis under dry atmospheric and high radiant

ernergy conditions accompanied bty long periods ot rfrozen

soil. Desiccation ot Fhododendron catawbiense leaves was

observed late in winter even though the roots were in moist,
btut cold ~<=o01l ' (Eavis 1Y960) . Sakal (1970) observed
desiccation 1njury in several speciles Oof coniters

overuinf@rﬁng in froz=n so0il areas 1in Japan. He also
‘ . R ) oo B
atrrlbuted \fhe ‘brown bel+' phenomenon found in Chinook

-areas of North America to freeze-desiccation.

[N



The extracellular freezing process that occurs in plant

cells under the normal winter freezing rates of 3 to 5 C per

hour (egqg. Havis 1973), does not result i1m 1injury to hardy

woody

cells ,(weiser 1970) . The events of extracellular

treezing are described " both by Mazur (1969) and Levitt

(1972)

1

2)

3)

4)

5)

6)

7)

d4s follows:

both the celis and external nmedium 1nitiaily
supercool,,

with é decrease 1in temperature, "ice nucleation sites
form in the large diametef vessels, (having dilute
sap) and spread through the interqellquf spaces,
the cell nmembrane bars the seeding of ice crystals
in the cell interior, so the cell yater remains
unfrozen and supefcooled, |

the aqueous vapouf pressure of the supercooled cell
is greater than thé ext;acellular vater, and water
diffuses to the intercellular ice mass,

the resulting dehydration ‘causes the cellb\sap
concentfation to rise, and lowers its aqueou§ vapour
pgessure,

if ‘the membrane is sufficiently permeable to water
and the tissue 1s cooled slowly, the cell will
dehydrate untal ;; equilibrium between the
intracellular and ektracellular vapour epte's:sures
ex1ists,

if the tissue 1s cooled .rapidly, or irf the cell

membrane 1s of low ‘permeability, an equilibrium



between the extracellular and ihtraceilular vvapour
Fressures cannot beé maintained 'and intracellular
ffeezing will occur:

The freezing tolerance mechaniém must involvé‘ an
avoidance of 1ntracellulap icé formation and a tolerance of
Vext:écelluiar freezing and“the.accoﬁﬁanying‘secéndary freeze
dehydration. Hardy.plant tissue has been found to withstand
a greater degree of rreeze-dehydration than tender tissue.
Gusta, Burke, and Kapoor (1975) found that vtender winter
Qheaf Qas killed when 18% of ‘the tiséué'water had been
removed from the protoplast. Hardenéd winter wheat was able
to withstand the removal of 85% of the protbpléstic waterfv

An 1interesting phenomenon was found ts accompany the
extracellular freezing process in B ggg leaves. 'Frostblase!

(or large . ice pmasses) were formed in the mesophyll
'intercéllularxspaces. The 'Frostblase' were typically around
“he layer of veins beneath the pdlisade layer and caused the

separatiorn of ' the spongy mesophyll from the veins

(Hatakeyama and Kato 1965). The anatomical description of

tihat given for Ledum groenlandicum by tMetcalfe and Chalx
(1957) .

The freezing resistance (or cold hardiness) of several

plant <e5c-ies has been determined with a variety of
techric Among the reported viability tests for cold
strez: . e are; the guantitative determination of amino

acids « - ~ ninhydri- reacting substances liberated



after .thawing (Siminovitch et al. 1964), neutral red uptake
(Siminovitch et al. 1964), the identification of exothermé
Irom cooling curves {dclLeester, Weiser, and Hall 19e8,
Graham fand Mullin 1976b), the reduction -of‘ trippenyl
tetrézolium chloride (Stepénkus and Lanphear 1967a,
Ye;enosky 1975a), and the xylem tension and chlorophyll
rluorescence  of - frozen seedlingg (Brown et al. 1977). An
evaluation of several viability tests was given by Stergios
and Howell {1973).

'»Plants gqrowing inp frost-prone areas develop a cold
'toierapce wheq they are subjected to freezing temperétures.
The «cold hnhardiness of the bark tissue of several Citrus
séecie , “hat were native to areas hav1ng sporadlc frosts,
vas -6.7 C after the plants were grown under a 0 C thermal
regime (Yolenosky and Guy 1977). As the range of a species

extends into colder areas, its ability to cold harden

increases. Buxus microp hylla leaves . hardened to -35 C (Gusta
and Weiser 1972) " under a léw tehperaturé regine,
Rhododendron catawbiense and gaim;g latifolia leaves

naturally hardened to =30 C and 460 C respectiielxt by

February (Parker 1903a), and\ Cassiope . lycopodoides,

khododendron -aureum, ard Ledum palustre lea#es hérdened to.
-40 C, -50 ¢, and -70 C respectively during the winter
("akai and Otsuka 1970). Fully hardened sten cortex fissue

-~

of Cornus stolonifera (Weiser 1970), living bark tissue of

Robinia pseudoacacia (Simincovitch et al. 1968), and black

currant . (Tumanov, Kuzina, and Karnikova 1965) survived



iwmersion in liguid N2 {-196 C).

Plants dre kﬁd;n to undergo seasonal variation in cold
hardiness. In the studies by Sakai and Otsuka (1970) and
Parker (1963a) liéted above, the summer cold hardingss of
the species was ftfound to be between -5 C aand -7 C.
Unhardened Cornus stolonifera - and black currant‘ had a
freezlng resistance of -3 C (Chen, Li, and Bufke 1977) and
-5 C (Twmanov etlal. 1965} respectively.

The characteristic seasonal ~changes in 'tﬁe cold
hardinets of hardy woody species has been described as a two
stage process of _aéclimation by Weiser (1970) . Table 1
outlinés Welser's (1970 hypothesis for cold acclimation 1in
hardy ;oqdy plénts; Included in Table 1 is a third stage o:
acclimation. wéiéer (1970) hypcthesized that a tﬁird stage
of acclimation is induced by prolonged low temperatures (-30
to -50 C). He stated that thi§ stage ig not commonly
attained in nature and can be lost quickly with élight
_1ncfeases in temperature._secduse of.the transitory nature
cand . the ~difficulty in détecting the third stage of
acclima{ion, the majority of studies, including the present
fstudy,,have been concerned onlyAHith the first tggtstages of
“acclimation. |

* . Plants must étop Ag;o&ing befbre they undergo <cold
acclimation (égf Tumanov et .~ al. 1965; Weiser 1970) .
McKepzic, weiser,‘and Burke '1i974a) found evidence that.
natu;al~‘endogenousffhythms influenced thevability of piants

to efrectively harden under controlled environment
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conditions. Plants that were taken indoors in winter, and
5 . :

thus, were in a state of physiological rest, were not

Lespgﬁsivc to controlled environment photoperiod regimes.

The role of dormancy in the cold hardening process is not

clear. A dormant condition in Acér nequndo and Viburnum

8
helped maintain the plants' cold hardy condition when they

. were exposed to dehardening temperatures, of 21 C. When
dormancy was broken by a ’sufficiently low temperéture
treatment, but not when broken by gibberellins, dehardening
readily occurred. The dormant‘condition did not coﬁtrol the
inpial hardening of feﬁardéning (Irving and Lanphear 1967).

The first stage of acclimation (Weiser 1970) is induced
by a short photoperiod and above freezing tempera‘tures‘. The
short day requirement for the inductiom of the first stage

ot acclimation has been well documented for cornus

.stolonitera (Hurst, Hall, 'and Weiser 1967, van  Huystee,

Weiser, and Li 1967, Fuchigama, Evert, and Weiser 1971,

)

McKenzie et al. 1v47da, Chen .et al, 1977y, Acer nequndo
(Irvihg 'éneranphgar 1967, vaing and Lanphear 1968,“I;ving
.1909) and many other Cold hardy species. Howevef, Gusta and
kelser (1972) found that the leaves ‘of Korean boxwood
ha:deﬁed té -35 C, regardless of the photoperiod, ‘énd low
temperatures appeared to be the vprincipal" hardihess
promotirg facfof. I+ has been'impliqatéd that the ghort day
_phofopériod iﬁitiatés a’phytochrome response, in which tﬁe
production oz activation of a transloCatable ,hgfdiness

promoter is stimulated.
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The role of;hormpnes in the first stage of acclimation
has not been verified, but it is -accepted that = the
translocatable hardiness promoter may be abscisic acid
(ABA) . Many of the physiological changes that occur with
Acold. haraeniﬁg have- beén found to: be.requlated by ABA.
Abscisic acid levels were.found‘to lncrease with the onset
of dormancy iﬁ pium seeds (Lin and Boe 1972), birch
(Haf:{son and Saunders 1975i, and sevé;al woody  deciduous
species (eg. - Wareing and Saunders 1971) . Abscisic acid was
fbund to increase tHE;hembrane permeqbility '(important in
the avoidance of intracellular freezing) in carrot tissue
(Glinka and Reinhold 1972) ,~tomato. roots (Glinka 1973), and
maize roots (Collins and Kerrigan 1974);.The dehyaration

experienced by'overuintering plants may cause an increase in

v

ABA. Several plants have’shoun a rapid rise in ABA levels
after a water stress {Zeevart 1971, Hemphill and Tukey 1975,
Boubissa and- Richmond 1976, Wright 1977). Alvinm,, Hewett, and

Saunders (19706) found an increase in the concentration of

" ABA in thé.xylem.sap ofVSalix viminalis with "the onset of

dormancy and cold hardiness. Exogenous'applications of ABA

increased the cold haréiness'of Acer nequndo (Irving 1969),

apple séedlings _(Pieniazek and Holubowicz 1973), Medicago
/ . ==

-Sariva (Yaldman et al. 1975), and the chill resistance of

Cucumis sativa (Rikin and Richmond 1976). Abscisic acig was

a common factor in causing increases in the drought and cold
toleraﬁce of barley and tobacco leaves (Rikin and Ricbnond

1975); However, Young (1971) found that exogendus ABA had no
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effect on. the cold hardiness of Citrus. Steponkus and

lL.anphear (196 7b) propoéed that sucrose was the
transloca*able hardiness promoter in Hedra helix.

According “to Welser (1970) plants - must remain
photosynthetically active throughout the first stage of
acclimation. Yelenosky and Guy (1977) found that Citrus did
not harden in the dark or when the stomata wefe closed. When
‘Hedra helix was grown in total darkness it did not increase
in cold hardine (Steponkus and Lanphear 1967b). .Yelenosky
(1975b) rfound *that a severe water deficit (<28 td -34  Dbars)
and the applicaﬁion of an antitranépifant to the leaves of
the final cold hardiness. Tﬁese conditions wqufd have
inhibited the phoié@ynthetic productibn of sugars that
aécompanied cold hardening.

Freezing temperatures also 1inhibit the short day
induced étaqe of 'cold acclimation (Heisér 1976). The effect
of freezing te@berafureg in the first stage of aéclimatian
would be to inhibit éhotosfnthesis. Pharis, Hellmers, and

Schuurmans "(1970) founq hat after Pinus ponderosa and

Pseudotsuga gggggggg; were . .ojected to a single night of
. subfreezing teméeratures‘ ranging from ‘?4 C to -15 ¢, the
recovery to the‘ini;ial photosynthetic rates at 3 c took
from 6 to 60 days. Phqtosynthetic rates were reduced to 20%
Of~thé _pré—freeze"rates. when hardening A_;gg alba was

exposed to -6 C (Bauer, Larcher, and Walker'1974). By

December, when Abies alba was fully hardened, a ' temperature
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Or =12 C war required to depress the photosynthetic rfate to
N . [
SO% Of the 1ntial rate. Fully havrdened Douglas tir seedling:.

could also photosynthesize tollowing subtreezing uight-

temperatures (Kreuger 1907). Table 2 gi@és the summer and
winter minimum *emperatures for ne+ photogintﬁosis for id
number ot cold hardy plant species.

Subfreezing 'remperatures trigger the second stage ot
acclimation, and 1t is during this stage. tha* the rapid
1ncrease in hardiness ‘occurs (Welser 1970).'Temp9ratur§s

from -3 to -5  were found to , be theﬂ most offectiég
days after the first frosts, Cornus stolonifera nardened
dramatically fron —18‘to -50 C (van Huystee et al. 1907).

Welser (1970) suggested that the first stage of
acclimation 1niti§+es a serfés.of m2tabolic chaﬁges within
'thg plant that ready it for the subfréezihg ~teaperatures
during fhe second stage of acclimation. mOrphologicai and
anatomical changes ‘resulting from the first stage or
acclimation have been related to the development of cold
nardiness. hoberts (1967) found tha* cold hardened winter
wheaf varieties were stunted because the ‘production of
smaller cells led to a reduction in orgarn size. _ Q

The majority of 'studies that have investigated tne
metabolic changes during the first stage of acclimation Qave
deaif with ophysiological ~“ “+ors. Am increase in the cell
S4p concentrdation has been founi to accompany coid‘hardening
in many spgéie: (2g. Levitt 1972, Havis 1973). The increased
\ 9

o
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Table 2. The minimum *c¢mperature for postive net
photosynthesis in some cold hardy plan*s (from Bauer,
Larcher, and Walker 1397u4).

Plant Species Minimum Temperature C

Summer Winter

Coniferous Trees

Pinus sylvestris -3.5 -7.0
Abies alba J -3.5 -7.0
Picea abies 4.1 -6.5
axus baccata -4.9 -8.0

Laurocerasus orficinalis -4.0 -6.C
Pittosporum tobira -4.0 -7.5
Citrus limon -1.3 -6.0
Shrubs 5

Viscum album | 3.0 . -7.¢
Hedra helix -3.0 t -7.1
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ey
folute corcentration has bheen attributel to a0l 1DCrease 1in
“he  soluble. s ugars or the cell Sdp. AL 1nCcreadase 1n soluble

sUIAL concentration with hardening was found in Hedra helix

lvdaves (Pars«-tr 190.), khododendron catawbilens leaves,

kseudoacacia bark (siminovitch et al. 1908, Triticum
dvstivum Cwaﬁﬁ (5r=en. and Fatzlatrt 1975), and €i1trus bark
(Yelenosky ard  Guy 1977). Although the soluble 5ugar
concentration  tas  been found to increase with tissue
nardiness  Ln *ne autusn, the relationship of the *wo evénts
1S st1ll not clear. Pellet ahd White (1969) fou ' that the

‘% 1hCreaze duTing the winter, whereas the tissue hardiness

x\\/(
did not. Levite* {1972) sta*ed that nardy plan*s can survive

]
3

‘tuch lower t@mpératures than dﬁ increased sugar content can
prlaln ty nearns or a tfeeZLng pcint depression.

Th: rlfoteCtive role of sugars,  or other substances
2C*1Ng Aas water binling cgents, 1n tae avoidance ot ‘freezinyg
1ln3ury ras beern proposzed. Water binding agents would 1hhibit
tue denydration of thé protoplasm -during the @movement of

Cellular  wate: to extracellular ice iormation si*es (Pelle+

and wWhite 1909) A glycoprotein that was - . ated fronm

tornus rlozida dccounted for 5 % *o0 7% Of the cell sap and

“he cell water osmotically nactive

rt

1endered 153 o

(Hlfllams 197.). However, the 1isolation .and the role of

water 0i1nding agents 1n most cold hardy species has not been
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L)

estacliened o 4 tolerance mechanism to the secondary

treeze-dehydrarion sevns more probable. Hardy winter wheat
wav rournt *o witnstind o greate: percentage ot 1ts water
L2 1lnid - TToTe than tender wilnter wheat, therefore, had a

yIvarel *oliidnce +o =he secoudary Irpwze4dohydfdtlon (Gustd
et 1477, | |
AL 1DCTeal o 1n the mem! rane peraedbility of hardened
ti=sue 1o ¢onsudered an 1ntejyral factor in the avoidance ot
intracellular lreezin; (pg.'ﬁazurA19b9)L,S£out dnd sSteponkus
(1473) rtouni po 1ncrease 1n  *he membrane permeability of
colil hardenes? #edze  helix, ... wvever, . this may be an
exceptional ca:re. ¥cKenzie et al. (197uc) tound tnat the
M@ OCAL& T Cmr aDLilty qfh’coli har dened Cornus. stolonifera
; W
InCreasei, Cnanues within the Frotern and lipid fractions of
haciening flr;uQs, *her-tore, hdve received lnvestigdation in
maLy spac1e$.

Ch. 5 1L poth the memirane-bound and the soluble

W

n

[¥e]

bro®elrs  or cold acclimating tissue have been monli+ored.
Ingreas-c 1u tre concentration of sdluble prdteins with'
hazdenine Lave been found  1n . Hedra helix leaves (Pafker
19e02), Fodiniga bseudcacacia bark (Siminovitch et al. 19638,

EroWn  and  Sixby  1975), Junlperus chinensis shoots (Pellet

stolonifera bark (Cher and L1

v

and Whire 19¢49), and ¢
1977) . towever, dn-xncreaée in the solutle proteins of apple
SexT1L1nys  was nog ¢Cccompanied by an 1ncrease in oL+
hariiness (Prer.razex and Holubovicz 1973) . Qﬁalitat;ve

Changec 1 tne the soluble proteifis nave also been found in

I
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hardening *issues. Several new proteins were separated by
electrophoresis in cold hardening clfalfa (Faw and Jung
1972) . Seventeen new proteins appeared in the bark of cold
hardening black locust seedlings (Bixby and Brown 1975) . A
new  protein that appeared in cold accllmatlng Rog;gig
pseudoacacia bark was identified as a glycoprote1n~(8rown
and Bixby 1975), and *hus, may have acted as a water binding
agent. Roberts (1967) found a change 1n the temperature
coefficient of invertase in cold hardened winter wheat:
leaves. He concluded that the hardening growing temperatures
had altered the propcrtions of the invertase isozymes; the
isozyme that was predomlnanf in cold. hardened tissue had a
-iouer actlvatlon energy.
An  increase inJ the iﬁsoluble (or bmembrane bound)

preteins of hardened’tlssue was found ln-hardenlng Robinia

ngudogggg;g barX (Siminovitch et al. 1968) . There was a
slight increase in the protein nitrogen fraction of the
‘mitochondria, microsomes, and microsomal membranes. However,

BErown and Bixby (1975) found no quantitafive change 1in +he

ineoluﬁle protein fraction of hardening Robinia pseudoacacia
bark. | V O

Lyons '(1972) hypothe51zed that the membranes of chill
sensi*tive plants undergo a phase transition a+ 10 to 12 ¢,
where - the liguid crystalline lipid portion of the
subcellular (pa:tieularly mitochondria) membranes becoﬁee a

solid 'gel; The 1lipid phase change ‘supposedly imposes a

conrigurational change on the enzyme proteins embedded in
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+he mnenbranes. According to Lyons (1973); cﬁill resistahce
develops by an 1ncrease 1n t he unsaturated fatty acids of
tne lipids 1n  *he subcellular membranes. An increased
unsaturation of the membrane lipids would cause the liquid
crystalline state to be maintained at chilling temperatures.
The  pharse jrdnsition theory has been verified for a number
of chill sensitive plants, including §9§§19$gg hirsutum,
. fhaseolus vulgaris (Wilson and Craufprd 1974), and Vigna

radiata (Faison and Chapman 1976). A number of herbaceous

4

plants capable of developing freezing resistance have also
shown an increase in the unsaturated fatty acids when
exposed to low temperatures. The synthesis ot unsaturated

fatty acids and phosheolipids was stimulated at low.

tempertatures dufing hardening of Tri*icum aestaivum (de" la
Foche et al. 1vy72, de la Rocthe, Pcmeroy, and Andrews 1975),
#edicago media, and Medicago &Q!é (Grenier et al. 1975).
How=2ver, there 4uas a stimulation . 1n the synthesis ot
phoséhol rids  without an increase in the Qnsaturated fatty
aci1d4- 1rn raraening Eobinia pseudoacacia 5ark (Siminovi*tch,
Singh, and de la Roche 1979). Singh, de la Roche, and.
Siminovitch (1979%5) - sugygested thnat | the extreme frost
resistaﬁco rh;t‘ develops . in woody trees and Shrups is not
merély due r*O an 1ﬁcrease 1in the unéaturat;on of ~the fatty
Jacxis or a shift  1n tﬁe clésses of phospholipids
synfhesized.:sévefal' yearé ot sthdy of thek cold . hardy
kobinlg ggggggggég;g _(Simihovitch et-al.A19b8, Siminovitch

et al. 1975, Singh et al. 1975) and recent studies of cold

[
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hardy Pinus resinosa (Pomeroy, Siminovitch, and Wightman
1370) have culminated in the conclusion that the hardiness
of woody trees and shrubs isvdevelopéd by an augmentation of
the whole protoplasm. npmbrane replication, occurring by the
increase in the polar lipid and phospholipid fractions, and

cytoplasmic augmentation, indicated by an increase in the

soluble sugars. and pioteins and nucleic acids leads to the

v

total protoplasmic augmentation, and thus, cold hardiness.
'Inhibitoré of ribonucleic .aéid (RNA) and protein
synthesis were found to disrupt the frost hardening process
in *he alga, (Chlorella ellipsoda (Hatano .et al. 1976).
Iﬁcreases .in  the RNA fréction of hardening cells was found
In %obinia pseudoacacia b%gk (Siminovitch et a;f 1968),

cornus stolomifera bark (Chen and Li 1977) and apple twigs

(L1 and Weiser 1969). The increases in RNA we}e fbund prior
to the increased protein synt hesis thaf accompaniéd cold
acclimatidn, and thus, supported the concept of protoplasmic
augmentation in the development of cold haf@iness;

: Other %ypofheses' for the méchanism of - freezing
resistance héve been proposed. Levitt - (1972) proposed a
sulfhydryl-disulfide hypothesis for «cold hardipess. He
suygested that -freezing injury occurs as fhe protéin;
molecules approach each othér dhring _f:eezefdehydratiqn.
There 1is chemical- cdmbinétioﬁ between adjacent protein
‘molecules aﬁd an oxidation of the éulfhydrfﬁ?(SH) gfoups"to
form intermolecular - disulfide (SS) 'bridgés. The proteins

undergo conformational changes upon freezing and thawing,
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and injury occurs. Although Levitt (1972) réCognized that
tﬂe processes leading' to p:otoplasmié augmentation occur
during harlening, he believed these processes are primarily
to prevent* the intermolecular bonding betweeh proteins..
Studies have shown that there is a strong
int@rréia{ionship between drought and chill or cold

hardening (eyg. Levitt 1972). Wilson (1976) rfound that if

prior to chilling temperatures, its <chill resistance °
increased. FRikin and Richmond (1975) rfound that after
tobacco - and barley ~ plants were grounA under drought

condltions, *heir cold hardiness increased. Chenj~ Li, and

Weiser (1975) found that an imposed water stress increased

the cold hardiness of Cornus stolonifera.

The wazer s-atus of a plant is an .integral factor 1in

the cold hardiness of the tissue, yet very-feu studies have

0

examined this aspect. It has been found that overwintering

- plan* tissue becomes dehydrated. The water contents of Tsuga

canadengis, Abies balsamirera, Picea rubens, and Thuja

occidentalis needles were lowest in late winter {Clark and.

Gibbs 1957). Bannister (1964) studied the seasonal variation

of the. wa%er content of Erica tetralix, Erica cinerea, and.

Cairluna vulgaris leaves. He found that +the. three “heath
plants had the lowest seasonal water content from December

to day. The water -content of *he stem cortex tissue of
. _ X N ‘ |
Cornus stolonifera was found to decrease with hardening-

.

(McKenzié, Weilser, and Li 1974b).

<
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Measuremen* s of total leaf water ©potential and its
compenerts are better indicatcrs, than water content, of the
physiological stresses being imposed on the tissue. Very few

N

stuilies have measured the water potential :f overwintering

+issue. Lindzay (1971) found that Abies lasiocarpa and Picea

gggjgmgggl had annual minlmum water potentials below =30

bars in the winter. Table 3 lists the seagonal changes in

N [}

the osmotic potential of a number of overwintering plants.

Although *hese studiez of the seasonal variation of the
water relétls;s of cold hardy plants have been conducted, no
studies have~monitored'tﬁe seasonal changes 1in the total =
leaf wvater potential and all_ its components and related them
.to . tissue . cold hardiuéss. Few attempts have been made to
investigate the phyéiological significance -(other than
biochemical) of theée freeze-dehydration events.

fhe vresent study was undertaken with a holistic
VLeuboint. Thé purbose of the stuiyvuas'to intensively study

coe

the ceasonal veriaticn in the lear water relations of” a
 br6adLeaf evergreen, Ledun groenlandicum, "~ and rela%e the
changes 'to the leaf cold bardiness. fhe hajority of studies
inQQstigating >the. water relétions ahd,cold hardiness of a
plant have deal® with either needles of céqifers 1e§. Parker
19b3a) or the bark of deciduous plants (ég. McKenzie et al.
"1974b).~‘ |

. .-The study was not intended to siﬁgle'out the leaf water

Status as the sole variable in determining the plants cold

"hardiness. Ins+tead, it was hoped that by studying <the leaf
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water relations of a cold hardy éverqreeﬁ plant, a better
understanding of the *o*al cold hqrdiness mechanism could be
obtained. To accomplish these goals, the following areas
were investigated. |
A) Under field conditions:
1) the séasohal varia+tion in the +to*al leaf water
potential and ites components,
2) the seasonal varia£ibn in _ leaf tissue cold
hardiness.
Bf Under controlled environment conditions:
1) the eifect of photopériod and temperature on the

cold acciimétion'&nd the water relations of Ledum-
.2) the susceptibility c¢f +the xylem sap of Ledunm
groenlandicum *o cavitation,
3) the changes in *he Hofler relatiqnships of hardened

versus unhardened Ledum groenlandicum leaf tissue,

4y +the erffect orf tissue hardiness on transpiration:
rates,.
S) “he offect of tissue hardiness on net photosynthetic

-

and dark respiration rates.

- The results of this study will hopefully further the
knowledge ot ‘the . cold hardiness mechanism and the
ecophysiology of members'of the Ericaceae and augment the

knoiledge of the cold hardiness mechanisms ofvcthe:uplants;



MATERTIALS AND METHODS

Plant Materials

"~ Ledum groenlandicun Oeder plants used in the controlled

environment <studies were collected from +he periphery of a
black sg:uce/ labrador tea bog near Whitecourt, Alberté in
.September 197§ and June 1976. The s0il from the collection
'site was retained as the potting medium. - The plants.‘were
transferred to a greenhouse and were grown under a 15 to
20 C\température regime, a relative humidity of 50%, and a
16 h photoperiod  (matural dayléngth extended Fith
dultivapour aﬁd Lucalox lamps, giving an illUminance of 1500
rt-c (photosynthetically'active radiation (PAR}): 270‘uE n—2
s~™!) - at the growing bed level). Plants were watered every
second day with distilled water. Affer grQ;ing‘ét least one
month 1n tne. greenhouse, " the plants Qere transferred to
controlled .enyironment Ehambers (Environmental Growth

Chambers,'Chag:in Falls, Ohio) for specific studies.
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teneral Methods and Materials

Cold Hardiness Determinations

Cold hardiness uas;determ&ned by subjecting three, 8 to
10 cm. leafy shoots per temperature treatment to a controlled
freezing 'sfress as describea_by McKenzie and Weiser (1975).
For each temperature treatment, the,cut-ends of the shoots
were consecutively wrapped with a 2 cm wide strip of damp
cheesecloth and secured with cotton thread. The shoots were
tapea to aluminumi foil and a .076 nm Cu-constantan
thermocouple (see Appendix B, p. 136) was attached to a
lear. The shoots were wrapped in the aluminum foil, and wigh
the cheesecloth strip and thermoqouple wire extended, the
unit was pléced in a thermos flaék that was precooled- fo'
5 C. The thermos was sealed witg Terostat VII (Terosan,
Heidelberg) and placed in a freezing cabinet set at -15- C.
The émbient tempera*ure was lowered 1in steps of 10 C evéry 2
h to -30.C. ‘To reach temperaturesv leow the freezer's
cooling capaci*y, a thermos waé mounted on a Peltier cooling
:platé (Thermoelec;rics Modei TCPfZ) inside the freezer.
Using “his procedure, shoots could be{cooledaat 3 to 5 C h™?
td - -uQ C.;wﬁéh a treagmént<reached the.desired‘tépperature

the thermos was removed from the freezer and thawed in a 5 C

cnamber for 24 h.



Visual kating of Injury

Tﬁawed, cold-stressed shoots were placed in sand on a
'ﬁisted prop&gation bench in a 21 to 26 C greenhouse. After 2
- weeks, tissué‘viabilify was rated according to leat colour,
midrib-vein &olour,land terminal bud coﬁdition (see Table u)
After one month, growth was assessed. Shooﬁs were considered
alive if‘roof growth o# bud bgeak had occurred, or 1if, in-
the abéencé of growtHd, the leaves were green and the midrib
velns were whilte. Theltemberature treatment corresponding to
50% survival was designated: és the survival temperature
(also known as LT-50). The wvisual rating was used as a

direct measurement of.injury and as a control for evaluating

the triphenyl tetrazolium chloride test.
Triphenyl Tetrazolium Chloride Test

The triphenyl tetrazolium chlqride (TTC) rﬁest for
tissue .viébility wés 'adapted from Steponkus»apd Lanphear
(19b7a)f Three, 50 mg samples made ué}qf approximately 0.25
cm2 leaf seéfions were taken from.'éhé. leaves é} each
temperature treatment. The leaf tiSsue_ués\placed in 3 ml of
0.6% (W/v) TTC in QfOS M NaZHPQA—KHZPO4 buffer (pﬁ T.4) +
O;OS% (v/v) weféﬁng agent ‘kTriton—X), iﬁfiltréied»under
vacuum, and incubaﬁed a+« 30 ¢ for 15 h. The TTC solution was

drained and the leaf tissue was rinsed with distilled water.

The red formazan derivative was extracted from the leaf



Table 4. Rating or visual injury ot cut shoots of Ledum

groenlandicum placed 1n sand rfollowing controlled treezing

tests.
Time © Survival Observations
veeks min max
2 Browning '
leaf colour Q\ (0)-brown (4)-green
midrib vein colour (-)-brown (+)-vwhite
Bud damage (-)-open (t)-—compact
4 Growth
roots (-)’a?sent (+) -present
bud break (—f—abéent (t)‘ﬁresent
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tlssue  with 7 ml of 954 (v/v) ethanol 1n a boiling water

‘\_bath for S5 min. The extracts were co. -d and made up to 10

ml with 95%

“thanol. The altsorbance was recorded at 530 an

on a Beckman DB-G spectrophotometer (Beckman Instruments
Inc., Fullerton, Calif.) and was expressed as a percentage
of the absgtbaan of the control temperature treatment
(5 C). The survival temperature was derived . from the.

interpolation of the 50% absorbancy value (see Figq. 1) . A

good

correldtion existed between the 50% survival of the

snoots daiter

4 weeks 1n moist sand and the S0% absorbance

value obtained from the TTC test (Fig. 2).

Water Relations

- Thermocouple Pshychrometers

s

Total leaf water potential (y) and the component

potentials ¢

Spanner-type

Mayo

(1974,

yp and Yo+, eq. 1) were wmeasured wlth
; .Tm T . -

'thermocouple psychrometers, constructed after

and a Fluke model 845 AB high impedance

.voltmeter. A “ypical calibration curve is given in Appendix

A, b.

‘were
53

N ]

after

131. To

placed

a 4

determine y, three 4 mm diameter "leaf discs

in a ‘4 nm deep vy 4 mm in diameter sample

,cuamber. Three readings, at .5 wmin intervals, were taken

h* equilibration period in a 30 C constant

femperature bath. Feplicate readings were within 0.2 uV or

0.3

bars agreement. Longer equilibratidn times (i.e. 12 to
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(AsgolalTrealmon! Tgmp./ A530 at s C) X 100 »

,L
O(L L L L 1 l
5 -5

=15 . -25 - Liquid
. » Ny
Treatment Temperature c
Figf‘l.' The effect of low temperature stress on Ledum

groenlandicum leaf tissue viability as determined with
.triphenyl .tetrazolium chloride. Each symbol represents -

the mean of three samples. Vertical bars indicate the
standard error of the mean. The tissue survival temperature
was found by ‘the interpolation-of the 50% aBsorbancy
value. The above sample was from August 20, 1976.
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<4 h) caused the tissye to deteriordte. -
To determine the component potential, W"*r’ the sample

. il

Chamber was ¥Capped in aluminum foil and immersed ip liquid

'N2 {-196 C) ror 10 min  to rupture cell membranes. The
chamber was then wvarmed fér 40 min and returned to the
thermocouple PSychrometer. After a 1.5 h equilibration
period readings were.taken as for .

Turgor pressure ( ¥Yp) was derived using the equation:

where - ¥YP = turgor Fressure,
¥ =total leaf uater'potential, and

y = Combined osmotic and matric potential.

T+7 ;

Scholander Bomb T e .

'Xylem. tension.vas measured with a Scholander Boab (PMS
Instrument Co., Corvalis, 6regon). Leafywshoots, 7 to 10, cm
long, were placed in the chamber‘and the pressure was raised
a4t  about 1 bar pér 5 s. Readings weré‘recorded when the
Xyiem sap was ceen, with thg axd of a hahdlens, tonreturn to

the cut surface of the sten.

Rela*ive Water Content

‘Relative water content (RHT) 1is defined as {€g. Barrs
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196 4H) ¢

NAC = frech wt - dry wt_ (2)
: turgid wt - dry wt

Three, 7.9 mm 1n  diameter leaf discs Comprised:each
welghaind sample. All welghts were ﬁeasured uith a Mettler
H10 balance (Zurich, Switzerland). The:fresh wt was recorded
1mmedlatcly after the discs were cut. | |

For th@‘ determination of the turgid wt the individual
leaf disce were placed in a saturation chamber, similar to
that described by Slavik (1974), consisting of a‘wet foam
cshee~* in a pétrl dish (see Appendix A, p.131). The cut édge
of ~each leaf disc made rifm contact with the wall of the
saturated foam hole, and full* turgidity was;reaéhea after 3
‘h satdtatlon 10 the dark at 22 C (see Apbehdix A; p- 13T);
The turgid le;k discs were rémoved from' the saturation
chamber, blotted dry‘betueen‘several layers of filter'papetv
tor 10 s andiw@ighea.'The sample was tbén oven—driéd at 55 ¢

for 48 h and the dry wt recorded.

Potometers
a o
Simple potometers were constructed to measure thé rate
ot water uptake by cut shoots. Thé‘pbtometer consisted of a
0.2.ml pipet£e’calibra£ed‘to>0.001 ml and a 5 ml' pipette
.that served as ,a"':eservoir ahdiwas sealed from the water
uptake column‘by a clamp. A sho:t.rubber tube connected the

pipette systea to the shoot assembly.
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The, cut shoot was febut and threaded through the rubber

stopper under water. The shoot-stopper assembly was
~ .

connected to the water filled potometer System and

five-minute epoxy - - was applied- to seal the

tubing-stopper-shoot connections. The open ends of the
potometer were covered with aluminum foil to prevent

evaporation (see Appendix A, p. 131).
Gas Exchange
Gas Analysis Systenm

Net photoSynthetic rates wefe deﬁermined ~using
infra-red gas analysis in an open sjstem (geSték, Eatsk;,
and Jarvis 1971). The output from la Unor II differential
analyser (Maihak, Hamburg), 'Sbanngd at 35 ppm full scale,
was continuohsly recorded on chanﬁels 1 to 8 of a ﬁoneywell
Electronic 16 dual range, 24 channel, strip chért recorder.
Channels 9 to 24 were calibrgted over a range of . «10 to
+490 C,for.Cu—constantan thermocouples. The syStep deSign’was
vafter Mauer (1977), but had.modifications for increased'flow.
rates. The flbi rates of the reference»ahd saﬁple gases
th;ough the analyser were mcnitored with Gilmont size 2
flowvmeters. Coustant flou?rates through the system were held
betwéen 330 ml min—t and 530 ml min—!, depending on the
plant size. |

\ . . .
Singlé\leafy‘branches were sealed within a cuvette



eqmipped with an internai fam. The desigm of the gas flow
System and the cuvette.are given?in Appendix B, p. 136.

On each day ot measurement the infra red gas analyser
(IRGA) ‘vab cal;brated with stapdard gases so that the chart
recordings in aVv could be converted directly to PPR CO .. The
standard gases Vere_mcalibrated against . 9dases of known
coneemtration with Wosthoff 'pmmps as _described‘by Bate,
D*Aoust, and Canvin (1969) . The differential concentration

2
vstream was. Hetermined 'by alternating between a 10 ain

of CoO between_ the ambient air stream and the sample air

inte:vai of an ambient/ambient air stream and a 20 min
intervall ot ‘a ‘cumette/ambient air streanm. The , chart
recordings ;uere visually averaged over each imterval, and
the interval values obtained were averaged over the period
of measurement at a partlcular reginme.

Environmental Measurements

The temperature of the cuvette mas"eontrollea byi
adjusting the temperature'of the entire growth chamber. Leaf
and air temperatures inside the Cuvette ;ere _monitored "at
mldshoot belght with .127 nn Cu—constantan thermocouples
(Omega,Englneerlng,aStamford, Conn.)-,(see appendixth, p.
136). Leaf thermocouples, uere placed on the abaxial leaf
surrace. Thermocouple om pu+s were recorded ¢ontinuously

with a Honeywell mult1p01nt strip chart recorder.

L1gh+ was prOV1ded ‘by the standard growth éhamber
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lighting fixtufe Supplemented with a quartz lodide lamp (GTE
Sylvania, Drummond;llle, due.)e The lamp was suspended above
the cuvette and the .light was filtered through S ‘cm of
water. The " light intedsity generated by the lamp wWas
adjustable with a variadle transformer. Photosyntﬁetically
active 'radlation (PARf’ 400 to 700 nm) Was measured at
midshoot height bufeide the cuvette with a Model LI-185,
meter (lambda Ikstrumehts, Lidcoln, ‘Nebraska) . Spectral
analyses of tﬁe lightreourCes are given in Appendix c, p.

t4g. No humidity control was attempted, nor was the humldlty

r

of the sample air strean monltored durlng measurements,

'

Calculation of Net 2hdtosynthesis

After completion of the CO2 gas excﬁange Reasurements,
-the area of the attached‘ leaves. was. ectlmated dfter fhe
met hod of Ackley, Crandell, and Russel (1958). The
correlation coerficient and thé linear regression equa+1on
used to estimate lear area from the product of the leaf
length and Uldth are given in Appendlx D, p. 142, Leaf areas
were measured by trac1ng the leaf outllne on graph paper and
countlng 1 mm2 sauares. Leart length was measured from the
tip of the 1leaf blade to the petlole. Leaf width was
measured at tae wldest p01nt of the lear, ‘perpendicular to
the length axis.

Rates of net phofosyn*he51s and dark resplratlonvwere

calculated as mg CO2 dm=2 h-1 ysing the . follcwing egquation



~adapted from Hartgerink (1975) :

n

Net photosYﬁthesis of CO2 (mg dm—2 h—1)= (3)
(C ppm * Y __mq__ ¥ 273 K * F al_* 60 min) : A dp?
ml ppm Ta K min h
where _ ’ FaN
\ \! -/
¢ = Co, acstimilated in ppn : <) '
. /
Y = conversion from ppm to-mg ml=1 {
. . - P 1% . : R
= u4 = 10-¢ mg__ (Sestak, Catsky, and Jarvis-1971)
22.414 ml ppm
Ta = air temperature in K
F = flow of air through cuvette in ml 'min—?
A = lower leaf surrface in dm?

A linear regression eguation for leaf dry wt as a

.function of leat area was determined on a small sample (see

Appendix D, p- 142), and thus, the  calculated net
pnotosyurhétic”rates can be converted to mg Co . " odry wt
h=1.

Field Studies

Sige Description

The -Ledum groenlandicum piants used in the field study
were growing at the-'University of Alberta Devonian Botanic
Gardens, 25 knm 'SW  of _Edmonton. The population of Ledums

- >

grogglandicui cselected for sampling was situated west of the

Shrubs and Spring Bulbs plot. The .plants were 20 to 60 ca
' y
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high and weroe growing in a depressed area, under a Populus

rrenuloidess ¢anopy, south ot a small man-made pond.

¢

Sampling Schedule

The water relations and cold hardiness of Ledunm

droenlandicum ¥ere monitored monthly or bi}eekly from
November 1975 Yo April 1977. Cut shoot samples were taken at
funrise and aqt noon~and trdnsportéd about 100 m in a closed
humid chamber to g ﬁut. 'ﬁeaf water potential and its
components were measur®d with thermbtbuple pPsychrometers.
The leaf  discs uere' loaded into the thermocouple
FSychrometer «chambers in the " hut aﬁd then the water
poterntial :eg@ings were taken after an equilibfation-period
.ln the Zdmonton laboratory. Xylem tensions were deterhined
with a Scholander "Bomb immediately afte} the psychrometer
‘éhambe;s vére loaded. During thé winter, shoots weré allowed
fo Thaw 15 min before xyiem tensigpn determinations were
attempted. The Cut Shcots Hére transported in the sealed
humid chamber 0 the .Edmcnton laboratory for cold ~hardiness -

determinations.
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Controlled Environment Studies .

Photoperiod Effect on cold Acclimati;n'and Water
Relations
To assess the importance of photoperled in the
induction or cold hardiness, edun groenlandicum plants were
grown under ei:ﬂer‘short‘days (8 h) or 1long days (16  h).
Fight plapts, 20 tQ. 40 cm high, were subjeeted to each
eontrolled environment regime. |
| The illumination was provided by 20 Sylvania F48T12
CW-VHO or Phillips TL 110W 33RS fluorescent lamps and 6 100W
incandescen* lamps. In both chambers, the light intensity at
the growing bed level uaé 4d0 nE m—2 s—1 (PAR) (27,100 lux).
Spectral eﬁalysis of the véhamber lighting is given in
Appendix c, p;140. Light. intensities vere measured as
desdribed on p. 35.

The *vwo phetoperiod treatments were subjected to’

identical temperature reglmes. The temperature reglmes were:

25/15 ¢ day/ni ht ftor 4 weeks, followed by 15/5 C da /Dl ht
y g Y Yy '9

for 2 weeks, andnendlng u1th 15/5 C day/nlght with 2 h of
-2 C night* frost for 2 weeks. Relétive hﬁmidity,. determined
by the chamber dew point depression, Hés r;intained'at 70%.
Prior to the experiment; the plants hadﬁferminated a’ éeriod
or rapid growth. ghe~plants wvere well- watered throughout
the experiment.

The survival temperature (p. 26), the total leaf ruater

/
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)
. ¢

/ .

potential- and its cqmpOnehts "(p. 29), and relative water

content (p. 32) uere~measured.folloving the schedule
, .

given

in Table 5.
Cavita*ion in Frozen Stems’

Methods similar to those of Hammel (1967) ‘were used to

determine the degree of cavitation - after  freezing in the

[f=1
=
thn
o
o
I
|
[OX
[o}]
=]
ot}

'stems of Eedum qroenlandicum and Pi

.

Water Uptake and Weight Loss

In the first two cavitation studies on Ledunm

cut shoots were measured »and found 'to be thé sane,
fherefore;3in t he remaindef of the cavitétion studies oniy
uaﬁer uptake was r§c0{§ed. The water uptake and weight loss
Of the cup‘shoot; were measured és a function of time. _Cut
shoots were Qeighed and mounted into potometer systems (p.
33.) If*weight“loss was récordéd, the potometer systém ‘Qas
'mounted -bn£o a Mettler ?1200 balance accurate to 0.01 9.
Studies were conducted in a growth chamber =~ having a 1light
'intehsi*y of 151 HE m—2 s-lA(PAR) (9,120 lux) at the shoot
height( 27 C air ﬁempera{pre, and  a felative humidity oI
50%. A plastic: shieiding “around phé potomeper4balance
ascembly ﬁinimizéd the air flow while readings were being

‘made.



Table 5. The controlled environment regime and sampling
schedule used in the stydy of the etfect of photoperiod
on the cold acclimation and the water relations of Ledunm
gzoenlandicuan. - '

Sampling “ © PAR* QJE n2 s71 Air Temperature C
Time | |
weeks 1in+*o time - , time
study | at max
ho- intensity : h max min
0. : 16 . 2170 24 15-20 -
4 8 440 - 16 25 15
16 57 w0 | 6 25 15
6 8 4u0 16 15 5
16 440 | 16 15 5
3 8 UQO 16 157 -2
16 440 ) 16 15 -2

*PAR=photosynthetically active radiation.



The  porometer system  was mluillhz‘/dted ror 1 h, then
readings were made at 15 min intervals for 2 h pricr to  the

¢tem beinyg trozen. To lregzo the stem, a 2.5 ¢cm «  rubber
sleeve was attached to the Stem and liquid N2 was pilpetted
into the s%?eve for 15 min.*\burin ceezing, the plant
toliage and potometer were protected with aluminum foil from

1

the liquid N The rubber sleeve and aluminum folil | were

2
removed after the freezing period and readings were resumed

fUr. 2 h at 15 min intervals, and then at 30 min intervals

tor the remainder of the light period. Recovery ratfes were

monitored a* 24 h after the freezing. 9.4

Xylem Tension .

The effect of freezing on the xylem tension or a branch
i
of an intact plant was determined. Stems were frozen in the
late morning or early afternoon when xylem tensions were

high.. The xylem tension ©of a neighbouring (pre-freeze

"

control) shoot was ‘measured with a Scholander Boab

]

immediately prior to the Mfieezing of the experimental
branch. A 2.5 <c¢m deep rubber sleeve was secured to a sten
~section leédihg to ﬁﬁo shoots of the experimental:- branch.
The branch foliage was shiélded with alﬁminum foil and the
stem was frozen.for 10 min with liquid Nz.

The freezing épparatus was dismantled and after 7 h the
xylem tensions of an unfrozen shoot;.(pbst~freeze control)

and of one the shoots of the branch that had been frbzen for
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19 ° miun (post-freeze experimental) were measured. The
[emaining 1intact frozen shoot was observed over a 4 week

period for sidns of damage.

Physiological Responses of Hardened versds Unhardened

Tissue
Environmental Treatments

The effects of photoperiod and temperature on the cold

acclimation of Ledum ggggg;ggg um were determined in
preliminary studies (p. 39) Based on these result:, plants

were subjecfed to a hardenlng regime (see Table 6) so that a
comparison of solected phy51olog1cal processes in hérdened
and_\unhaxdened plants could be made. 'Unhardened!’ refers to
‘plants grown uﬁder»the jb h day,'25/15 C temperature‘regime.
The same vnlants were - subjected to the hardening regime; and
vfhdrdened' rerers tc plants that had grown at least 2 weeks
undar tﬁe 'duh day, 15/5/-2 - C temperature regime. An
exception =0 the .above hardening regime 1is tha{ of the
hardened plants ‘in the ;tanSpiration study. ‘'Hardened!

material refers to those plants that were grown under the 3

h photoperlod reglmec deccrlbed on p. 39.
Hofler Diagranms

Hofler diagrams (as described by Slatyer 1967) were
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constructed from water pOthtidl ;ng relative water content
datda obtained from *he leavgsy Of pardeéned and ur dened
pldﬁts. |

Excised. leaves were pLdQed in 4 S5atuyrated chamber for
3 h, then the leaves were ayt dfied for 0 to 1.5 h to obtain
va:ylﬁ@ levels of tissue hy@tétién. Three leaves comprised
one corresponding water potgntlal and relative water content
determiqation. From each lgaf' one disc¢ vas removed for the
water potential measurement ang one disc was removed fér
the relati;; water content @e(erminafion.

The Qbflég diagrams wFle anatysed witp the modéls of
Warren wWilson (&967a, 1967b, 19b7t) and Acock (1975). Table

A lists the calculated wﬁtet rélations constants and

varliables and *heir equatiops’
Transpiration Pates

Transpiration rates of n}rﬁQQed and . ynhardened plants
were - m sured with potqﬂﬁt?t% (P. 33) . ‘Studies wete
condﬁcted in a growth chambeg h%vihgla 220 HE m~2 s-1 (PAR;
(T?,;SO lux) 1light inteqsily It fhe 5h00§ height, a 20 C air
‘?emp«tdputé,v ant a relat;v/ EUAidity of 50%. Leaf an%béir
teépe;dtu:ps were monifored‘u%tﬁ ~127 wm Cu-constantan >wire‘
tnermocougples.

The <cut shoots were c/d5§ﬁerfedvlhnediately>f10m.the
dlfi@:en' g:ow;hg regliumes J™ yege asseapled -1nto “the

potometers. The potometer a5/£§bky ya8s equiliprated for 1 h
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betore readinys were taken a4t t h intervals. The influence
of different light conditions on the transpiration rate was
determined by subjecting the cut shoots to alternate 4 h

periods of light and dark over a 12 h period.
Net Photosynthetic Rates

~The net photosynthetic rates of hardened and unhardened
plants were méasﬁred with an IRGA system (p. 34). Plants
were transferred immediately from the Qroving regime to the
growth chamber eéuipped with the IRGA. Plants were well
watered thfoﬁghout the net photosynthesis study. An intact
branch was mounted into. the éuvette and the TRGA system was -
equilibrafed‘fot 1'h.5efor9 measuréments4comm;nced;

The measurement s of'the net assimilation response to
{émperature, at S C ihte:vals, were made over a range of O
to 30 C legf temperaturés. The IRGA system was equilibfated
at each temperature regime for 1 h before 3 h periods of
measurement were reéorded;'Light intensity was maintained at
390 wE m—2 g-—1 (PAR) during thé : net photosynthesis
determina+ions. Temperature regihe;l.uere ‘Progressively
changéd\fré; the warmest to the coldest regime. After all
the tempcraFuf@. regimes in the 1light were comp;eted the
Lesponce. ot dafk respiratioﬁ to temperature was determined.
The measurement period was 2 h. The maximum time a‘shoot'wés

sealed 1n a cuvette was 72 h.

Ligh*® intensity response nmeasurements were made over
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the range of ¢ to 1600 WE m—2 s—1 (PAR), at 25 <C for
unhardened plants and 15 ¢ for hardéned plants; these
temperatures gave the optimal photosfnthetic rates. After 30
min equilibration at each-light iﬁtensity, measureﬁents were
taken forkéxh pefiogs. The light intensity was variéd from

the highest intensity, stepwise to darxness.



"EXPERIMENTAL RESULTS
Field Studies
Seasonal variation in Cold Hardiness

The «cold hardiness (or survival temperature) of nggg
groenlandicum plants growing at the"University of Alberta
'Dernian Botaniz Gardens was monitored (as described bn p.
38) tfrom February 22, 1§76 to April 24, 1977.

Weekly summaries of meteorological data from November
1975 +to April 1977, for the Edmonton International Airport,
12 km SE of thé"University 'bf Alberta vDe{onian Botanic
Gardens, are ~gi§en in Fig. 3. Maximum temperatures were
beioy 10 C from mid~ﬁoyember 1975 tb.the_endlof March 1956.
In eariy April 1976 maximum temperatufes rapidly“rose anad
remained abave 20 C'until the first ;ees “n Octobefr 1976.
Dpring late November 1976, maximum £emperaturé$ decreaséd
and( :e;ained.‘below' 16 C until  April '1977. Minimum
“emperatures were below freezing fé&m Nove@ber 1975 to mid
.Mayf197§ and from the‘fikét‘yeek inioétober 1976”to the end
of April 1977. The annual cfcle.of the tbtai possible hodrs
of sunshine had maximum and minimum Vélues'of 17.1.h and'%.s;k
h respectively. Daylength was lohger than 13 h by early
April and shorter than 33 h by early September. Snow covered

v
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Fig. 3. ‘Weekly summaries from November 1975 to Aprili 1977
of a) maximum and minimum air temperatures, b) total -

possible hours of bright sunshine,-and c¢) ground snow
cover (cm) (line graph) and total rainfall {(mm) (bar graph)

for the Edmonton International Airport.
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the ground from November 1975 to mid-March 1976, and fron
the end of November 1976 to late March 1977. Precipitation
was generally greater than 10 cm per week from the beginning

or May 1976 to wmid September 1976.

groenlandicum (see Fig. 4) can be related to the chénging

. meteorological environment. The shrvivali temperature ot
‘temperature) from February 22, 1976 to April 18, 1976. A
rapid rise in the. survival temperature to -12.5 C occurfed
between April 18, 197b.amd ﬂa; 23, 1976. During this period
the maximuh.temperature had risen abo§e120 C, daylength 'Qas
longer than 13 h, +the ground snow cover had cémpletely’
melted, and bud break had occﬁrréd. Throughout the. sumaer

months, when minimum temperatures were above freezing, the

survivalltembera;ure of Ledum groenlandicum was ab%ht -9 "c.

By September 26, 1976 the daylength was shorter than 13 h,

but minimum temperatures were still "above freezing. Terminal

buds Ead formed on the shoots of Ledum groenlandicum and the
suriival tempefature had decreased to =21 C. With
subfreeziné- té@peratures by October 10, 1976, the red leaf
cblourétioh (possibly anthocyanigs) became more apparent and
the survival temperature rapidly-decreased. By November . 20,

1976 ’the survival temperature was below -40 C (the minimum
measurable'temperature{.lThe survival temperature' dié not

increase until April 24, 1977, after a 3 week period of

maximum temperatures above 20 C and daylength longer -“than
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13 h. Bud break still had not occurred.

Seasonal Variatign of the Water Relations
' 1

e

The seasdnalﬁ}ariation of the water relationskof.ggggg
groenlandicuum, meésuréd over the period from November 'é,
1975 to April 24;w1977, can be relé£ed to the environmental
factors given in Fig. 3.

Total leaf water potential (see Fig. 5) and xylen
TR )

'Fig. 6) followed similar patterns. Between

"

below the 1lower limit of the thermocouple

§ £
£

psychromeper and above the upper 1limit of. the Scholander

Bomb (~-67.5 bars .and 65 bars respectively) were common. With
snow melt and warmer maximumftemperaturés, from March 21,
1976 to Ap}il 18, 1976, water potentiai incFeased. Between
April iﬁﬁ._197b. and November ‘6, 1976 the totai leaf watet
poténtial was above>}25 bars. The xylem tension snowéd a
diurnal variafidnrtgroughout this périod. After November 6,
1976, when minimdm air tempé;atures weére bélov -15 C, - the
leaf water potential and xylem:ténsion dropped below -67.5
bars and increased ‘above 65. bars respectively. Values
indicating severé water stress were recorded unti} March 21,
1977, By April 24, 1977, +when the snow had_ﬁeltvi and

maximum temperatures were above 20 C, the vater pore-tial

" had risén above -25 bars and the xylem tension was below 25
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S5t

bars.

The combined osmotic and matric potential (Pig. 7)
folleued a similar seasonal trend as the total leaf ;ater
potential. Values were below -35 bars from November 6, 1975
to March 26, 1976 and from November 20, 1976 to March 20:
1977. Between April 18, 1976 and November o, 1976 and by
April 24, 1977, the combined osmotic and matric potential
was above‘—JO bars.

Turgor pressure (Fig. 7) ués below 3 bars from December
15, 1975 to Harch 21, 1976 (excep: February 23, 1976) and
froq October »23, 1976 to Apriﬁ 2&; 1977. Negdtive‘turgor
pressures were calculated several times throughout the
winter. With spow melt and high max1mum temperatures, +uréor
pressure had increased to a maximum of 9.1 bars by April 18,

1976 This was prior to bud break. Turgor pressure decreased

an d remalned at 4.5 bars from May X4, 1976 to September 25,

!
1976. ‘ i ;
. ‘,;})

Controlled Environment Studies

Photoperiod Effect

‘The . Effect of Daylength on the Initiation of  Cold

$

Acclimation

The effect of daylength on the cold‘acciimation'of

Ledum groenlandicum was stuwlied by subjecting two gr 'ps of
. " b . .

[AOTIS
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plants to 1dentical temgerature  regimes, b t different

Photoperiods; weither 8 g (5P) or 16 h (LD) (see Fig. 8).
Atter 4  weeks  under. a warnm 25/15 C day/nlght

temperature regime, the o rvlval temperature of plants grown

under <+he LD photoperiod nad decreased from -9 C to -12 C.

After growing .anp additional 2 weexs at the 15/5 ¢ day/night

. /
temperature regime, the survival - emperature of the ﬁ%
plants was -12.5 C. The survival *--perature of the LD
plants had deCreased to -16.0 C after the final 2 weeks of
\’\

g:dwih@ a* the 15/5/-2 C temperature regime.

Short day plants groulng urnder “the 25/15 ¢ temperature

.s./

‘regime for' 4 weeks decreased 1n survival temperature fron

B,
regime, the survival temperature of SD plants decreased

:'5»

~9 C to ?19.5 C. After 2 weeks under the 15/5 C temperature

sy -

:Afurther to -22.5 C. A rapld fall in surv1val temperature to

vbelou =30 C (the llnluum measurable teaperature) occurred

after the flnal 2 weer 15/5/-2 C temperature regame.

4

. N 2
The Effect of Daylengthion the Tissue Water Balance'

‘The water r2lations of the Plants subjected to the Sp
and LC photoperiods "were studied at the same'sanpliug
intervals (see Table 54 F. 41) as the survival temperature

determinations : in.  the * precedlng section. Plants were

‘vell-vatered throughout the study.

The tQtal leaf vater potential of the vplants grown
: 9 » : ‘
under <he LD photoperiod decreased from an initial mean
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Ay

The influence of photoperiod on the survival:

temperature of Ledum groenlandicum. Eight plants were

subjected to each photoperiod regime. Three leafy shoots
from each plant were used to determine the survival

temperature.
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value of -15.b bars to -19.0 . bars after « veebs at the
25715 ¢ ?empe:éfuze (See- Fig. 9) . After 2 weeks at the 15/5
C fuglme the total water potential of:LD plants was =-19.2
bars and a final value of -.1.4 bars was measured af ter ﬁhe
15/5/-2 C regyime. The comblned«éﬁmotic and matric pdtential
ot LD plants was initialiy -28.7 bars and was -25.9 bars
atter *he first 4 wveeks at the 25/15 C regime. The coambined
potentials decreased to -33.3 bars after 2 weeks at 15/5 C
ana-increased.to -24.9 bars after. 2 weeks at 15/5/-2 <cC.
Turgog ﬁfessu:e fluctugted  during fhe study period;
initially being 13.1 bars, deqfeasing to 6.4 bars after ﬁhe
fi§sr u ’yeekS' at 25/15 C) 1ncreasihg to 13.9 bars after 2
weeks at 15/5 C, and finally‘decreasing to 3.5 bars after
the 2 week 15/5/-2 C temperature regime. o

The totalv leaf water ipotential ,of.'thei'SO\ plants
decreased over the course of the study (see Fig. 8);‘E#dm‘an
initial readin§ of =-15.5 bars, tétal wvater potential
decreased to ;16.1 bars after a_ﬁeg&g at 25/15'C,r£o.—19.4
bars afté? 2 weeks at 15/5 C and thenqggm, -3378 ~bars after
‘the final 15/5/-2 C temperature regime. The combined osmotic
ard matric_potential of-SD_plauts followed a simiiar pattern
to the totai ;eaf vater potential. At the outsét of the
study, the combined potential was -28.8 bars, increasing‘ to
-22.6 baps after o veeks, decreasing to -31.8 bars aftér the
2 week 15/5 C regime and decreasing to -44.4 bars after the

~ - ' . . ¥
final 2 week 15/5/-2 C temperature regime. As was found with

the LD plants, turgor presuure fluctuated; from an initial’
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13.4 bars, to 6.5 bars after 4 veeks,'to 12.4 bars afper 6
weeks, a;d to 11fb bars by the eighth week of the study.

There was a significant différénce between the total
uafer potential and the component potentials of the LD and
SD plants meésured after the finpal 2 wéek period at the
15/5/~-2 C temperature regime. Statistical siénificance was
. determined at thé 0.01 level  using an unpaired Student's
t-testb(eg. Zalik 1976) .-

The relétive water content (RWC) of LD plants (see Fig.
10) did not -;hange significantly over the course of the
study. During the 8 week study period the initial RWC was
.815 and ‘the final 'value was .825. The RWC of SD plants
(éig. TO)‘did'not vary significéntlyvfrom the RRC of the LD
.plants /hntll the eigﬁth week of the study, when the SD
plants ﬁwc had decréased to .739. The RWC Qf the LD ana the
SD Apignts ét 8 weeks were significantly differen; a£ the
0.01 levela determined by the unpaired Studépt's t-test (egqg.
Zalik 1976}; fé%ﬁ

.ﬁo .
st

The Occurrence of Cavitation in Frozeén Steas
(7 » ‘
A o .

The investigation into the occurrence of cavitation in

]

the frozen stems of Ledum groenlandicum was prompted by the

water relations results obtained during the field stu@ie§.

¥l
7 e nt

Fig. 11 gives a coamparison of the xylem tension'(Scholanagf

Bomb) values and total leaf water poténtial (psychometric)

. N
.values gathered thkogghout the field study. During the
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Fig. 10. The influence of photoperiod on the relative
water content of Ledum groenlandicum. Each symbol
represents the mean of six plants. Vertical bars
‘repr=sent the 'standard error of thevmean. o '
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v1nfer months, xylem tensions were generally higher -
(positive) than the total leaf uafer pot;ntial (negative)
values. An inté:pretation ot thesebresults was that during
ﬁhe wiAter the frozen xylem sap had expanded and cavitated.
Because of the cavitation, the Scholander Bonmb would have -
requifed greater pressure to return the xylem sap to the cut

shoot surface, and therefore, xylem tensions would have been

erroneously higa.

Nater Uptake

=]

The water uptake rates of cut shoots of Ledu

. . . . ' Y .
groeniandicum and Pipus banksiana were mea’sured before and

LTS L F 3%
P
Loy

after sections of the stems were frozeq;wj
] «

The cumulative water uptake“of the four shoots of Ledunm

groenlandicunm are graphically portrayed in Pig. 12. Prior to

the freezing of the stems of Ledum groenlandicum, the rate
of vater uptake of the cut shoots ias 127.2 ¢+ 13.2 (s:Z) wml
g~! fresh wt h—1! (n=4). After the stem had been frozem aand

thawed, the water uptake rate was reduced to 57.6 33_7.8__ml

. g=T fresh wt h-1, The recovery rate of water uptake,
measured 24 h after freezing, was 35.5 t 8.3 al g—! fresh wt

h=1. The water uptake rates of the individual shoots of

Ledum groenlandicum and Pinus banksiapna are given in Table

@
.

The cumulative water uptake of the four Pinus banksiana

shoots are portrayed in Fig. 13. The 'cut shoots of Pinus

24

£

]
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Fig. 13. The cumulative water uptake of Pinus banksiana
shoots as a function of time. A 2.5 cmmigctionzof the
stem was frozen with liquid N, for 15 min at 2 h.
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Tab;e 8. The water uptake rateé of individual shoots of
Ledum groenlandicum and Pinus banksiana before and after
freezing.

Species Shoot Water Uptake Rate
# . ml g—1 fresh wt h—1!
Before After - After 24 h

Freezinag ¥ree: ..y Recovery

L. g;denlanéicug 1 115.. 6.8 : aJ;q
. 2 19.5 36.5 13.0
3 117 6 57.2 48.8
4 16_6.5— 73.7 32.9
P. bapksiama 1 . 1s.8 " 18.9 «
2 is.a 21.2
3 21.1 24.7
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lb’

ank

[147]

iana had much lower rates of Qater uptile‘than the

d n'groenlandicug shoots. Prior to freezfing of the  stems

L

1)

of Pinus banksiana the water uptake rate was 17.7 + 2.0 ml
g—1! fresh wt h—i. Water uptake rates increased to 19.0 t+ 3.0
ml g—1 fresh wt h—! after the freezing and thawing of the
shoots. If was not necessary to r°. °“d recovery rates at 24
h 5ecause the water uptake rate- ilowing freezing and

thawing were not reduced.

Xylem Tension

The xylem tensions of frozen and unfrozen shoots of

Ledun groenlandicum and Pinus banksiada were Reasured as

anofher wéy to detect cavitation.

The xyleﬁ -ténsion.of Ledum groenlandicum shoots prior
to the mid-day freéiing period was 8.9 + 1.4 (SE) bars
(n=4;. The stem was frozen for 10 min then ﬁhawed; Aftef 7 h
the‘ post-freeze control shoots (shoots that had not béen
frozen) had a xylem F?néion of 4.5 f 0.5 bars, 1indicating
that the xylem water column was intact and the mid-day wéter
-deficit had been relieved. shoots that had béen frozen

. » ' .
(post-experimental) had a xylemp tension of 16.7 ¥ 3.8 bars
at 7 h after the freezing period. The results indicated that
the xylem water column of post-freeze experimental shoots
‘had cavitated. cavitation wbuld'disrupt the continuous-xylenm

water column, therefore, would inpOse a water deficit on the

leaf tissue. The higher xylem tensions of post-freeze



.

expelimental shoots may, therefore, be due to both the

n

imposed water deficit and the development of air spaces in
the Xylem sap.

| The xYlem tension of the shoots of Pinv Uqﬁﬁg;ggg was
1.8 1.Q Dacgw prior *o the freezing ciod. The
pést‘freeze control shoots had a xylem tension of 11.0 + 1.6
bars ahd” the post-freeze experimental shoots had a xylem
tensioy of 13,1 ¢+ 1.2 bars. The results suggestéd_ that the

pcst-freeze experimental sShoots of Pinus banksiana had not

.cavitated. :

There was a significant difference at the 0.05 level,
using *he uppaired Student's t-test (eg.' Zalik 1976),\
betueén thg post;freéze ‘control and the post-freezé
experimental xylem tensions of Ledunm’ gggggiggg;ggg. The

xylem tensions of the post-freeze control and the

N .

post-freeze experimental shoots of Pinus bapnksiana were not

 significantly different. The  xylem - tensions  of the

post-freeze «control and experimental shoots of’ both species

>

are presented as a percent of the xylem tension af the

Pre-freeze control shoots in . 14.

The Effect of Tissue ﬁardihess“on Hofler Diagrams

The relationship between f%e total legghgater potential __

and re€lative water content (RWC) for unhardened (-9 C) and

harden€q (<-#0 C) leaf tissue is shown in Pig. 15. The shape

L

of such curves has been shown to vary with the species anéa
?

9

-
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growing conditions; xerophytes and plants growing uander

.

the .rardened leaf tissue of Ledum groenlandicum had a

wvater stress tepnd to have steep curves. Fig. 15 shows that -

Sta@epér slope than the. unhardened ‘tissue, i.e. that the -

4

total , leaf water ©potential was comparatively lower at a

particular RWC.

To further characterize the internal water relations of

r

‘Ledum groenlandicum tissue, the relationship%ietweén turgor

pressure, gombined osmotic and matric potential and RWC can

be portrayed in a Hot%ﬁr d1Lagranm as shown in Figs. 16 and

17. ”‘ v ‘ ‘ . .o T

~
<

SO " o C?f" B N, ‘
Tne - Lombfned Osmotlo and ﬂafflc Potentlals

+ ot N .
N - 5 . I8 , {‘;:?v .

o
“

Dy 4:
e, N

S The combined “d¥motic and datric potentlal 'of Ledum-

o LY N

Ty a . . - )

',ﬁx'grbenlandicdm Iédf;tissde afﬂi?o RVC was @’15 6. _bars' ror

¥

unbardene&ﬂ;tissue« and -22. 1 E%rs for hardened tlssue (as
S g e | , i V ‘. L ‘ .
TR calculaie&}AésiDQ'”&Cocx's (1975)' model) ." 'Thet“'comblned
L. ) . » .- ] Y >’ ) f -Qc : ;
potentials ‘orf the’ unhardened tissue did not decrease as

T a v

2z

 RWC las in~ the hardened

rapidly with a decrease.

. ti‘fﬁ:e,. in&“icatiog t,hat".

A\

was . a greater increase in th& solute and ',c01101dar
. B . .
: T, . . RS T T
concentration in 'hardened cells compared tOzvunhardened
cells. This analy51s of the Hofler dlagram vas supported ‘by

'y
the nodel proposed by. Warren Wilson (1967a)., Using the
T 6/ . - .

i+ h decrea51ng cell volune, there}

. - ‘ . . . J ‘
equations giVe{(ianable 7, p. 46 the osmotic potentials and

matric potenrials were calculared separately. Fig. 18 'shois



74

i
A

i
¥
|

. : 5
~ f . - - . ]

- *(GL6T) xo0o¥ Aq T8pow syl bursn paje[ndoled 3I9M Jey3 sanTea Teriuaizod.
u:mcw&\Eoo IeInI[20BI3UT 8yl 21e sToquis uadD : (e) sanssaad zoban3y ay3z pue (m) Tet3uaipd
.9TX3ew pue DTIowgo pauTquod 2yl JO sanTea YTAG poinsegu syl 3udsasiadsa sToquis pasdiod
oyl -weabetrp I8T3QH © uT palex3zzod wunorpdefus0ib umpsT pauspaeyun: 3o sjusuodwod

Tetjus3od 193eM Byl PuUP 3JUIIUOD I93eM DATIBTAI BY3 udam3Iaq dTYsuoTIe(ax ayrL " 9v “bra
B < gt . - . e ,
-3 : : ’ JUGIUOD JelEp 8Anle|aY : , : -
5 .Nl.l. ) 3 ) —0 ) .
oot 06’ L \n\\o_ﬁ»a\\ o9 ° og
T T T : .

dr

sieq

¥ . L £,




£3

’ s
" (SL6T) 3209w Aq Tepow sy3 buts
Juauodwoos IeInTIadoe13uT BYy3z aie s1oquis uadp ‘(@)
otajeuwt pue OTIOWSO PaUTQUOD ay3 JOo sanTe;
PS8SOTD oyl -weabetp ISTJQH e urt pafexjxod wnoTp
TeT3ua3od 183em ay3 pue 3usjuoo I33em sAT3eTDI

1U91U0D Jsiem saiejay

0g. psanseaw 3
901
SIEEY LT

\.

>

F-foﬂ _ 06’ 08"
T 1 T
- ) a \\

_ oL+
<
he)
o
o
“

) ozr

w2 oet

- %..
- &

&

i
T

lOﬂl;

)PIRPINOTED ‘a10M 'Y} saniea 1¥t3usjod
$91d 1obaniy ayj pue Aly_ﬁMHucquQ.
Y3 Jusssadsa sToquis
unpaT pauspiey jo sjusuodwuoo

9 drusuotiersr syl .1 -brg



76

\

that the hardepne tissue had the lower osmotic and matric

potentials at all/ RWC values, and they decreased more

£apidly with a 'defrease in cell volume.

Calculated yalues of the bound water content (B}, using

"the model of Warren Wilson (1967c), were .14 for unhardened

tissue and .17 /for hardened t{ssue. Based on Acock's (197&§%

model, whé:ﬁ% B was the y—intercept orf the plot of R- versns v

w A
) . i

/ : . ) S
1/ m+1, the bound water content for unhardened tissue was

.183 and for hardened flssue was .253. The larger calculaté&d
!

bound water content value for hardened tlssue supported. thé”

calculatlons of the greater - matric potential of harﬁ%ngﬁ»

tissue. ) N e DL
) 4

Y - AP
- e . v’ - .
. L; .' B 3 . ' .

“cell wall Elastlcrty ',

L3

-ﬂ?:wde of the decrease in turgor pressure wlii a
- ) TR "'\"4y,~'
decrease in_ RWC is- ggﬁfﬁo the relatlve elast1c1ty of the

. T I A .
cellqwalls Walter (1931) conceptuallzed that plants with

‘rlgld cell walls had - rapid decllne in turgor pressure with

a small decrease in RWC, whereas plants cells havlng elastlc

cell ‘valls malntalned a relatlvely constant ‘turgor pressure g
. o ;

over a wide range“in RWC. Plants having -rigfd cell walls

were . termed hYdrostabiie; . Plants Hith elastlc cell walls'
\

were termed _hydrolabile. Followlng , Walter's g1931)

" i e

terminology, unhardened 'plahts. of. Ledum g_oenlandlcum had

> A

relatlvely elastic cell walls, therefore, vere hydrolablle,

d t{gld cell wvalls, therefore, were
o . d b .

hardened plants
o g o e
fey [



‘ SToquis
"(®L961) uosTim
Pu® (u) oT30m

ol

- L

,EQUﬂvcmH:wawm wnps1 (o

uado "WNOTpuRTUIOIB
usiiem Aq Tspow ays
SO 9Yy3 pue 3Juajuod’ i

unpaT (D ¢-)
butsn pajeTno

33VM dATIRTOI

CAUIERD 1eiepm %»_:m_om

06" g’

Ted 3xam Je
uasmiaq dr

PR

” o ‘f

0v-) pauspiey juaseidar
Aussaadaa syoquks P3s0T1)D
Y3 STerjuazod (1) -otx3euw
Usuorjeyiax ayg. ‘8T ‘brg -

S

)

oL -
05
e)
o
10¢g-. 3
©
[o)
3
[ a .
. D
ad
»
el
[«]
. g N
z :
UA
(ad
0c- = .
o
o
-
(7]
IOFI
~
,_,u..c{ » I_ '
- r o F‘ -
. b
%y . ~
«m s ¥ :!— -
) 1y ~~
— v ' /r



78

hydrostabile. T "
In rheologyﬁglhter@s the modulus of- elaSticity of a

substance is defined as (Scott Blair 1969): !ﬁﬂ

R4

»Q ' elastic modulus = stress ' (4)
LN strain.

o

v

Hydrostabile cells would have a higher elastic modulus
because more forcg (or strgés) wvould be réquiredlto produce
a..unit of deformation (or straih). Warren Wilson (1967c)
defived»a constant (e)-}see Table 7, p. 46) that is .similar
to the elast}él nodulus, and is called the coefficienﬁ;oﬁ‘

enlargement. The calculated coefficient ‘of enlargement of

L4 -
dnhardened Ledum groenlandicum cells was 36.6 bars, compared

to the calculated value of 65.2 bars for hardened tissue.

Table 9 lists the coefficients of . enlargement, the bound

% . \ . ok A;: :.ij/ . »
»and the combined osmotic and matric potentials
o) ‘ . - ,

) . S .

T, as calculated by Warren Wilson (1967b), for

. 4
water cog&éﬁ‘
at full ¢

a number of plant species.

. 2 R - ) . . i ‘
Intracellular and Extracellular Water ' '

Acock (1975) parti}%pned the commonly lneasnred water
Pdtential conpéﬁentSEM?znto intracellular water . and
‘extr%éel}ular vater. A snﬁgétipi ‘c' in. Figsa~_ 16 and 17
f&ﬁ@ﬁies” the int;écellular ;;onnept poféntiéls calculated
using thé equatidns from Acock's (1975) model given in Tabie'
7, p. 46, ‘Ihe"lodel assudied. that there was no . turgor
piessure component in’thé extracellular3yater potential. If

=%
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Table 9. Estimates of m+1*, B, and e* for various species
as calculated by Warren Wilson (1967b), and for unhardened-
and hardened Ledum groenlandicum calculated

in this study.

Species mHT* B

Helianthus annugl -3.1 'fO.27¢3?

Helianthus annus : ' -10.0 0.26"

§£Q§§L£é napus - -3.5  0.43 9.5

Zea mays | . - ?4-9' 0.22 15.8

Gossypium hirkutum <15 000 286

Lycopesicon esculentum -11.0 0.11 21.5 - 6
Gossxpiﬁm barbadénse , | - =16.9 0.22 29.6 ¥
Ligqustrum lucidum o 151.3 0.02 . 26.6

Pennisetum typhoides . -15.9 0.00  33.4

Acacia:aneura o S —22.f» -0.00 ‘84.3

Ledum groenlandicum

(unhardened) ‘ -15.6 . 0.14 36.6

% ,

-

‘(haddened) } : -22.1 0.17 65.2

*. n+rx=combined osmotlc and matrlc potential at full turgor,
B= bgund vater content, e=coefficient of ehlargement.
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*:?perégd. During the dark éeriod, the transplratlon rate ot
. T . ' : '

N ' ,
/ 30

a calculated intracellular turgor pressure was greater than

the measured bulk turgor pressure, Acock (1975) suggested

that fﬁé extracellula; water component had diluted - the

‘intracellular watermgfﬂrlng the freeze and thaw method

commonly used to determine the component potentials (as on
P- 29). If dilution of the intracellular solutes decreased
the 'leaéured osmotic  and matric potentials, then the
calcuiated “urgor pressure would also be decreased.

The difference between \the éalculated intracellular
turgor pressure and the measured bulk turgor prfsure ﬁor
the unhardened Ledunm qroenlandicum tissue w;s,small comparea

to the difference found in the hardened tissue. Based on
. O

Acock's (1975) 'model, these results indicated that . the

*hardened Lédgg groenlandicum tissue had a greater percent ofrf

BN

its water p%rtitionedf S extracellular water.
' i - 6 )

:;;ﬁiﬁf ' o

The Ef?},&gbf.fissuevﬁardlness on Transpiration

B

The  influence of light and dark regimes on the

transpiration rate of hardened and unhardened ,shoots of

Ledua g;oenlandicun ¥as studied. The hardiness of th@ tlssue

had a 'hotiqeabIF» dfBect coh'transplratlon rates (see Pig.
-~ o ' 2 . N .
19}.  L , , Y ¢ o e
Lt R ) . . , ) m‘ N AA::
e Unhardened tissue had a transpiration rate of-about 242 o

~

t 26 (SE) mg g—1! dry wt h-—1 (n=8)'duri)g tﬂel initial' lighi 2

-

decftased over a 2. h period to 37 + 8 ag g-1 dry vt h‘l.

cea

r
-8
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Fig. 19. ‘The tranSpiratgg:}rates, in response to dark and

light periods, of unhardened and hardened Ledum groenlandicum.

Air temperature was 20 C. Symbols.reprgsent°the,mean,of eigh
shoots. Vertical bars indicate the standard errér of the mea

3 -
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B



82

it
\
When the 1light period was ecsumed there ¥as a sluggish

increase toward the initial light period tranépiration rate.

]

The transpiration rate of hardened Ledig groenlandicum
f .
during the inpitial light perﬁ#d wvas abont 139 t 20 mg g—1

dry wt h—1_, There was a very slow and small decrease in the
transpiration rate to 103 : 16 mg g—1 dry wt h=! during the

dark period. The final light period caused a slow increase

to  the intial tfanspiration rate. The small decremn'
[

‘transpiration rate during the dark period‘ couldb have béen
due to the décrease iﬁ leaf temperaturé. Leaf temperature
decreased 1 to 3 C when ;fhe growth chaﬁber iigbts Were
sWwitched off. - Thek.dafk period -transpiration rate of the .

hardened shoots was abou+ three tites greater than lthgﬁ of
' e
the unhardened shoots.
"Ni Iuy N -~

» The Effect of Tissue Hardiness/on Net Photosynthesis
. H . . . B

a - . . ..
. - e } .
w ' N '

The Effect of Tenperafure on Net Phdtosyithesis;

- e 4o .

YR e
e
<

The effect of leaf temperature on ¢ the ' net
>hotosynthetic rates of ~hardened .anqgd unhardened Ledunm -

)

[coenlandicum -is given in“Fig; 200 7 T ’ %éf

thardened plants had grown under a 25715 C temperature

eginéihpd Teached a maximum net photosynthetic rate of 4.06

.40.;53) ng Co2 dm~2 h-% (n=4) at 25 C. Net pPhotosynthesis

as negafive'belov'1.0 C.

Hardened blénts, that had grown under’' a 15/5/-2 ¢C

bl
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2

* ! : £
Fig. 20. THe net photosynthesis -’ temperature responge
curves for unhardened and hardened Dedum groenlandicum.
The light intensity was 800 uE m-2 s-1. Each symbol.
repYesents the mean of four plantss. Vertical.-bars indicate
the standard error of the mean. A ,

-
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tehperatureoreglme, reached ~a maximum net - photosynthetic
rate of 1.77 t .50 mg CO2 dm—2 h=1 at 15 C. Net
photosynthesis gés positive at" 0 ¢, and by extrapolation,
vthe, minioum 'temperature for positve net photosynthesis was
e

The Effect of Temperature on Dark Respiration

The dark respirdtion rates of hardened and unhardened

Ledum groenlandicum plants 1increased with temperature as

;Shown in Fig. 21. The Q,, values calculated for the ‘interval

oo
be%ween 15 C and 25 C were 2.2 and 2.8 for hardened and-

r
J &

_hardened plan£s’respectively. Dark respiration rates vere

greater at all tempgratures in the hardened planfs.
The. Arrhenlus plots for the dark resplratlon rates are

given . in Flg. 22. Lyons,, (1972 1973) found that the slope of
o R

the Arrhenius plots cf the respxratlon ‘rates of chllllng ?

qsensitve piants 1ncreased at tenperature% belov 10 to 12 C.

The Arrhenius plotsiof both the hardened and unhardened

-«

plants of , Ledum’ groenlandicum had constant slopesﬂoyer a

¢

range from 0 to 30; c, indic&tingQJthat ‘Weither group of

plants were chilling 'sensitive. - .T

Sy ) - B o f“<,¥‘ “
.The Effect of Light Intensity on- Net Photosynthesis

[

“'The . het photosynthe51s llght 1nten51ty responge curves

for unhardened and hardened Lega- groenlandlcul are* given in
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Fig. 21. The dark respiration - temperature response
curves for unhardened and hardened Ledum groenlandicum.
Symbols represent the mean of three plants. Vertical bars
indicate the standard error of the mean. :
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Fig. 22. The Arrhenius plot
versus leaf temperature for

g of the dark respiration rates
unhardened and hardened Ledum

oenlandicum. Each symbol represents the mean of three
pEants. Vertical bars indicate the standard error of the

mean.
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Fig.‘33. The light intensity response curves vwere determine
at‘the telperaturetfor optimum net photosynthesis of the tw
hardiness levels (see p;.82). The ligh£ compensation point
of both unhardened and hardened piants was 29 UE m=2 s—1,
Because the light compensation point increases exponentially"
.with temperature, hardened plants wvould have bh:'d a higher
compensation bointl than the unhardened plants if both haa
been measured at 25 C. : <\J;f

Both hairdened and uhhardened plénts showed a similar
response to increasing  light iﬁtensity. ‘The 'net
photosynthetic rate of wunhardened plants increased-yto a
naxihiunrof %:02 + .15 (SE) mg CO2 da—-2 h—1 (n=3) ;t a light
intensity of 1050 uE m@m—2 's—t, OQver the range of light
intensities used, the'nét photosynthetic rate for‘ hardened
tissue reachedva.naxihun rate of 2.25:1’.a7~ng'c02 dm- < h—1
at 1450 uE m—2 s—!. The light intensity response curve of
both the unhardened and hardened plants approached the light

saturation level at aBout 800 nE m—2 s—1.
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NISCUSSION

edum ggg_g;ggg;éug deveieped a <cold tolerance to
temperatures below the minimum temperature of its "habitat.
The plants growing at the University of. Alberta Devonian
Botanic Gardens survived a minimum air tenperature of --45.5
¢ in January 1976 and -33.9 C ru December 1976. The
retention of a survival temperature of -9 C throughout. the
summer of 1976 safegquarded the plants against unseasonal .
frosts. Mild frosts did occur rp late uay‘ and early June
1976. |

Based on the results of \this study, the cold
acclimation of Ledum g;oeulandicul, from .~ the relatively
tender summer condition to the hardy wlnter condltlon, is
sunnarlzed in Table 10. The findings of thlS study support
Weiser's (1970) hypothesis for the cold acclllatlon of hardy
woody plants (see Iable 1, p. 10). The fifst stage of
_ acclimation is induced by short days acco-panied by uaru
tenperatures. During this stage, growth ceases ane netabollc
changes “occur ‘that promote the second stage of acclllatlon.
The first stage of aCCl1lat10n does not cause a large

~~

increase in the plantfs cold hardiness. The first stage of

acclimation in the f1e1d study plants occu%red between the

_sampling dates of Septeaber 12, 1976 and October 9, 1976,

daylength became shorter ° than 13 A, maximuam

89
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,naxlnul temperatures uere 15 C or above and &:::plant

‘hardened from —9 C to —22 5 g \lbng day plants hdrdened

¢ v

, temperatures‘ éére"above /60 C;}see Fig. 3, p. SO)vand the

surV1val tenperature decreased from —10 7 C to =23 C (see
Flg. 4, ip. .52)- The f1rst stage of accllnatlon vas alsi
observable rn t he controlled environment photoperlod study

(see’ - Fig. 8, p. 59). Durlng the first 6 weeks of the study;

< - . [

"~12.5 C. U G
o .. L . . ' .
-7 There isf. debate .. as to vhether.. light has a
AR N : »‘\\ ‘
"photosynthetic  role or- photoperlodlc role in the first
T

sresponse -curve

-

stage of .acclination “(eg. Alden :and Hermann 1971). . In

Sep%epber~ 1976,~ air tenpgratuf/g were varms and fleld study.fu

Ledgﬁ' g;oenlagdlgglv plants \‘Vere relat15ely tender,

' .therefore, net photosyntheSLS uould have approached optimun

rs the net photosynthe51s-telperature
“\

rates if ohe consi
hown Q&\fig. 20, p. 83. Terminal buds had

formed-by'august 9, 1976 on Ledum groe andic p. This

suggests tﬁat' th

. suamer - -and early falL vere not utillzed in growth, but .were

accunulated and used vin the actlve netahollc pathways

_initiated during the flrst stage of acclllatlon.

v

The requlrenent for a short photoperlod durlng the

first stage of accllnatlon vas snbstantiated by the results

»

obvalned in the controlled environment study (Fig. 8, p-

59) . ‘However, whether the short day photoperlod inltiated a
/

phytochrone response is not certaln. Williaas, Pellet, and

Klien (1972), and MacKenzie et. al. (197%@) found that

-

photosynthates produced ring the late - .
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end~of-the-day - far-red 1ith exﬁbsure after 1long days
_pro-oted growth. cessatieh yand a sn;ll increase in cold
-hardiness in gg;ggg stolonifera. Dark periods interrupted by
red flashes supressed the cold acclimation of cornus
stolopifera ahd_g_g;g_g;;_q florida, but had no effect on
gzgacanthg cogcinea (Williams et al. 1972) . The spectral
‘~ratio of fa;-red:red light for twilight measurements made by
van 2Zinderen Bakker (197¢), 20 km ESE of Edmontom at
intervals throughout 1973-74 are given in Table 11. As is
expected in ‘an area at high latitudes having long periods of
summer Juilight, the far-red:red ratio was highest in June'
ahd July. A critical interpretation of the results of
ucKenzie et»al. (1974a) and -the results of the present study
suggests that the role of far-red light, via the phytochrome
system, is to ihitiate'”grovth cessation and dorlaney,
howerer,mit’lay be independent of the role of the_short - day
photoperiod. Once grovth cessation occurs, the 'short day
photoberiod initiates ‘the first stage ef acclilation,
perhaps by activating 'another transl%catable factor.
Abscisic acid has;'been ilplicated as the translocatahle
factor in the hardening of . Acer ggggg_g (Irv1ng 1969) .
Kacperska-?alacz, Debaska, and Jakubowska (1975) found that
red light increased the cold hardiness and increased the
rate of removal of wvater frons rape seed tissue. Perhaps the
red light stilulaFed the forlation of ABA in the leaves,A
which in turn 1ncreased the tissue membrane permeability.

L'4

_Attempts to isolate AEBA from the leaf tissue of Jedus
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Table 11. The far-red (750 nm):red (650 nm) spectral ratios
measured at twilight 20 km ESE of Edmonton, Alberta
throughout 1973-74 (from van Zinderen Bakker 1974).

Date Time Ratio comments
: : - . ‘

May 6 and 7 20:00 .95 ciea:
May 29 and 30 20:00 1.00 clear
June 27 and 28 21:00 1.06 cloudy
July 24 and 22 20:00 1.06 overcast
August 18 and 19 20:00 .76 cloudy
Septenber 6 and 7 18:00 .93 clear
dctobet 2 and 3 18:00 f7§> clear
Ooctober 17 and 18 18:00 1.00 ‘0ver¢ést
April 18 and 19 17:00 .94 overcast

. fb"
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groenlandicum were unsuccessful (see Appendix E, *p. 1:§rﬁ

however, its possible role in the cold acclimation processes

cannot be ignored.‘

The second stage of acclimation (Weiser 1970) is

inddced by subfreezing tenperatures. It involves physlcal,
// .
rather than metabolic, processeﬁk anskfresults in a rapid

4

R AR
increase in’ cold hardiness. Théf&fiéxg_ study plants vere-
\. TN M N

P
N

exposed to frost.ﬂby>@0ctob§§;ff 1976. After this‘tﬂn&d

Al

subf;eezing teuperaturé&;became ;§?: pérsistedt and severe
and Ledum g;genlahdigud% rapidly h&rdened to below -40 C.’
Plants grown under SD and subjected to -2 C ‘frosts ,eaca
night for 2'weeks under a controlled enviton-ent*(see Flg;
8, p. 59) also hardened rapidly to below =30 c; Long day
plants hardened to ogly -16 C. These results support the:
bypothesis (ﬁeiser 1970{ that a SD photoperiod s required
during the first stage of acclimation ‘to trigger the
letabollc changes that ready the plant for“the second stage
of acolllatlon, ) ‘.
ﬂ'ﬁ; Dehardening in the spring is reported to be induced by
wara veather (Alden and Hermann 1971). TllliDSi and Worrall™
(1974) found evidence of a translocatable dehardening
promoter in 'cligatiéally split* Douglas fir. ﬂenhennet and
Niareing (1977} suggested thatia'plant's dehardening fespo se
to temperature and daylength in the spring might be mediated
by endogenous cytokinin 1e§els. In both the spring of~19?6
and 1977,)nggg g;ggg;ggg;ggg dehardened folloving a period

of maximunm teipetatures above 20 C; daylengths greater than
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13 h coincided at both times. sSpring gfbuth flushes \ and
dehardening occurred simultaneously in: 1976, but not in
1977,‘$uggesting éhat these were independent events.

Prior to both the éﬁring growth fl&éh anh_ dehardening,

leaf water potential increased, therefore, both processes

L,

required an increase in the tissue hydration. Dennis,
carpenter, aad uaéLean ({1975) found thdt there was a rapid
spring dehardéning,of sour cherry flower ' buds wvhen they
reached the 'water bud stage', i.e; they began to %well due
to tissue hydrétion. The  turgor pressure of ;éggg
groenlandicum (Fig. 7, Pp. 57) reac;ed a'laxinun.vélue prior
to the flushvpf growth and remained high throughout the
g@bwth period. As turgor pressure decreased, the grovth rate
" also declined. . Hfiao ;(1973) stressed the 'inportance éf ’
turgor préssure as the driving force for extension growth.
The optimum turgor pressu;e'during the rapid growth of Ledum
groenlandicum wvas lower tham the maximal value, agreeing
with the concept £hat‘full turgor will not yield maximum
growth (qus personal communication). A vater potential
gradient‘must be maintained so that there is "a w;ter flux
into the cell acting as the driving force for growth.

Led s g-oenlapdicum plants were not water stressed

throughout the summer or early fall of 1976. These results
agreed 'with those of Small (1972). He measured xylem
tensi;ns of 17 + 2 bars and a stomatal resistance of 1.2
0.4 s ca=t in Ledunm g;ggglgggigg; ’growing in a raised
Sphagpup peét bog on a hot dry summer day. Har;gerfhk' and

1
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Mayo (unpublished data) found maximum midsummer xyleam
tensions of Ledum groenlandicua were between 14 and 15 bars.

Summer and early fall "~ drought have been shcwn to

decrease the cold hardiness of gggtaneg sativa, gigglggg

kaki, Juglans regqia, Paulownia tgne310§a, Acer veluytinum

(Borzakivs'ka and Majko 1965), and Scotch pine (Eichg 1966) .
It is probable that a drought during the first stage ef
acclimation would inhibit the necessary photosynthate
accumulatiod and nmetabolic processes thﬁt are required for.
the second stage of acclimation. |

Gates (1919L and Small (1972) <claimed thaf the
xeronorphy' faund in several ericaceous shrubs is an
aé:;tgfion to survive winter desiccation. During ‘/l'ate~
Septenggr and Oétober there was little precipitatidn at_the
Devonian Botanic Gardens and the available soil - moisture
would havé been expected to decrease. It, has been‘found that -
plants have an increased t;ierince.to>frozea soiié if the
soil moisture is low (Calder, MacLeod, and Jackson 1965,
Kilpatrick et al. 1966, Timmins and Tanaka 1976). Ledum

“

groenlgndichh field .  study plants also showed decreased

hyéfation‘ levels and, incfeased cold hardiness in October.
Dfought_stress ray pfonote én increase ip cold hardiness in
_~nggg~ groenlandicum, but the drought stress may be induceq
b} physidldgical néchanisns that r;spond té environlental
factors such as photoperiod or temperature, rather than soil

lpthﬁfé. As shown in Figs. 9 and 10 (p. 61 and 63), a

significant dehydrationkff' leaf tissue occurred in well

{
\

-



\i) o - Trm———

vatered plants grown under SD.hardening condjtions. COrpus

stolonifera plants grown under SD, warm temperature, well

vatered conditions also had a significant .reduction in the
stem tissue water content and an increased ‘stem cold

hardiness (Chen et al. 1975). It was found in both Qgégg '

groenlandjicum and Cornus stolonifera that LD condltlons had

no s;gnlflcant effect on the tissue hydratlon level or cold

'

hardiness. , L

The decreased hydration level in Co;nug sto;gnlfeg_ has
-
been attributed to an increased root r951stance and a

decreased stomatal resistance during acclimation (Chen et. .
. e _

‘ ‘ o _

al. 1975, McKenzie et al.. . 1974b). The” water absorption
-

capacity of sunflower and tonato roots w7s found to decrekse'

at low temperatures (Kramer 1940) . The' decreased vater

R B . [ L .
absorption rates wvas a conb1nat10n of ‘the decreased root

v

membrane permeability ‘and the increased v1scos1ty of vater

at low temperatures. Increasedvsuberlzatlon " of roots Ilth

9

age may also lncrease roét: resistance (Kraner and Bullock
1966) . The transpiration rare of fully hardenef tlssue of”
Ledunm groenlandicug; in ¢the 1light was vluch lover; tﬁani
unhardened tissue (Fiq. 19, p. 81), indicatin; ,that _tne

stomatal resistance Of - hardened “Ledunm gggenlaﬁddcnn.had"
increased. Increased‘stonatal re51stance»was also found ‘in
hardened Picea g;gg;sa, Pinust gx;nestri (Chrlgterrson
1972), Rhododendgon gg;gvble_§_, __i!;_ la t;fo;;g, and g_gg_
nigra (Parker 1963a). - The stonatal resistance _of __‘gg

-

groeplandicya vas measured vith a diffusive resistance

— i
f
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porometer, in the field on March 20, 1977. Five of the seven
reddings vere offscale (i.e. were calibrated to be greater

-

than 30 < cm—t). At this time the survival temperature of
Ledum groenlapdicym vas below -40 C. The poro-eter results,
therefore, support the controlled environment study‘findinés
ihat hardened Ledum ggoenlaggggg!. had a high stomatal
resistance in the light. The.increased transpiration rate of
hardened Ledynm ggggg;and;cun in the d#rk (seei Pig. 19, p.
81), howev3p7‘nay promote tissue dehydrafion.

A mechanism simjlar. to that found for the
chill-hardening of Phaseolus vulgagis (Wilsom 1976) nmay be
operative during the cold acclimation of . Ledua
groenlandicum. Wilson (1976) found that when Phaseolys
plants grown at. 25 C, 85% R.H. vere transfé;red to a 5 C,
85% R.H. chamber, tLe stomata opened telpbrarily and the
root permeability decreased. Recovery, and then a further
iﬁcrease in.stomatal resi§tan§e occurréd after 6 h in the
low temperature chamber. Ah intial openiné of the stomata
and a decreased root permeability Qf' Ledum  groenlandicum
 piants exposed to ffeezing teaperatures during cold
acclicatior may occur.. This process would account f;r the.
tissuc denycration found in field plan*- in October (Fig. 5,

P- 54)  ~~.& 1in the SD plants after the last 2 veeks of the

'?

controlled environment regime (p. 58 and Fig. 9, p. 61).
The role of SD in the induction of tissue dehydration
is unclear. Short d#@s may control the hormonal balance so

that there is a co.partnentalization of cytokinins and ABA.
‘ _
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If roo:t cytokinin levels were high, to decrease root

permeability; leaf mesophyll tissue AE% levels wvere high, to

increase “he membrane perneapililty?S but, guard celzi ABA -
'ssué

levels vere low to ensure open stonata,"fhen\J

)

dehydration could feasibly OCCUTr. This proqegglﬁvis‘
. 5 3

speculative; because cytokinin activity in Nicotina rustiba
shoots was rapidly inactiva;ed by water stress (Itai and
Vaadia 1971). Short day photoperiods reduced the cytokinin
level in thé leaves and buds of ng;gig£ ég;gnariul (Henson
and Wareing 1977a). Henson and Wareing ({977b) suggested
that the reduction of leaf cytokinin levels was due to the
rapid trsns-issicn of a signal to the:roots that_either
;depressed the synthesis or the release of the hormane. .
_Conpartnentalization of ABA in the leaves of Xanthium
strumarium has beeh' suggested by Raschke, Pierce, and
Popiéla {1976) to explain anonaldus vater relations results.

The mili dehydration to aboqt ~-30 to -40 bars during
0ctobér in the Ledum groeg;and;cugkfield plants and to -30
‘bars in the controlled environament study plants may be due
to the aforementioned process. However, - the severe
"dehydration "oqcur;ing during periods of  prolonged .
subfréezing teiper;tures wvas likely due to xylenm sap
\cévitation._ Oon several occasions during the viﬂter, xylén‘
tension‘éas much higher than . the correépondiné negati#e 1eaf
water/potential-(see Fig. 11, p. 64) . uéasufeient of a. high
xylem tension in comparison. to the corresponding leaf water

potential has been found for 'a number of specie: (Klepper
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‘and Ceccato ‘g969, Boyer 1967, Kautman 1968a, Tobiesson,
Rundel, and Steckera1971, Barker 1973, Hellkvist, Richards,
and Jarvis'l1975). Cavitation has been ilplicated aé the
cause for the discrepancy betwveen the xylé\n tension and
water poiential 1 a number of casek. Labpratory studies
indicated tﬁat.the Ledym groenlandicum xylen" sap c&vitéted
’ A
following a. freezing stress (Pigs. 12 and 14, p. 66 and 71E¢¢;
Cavitation has been shown to occur in the\xylen elements of
grapevine (Scholaﬁder, Love, and Kanwisher .1955), tropical‘
liahas (Scholander, Ruud, and Leivstad 1957), Ricinus
‘(Hi;bdrn 1953), Plantago (Milburn and McLaughlin 1974), and
Balys sylvestris (iest and Gaff 1976) due to moderate water
stress. Lybeck.(1959) found\that freezing the sap of aaple

caused the release of dissolved gases in the conducting

elelenfs. '

) Pinys bankgiaga\ xylenm ;ap .did notvrshou signs of
| cavitation after freezing (figs. 13 and 14, p.'67 and 11),
Hammel j1967) hypothesized thét*gynnoséeris do not cavitate
readily because the bordered pits of the tracheids naintaiﬁ
a postive pressufe'dpring the‘lelting of the frozen sap, and
thus,'inpede the formation of'air,gubbles. The open ended
vessels: that predoaminate in the vasculature of an angiospera
vould - be wunable to confine a pressure gradient, and
therefore, upon melting the-xylel sap would ,be under tension
 and the outgassed bnbbles‘vonld expand. uetcalfé and ‘Chglk
(1957) described the vessels of Leduys g;ggglgﬁgiggg as 'not

particularly long'. The vessel dialeﬁer is extremely small

>
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(<25 u) and there are 200 or more vessels per. square mm. The
vessel perforation plates afe‘scala:iforn. The cavitation in
Ledum h;ggnlgnd;cgl may be impeded because of the wood
‘anatomy, however, tye - perforation plates: would not be
capablé of ‘nain£aining' a pressure gradientblbetween the
vessels.

If the Ledum groenlandicum plants wvere covered by a

thick layer of snow, then they would be subject to
relative!élitablé temperature conditions in a high ‘re;ative
humidity ehvirdnnent and cavitafiqp of the xylem sap would
:not impose any severe desiccation problems. fhe winters of
1975~-76 and 1976-77 were felatively dry, with a light snow

cover and many above freezing days. The branches of nggi

groenlandicum that rose above "the spow cover were exposed to
a dJgreat variati&n in temperaturel. iylen sap cavitation
.undoubtedly occurred at subfreezing ' temperatures. The
transpiration that would have occurred during-warm daytime
periods, either via the stomatal or cuticular pathway, in
conbinatibn with the low yater'absorption capacity of the
plant, would have resylted in the tissue dehydratidn found
frb- Hovéiber- to March of 1975-76 and 1976-77 (see Figs. 5
and 6, p. 54 and 55). .

| The xylem sap cavitatiéﬁ“\nnﬁt have begn relieved
because the water balance improved eachJspring prior to the
flush of growth. Hygen (1965) found' that there wvas slow
water fransport in a small poftion of the conducting

elements of a frozen Norway spruce stem. He concluded that a
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- / .
supercooled fraction of the ‘xylem water (laintained a
constant rate of - wvater absbtption and nduction at

subfreezing ;snperatures. ‘uhyo~\(unpublished data) found

vell-vatered Ledum groeplandicum attained\a“root bressu;e of
1.9 ¢cm Rg, a pressure thét'uould beAcapable of raising water
to a height of 26.8 ca. The water balance of nggg
é;oeglagdicgl ilp:oved/gf;er snov melt when soil vas ‘cloese
to saturation, theréfdre, cav{tation may have been repaired
by root préssure alone, or in 60lbination with the grovfh of

‘new vascular tissue.

The decreased osmotic ;ﬁd matric potentials found in

hardened JLedum nlandicum in the field and in the

controlled environament sﬁndies was as expected. A decrease
in the osnotic\ potential of overwvintering plants has been
found in.geveral studies (see Table 3, p. 23). The decrease
in the osmotic and matric potential of Ledum ggoeplagdicul
vas due ﬁo a dgcrease in the tissue relative wvater content
as Shown‘ in the controlled environment study kPig. 10, p.

63). The Hofler diagra; for hatﬁened fissue (Pig; 17, p. 1715)
and the analysis of fhe data using Warren Wilson's (1967a)
‘model (Fig. 18, p. 77) indicated that the decreased osmotic
and matric potential was also due to an Vincrease iﬁ ihe'
sdldte‘ and éolloidal concentration, regardless of the wvater
conted;. The increased soléte and colloidal fraction of the
ceil Qight occur during‘the active letabciic.first"stage of
acClilafioh. During the augléntation of the protoplass in

hardéning”,tissue (as described by Siminovitch et al. 1968)
'(‘\ . .
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there is an increase in the concentration of soluble sugars
and proteins. The augmentation of the protoplasm of nggg'

N : : T .
groenlandicur would, therefore, decrease_-the combined

—
'

osmotic and matric potential.

The calqu?ﬁted turgér'pressure of Lédu! qroen;ggdigi;
tiSsue‘during”fhe vinter was negat;ve on several océasions.
Baséd on the analysisNOfivater potential iéothérms; Tyreev
(1976) claimed thgt negative turgor pressures could not
exist., His théory may explain the occurrence of negative

turgor pressures in.Ledum.groenlagdicui. Both Acock (1975)

and .Tyree (1976) stated that at equilibrium, the apoplastic
(extracellular) and symplastic (infraceilular) leaf water

potentials are the same. According to.Acock (1975):

Y = Tic ¢+ TCc +°Pc = T +Tw (5)
where ¥ = total leaf water potential,
mc+Tc = intracellular 63motic and matric potential,>

Pc = intracellular turgor pressure, and-

Tw+Tw = extracellular osamotic and matric potential. .

In the development of Acock's (1975) model, he assumed
that there was 2o turgor Vﬁréssn:e component  in the
extracellniar‘ water, aqd negative potentiéks developing iﬁ
the céll wall vere due orly to matric forces "and solutes.

Tyree ~(1976) stated that negative pressures develop in the
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apoplastic water due to the sucrface tfnsions of the water in

g

the evaporating surfaces of the/peif kvéll. These. te?sions
propagate through ‘fhe cell ;all water th#tfis held outs;de
the Donnan free space. The osnbﬁic and -matric poténtials of
the apoplastic watet would be negiigible except very-locally
.inside\;the Donnan free  space. Therefore, Tyree (1976)
claimed that most of thé apoplastic water 'is relatively
pdre, but it is held under tension.

Both Acock (1975) and Tyree (1976) had no objections to
neasﬁring the total leaf water potential with a thermocouple
psychrometer. Hovever, bgth agreed that upon freezing and
thaving of the leaf tissué} theré is an exchange between the
apoplastic aﬁd thé éynplastic water. When turgor pre;snre is
greater than zero, both fisualized a movement of apoplastic
wvater in;o . the symplastic water to gige a diluted,
tyerefore, an-underéstilatedvvalué of mc+ tc and thus, an
undérestinated calculated turgdr pressure.

According to .the équation (5) p. 103.from.Aéock's
(i975) nodel, if Pc is negative; then upon fréezing and
thawing, the intracellular water will be lofe diluté than
the extracellular water and there vill be a reversal of the

dilution effect. %Fhis ~does not seem probable, especially

wne ) in the p;ésent;squy;'negative turgor pressures were

founc cold hardenéd Ledum oen c exposed -to
su: fre temperatures. The occurrence of a dilute
intre e - water fraction in hardened tissue would

proaote = ~ellvr.ar freezing. ‘ R
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Tyree (1976) stated that measured negative turgor
préssures are due to )the diffusion of symplastic solutes
into the relatively pufe apoplastic water following the
freeze and thaw process. Negative turgor pressures of -2

bars were extrapolated from the HGfler diagranm of;ﬁnhardened

Ledum groenlandicum (Fig. 16, p. 74). From the analysis of

the cell walls of the unhardened plants'jﬁ. 76) the cell
vall volume was low, the cell walls wvere relatively elastic,
and the,apoplastié wvater content wvas aminimal. With tﬁése‘
characteristics, énly small apparent negative turgor
pressures would be measured because the"apoplastic wﬁteEH\

would have only a small dilution effect. The HOfler diagram

for hatdened_Ledg! groenlandicum (Fig. 17, p. 75) - suggested

that 1large negadative turgor pressures could ha: : developed.
The analysis of the cell walls of.hardened plants (p; 76)
revealed - that the cell ‘wall voiumeewas large, cell wvalls
were rigqgid, and'the probortion of Apoplastic water va#lhigh{
When the turgér preséure approached zero, there would have
been la large dilution effect of the symplastic vateri
resulting in an apparent large negafive turgor pressure.
During ,thev field study, negdtive Aturgor pressdrés'vere
measured only in,hardeued planksh subjected to subfreezing
temperatures. ‘
The possibiiitj that negative turgor pressures existed
’in Ledum groenlandicym cannot be ignored. Levitt and Zaken"
(1975) sugéestéd 'that the development of a negative turgbr
"préggqgi.vofid decrease the cell Qolule, /but increase the

\
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cell surface area. An increased cell'énrface,area would be
advantageous for tpeifast reqova} of intracellular wvater -to
extraéellular ice nuclgation sites, Negéfive turgor
pressures arising in unhardened, actively netabélizing cells
vould propagate the tension ‘and deforld;iod' -of the
protoplasmic proteins! ter;iary__structures andvuitinafely
lead to death (Tyree 1976, Hsaio 1973); The prot&plaén of
hardened tissué becomes elastic'and resistant to dehydration
(Reiser'.i970). This may "be due to chaqgés in protein
configurations (Levitt 1972{» or protoplasmic augmentation
(Siginﬁvitch ‘et al. 1968) and would inc:ease;tﬁé tissue's
resistance to the stresses ihcurred by profqplas-ic tené;)hs
' upon 'dehyd:atién and . perhaps positive bressqres'l upon
Sfehydiation (icKenzie et al. 197ac). ’

The highest leaf wafer potential ;;lne measured in
Ledyer groenlandicys during the course'of_this study waé -3.4
'b#rs. The 9xtrapolated'values of the 1e§f vater pofential_at
1.0 RWC from the Hoflér diagrals (Pigs. 16';nd 17, p. 7d and
75) were ~-1.5 bars and -3.2 bars for hardédéd and unhardeﬁed”
tissne.reépectively. Aécording to' the ‘equation for leaf
watér potential.(eq.'s, p. 103) giien by Acpck (19751; leaf
iater potential can never be zero ?ecansé the apdeastié
water alwayélhas a ﬁegative potential; Tyree (1576) ;ssnlgd,
_‘thefe vas also a negative pressure colpbnent id the cell
walls, therefore, his model also supports the concept that
zero wvater pStentials cannot occur.

 The increase in the coefficient of enlargelent of the

. 3
-

1



' agalnst tran51ent vater conditions.

 groenlandicum tissue wodld give a gr

“

. freezing in the hardened tissue. A larger cell

107

-~

- cell walls of Ledum groenlandicum, from 36.6 bars for

s 3 .
unhardened tissue to 65.2 bars for hardend tissue, suggests

that cold accljhatlon increases the rlgldlty of cell vallsﬂ
Parker (1963b) proposed that cold resistant plants had
inflexible cell walls. Jarvis and Jarvis (1963) found that

drought resistant spruce and pine had more rigid cell walls

than » ought intolerant birch and aspen. The increased cell
wall rigi ty in Hardened Ledug groenlandicum may not be the

direct result of dqld or drought acclimation. Kassam and

Elston (1976) found that the coefficient of enlargement:(e)

-

increased with age in the leaves of Vicia faba; Knlpllng
(1967) and' Kaufnan (1968b) attributed the decrease in cell

wall elastlclty of older leaves ' to the increase in dry
c/u IS .

matter. Although a decrease in the elasticity may be due to

leaf aging, it could have secondary advantéges‘_for4 cold

o

hardened tissue. Gaff aand carr (1961) found an increase in
,‘f‘ - .
the dry vt:fresh wt ratio in plants of Eucalyptus globulus

after they were exposed to a drought stress. They siggested
. L - ' . : .

.that a,thickened cell wall is a consequence of ‘'herccening

eff'v and thus, increases the buffering capac1ty of the wall

-4

The larger cell wall vol pe ‘of Hardened Ledunm
: _ -, - _ ===
Z&tgr

apoplastic water
volume in -relation to the"symplastic water volume. This
vould b- advantageous .in .éhe evoidance of ;n aCellﬁ}ai

} ‘3:11 volune

vould'give a larger speCific surface of the cell- prot?plast

¥
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(or less voiune stradn per unit surface at any one degree.of
cell contraction), and thus, decrease the likeiihood of
mechanical injury duringw the freeze—induced d%hydration
(Levitt 1972). ,The; intercellular space of tissue ‘that has
rigidv cells vould* ‘increase with "a decrease in turgor
pressure '(ieiitt and Zaken 1975),‘therefOre, would increase
the area for extracellular ice formation. Mazur (1969)
hypothesized that the Cell valls in hardened tissue nmust be'
relativei} elastic so that the plas-olysed protoplasn is not

under an- extreme tension. Houever, a Qrigidr_cell‘ wall, as
found i\;:ardened _ggg_ g:oenlandicg!, would_snap'bacg with

lesslforc hupon rehfdration;°and thus, lessen the chances of
tearing the protoplasnic surfaces during deplasnolysis.
Older leaves can: develop cuticular cracks (Nobel 1974)
that could lower the cuticular resistance and incre?se the
transpiration rate. The, transpiration rate of hardened ngg_
gggenlandicun (Fig. 19, p. 81) was constant over the light
and dark periods. This could be due to a4 hormonal regulation
of the stomata (p0551bly ABA) causing a slpggish response to
changing light reginmes (Christersson 1972) . It is p0551b1e
that the stomatal resistance could be as high - as that for
the unhardened tissue in the dark, and the discrepancy in
"the water flux vas due to uatermnoving out of tﬁé, leaf via
the cuticular pathway. ﬁoeever, Sifton (1963{ foundathat the
cuticle of Ledum ‘groenlandicum increased in its thickness
and resistance to disintegration with‘ age because 'of the

pbvogressive polymerization of the cutin.
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The net - ppotosynthetiq rate of unhardened >Q§ggg
.Ag;_gg;ggg;gg! neasured at 25.C was 3.98 + 0.41 nmg 502 g—1
dry wt h~t or 4.06 + 0.40 mg CO2 dm—2 h=—1, Hooney (1972)
reported the normal amaximum Photosynthetic fates' Sf the
Ericaceae to be between 4 and 12 mg C02‘dm-2 h‘l. Smith snd
Hadley {1974) measured rates of 3.83 # O.ZQ ng bozv g-t. dry
wt h=1 for Ledum groénlandicunm acclimatized to a 30 C light,
325 >C dark thermal regime. The net pyotdsynthetic rate of
.;\hardened tissue was redused by, and showed a thermal
acclimation - to the. 15 ¢ dgy temperature. The ﬁaximum net
pﬁotoszntheﬁie rate was 1.77 t 0.50 ng CO, dm=2 h-1 at 15°cC.
The thermal acclimation of photosynthesis hasfbeen shown in:
nggi g;ggﬁ;ggg;ggg (Ssith and Hadley 1974)}'Qgg£gg§ rubra

(Chdbot and Lewis 1976), Pinus taeda (Stfain, Higginbotham,

and | Hulroy 1976), Eucal zgtus pauciflora’ (Slatyer and Murrow
1977) and several plant . species from diverse origins (Mooney

o

and Lest 196“), but has not been shown in some species such
as pltch plne (Ledig, clark, and Drés’1977f,

tHadley hnd Bliss (1964;_found a reduction in the net
bhotosynthe51s/pf old shoots of Ledum groenlandicum at the

end of the growing Season and attrlbuted it to the w}therlng

1
of Pe leaves. The reductlon of net photosynthe51s in Ledum

g; enlandlcum in thls study may be due to the- 1ncreased dark -

<

resplkatlon rites of hquened tissue (see Fig. 21, P. 85).

.‘

Smltht and Hadley (1974) found - that the qark'respiratidn .

rates} of Ledug ‘ﬁ;oe lapdicup increased following cold
. o ’ : g ;
'acclinatlon. cold groving temperatures were found " to
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. T« ‘
increase the dark.respirasion rates of subterranean clover

' k)

. (Fukai and Silsbury 1977), Hordeum vulgare (Svec and Hodges

1973) , Bhododendron catawbiéjse, Kalmia latifolia, and’ginu§'

[y

nigra (Parker 1963a). An increase in the respiratory

capacity ‘of the cold hardened Ledunm groen;andiéug plants
.explains the increase found in their 1light conpenéation
points at 25 C?ébmpared to unhardened plants. The increased
respiratory caéf ity of plants during cold hardening 1is
attfibutéd to‘ the increase 1in the mitochénérial fraction
accompanying thg aﬁgmentation of the protoplasm‘(Siminovitch
et al. 1968).

The decrease in the net photosynthetic rates of

hardened Ledum groeplandicum in this study is probably not
A

due solely to the increased respiratory capacity. Hadley and

" Blisg (1964) found that in the winter, - Ledum groenlandicum
gr?ving' on Mt Washiﬁgton had negligible net phot9§ynthééis.
Respirafion rates at 3 C were reduced t0.0.02 mg ée; g—1 dfy
vt h-1. Smith and Hadley (1974) suggested that the
photosynthetic | and: réspiratgry‘ mechanisms in« Ledul

groenlandicum  acclimatiz-d | independently. Gifford
(unpublished data) found that there were no changes in the
levels of chlgildphyll“a' and b and . a-carotehe in

'6;éruinteriﬁgl leaves of the eriéaceous, Arctostaphylos
uva-ursi. No>bgild’up in the metabolites of 'p§o£osynthesis-

Were | found, suggésting vthat_ the . key = enzymes of
photosynthesis were not inhibited; ChlotdplaSt*' wvere found

. - '.\
to be intact throughout - the winter in leaves of Buxus "and
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Ilex (Parker 1963b). Gifford (umpublished data) - suggested
that photosynthesis—in the vinter may be.;éduCed by the
inhibition of transcription and translation. Lgdui1

groenlandicum is similar in its overvintering habit to

Arctostaphylos uva-ursi and prbbably undergoes §dmilaf4

changes in its photosynthetic mechanisms. Net photosynthesis

in Ledum groenlandicun, therefo:e,~ may beypartly reduced

because of a slow down in the rates of synthesis and
destruction of components of the'photosynfhetic systenm.

The decreased transpiration rates found .in hardened

Ledum qroénlandicum shoots (see FPig. 19, P. Bj)'suggest that .
an increased stomatal resistance to CO, diffusion may

| .
contribute . to the reduction of net “'photosynthesis in

i

hardened pl;nts. The cell wall'resistange to Coz‘uould ’Qiso
‘have increasea in hardened tis;ue.SCarbon didiidé gnéountets
a resistance ‘as it aiffusés £hrough the -water  filled
" interstices of the cell wall (Nobel 1974) and the resistance
encountered 1is pfpportional to the average thickness of the
walls. The average ghidknesé of the cell walls of hardened
Ledum groenlandicgg was gréatg; than that for unhardened
tissue. The planfs "wére ‘well Qvatered thrghghout the net
photosyntheSis studies, and Acock (1975) stated that large’
amounts of water #n'the cell walls of thick walled species
would increase thé‘ diffaxioq path for 'Cbz,' and - thus,
..increqée the,mesophyhl resistgnce. ‘

Reduced rates of net photosxnthesié and respiration

o ) ’ 0
would also be expected in hardened, dehydrated plants at
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subfreezing field temperatures. The CO mesophyll resistance

2
has been shown to increase at temperature extremes (Rawson,
Begg, and Hdodvard 1977) and at low water potentials (Bunce
1977, 0"Tooie et al. 1976). The inhibition of the
photosynthetic andlrespiratory enzymatic reactions by 1low
temperature would ,also. be important. .The temperature for
positive net photosynthesis iﬁ controlled environment
studies of hardened Ledum groenlandicum was -3 C. Positive
net photosynthesis at subfreezing temperatures has been
found in a number of cold hérdy plants (see Table 2, p. 15).
If the photosynthetic = mechanisa was intactl and
potentially functional in overwintering Ledum groenland n,
then with the onset df varm temperatures and a decrease ;n
the stomatal resistance in the spring, the plants would be
capable of imnediateiy fixing carbon. The high respiratory
capacity of the tissue éould function in mobilizing the
reserve paterials that vere syﬂthésized . during the
augnéﬁtation of ‘the protoplasam in the fall and render them

available for new spring growth.
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c\tmcmsxons

Ledunm g;oenlandicdm is hardy to tenperatures‘belou the

minimum seasonal environmental temperatures (i.e.’<—a0.C).
Its cold acclimation in the fall is accomplished in at least
“tuo stages. The first.stage of.acclination requires a short
photoperiod and above freezing tenperatures. The leaf uatef
potential remains high and the increase in hardiness is
small. Tﬁe second stage of acclimation is triggered by
subfreezing temperatures. The.leaf tissue wuccomes severely
dehydrated and ;apidly increases in hardiness. Plénts Bust
undergp the fifst. stdge of acclimatisn before téey éan
adeqqatei?iharden during the second stage.

The xeromorphic characteristics of Ledgg groenlandicum

are probably- adaptations .to the severe winter drought
conditions. ‘Ledum groenlandicum .does not experience a water
streés at any time during the suuﬁer or early fall nponths.
Thertisspe dehydration duiing the cold acclimation is partly
due to Fhe drier environmentai conditiqns, but is also @ue.’
to changes in the plants" physiological mechanisms 'in
response to  photoperiod and 'tempefatt =. A shorf day
photoperiod may alter -the pl;nt's hormogalﬁ ba&ence that

regulates TrooOt aqd stématal resistances. Cavitation '{\EES‘
iylem sap, following continual freezing and thawing periods,

combined Hith'periods of high transpiration ° throughout the

113
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uintér, imposes a severe dehydration stress on the plant
tissue. Alleviation of the wvater stress occurs in the spring
prior to dehardening and the sp;ing'flush of grovfh. -

The survival temperature of Ledum groenlandicum, in a
habitat having such wide seasonal variation in its water

availability is due to Ledua g:oenlandicuﬁ{s ability ¢

undergo physiological adaptations. Turgor pressure rises to
optimal levels during rapid‘growth stages in the spriné,‘and
total 1eaf. vater potential - remains high thropghout the
summer and early fall. The cell walls of unbardened Ledum

groenlandicum are relatively clastic, therefofe, throughout

the summer and early fall Ledum groenlandicum is hydrolabile

i e y:)
\(\" U 0 . . .
and turgor pressure remains constant over. a wide range of

relative water contents. Hardened tissue has rigid cell

walls, S\EEereforéi*“iﬁfffﬁé"late _galii;ghd wvinter Ledusm

groenlandicum becomes hydrostalee; ‘Turgor pressure’ falls
off rapidly withlza decreasé in the relative water content
and the stomata would be éxpécted to close. The‘ proportion
of apoplastic vater increases in hardened‘tisshe, therefore,
there is an increase in the 3voidance of intracellular
freezing. Both the increased -ceil .uail rigidity and the
increased fraction of apdplastic wvater in hardeqéd tissue:
make it more resistanf to the  mechanical stresses
‘accompanying plasmqusis'and.deplasnolysis that occur during
freezing and thawving.
The photosynthetic  capacity of  hardened Ledum
roenlandicum is decreased to at least S50% of that of

” )
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unhardened ti;sue. Thiﬁ‘could partly be due to the high dark
respiration rates found in hardened~tissue. The stomatal
resistance and mesophyll resistance of hardened tissue also
increased, therefore, the flux of Coz into the chioroplast
would heCrease. Low temperature _ inhibition \of the
photosxnthetic reaction rates and the inhibition of the
synthesis and destruction of the componénts of  the
photosynthésisw system may also play a role. The increased
capqcity of dark'respiration in hardened Ledum groenlandicum

and the increased osmotic and matric potentials in * hardened

Ledup quenlandicum supports the concept that during
hardening the tissue undergoes protoplasmic augmentation.

Several areas that were cursorily touched on in this

‘investigation warrant further study. Among the areas in

which questions have arisen are:

1) the‘role of phytochrome and endogenous hormones
(particulérly ABA) in the cold aéclimatiop
mechanisa,

2) the seasonal variatio; in the root' resistance,

_stogatal resistancé, and photosynthesié,
3) the. possible roie of negative turgor pressure 1in

. overvwintering tissue, ’
4) the changing properties of the celL/:::;, and

5) the possible role of protoplasmic augmentation.

»
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APPENDIX A T
Graphs of a thermocouple psychrometer calibration curve and

a leaf disc saturatiom curve. ' k

Diagrams of a leaf disc saturation apparatus and a

-

potometer. -
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APPENDIX B , \

Diagrams of 1eéf thernoéouples, cuvette, and the IRGA gas

flow systen.
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a. .076 mm Cu-constantan thermocouple used in cold
hardiness determinations.
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-
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d thermocouple

b. .127 mm Cu-constantan thermocouple used in leaf
temperature determinations.

Fig. 28. Diagrams of Cu-constantan thermocouples.
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APPENDIX C
Isco spect:oradio-eter analysis of the 1light quality of

growth chamber lamps and a qnartz‘iodiﬂe lanp used in the

controlled environment studies.
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Table 12. An ISCO spectroradiometer analysis of the
light quality of various sources of illumination used in
controlled environment studies.

Wavelength (nm) Intensity of Irradiance {u¥ ce—2 pm—1)

Growth chamber* ° Quartz iodide.
lamps at Qq ca lamp at 30 cm

380 ? .02 ' 2.5

400 .18 ©13.2
425 .68 18.6
450 1.4 $23.3
475 2.0 27.9
500 2.9 31.7
525 3.8 . 37.7.
550 8.6 54.7
575 18.0 . 63.6
600 17.6 . 68.8
625 12.0 72.0
650 7.6 75.0.
675 4.9 78.1 .
700 3.9 85.17 ' -
725 4.0 87.4, g
‘750 4.8 96.0
800 5.1 106.3
850 4.2 109.3
900 2.3 1008.8
950 2.3 107.1
1000 2.3 | “103.3
1050 2.5 106.4
1100 2.7 ., 88.5 -
1150 2.2 86.7
1200 1.5 75.3
1250 . 3.0 67.6
1300 - 4,1 62.7
1350 2.5 59.5
1400 : . : 1.0 54.0
1450 e .6 47.6
1500 1.3 43.9
1550 2.0 39.7

*combined cool white fluo:éscent“and 100 watt incandescent
lamps ’ o '



APPENDIX D

Graphs of the relationships between leaf length X width and

leaf area, and between leaf area and leaf dry vt.
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APPENDIX E
Experimental procedures and results pertaining to the

isolation of abscisic acid from Ledum groemnlandicum leaves.

1

145 -



146

MATERIALS AND METHODS

Plant -aterials_

é
bj

A trial extraction for ABA vas performed on the leaf
riésne of the scarlet runner bean,_gggggglgg coccineus.
Seedsﬁvere sown in moist verlicuiite and maintained under a
16 h photoperiod, a light intemsity of 1500 ft-c, at 15 to
" 20 C, a R.H. of 50%, for 14 days. Water was ‘vithheld for
four days, ;nd 'b}— rhe eighteenth day the plants vere
noticedbly vilted and were harvested. Leaf tissue vas
inmediately frozen in liquid Nz and stored at -25 C.

Collectlon of Ledunm g;oen;andicu! leaves was made from
p;ante groving under a Ropulus trepuloides canopy at the

University of Alberta Devonian .Botanic Gardens, located 25
kn,si of Edmonton. Approximately 100 . fresh wt of leaves
were harvesten fron the twigs in the field, and wvere
inmediately frozem in lngnid ﬁz. ,09 return to  the
laboratory, leaves of the first collecrion date vwvere
iydphiiized. There 4is the danger . of&‘the production of
endbgenous ABA - during " an innefficlent lyophilization,

therefore, future collections were transferred directly to“
storage at -25 C. »Presh vt deterninations in the field,
‘prior to freezing, vere not made, therefore, fresh wt refers

to the vexght of the frozen laterial prior to extraction.
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Extraction
\ .

Extraction of blant material was after a combination of
lethods similar to Davis, Heinz, And‘ Addicott (1968) and
Lenton, Perry, " and Saunders‘ (1971). All orgaﬁic,solvents
used were of Baker 'Instra-An$1yied' Gradé (J.T. Baker
Chemical Co., Phillipsburg, N.J.). One h&ndred gfa;s_fresh
Wt of leaves were immersed in 400 ml ice cold 80% acetoné.u
Sodiﬁ- bicarbonate (5 g'lifer°i) was added %o'the extraction
medium to maintain' a neutral or siightlf alkaline pH that
reduced the risk of,isonérization and dehydration of ABA
(Lenton et al. 1971). Duripg all proqedhres, the exposure of‘
the extract to direct sunlight was avoided to further reduce
the risk’ of isomerization of 2-cis ABA to 2-£rans ABA. The’
leaf tissue was chilled and infiltrated vith the extraction
medium, then was macerated in a Wareing blendor for'2 ain.
The homogenate was‘stirred overnight_ih fhe dark af 5 é,
theé thevsolid residue was removed by filtration.

Tﬁe.acetone extract was reduced to the ?quéous phase bn
a ‘rota;y. eﬁapdrator';g vacuo at 35 C. The aqueous solution.
'u&s frozeh, thawved,and qen£rifuged.at 16;006 xg for .5 h at
2 C. fhé“éuspended material was ’renoved‘ and was conbined.
vith the solid residue obtained after filtration for drj vt
,-deterninatibns. The residue uas‘dried'for;us h at 70 ¢, and"
the_dry wt was feco;ded.‘ | |

Tﬁé"pﬂ of the supernatant was adjusted to 2 with 2 N

hydrochloric'écid, and then vas extracted'thréé ‘times with
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equal volumes of ethyl acetate. The acidic ethyl acetate was

combined and extracted 'fout times with, alternately; one
guarter its volume of Si»sodiul“bicarbonate- solution, and
one quartér its volume of deionized vater. The combined
aquéous extracts wefe adjusted to a pi of 2 and extracted
three times wit equal volumes of ethyl adetate. ~The
coabined ethyl acgtate extracts were dried ‘over anhydrous
sodin- sulfage |\ then reduced to dryness ‘onl‘a Vrotary

eiaporator.
Column Ch;01atography

The acidic f:actidn-bwas purified on -a Darco G-60
charcoal  (J.T. ' Baker ghemical Co., Phillipsburg,
N.J.) -diatomaceous earth. (Grade III, signa‘Chelical Co.;St;
Louis, Mo.)(1:2, w/¥) column (diameter .2"cn); 1 g of
diatomaceous earth being d;eé for every 10 g of.fresh plant

material  extracted. The acidic fraction was dissolved in 1

" ml of deionized uaier\gnd was applied to the  top of the

colu-ﬁ._ Tge‘ column- vwas rinsed successively vith 50 ml of

deionized véter, and 50 aml of 30% aqueous acetone. The

active material retained on the coluan was eluted vith'ZSO

rl of GOSFaqueons acetone. The eluted'acetone was reduced to

the aqueous phase on a rotary evaporator. The agueous phase

vas adjusted to pH 2 and extracted three times with equal

volumes of ethyl acetate. The combined ‘ethyl aéetate

extracts were dried over anhjdrous sodium . sulfate then
_ . S L

e
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reduced to dryness on a rotary evaporator.
Gas-liquid Chromatography

The dried plant extract was dissolved in 0.2 ml BSA
(N,0, -bis- (trinethylsilyl)-acetanide)(Grade' I, Sigma
Chemical Co., St Lbuis, Mo.). The covered' extract -was
allowed to stand for 30 min at room temperature before its
contents vere analyzed by GLC. D |

Chromatographic results were obtained with a Beckman
.GC-S Chrdmatog%aph' in .conjunction with’ a Becknanﬁ 10"
Recorder (Beckman Instrument Inc., Fullerton, Calif.). The )
chromatograph was fitted with dual 1.5 m X 3 mm stainless
steel .coiled cgiumns, ~and was egquipped with a -~ flame -
ionization détectof .and a linear temperature programmer. A
nitrogen carrier gaé flou rate of 25 »l min—1, a hydrogen
flow rate of 25 nml uin-i,—and an aif flov rate of 300 nl
min—! were maintained. Flow rates were calibrated with‘ a
soap bubble ‘flowneter,_ All gas supplies were of Linde
Commercial Grade (Union Carbide Canada Ltd., Toromto, bnt.),
and veré fitted qith dual stage pressure regulators. 'Thé%xv
nitrogen and hydrogen gas supplies were filtered throﬁgh ‘
NuprO" F-series Tan 'in-linevi filters (Nupfo f COey
Cleveland,0Ohio) before .entering ihe gas chronétograph. The
columns'were preconditioined overnighf at - 250 C -~ prior to
every major use. “The column packing consisted of S%FQF-1

coated on 60780 mesh, acid washed, DHCS treated Chromosorb W
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(Chromatog;aphic Specialties L{ﬁ., Brockville, Ont.).
Chromatography consisted of injectiﬁg 3 ul of the "BSA
silylated extract into an isotherlal céluln at 80 C; with
the injectbr temperature  at 190 C, .the detector
feed-thfough—iine tenp$réture at 180 é, and the detector
temperature at 190 C. The column was kept at 80 C for 6 min,
prior to a.iinear telperatufe increase of 15 C min-t for 8

min, reaching a maximum temperature of 200 C. The

*"w-f plant extracts were compared with those of

; (i)—ci§~trans‘ ABA-trimethylsilyl (THS)

g pe§'3 Al) (Grade Iv, signa Chemical Co.,

“uo ) . E.Aﬁ attenuation of 1 x 10* was used, as a

louer‘atten%atlon resulted in greater n01s§ and baseline

@rlft during the tenperature programme.’ | |
/

Ultté;iplet Spectrophotometfy
//4?' - ‘

A 1 n@k§inple of the trinethyisilylatéd plant extfacf
vas dissolved . in 0.005 N ethanolic sulfuric acid. The
.ultraviolet absorption Specﬁpul, from 220 to 320 mu, was
detgrnined' using a Vﬁnical>1' sP .1800 _ Ultraviolet
Spectrophotometer ,(Pye Unicam Ltd., Cambrldge, Eng ) set at
paximum sensitivity. The ultraviolet spectrul vas compared
.Hlth that obtained from a standard 10 ng-ll‘l ABA solution

having an absorption maximum at 262,nn;
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EXPERIMENTAL RESULTS
Chromatography of Standard ABA

The first step in the detectien‘\of ABA wus - to
standardize  the ‘peak height au&M(reteniﬁon time of a
synthetic ABA-TMS derivative. A 15 aug per \\\‘3 al ABA?THS‘
sample was used, andr several teméerature“programmes were
fried. Haintaiding an isothermal columu ‘ perature ‘wus
inadequate, as a column temperature of 189 c'and above
resulted. in the ABA being masked by the solven£ peak.
Isothermal temperatures’ below $180 C gave louger retention
times of the ABA-THS uerivative, but peaks became very
diffused and tailed. A temperafure programme similar téiﬁhat
used by Davis et al. (1968); stérting with isothermal
COnditiens at 60°C, and-a linear tehpereture increase of 10
C ain-! to 220 C. was unsatisfactory. The slow}temperature
1ncrease resulted in peak diffusion and talllng. uuch higher
rates of the temperature rise (30 to 40 ¢ min—~t) gave the
best peak ,resolutlon fo: the ABA standar&; hovever,.js C
nln-l wvas flnally used to ensure adequete peak 'separution
durlng ‘the chronatography of the relat1Vely impure plant
-extracts. 051ng the temperature progragme descrlbed, " the

'retentlon time of the standard ABA-THS derivatlvelﬁas 11.2 2

0.2 lin (SD) (Flg. 33 a) .

e A A S AN g, 0, TP SR ey
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Ideally,. one canfdetermine the ABA oohcentration in an
extract)by calibrating the peak height ‘against standards of
known concentrations. This was not possible in the present
studp. Peak helght and shape varied dranatlcally from run to

run. Peak area determlnatlons vere also 1mpract1cal because

of the variable baseline drift. Deternination of the peak -
of the chromatograms of plant extracts‘vas impossible

due to the peaks of interest being masked or being shoulders

o

of larger peaks.

The results of the present‘study, therefore, were only
qualitative. Even the guaiitative occurrence of ABA in the
plant extracts -aas’ questionable, because no chemical and
b@ological assais vere used to cohfirm the peak identities; |

ot

e Chromatography of the Phaseolus Extract
s R . .

tif;./// |
//// . The Phaseo;g§~gocoineus pPlants  were wilted prior to

. harvesting, therefore, hlgh ABA levels were expected. Figa
33 b shows.that several large peaks occurred’ betveen- the
retention times of 10 to 13 min. One peak (1nd1cated by the
arrows) at 11 4 min corresponded to the retentxon time of
the synthetlc ABA. If a rou.h estlmate of thé. ABA
concentratlon in the bean éxtract vas 15 ng per 3 ul, ‘then
the concentration of ABA in the wfited Phaseolus leaves ‘was
5 ag Q*l fresh wt, or 51 6 ng g-1, dry vt (only O 1 ml BsA
was used for the begplextract). Raschke aqd:Zeevart (1976)
found ABA concentrations of 3.9 ng-g—t fresh wtland 22.7 Ag

3 . :
{ . - -
o .
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g-t dry wt in young wilted leaves of fapthjum strumariym.
The vnlues found in the present-study were Jgross estipates
and .iere calcnlated.for curiosity sake‘ Howvever, the valnes‘
calculated hege and by Raschke and Zeevart (1976) were
orders of magnitude higher than other literature values. Due

to the lack of'a critical bioassay, and the.poor resolution

of the bean extract chromatogran peéks-Aneither qualltative,,

nor quantitatlve assumptions can validly be made about thd

occurrence of ABi in PhagegQlus.

Chronatogrephy of Ledym groenlandicum Extracts
. » » .
Chromatograms of Ledym g;oenlandicul‘eiiracts (Pids. 34

a to e). provide. u. information as to ‘the presence of

endogenous abscisic ac1d because there vere no obv1ous peaks},f"

{

correspondlng to the retention tlles~im the ABA standard.
Thene vere faint suggestions of gpa-like peaks in the
chrbnatngrans'of September 12 and of January 20{4g}gs. 34 - b
and e), Hnbweve:, ‘the peak of September éd2” nad a fast

retention time of 10.§ nin. The tesults for the occurreunce
o v

of 'ABA in Ledg! groeplandjcum vere, therefore, -inconclusive.
If ABA was in the Ledya extracte,; it wvwas present im
undetectable amounts and masked by géier-ilpnfities.'

The*percent vater content, onufa ary wt basis, - vas

o
>

’ _calculated fron the fresh andﬁdry vt deterlinations of leaf

'tissue. There vas a declige in’ the leaf wvater content

accompanying a drop in 1eaf later potbntinl and an’increase
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in tissue hardiness. Lower 1leaf vater potentials/)vere, -

I 8

Ultraviol%t 5pectrophotonetry

therefore, partially due to the dehydration of leaﬁ/tissue.

An‘ attempt to detect ABA  using ‘ultraviolet
spectrophotonetry vas nade. Ultraviolet spectrophotunetry is
consxdered to be a less sensitive method of ABﬁ detection
thah | gas-llguld ‘chroaatography. Fig. 35 a shows the

ultraviolet spectrysvfor; a ! standard ABA solution, having

absorption paximum at 262 mm. Figs. 35D and ‘c show the
ultraviolet spectra for the Phaseolus extract and the" Ledur
groen}andicum extract of July 12, respectlvel;l' These
. spectra showed the bimodal absorptlon maxima typically found
in tissue extracts rich in flavinoids. The pPhas glus extract
* contained a flavinold'sinilar to caffeic acid, and the Ledun
groenlandicum extract lcontained. a flavinoid of uhkhoun
identity (Deaford perSohal, oonlunicat;on). To remove the
'flavinoids from the plant extracts wouldw'have required
extensive purification, usrng thrn 1ayer chronatography and
| colunn chromatography. This was not fea51ble in the ’present
study due to the shortage of ’plant material nd time.
Ultravxole* spectrophotonetry, therefore, aas not useful

the detectlon of ABA due to the 1lpur1tfbs .in the plant~

eftnacts masking the zone of the ABA absorptlon laxilul.~ /<:>
:‘ LS ) - ’
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Fig. 35. The ultra violet spectra of silylated.extracts

dissolved in .005 N ethanolic sul furic acid of a) synthetic

+ cis abscisic acid, b) -Phaseolus vulgaris, and c¢) Ledum

groenlandicum. Arrows indicate the absorption maximum for,

standard + cis abscisic acid at 260 mau. o ﬁ% 3 ‘
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