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Abstract

On Truelove Lowland, Dern Island, N.W.T., high arctic
‘populations of Salix arctica and Saxifraga oppositifolia
were studied to determine if the environmental cues involved
in cold acclimation in these species differ from those which
induce hardiness in temperate plants. Field treatments
altered the quality, intensity or duration of radiation
received by the plants. Measurements of seasonal changés in
the red:far-réd and red:blue ratios at this latitude (75°N)
were compared to predictions from a radiation model. Leaf
and shoot told hardiness, along with leaf water potential
were sampled throughout the growing season. Studies were
continued in the laboratory under controlled environments.

Growth under a reduced red:far-red ratio (-red) or an
increased red:blue ratio (-blue) light regime did not affect
the cold hardiness of Salix arctica leaves. The mean
seasonal LT 50 (+SEM) for the combined treatments was
-8.6%.4°G. Short days accelerated leaf senescence and may
have slightly increased leaf hardiness (-12.5°C) prior to
senescence, aftef which cold tolerance decreased (-6.4°C).
Increased internal folute concentration associated with
senescence may have caused the brief incréase. Under

controlled conditions, leaf hardiness was estimated to be

4

near -7°C.
Stem hardiness (LT 50) of field plants with no signs of
senescence was between -15° and -18°C. At the same time,

plants undergoing leaf senescence were tolerant to near

iv



-27°C. Stems survived to <-44°C by completion -of senescence,
evén when held at +5'b under continuous-light. Dormant
plants held at -10°C survived immersion in liquid nitrogen,
but hardiness decreased to near -12°C during active grthR
and increased to <-20°C as 1éaf séneSencé began; with no
change in environmental conditions. Although short days and
a far-red night treatment both induced greater hardiness
earlier than hormal, endogenous factors appear to control
cold acclimation in the field, possibly - through increased

- sensitivity to dow temperatures (+5 to -5°C), which act to
initiate the metabolic and physicél changes necessary for
very low temperature survival. Despite shifts in the
red: far-red ratio near‘the enq of the growing seéson, there
was no evidence that plants used these changes to cue cold
acclimation or dormancy. }

Endogenou§ cohtrol of dormancy and cold acclimation was
also implicated in Saxifraga oppositifolia. Plants became
cold hardy to near -40°C while maiqtainéd at*+5°C at the end
of a normal growing season. Untreated field plants were
hardy to between -15" and -19°C during‘most of the season,
and to neaf -Q'C under controlled environments. The greater
tolerance of the field plants may have been due to lower
root temperatures and slight water stress. Short days
accelerated senescence of second-year leaves and hastened
increased hardiness.

Leaf water potential of Salix arctica in the field was

-generally above -1.40 MPa. Under controllef conditions, leaf

»



water potential ranged between -0. 7 and -1.0 MPa. dsmotic
potential was low (-1.85 to -2.11 MPa) and probably
contributes to the maintainence of leaf cold hardiness.
Turgor was‘high in mature leaves (1.10 to 1.20 MPa), but low
valyes in expanding leaves (O.BIMPa) suggests high cell wall
plasticity at this time. The hastening of senescence through
short days may have caused the marked decrease in water

potential near the' end of the field studies.

nl

Under controlled conditions, leaf water potential of
Saxifraga oppositifolia was in the same range as Salix
arctica. Osmotic potential was generally between -1.20 and
-1.40 MPa, and turgor remained near 0.4 MPa throughout the
study. The treatments did not significantly affect the .water
relations of Saxifraga oppositifolia. In the field, leaf
water potentials were often between -1.0 and -1.40 MPa. The
short day plants had much lower values (<-1,80 MPa).
Increased root resistance and decreased stomatal res1stance

L4

may have been the cause

vi
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1. Introduction

A. Hardiness in Temperate, Alpine and Arctic Regions

Winter cold tolerance is an obvious necessity to plants
which grow in‘thé High Arctic. Mean air temperatures during
January and February are generally between -30° and -35;6,
with minimum airu{emperatures often -45' to -50°C (Savile
1972, Courtin and;Labine 1977). Although extremely low
temperatures do not often occur in the northern temberate
zone, numerous woody species in this area are capable of
surving to -50°C and below. In some species, immersion in
liquid nitrogen (-196°C) is.tolerated (Sékai and Weiser
' 1973, George et al. 1974). These results suggest that
extreme winter cold is not the limiting factor which
precludes survival in the Arctic,:and that the structural
and,biochemical changes required for low temperature
tolerance are not ﬁnique to arctic species.

"~ Similarly, Sﬁmmer cold hardiness in'arctic plants;
while unquesfionably necessary to a certain degréé. is not a
feature required from only far northern (or southern)
species. High mountain plants, most notab]y those of the
afrdalpine,vreéuiarly experience diurnal fluctuations in
temperafure which are often greater than those seeg‘by
arctic plants. The phrase“:summer every day, winter every
night" is used to describé the afroalpine environment where
daytime.air temperatures 6ften rise to >10°C and fall |

nightly ‘to near -5°C (Hedberg 1964). Leaf and soil



temperatures range much higher dué to very high insolation.

In contrast, continuous illumination at low sun angles

during the arctic summer results 1n a reduced diurnal -\,/////
fluctuatlon of air temperature (ca. <10°C). Throughout the

" growing season air (and leaf) temperatures rarely fall below

0°C (Warren Wilson 1957, Courtin and Labine 1977)

No determinations of cold hardiness of afroalpine
species have been made. A variety of alpine species from
Japan were tested for summer cold tolerance and most showed
slight damage to leaves between -5" and -7°C. On Vaccinium
vitis-idaea, Rhododendron aureum, Sa{ix paucifloha and
Diappensia lapponica, leaves were completely Killed between
-9° and -12°C, and the same occurred in Ledum palustre at
-7°C. Stems of the same species were only slightly more cold
hardy (Sakai and Otsuka 1970). Kainmtiller (1975), working in
the Karwendel mountains reported heavy démage to®the summer .
leaves of Saxifraga oppos:tlfolla Sllene acaulis, Carex=
fIPma and Soldanella alpina at temperatures from -6° to
-8°C. Buds of SaXIfFaga and Silene were frost tolerant to °
between -10° and -15'C, and the rhizomes were Killed at -20°
to -25°C. Ulmer (1937 in Biebl 1968) reported alpine herbs
and dwarf shrubs to bg frost hardy to between -3" and -6°C--
during the summer. Siﬁi]arly, Pisek and Schieésel (1947 in
Biebl 1968) found values for con1fers and dwarf shrubs at
timberline to be between -3° and -5°C.

A limited amount of investigation into the summer

coldhardiness of arctic plants has shown lethal temperatures



to be very similar to thgse of alpine species. Biebl (1968)
réported on the July frost tolerance of 20 arctic species

~ from Godhavn, West Greenland (69" N) and found the leaves of
most species to be Killed or greatly damaged between -5 and
-10°C. Salix giauca.and Vaccinfium uliginosum did not survive
-6°C, while Dryas intlegrifolia and Betula nana were Killed
at -8°C. Empetrum henmaphrod} um, Dfappensiailépponica and
Saxifraga caespitosa were undamaged at -8'C but Killed at or
above -12°C. In another work, Sakai noted that Salix’
rotundifol ia from Barrow, Alaska (71°N) could resist
freezing injury to only -5°C in late dulyJ(SaKai and Otsuka
1870). A11 the above studies suggest that there is no
fundamental ‘difference between arctic and alpjne speéies
with respedf to the level of summer cold hardinéss attained
by the plants. Most of the minor discrepancies between
studies caé probably be accounted for by differences in
hardiness assessment techniques.

The singular problem confronting arctic p]an;s, then,
is-not in the attainment of ﬁnusual degrees of wi;ﬁér or
summer cold hardiness. Rather it is in making the transition
from summer aciivify to winter dormmancy under the unique

N~
arctic conditions. A brief review of the cold acclimation

——

processes of temperate plants will a provide a background

for comparison.



B. Cold Acclimation Mechanism — A Working Model

A model of cold acclimation for decfduéus woody plants
was put forth by Weiser (1970), based largely on work with
Cornus stolonifera, and it has received relatively good
support to the present time (Li et al. 1965, Hurst et al.
1967, van Huystee et al. 1967, Fuchigami et al. 1971b,
McKenzie et al. 1974a,b,c, Chen et al. 1975, Chen and Li
1977, Harrison et al. 1978a). Weiser postulated a two stage
process of acclimation. The first stage involves a
photoperiodic stimulus receiveq at above freezing
- temperatures for a few weeks which induces a limited degree
of bhardiness. Thisris followed by periods of frost or low
temperature to attain theyfiha] hardiness level.
chreasingly low temperatures can often increase the degree
bf hardiness induced by this second stage of acclimation.

Short days (8-9 h 1ight/16-15 h darkness) are the first
stage of acclimation. Short days (SD) alone were found to
increase cold hardiness in C. stolonifera from -3 to -17'C
(Harrison et al. 1978a). Despite previous reports of the
necessity of grouwth cessation or bud dormancy before any
cold acclimation c=m nocur (van Huysfee et al. 1967,
Fuchigami 1971b). Hz- son et al. (1978a) showed that a
significant increase ardiness through SD induction was
possible at any time 4u ~g the growing season. Similarly,
bud dofmancy Was no* found '~ be a prerequisite to SD
induced hardening in Acer negundo and V icurnum pffcatum

(Irving;and Lanphear 1867a). rowever. growth cessation, if



not necessary in all species, is still thought to be closely
correlated with the ability to harden (e.g. Levitt 1872).

| Later work implicated phytochrome as the pigment system
mediating, through the-leaves, the hardiness increase which
occurs in the stem (Williams et al. 1972, McKenzie et al.
18974a). Production of translocatable hardineég inhibitors by
long day leaves (Irving and Lane ar 1967b) or hardiness
prohoters by short day leaves (Fuchigami et al. 1971a,
Howell and Weiser 1870) has been suggested to be at least
partially responsible for the increase in stem hardiness
(Weiser 1970). Presumably a light activated shift in the
proportion of Pfr!' to Ptot? initiates the production of
these factors. A pHotosynthetic role for light during the
hardening pﬁocess has been suggested (e.g. Alden and Hermann
1871), but is probably Tinked more to the necessity for
maintaining photoeynthetic_reserves to power the metabolic.
processes known to occur during hardening(than to the need
for photosynthesis per se.

Without a subsequenf decrease in temperature, the
degree of hardiness induced by short days will not increase.
The second stage of acc]imation involves low temperatures
(-Sf to +5°C) lasting from several days to weeks (Larcher et
e]. 1973). Under natural conditions the occurrence of be]ow
freeziné minimum temperatures is often well>correlated with
‘a sh?rp increase in hardiness (Tumanov and Krasavtsev 1959,

“van Huystee et al. 1967, Howell'and Weiser 1970, Harrison et

o
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'Pfr: amount of phytochrome in the far-red absorbing form
2Ptot: total ‘amount of phytochrome .



al. 1978a). Most workers expose. the test plants to slightly
below freezing temperatures (-2° to -5°C) for short periods
of time (1-2 h) per day to obtain an increase in hardiness
AMcKenzie et al. 1874a, Wilkinson 1877, Harrison et al.
1978a) , though a subfreezing Period may not necessarily be
réquired (Sakai 1966, Howell and Weiser 1970). More
important than a freezing period may be the degree of
difference between the current environmenta) temperature and,,
the hardening temperature (Sakai 1966, Chen and L 1978) .
‘The final dedree of hardiness attained through Tow
temperature acclimatiqpraries with the Species, ranging for
temperate specie§/ffg; =35°C in Cercis canadensis (George et
al. 1974) to -196°C in C. stolonifera, Salix spp. . Populus
nigra énd others (Sakai 1966, Sakai 1870, Sakai 1973, Sakai
and Weiser 1973, Harrison et a1. 1878a). In the attainmequ

-of high degrees'of cold resistance the rate of cooling is

There are éxceptions to and constraints upopn the
geneﬁal application of Weiser’'s (1979) model as out]inéd
above. Hardiness can be increased by water stfesg (Alden ahd ‘
Hermann 1971, Wildung et al. <1873, Chen et al._1975, Chen et
al. 1977, Chen and Li 1978), and by low temperature aloné
(Krasavtsey 1963, Howell and Weiserl1970, Gusta'and Weiser

1972, Irving and Lanphear 1967a). Chen and Li (197g) have



shown the combined effects of short days, low temperatures
and water stress ‘to be additive in increasing the hardiness
of C. stolonifera seedlings. Other evidence suggests that
while acclimation is most rapid when short days are followed
by frost, fow temperatures alone, over a longer time period,
can induce~the same level of hardiness (Howell and Weiser
1970) . |

The inability to harden plants at any time during the
year, as well as the tendency for some plants to acclimate
at the end of the season under noninductive conditions { Tong
days, warm temperatures), has led to the speculation that
endogenous rhythmszane involved (Siminovitch et al. 1967,
Schwarz 1970, Weiser 1870, Levitt 1972). Cornus stolonifera
could not be acclimated early in the growing season (van
Huystee et”al. 1967) and Levitt (1872) suggested that
freézingxtolefanCe was inversely related to development.
Later work with C. stolon}fena showed that the frost
induction stage of acclimation could not increase hardiness
to below that obtained with shont days until later in the
growing 5erind (Harrison et al. 1978a). Their results
support earlier contentions that endogenou$ rnythms
'1nf1uence the physiologic state of the plant and 1ts
response to potent1alsy 1nduct1ve daylengths and
temperatures (McKenzie et al. 1974a).

On the other hand an endogenous ly confrolled hardiness
increase in the absence of external st1mul1 appears to occur

in some spec1es Apple ﬁ@%nts under long days and warm



temperatures increased slightly in frost tolerance at the
end of the normal season (for field plants) (Howell and
Weiser 1970). Pinus cémbna and Rhododendron ferruginum under
constant warm temperatures and natural light cond{tions
showed seasonal variation in hardiness comparable to field
plants. A second year of the same treatment resulted in a°
reduéed amplitudg of freezing tolerance. Under constant
short days the plants maintaﬁned a high resistance to low
temperature damage throughout the year (Schwarz 1970).

Only a few of the nué;rous physiological changes
involved in the cold acclimation of a plant or cell are
relevant here. The nature of the biochemical mechanisms of
freezing injury and frost resistance have been recently
réviewed by a number of workers (Siminovitch et al. 13967,
Mazur 1969, Weiser 1970, Alden and Hermann 1971, Levitt
3972,‘Heber and Santarius 1973, Burke et al. 1976, Heber and
Santarius {976). W

An increase in solute concentration, especially sugars,
has in many cases been correlated w{Eh an increase in cold
hardiness (e.g. Levitt 1956 in Levitt 1972, Sakai 1962 in
Sakai and Yoshida 1968, Alden and Hermann 1971, Sakai and
Yoshida 1968, Heber and Santarius 1973). In this Eegard, it
" s interesting to note that subarctic-populations of
Dactylis glomerata, from Norway, had significantly higher
fructosan levels in the leaf sheaths than Portugal
populations (Eagles 1967). This may be related to the

greater cold resistance in the northern populations (Cooper



‘properties of the cgjl constituents. .

1964). Other compounds such as proteins and amino acids
(especially proline) have been implicated as éryoprotectants
on éccasion,-but results have not been consistently |
correlative with hardiness (e.g. Yoshida and Sakai 1968,
Levitt 1972).

fﬁe ability to survive dehydration is necessary for any
cold hardy tissbe. Freeze-dehydration occurs when, during
the temperature\vecrease, jntercel]ular'water freezes first,
resulting in a decreased vdbor pressure. outside the cell and
subsequent diffusion of the intracellular water down the
water potential gradient and through the cell membrane to
freeze in the intercellular spaces (see Levitt 1972).
Infefcé]]u]ar water freezes first becauge of lower solute
concentrations. The loss of intracellular water increases
the solute concentration resulting in a decreased Qapbr
pressure which, as water continues to leaQe, eventually
comes into equilibrium with the vapor pressure of the
intercellular ice. The finai degree of dehydration is
dependent on t%e temperature and the water binding

A

\
A few studies have found a decrease in'water\potential
. "~ \\\
and/or water content in woody ‘species undergoing cold
acclimation. In light of the freeze-dehydration phehomenon

this is not unexpected. However, it is the short day

-treatment which causes the initial change in water

2

relations, not freez?ng temperatures. Under short days,

which induced the first stage of cold acclimation, the stem
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water content andvleaf water potential decreased and root.
resistance increased in C. stolonifera (McKenzie et al.
18974b, Parséns 1978). Similarly, in Ledum groenlandicum a
decreasé in relative water content and water potential of
the evergreen leaves resulted under a shprt day/n1ght frost
.reg1me (Wi Tkinson 1977). Possibly, short days induce the ‘
production or release of a translocatablé factor (hormone )
which results in the change in water relations seen in these

studies (McKenzie et al. 1974b) .

C. The Problem and Approach

The above br%ef review of the cold acclimation process
allows arctic conditioas'and plants to be viewed {n the
context of temperate plant responses to the temperate
environment. The major difference between the two areas with
respect to Weiser’'s (1970) two stage cold acclimation model
is the absence of the short day photoperiod duringsthe
period of dormancy and hardening in the Arctic. Thish
obviously precludes thé use of a shortened day for the
inductionuo% the first stage of cold acclimation. Although
~at lower arctic latitudes a Shortened‘day (relative to the
\éontinuous light which normalﬁy prevails) may,
iheoretica]ly, be used as a cue by plénts, no such
conaﬁt1ons occurred at the site of the present study

At a 1at1tude of 75°33"N, Truelove Lowland sees the sun

cont1nuous]y above- the horizon between 29 April .and 17 )

~\ . B £
;
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August (Whitfield, umpub.'dataf% Between this period the
growing seasonwon T:uelpve comes and goes.'SVoboda (1977)
Vreported the actual growing season (break of dormancy to 50%
leaf coloration) of raised beach communities over a 3‘year
period (1870-1972) to be 60 days at the longest, occurring
between 20 June and 18 August Since at least one week (Chen
and Li 1978) and generally two or more weeks (Harrison et
ali 1978a) are - required for the effects of short days to
become man1fest it . is apparent that continuous light would
sﬁ]]]'be present at the time necessary to induce hardiness
'and,dormaocy by mid-August. | T

'A.second difference between temperate and arctic
_ conditions is'the'presence during the arctic summer of
"temperatures low enough to possibly serve as the low
'temperature condition for the second stage of acclimation.
Although air temperature does not regularly fall below 0°C,
it can do so at any time during the season. Most often air
temperatures are between 0° and 5°C, with ptant and air
temperatures very similar on overcast days. if arctic plants
required the same magn1tude of temperature d1fference
between normal growing temperatures and ‘Hardiness inducing
‘temperatures as temperate species do durmng active growth -
(ca. 10-15°C), the plants oh Truelove would be waiting unti]
early to mtd-September. when.temperatures_are ca. -5 to
“-10’Cv ‘before becoming dormant‘ That: this does not mappen
1nd1cates that dormancy, andlpresumably some degree of cold

harden1ng, occurs at near normal grow1ng temperatures It is

-
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possible that only a slight increase above the regular
summer._hardiness occurs at this time (dormancy) and deeper
levels come about as the temperature drops. Converse]y, a
very}]arge inérease»in hardiness may be coincident with the
-~ onset of dormancy, with only aeeper leVels induced by
extremely low (e.g. -50°C) temperatures. ‘

Although Weiser’s (1970) modei may not be app]icablg to
arctic plants in its classical form, the same mechanismé may
be operating in different ways. The phytochrome-mediated
increase in haﬁdiness has been implicatgd in some species to
be triggered by short days (McKenzie.etval. 1974a, Williams
et al. 1972), and could conceivably arise instead through a
shift in the red(660 nm):far-red(730 nm) ratio (i.e. zeta)
of the incident light..A concomittant shift in the Pfr:Ptot
ratio (@) of the tissue ;ould then initiate the same
responses as done by short déys.

" McKenzie et al. (1974a) suggested a change in zeta as a
possible cue for hardiness induction in Cornus stolonffena.<,
Holmes and Smith (1975, 1977a,b) first demonstrated (fhrOdgh
actual measuremenfs) that the daily shift in magnitude of
zepa. from sun#ise to sunsgt, was potentially large enough
be used by the plant in photoperiodic timing. Récent work in‘
plant gnowth;and development haé shown that plants can
indeed respond in a measurable way to simulations of
naturally occurring zeta ratios (Morgan and Smith 1976,
1978, 1979). |

In light of the above ihformatioh the fo]}owing

4
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objectives were proposed: : . .

1. To elucidate the nature and mode of the environmental
cues (?? any) involved in the cold acclimation of two
htgh arctic species with two different growth
strategies. |

2. To determine to what degree these plants are cold hardy,

“both during the grow1ng season and during dormancy.

3...To examine leaf water potential in relation to hardine .s
and the arctic env1ronment in genera]

Salix arctlca Pall. was of interest since it is one of
the few woody deciduous species in the High Arctic, and has
one of the: w1dest tolerance ranges of all arctic species
( Svoboda 1977). It provided an examp]e of a plant with a
unique growth strategy for the area and could be directly
compared with woody dec1duous temperate pinats for wh1ch
phytochrome -mediated contro] of cold acclimation has a]ready
been implicated.

Saxifraga oppositifof:a L., in contrast to Salix
arctica, is an ubiquitous winter green chameophyte of arc ¢
and alpine areas It is often the first. species to breaK
dormancy and flower at melt out.

The basic approach was to alter the radiation
\environments of fie]d plants in situ in an attempt to induce
premature hard1ness and/or dormancy. An env1ronment of
reduced red light, resulting in a low zeta, was created for
one set of plants to simulate thelspectralrenergy

distribution which naturally occurs at low sun angles (e.g.
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Holmes and Smith 1977a). If plants were receptive to a
marKked decrease in zeta, which might normally occur near the
ena of the season as the sun approaches the horizon, this
treatment could induce hardiness earlier than that which
occurs in the controls.

Mayo et al. (1977) suggestéd that seasonal changes in
blue lighf might trigger physiological changes in arctic
bspecies. Johnson and Salisbury (1967) found a marked
Jdegreaée in the red:blue iight ratio at sunset. Therefore, a
Blue poor regime was established to check(if onsét of
hardiness might depend bn the detection of changes in the -
red:blue ratio. | ‘

Biebl (1967) artificially darkened éﬁétic plants during
the summer to siﬁulate 8 h days; and‘pemonstrated a’slight
. hardiness increase in Betula nana leaves. A third treatment,
shqrt days,“was established to test for the same response.in
the present two species. Also; the treatmeﬁt allowed the
respohse of the: study plants to be compared to the-well-
known effects of short days on temperate woody species.

To allow the separation;of any phytochrome-mediated
effects from those resultiqbéfrom reduced photosynthesis and.
- possibly starvation, a neutié] density fflter was used oVer
one set of plants which passed é]l wavelengths equally, but

reduced total PAR3 by- approximately the same amount as the

qther filter treatments. &,

Through the abovi,approach it was hoped that a better

------------------ . ;
3PAR: photosynthetically active radiation (400-700 nm).
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understanding of cold acclimation in arctic regions would be

gained.



I1. Materials and Methods

.
A. Plant materials

Salix arctica Pall. and Saxifraga oppositifolia L. were
obtained from True]oye Lowland, Devon Island, NWT (75°33'N,
84°40' W) during the summers of 1978 and 1979 for use in both
the field and controlled environment aspects of this study.

The plents used during the 1978 season were located
along the cushion plant-moss community as described by Muc
and Bliss (1977). Saxifrage brought back to the Un1vers1ty
of Alberta for contro]led env1ronment work, was obtalned
from the same area, wh1le willow was collected from the
immediately adjacent hummocky sedge-moss meadow (Muc and
Bliss T977). Where possible, the origina]isbi] was retained
“with the plant, and sterile sand was added.-supplementally .
After transport to the University of Alberta, the
"potted plants were immediatel; placed into a +3°C chamber
wifh continuous darkness, while a Hardening off regime was
preparedi After 6 daye, the plants were tbansferred to a
controlled environment chamber (EnvirenmentalyGrowth‘
Chambers) and mainfained under 5°C for 8 h and -1°C for 16 h
d“. An 8 h photoper1od was given w1th the 5°C temperature
4per1od The p]ants were removed after 12 d to a continuous
" -4°C regime in derknessu and one month later transferred to

a -10°C continuous darkness chamber until dehardening 6.5

mon later. P P

16
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Plant material collected in 1979 was obtained from

within and around the study site of 1978.

kR

f

B. General Materials ahd Methods
1. Cold hardiness technique '

a. Temperature stress.

Leafy stem sections of Salix ‘arctica and shoot tips of
Saxifraga oppositifol ia were tested for cold hardiness by
subjection to a gradual lowering of tissue temperature at a
rate of 4°C h-'. Tissue samples from both species were
separately wrapped in moist cheesecioth to prevent
sUperceoling, and further sealed in aluminum foil to avoid
dehydrafion (McKenzie and Weiser 1975). Fine wire
‘thermocouples (ca. 0.3 mm diamefer)_Were yrapped with
samples to monitor changes in temperature. Each aluminum
WPepped packet was placed in a separate 20 x 150 mm test
tube which was immersed in a 5°C ethanel—fi]led Haake FK2
temperature circulator (Haake Inc:); Power was supplied by
an Onan-5 kW diesel gene}ator; The 1979 material was
stressed”usihg a PolytempumodelJQOC temperafure circulator
(Polyscience~Corp.). The bath temberature was lowered
through a motor dr1ven gear assembly which prov1ded a steady
decrease in tissue temperature of 4°C h- '. At 5 1ncrements,
oﬁe‘sample of each species was ‘removed after being held at
the des1red temperature for at least 5 min, and 1mmed1ately
placed in a cool environment (3- 7 c) to thaw for 20 to 24 h

",Therrange of temperature stress using the bath\was between

R
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+5 and -45°C.

b. Stress evaluation.

Survival temperature and, therefore, cold hardiness of
the tissue was determined by applyfng a modification of tne
technique developed by Steponkus and Lanphear (1967). Tissue
samples from each stress temperatune, weighing 505 mg, were
placed in 18 x 150 mm test tubes, and 3 é] of 0.6% (w/v)
triphenyl tetrazolium chloride (TTC) in 0.05M Na HPO KHZPO
buﬁfer (pH 7.4) + 0.05% (v/v) wetting agent (Tr1ton X) were -
added Willow stem sections were cut to 2 cm or less and the
outer bark slit when determ1ned to be necessary to allow
solution infiltration. Whole leaves and leaf secticns of
Salix and the shoot tips of Saxifraga were used to test \
non-Wcody material. After infiltration under vacuum for 5;10
- minutes, the tissue was 1ncubated at 30ﬂC for 15 h. The TTC
solution was drained off, the tissue rrnSed once in
distilled water and, 7 ml of 95% (v#v) ethanol were added.

The reduced dye was extracted by bo1]1ng leaf tissue for 5 -
minutes and woody matenqa] for 10 minutes. After cooling,
each sample was brought to 10 ml -with 95% ethanol and the
absorbance at 530 nm- was measured using a Spectron1c 20
spectrophotometer (Bausch and Lomb). The above techniques
were,1dent1cal for both»control]ed environment and field
situations. \

The aﬁsorbance at each temperature treatment was

expressed as a percentage of the absorbance of the control



(either 5 or 0°C) and plotted as a function of temperature
(Fig. 1). To correlate TTC reduction with killing
temperature, Salix stem sections (with attached leaves) and
‘Sakifraga from each stress temperature were placed in
sterile sand on aﬂhist bench, and survivorship and growth
were recorded over a 2 weeK period. These correlatian tests
were conducted subsequent to field studies, dur1ng the
controlled env1ronment phase of the study, since it was
impractical to carry out the tests in the field. The
Saxifraga Cuttings were first taeatéd with 073 %IBA
(3-ihdd1ylbutyric acid), and both species were watered
periodically with one quarter strength Hoagland'a solué$bn 5
(Hoagland and Arneon 1938 in Salisbury and Ross 1978).

The results of the correlation tests with respect to
éaIIX"stem tissue are shown in Fig. 2. If 50% or more of the
stressed stem sections were alive after 4 weeks, Salix‘was
considered to have sufviVed that tempeaature. As a result,
thay70% absorbance value was taken to correspond with 50%
shoot survival, and it was from ‘this va lue that the survival
temperature was 1nterpo]ated (Fig. 2).

Some of the anomalous points may ba a r;sult of
'differences in survival temperature between first year
.shoots, and older woody shoots. This distinction
(differential survival) was. not noted until later in the
tests. | '

jTHe attembté to correlate TTC reduction in Salix leaf

tissue with survival of the leaves attatched to the stem
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(As300t TRT. TEMP. /A 5 at 5°C) X 100%

; . L .
5~ 0r -5 ' -10 -15
~ TREATMENT TEMPERATURE (°C)

Fig. 1. The correlation between stress temperature and the
reduction of triphenyl tetrazolium chloride (TTC) by Salix
arctica leaf tissue. TTC reduttion is expressed, for a given
. sample, as the percentage absorbance of light at 530 nm ’
‘relative to the control sample (5°C). Vertical bars indicate
‘standard error of the mean (n=3). The lethal temperature for
Salix leaf tissue was found to be correlated with the 50%
- absorbancy value, which in-this case occurred at -8.4°C. The
above test was conducted 17 July 1878, ' :

o

i
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sections were unsuccessful. In all but one case, the leaves
abscissed soon after placement in the sand. including leaves
from the control cuttings (5°C). In the latter case, the
leaves remained somewhat longer than those stressed to lower
temperatures, but still abscissed much sooner than leaves
from the same stem which later developed from Buds and were
retained for the life of the cutting. For this reason, a
browning test, modelled after Davis (1980), was used as the
primary standard against which TTC reduction was compared,
This test was considered to‘be a reliable measure of
post-freezing survivorship by Stergios and'Howell.(1973).
For this method, 7 mm diameter leaf disks were excised
with a sharpened cork borer from previously stregsed tissue,
and floated on full strength Hoagland’'s solution within a 5
cm diameter Petri dish. Ten disks were used from each stress
temperature. In most cases the remaining portion of the leaf
was then used for.the TTC test, as described earlier. After
7 days, dead tissue had turned a dark bréwnfsh-green, while
hea]tﬁy tfssue'remained as green as the unstressed controls.
The disks were maintained under a 16 h/18°C:8 h/12;C
temperature Eegime, at a continuous illumination of ca. 40
HE m-2s-1 PAR (400-700 nm). If 50% or more of the disKs were
§1ive after 7 days, the leaves were cons1dered to have
surv1ved that temperature These results were pa1red with
the corresponding absorbance values from the TTC test to
_obtain a calibration of the TTC ‘method as shown in Fig. 3.

In this Way an absorbance value corresponding to an LT 50
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" when a sample of one portion of the shoot is used as an

(temperature at'wﬁjch 50% of the tissue s Killed) was
determined. Fig. 3 shows a fairly géod‘correlation between
the 60% reduction value and 50% or more survival of leaf
disks aftervone'wéek. Tissue with absorbance values‘greater
than 60% of the control general]y.SUPVivgd the effects of
the cold tréatment for at least é week, while those with
values below 60% were viable at the time of the assay, but
died-during the fol)owing week. Thus, the 60% reduction .
value was taken as the Killing péint of Salix leaf tissue.
Saxffhaga was able to be rooted much in, the same way as

[T

Sal ix sfém sections. Fig. 4 shows the results of the -

‘,TTC*ﬁpofing correlation test;.‘The 60% reduction value was~

chosen to correspond with post-freezing survival of 50% of
the cuttings after 2 weeKs. The results of this éorre]ation
test were not -as. conclus1ve as desired. Durting sampl1ng only
the terminal bud and surréund1ng live leaves were used in
the TTC test, whlle survivorship of the cutt1ngs was assesed ¢
by evidence of any s1gh of new growth from the shoot or
ma1nta1nence of health of tﬁe termlnal bud. Hence, the same
shoots were not sampled for the TTC and rooting tests. In
some cases, when the termlnal bud onIhe cutt1ng.d1ed, -
agil]ary buds grew and the cutting was considered alive.
There is evidence from previous work (Kainmliller 1975,

Larcher 1975) that“gold»hardiness varies between organs of

Saxifraga oppositifolia. Thus, some problems can be expected |,

indicator of total above’ground cold hardiness. - I :,ﬂ

’
[
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2. Water relations

- a. Thermocouple psychrometry.

Total leaf water'potential (UQ) and the component
potentials of turgor (¢$) and combined osmotic and matric
(¢G5+Vzn) were determined using Spanner-type psychrometers
modelled after Mayo (1974). A Wescor MU55 psychrometric
microvoltmeter was used to measure peak deflection after the
application of a 20 s 8.0 ma current. One 5 mm diameter .
Salix ]eaf disk or a samp]e of 2-3 individua] Saxifraga
leaves was loaded into each 4.8 x 2 mm sample_chamber and
placed into a oohstant temperature bath to equilibrate for 5
or 6 h. Under field conditions, the;temperature of the
equilibration bath ranged between 5.0 and 12.5°C, with the
rate of temperature change ocourring very slowly. In |
controlled environment studies, the temperatUre bath varied

slightly about 20°C. In both cases, replicate read1ngs were

,taken 30 m1n apart until two values_yere within 0.1 Mvolts

in agreement. Th1$,was usually acheived within three
readinQSv _
During the controlled env1ronment ‘studies, component

potent1als were obta1ned by t1ght1y wrapping the sample

chambers w1th aluminum foil followed by immersion 1nto

11qu1d n1trogen (-196°C) for 10 minutes. The rapid freezing
and thawing destroys membrane integrity and the pressure

potential (¢g) goes to zero. Af;er'rewarming, the chamber

_ was reloaded into the psychrometer and allowed to

. . |
"~ equilibrate for 5-6 hours. Since ¢f-¢f+¢f+ Pt the initial
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cell turgor pressure was obtained by ¢£=¢q-(%&;%;),where the
combined osmotic and mat. ic potential (VLAY ) obtained
through the freeze-thaw treatment, is subtracted from the

jnitial total water potential (Vﬂ). -

C. Field Studies
i. Site description

The field portién of this study was conducted quing
the summer of 1978 on Truelove Lowland, Devon ;sland, NWT
(7§'33’N; 84'40}W)(Fjg. 5). The 43 km2 lowland is bounded on
the“south and east by steep, 300 m high cliffs, and on the
north and west by ocean. Truelove is one in a series of.
north coastal lowlands, all of which resulted from
postglacial rebound after ice retreat. Deglaciation of
Tﬁuelove Lowland occurred'abdut‘9450 yr B.P. (Barr 1971).
énd asla result of uplift, shallow lakes, formed by
isolation of lagoons, and méadows (filled in lakes) are
prevalenf today. In édditibn, raised beach ridges bccur in a
regular sequence across the lowland, and provide much drier
habitats due toltheir composition of coarse textured sands
and gravéls and slightly h{gher elévatiod’(1 to >5 m). The
ridges also impede dFainage of.lékes and meadows (Blisél
1977). Fﬁrther information can be found in Bliss }1977).

Sedge-moss meadows'comprise 41% of the lowland, while ~
beach ridgés total 11.4%. It is within these areas that 4
Salix arctica and-Saxifraga oppoSiiifolia are mbst commonly

found. Details of the plant communi ties occurripg'gn the
: :
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lowland can be found in Muc and Bliss (1977). Of importance
here, iis only how the distribution of the two spec}es is
,felated to the major community types. Although, Salix
arctica is not a dominant’component'of any plant communityf
it is found commonly throdghout the lowland, ranging in
hab1tat from scree s lopes to hummocky sedge-moss meadows. In
the latter, willow is commonly limited to the hummocks which
care eievated above the wetter hollows. Saxifraga
oppositifolia is generally absent from meadows and wetter
‘areas, but is very common in cushion plant-1lichen and
cushion plant-moss commun1t1es found along the crests and
 upper to\lower slopes of raised beach ridges. Here it may
codoh{nate with Dryas Integnifolfa, and Salix arctica is
also commdn (Muc and Bliss 1977). The local abundance of
Salix and Saxifraga on beach ridge slopes made these areas a
" natural choice for the study of the .two species.

The study site was 0.7 km SW of base camp (Fig. 5) and
located along the mids]ope and slope base of a west-facing
beach ridge. On 3 duiy, plants just beginnihg growthi were
chosen and the exper1mental treatments establ1shed Fifteen
1nd1v1duals of each species were selected with 3 plants of l
each spec1es subJecIed to one of the five treatments. The 30 )

plants were spread 30 m afong‘the ]ehgth of the beach ridge

and 15 m from slope base to midslope.

-t

2. Experimental treatments -
‘Three types of light filtering regimes were

S
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‘ established. Fig. 6 presents the quantum flux density as a
function of wavelength for the two regimes which altered
light‘quality. There is a relatively steady increase in
quantum flux in unfiltered sunlight with increasing
wavelength, and the red:far-red ratio4 ﬁR:FR) (660:730 nm)
‘is 1.00. The red:blue ratio (660:450) is 1.56. Under the red
cdlored filter (Cinetuf #722 Deep Amber, Strand Century)
essentially all of the blue light (400-500 nm) was
eliminated, while a R:FR ratio of 1.00 was ma1nta1ned
Between 400-730 nm, transmittance through this filter was
49% of full sunlight. This was termed the -blue (minus blue)
treatment. | -

The :red treatment consisted of a blue filter (Cinetut
'#763 Pale Blue) whic’h“_ passed most of the blue light, but
sjgnificantly decreased'the R:FR ratio to .62. Transmittance
was, 59% of full sunl1ght between 400 and 730 nm. A QSM-2500
quantaspectrometer (Techtum Instruments) was used for the
quantum flux determinations under clear sky conditions on 19
- May 1978 between 1400 1500 h CST. _

A th1rd reg1me involved the use of two 1ayers of
cheesecloth as a neutral density (ND) filter. This resulted
in a un1form reduct1on in sun11ght transm1ttance across the
visible l1ght range, with a total transm1ttance of 63% of |
full sunlight. This reg1me was establlshed in the attempt to
separate -any phytochrome medjated.effects from those

resulting ﬁrdm.redudbﬂ photosynthesis.

ot

4zeta will be used throughout when referring to the
red: far-red rat1o
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The above treatments were‘applied by placing a 32 cm
diameter Plexiglass dome over each plant with each dome
receiving an external tayer,oflthe appropriate ?ilter
material. As shown in Fig. 7, a single sheet of the Cinetuf
filter was pressed aga1nst the dome surface and held fast
with epoxy. Each dome was suspended between 5-10 cm above
lthe plant to a]]ow air movement and to reduce the greenhouse
effect. To guard aga1nst unfiltered 11ght penetration.at low
sun angles, side shields were erected where necessary. The
neutral density'filters'were constructed by epoxying‘2
layers ofvcheesecloth to the internal «. ~ surface to avoid
,'soitage of the white surface. The treatments were initiated
2-3 July 1978. '

The fourth treatment was one of shortened da}length‘

- (SD) . An'8:16'h day:night cycle was established on 7 July
1978.through the daily ooVering and uncovering of the plants '
at 1700 and 0800 h CDT. The bucket arrangement shown in Fig.b
8 was secured us1ng metal stakes and a heavy rock on top,
and insured aga1nst 11ght penetrat1on The 1arge foil
covered bucket he]ped avo1d internal heat bu11dup, wh11e the
blacK surface of the inner bucket reduced internal
-reflections of ‘any penetrating Tight.

A fifth set of p]ants served as a control and were
untreateg but sampied-as often as the other plants The
"treatment and the controﬂ plants were s1tuated w1th1n the

s1te as shown in Fig. 9.
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D
™

Y

Fig. 7. A representative Plexiglass dome and color filter
used to alter the light regime of the underlying plant. The
dome was raised slightly to allow air movement, and side
shields were erected when necessary to avoid unfiltered
Tight penetration at pr sun angles.

—————
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2
A

Fig. 8. Bucket afrangemeht used to artificially shorten
days. The inner small black pail attenuated internal light

reflections, while the larger foil covered pail reduced heat

buildup.a '

Coloured Plcrups ’ o
T ——
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f treatments within the study site.
itifolia plants and white
Lines associate short day

Fig.\ 9. Arrangement of 1
White dots indicate Saxifraga oppos

crosses mark Salix arctica plants. L1

p]ants\with their covers. Upper photo taken 1ooKing
southeast; lower photo is towards northwest.
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3. Phenology
A qua]itativefrecord of plant phenology was Kept for.
all treatments during the 1978 season. Every second day each
plant was observed and the following features were noted
when applicable: occurence of bud break, date of full leaf
expansion, shoot expansion, antﬁesjs, leaf senscence and
fruit development. " |
Full leaf expansion in Salix aﬂctica was tdLenvte be
when no further changes in leaf size were ev1dent With
Saxifnaga oppositifolia, extens1on of the growing’ shoot t1ps
occurred after. the twps.greened up, and the dates of both
events were recorded. Leaf senescence. ‘for both spec1es, was
def1ned as the first sign of leaf yellowing. Anthesis in
both species was taken to be when anther dehiscence was
evident or, iﬁ the caee of,SakifPagah when the flowers were
fully open. Fruit deQe]opment was only becorded for willow,
and was defined as the date when the swelling of pistils .
began. In all of fhe above, the-avefage date for each event
is reported based on the three.beplicates per treatment.:
N X
4. Environmental measurements’;

a. Radiation.

Total 1ncom1ng shortwave radiation (280-2800 nm) was
recorded between 3 July and 21 August 1978 with a Robitzsch
bimetallic strip actinograph (Belfort Instrument Co. Model

51850). To obtain information on the relative changes in red‘

(660 nm), far-red (730 nm) and blue (402}500 nm) light

/

i 5 s A M Pt
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throughout: the season and on a daily basis, three spec1al
11ght Sensors were constructed. ATl were des1gned using a

cosine-corrected sensor head with a d1ffus1ng filter as

~outlined by Kerr, Thurtell and Tanner (1967). A Sharp'

—

silicon blue cell SBC-2020 (Sharp ElectronicswCorporatién)
with maximum sensitivity around 560 nm was used as the
primary light sensing element. To obtain a ﬁarrow waveband
;esponse centered»in'the red portion ofvthé spectrum, a
narrow'band'interference filter ;ith a nominal peak
transmittance of 40% at 664 nm and a half peak helght

bandwidth of 11 nm was placed between the diffusing d1sk and

-silicon blue cell. In the same way, a far red sensor was

obtained with a narrow band interference filter with a peak
transmittance of 40% at 729 nm and a half peak height
bandwidth of 9 nm. The blue sensor used a broad band
jnterference filter with peak tranSmi;tahce,of 75% at
aprpximately 460 nm, with a half peak-heighi bandwidth of
about 55 nm. The transmittance characteristics of this
filter are shown in Appendix 1a. All thrée interference
filters were purchaéed from ﬁolyn Optics Co. The internal
design of the sensors is shown in Ahpendix ib. '

A quantum sensor (Lambda Instruments Corp.), recebtive

to the 400-700 nm wayeband was used to obtain spot read1ngs

~of photosynthet1cally act1ve radiation. The three

specialized light sensors were also used on a spot Eeading

basis throughout the season.
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b. Temperature, humidity and precipitation.
A hair elemens type hygrothermograph (Belfort.

Instrument Co. Model 5-594), placed at ground level within

an aluminum louvered shelter, recorded air temperature and-

humidity at the study site on a.continuous basis from 1 duly“
7 )

to 21 August 1978 ‘Once a day the hygrothermograph was
calibrated against a sling psychrometer PrecipitatiOn was
recorded at base camp, 0.7 km NE of the study site, with a
Taylor Clear- Vu rain gauge

Daily monitoring of air, leaf and soil temperatures of
a representative plantifrom each treatment, for both
species, was conducted throughout the season to determine
whether ‘the four experimental ~conditions were affecting the
microenv1ronment of the test plants in ways other than the
:intended shifts in light quality, intensity or duration.
Soil temperatures at 0 and -5 cm were measured u51ng .
thermocouples (sensor diameter ca. 2.5-3.0 mm).
thermocouples were read at least once daily with a
microvoltmeter and electronic reference Junction (Wescor
Instruments Mode 1 Md55) At the same time, air temperature
10 cm from the ground surface was recorded from a . ’
'thermocouple (sensor diameter ca. 1.0-1.5 mm) shielded from
direct radiation by a whitened aluminum shield. A third set
of thermocouples was used-to measure leaf temperature Three

thermocouples (sensor diameter ca 0. 25 -0.30 mm) were -

.connected in parallel and attachedlto three different leaves

on the plant to obtain an average‘leaf temperature. The leaf -
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thermocouple clips.-were modified after F;y ¢1965) and

. P
described by Addison (1873). The soil, air and leaf
thermocouple temperatures wené_all recorded within a few

minutes of each other for any given plant.

c. Wind.

To determine the effect of the presence of the
Plexiglass domes on wind'velocity at the plant level, a hot

wire anemometer (Hastipgs-Raydist Mode 1 RB-1) with an

N ‘ w2 R,
. . - . . o :
omni-directional probe was used to compare dome_w1nd R

RAAN
v,

velocities inside and outside the domes. Ten réadings were )
‘taken 10 s apart to brevent bias during periods of variable
wind speed. The tests were conducted by placing the'probe

beside the plaht under the dome for the fjrst010 readingé,

~and at the same level outside the dome for another 10

readings. In some cases theéoutsiﬁe-values were collected
first. The distance between the first‘ané second set of
feadings was usually between 30 ahd 40 cm. In the few
instances wﬁere the.wind velocity shifted markedly petheen

the two sets of read{ngsﬁresulting in an obvious difference

- between the data sets ingebéndent of the dome presence, the

,sampling waé repeated.

> .
el

- A i \ . - . )
d. Soil. _ 5
The soil was described by Walker and Peters (1977) as a

Brunisolic Stétic Cryosol. Soil moisture was detérmined

P e S
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gravimetrigally on a‘wéekly,basis, both under and ggside‘}he
treatment domes to assess the effect of their presence on
water availability. Domes under wﬁach soj] sampling ocCurrad
‘ Weré_not Ssed for plant samp]ing. Because of the stdnihess
of this soil, the larger stones and pebblés‘ﬁgre arbitrarily
removed before fherfinal soil dry weight was determined.
This was done to avoid unrepresentatively low values which
would result from the stones. These‘afe phyaiologically
"dry" areas of\masé and vdiume_from EBQ pAiﬁt of view of
utilization by-‘the plant. The sample débths ranged between
the top 4 and 7 cm.~$amples’were dried'at ca. Qb'C for ca;
36 h. |

The actévé layer was measured daily until ¢épth'
exqeeded 30 cm. Since the study site was locateé‘between the
fmids1opeyand foof of a beach ridge, ihe daily position of
the receeding Sshow front was_recorded along with active
layer depth. - . ‘
5. Sampling frequency
| Successful cold hardiness tests were conducted in the
field Between 17 July and-16 August 1978. Salix leaf tissue
from aTl treatments was sampied weeKly throUghout this
périod and stem tissue was sampled biwéekfy from 31 July to
16 August. Due to l1m1ted amounts of pl/pt tissue, Saxtfraga
was only sampled three t1mes, on 24 July and 7 and 14
August. . i .

Water potential of Salfx and Saxifraga leaf tissue was

v



“igildtermined every 3 to 7 days from between 4 July and 17 -
'zagust A single Salix leaf dlSK, or sample of 2 to 3 )
Saxifraga leaves was loaded 1nto the psychrometer sample ///
chambers, sealed and returned to base camp to eq brate in
a water bath. Four samples from each of the 5 treatments

were taken per specfes. Sampling of the two species was on

4<altqrnate days due to a limited number of psychrometers.

D. Control]ed Environment Studies

- 1. Experimental treatmenfs

Characteristics of the experimental and contbol regimes

are shown in Table 1. Salix and Saxifraga plants were |
dehardened from -10°C by 4 days at -3°C in darkngss,
foilohed by'é(days at 1°C and continuous illumination (ca.
200 uEs@;ZS“) All plants were maintained uhder control
conditions (Table 1) for 25 days until leaf expan51on was
completed in Salix. Four plants of each species were then
transferred to one of three-exper1mental treatments. Studles
of cold hardiness and water potential were conddcted with |
these plants for 35 days and subsequently rehardened and
stored at -3 C. ’ ‘

K Fig. 10 shows representative spectra from each of the
Eeginmu. for the controi short day and'far-red (day)

' regimes, a combination of cool wh1te VHO flourescent lamps
(1500 ma) and 60 W 1ncandescent bulbs were used along with

- 400 W high pressure sodium 1amps and 400 W metal ha11de

1
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. lamps. With the exceptton of flourescent lights, the same
lamp types were used in the frost regime. Incandescent bulbs

created the low red: far red ratio for the far-red (ntght)

cond1t1ons

2. Saaning frequency |

The cold hardiness of Salix and Saxifraga was tested at
2 week intervals for 4 weeks before beginning the
experimental treatments. Two additional tests were conducted
during the treatment period before rehardenlng and storage
Fresh plant mater1a1 from near the 1978 study site became
available at this time and 3 cold hardiness tests were
conducted before rehardening. These latter p]ants were
continuously maintained at 5°C and continuous illumination.

Water potential of Salix and Saxlfnaga was mon1tored
€sleekly or biweekly dur1ng the 2 month per1od of plant
. activity. A m1nrmum.of 4 samples from each of the 4
treatments was ‘taken per species. Samoltng-of the two
species alternatedrbecause of a limited number of

psychrometers.



III. Results and Discussion
A. Environmental Characterization of Field Sfte‘_
1. Radiation |
| figuﬁe 11 presents five day means of the seasanal
variation in global radiation during the 1378 field season.
'In comparison, the base camp data from 1971-1973 (Courtin
and Labine, unpublished data) indicate that the available
short wéve radﬂation in 1978 was not unliké‘pfevioué years.
As the season progressés, a general reduction in radiation
is evident in all cases. This i$ to beiexpected’pést the
summer so]étice, as the sun occurs incfeasingly‘lowér.in the -
sKy. ‘The between year_Variation'is largely a function of
“cloud coVer. which jn'tuén.has been ;uggested to be
dependent on time of snoﬁmeltvover‘the land and the bbeékup
of sea ice (Courtin.and Labine 1977). Even with the expected
yearly.varfation in cloud cover, fhe 1978-seasohvfit5'well,»
,,amohg fhé results of . the previous years,-The}tendency toward
slightly lower values may bg'a résult of the use of an
Eppley black and white pyré'n;meter ('Mo"del_ 8-48) in the
collection of the 1971-1973_éata, which was éituated'at thé
base camp (C0urtin“and Labine ]977) 0.7 km from the 1378
field site (Fig. 5,'p; 28).‘A1though the aistance between
the sites is probably iﬁsignificant, the Eppley_pyranometer
is more sensitive to low fntensify radiation than the
- actfnbgraph and'this-deId tend téiresult, oﬁ the average,
in slightly.higher amouhtsbqf reCoﬁded shor twave radiation.

o

T
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Taking this into adcount would move the 1978 data into even
closer alignment with the previous years.'

From Figure 11 one can obtain an<estimate of the amount
of photosynthetically active radiation (PAR) received by the
plants Various authors have determined the ratio of PAR to
global radiation to be between 0.47 and 0.50 (Szeicz 1974,
Stanhill and Fuchs 1977, Addison and Bliss 1980). These
Cvalues are remarkably constant over a wide range of
latitudes (12°N-77°N) and atmospheric conditions, with most
‘variation resulting from changes in atmospheric turbidity

. and water content. In addition, overcast skies result in
- “slightly higher (0. 51 0.52) ratios due to infrared

attenuation, and low sun angles (solar elevation <10°) also
tend to produce slightly larger ratios, probably a result of
an increased diffuse radiation component'(SzeiCZv1974l.
|  Therefore, a value of 0. 50»can conveniently be applied
to the data in Figure 11, and, since the relative pOSition

. of each year will remain the- same one can conclude that the
amount of PAR available in. 1978 was very 51milar to prev1ous

years.

-
e

There is some eVidence that diurnal fluctuations of
zeta (R: FR ratio) Qceur in a regular manner (Figs. 12 and

- 13). From 21-29 duly zeta ranged from 0.90 to 1. 20, w1th the
—i—i\\vmajority of values less than 1.00 occurring between 2200 and‘b
| 0100 hr coT (Fig 12) Since the population variances were
too different, zeta values between 2200 and 0400.hr were
compared.to the'valueslbetWeen OBOO‘and 1800 hr]uSing the.

. _ ; .

i
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Mann-Whitney test (Conover 1971).The "night" readings were
significantly different (p<0.01). A clearer example was seen
between 29 July and 22 August (Fig. 13). No Values above
1.00 occurred between 2200 and 0200 hr and from 0300 to 2100
hr al] readings were greater than 1.05. The mean R:FR ratio
between 2100 and 0500 hi. (1.02) was compared to the mean

value between:Of§*%°h“\h700 hr (1.14) using the t-test

(Dixon and*Mgs- . _»{he two samples d1ffered very
. significant] ¥ Iths, co1nc1dence of minimum zeta

P -2

values w1th mipr :‘lar el@rations is clear.

““The great magorl%y'of the  data are from overcast or
obscured sun sky oond1t1ons, since cloud cover was most o
frequent near the end of the season In addition, these )
conditions ellm1nated concerns regard1ng the cos1ne response
of the sensors at low sun angles, as dev1at1ons from / '
Lambert’s cos1ne law were i creas1ngly significant at solar j
elevations less than 10-15° (F1g 43; Appendix 2) .~
_D1ff1cult1es in cal1brat1ng the sensors to correct for these
devrat1ons resulted in uncerta1nty 1n the soundness of -
"d1rect soJar beam values at low sun angles. Therefore. these
values were omitted from both of the above f1gures .

_ Some workers at arctic- (Teeri 1974, 1976) and temperate. »
‘(Holmes and Smith 1977a) latltudes'have raised the questlon .
of whether diurnal and/or seasonal yariatjons in zeta oan
act as an environmental,cue for}certain ohysiological
responses in plants. lhe abqve results suggest that during
late July andvAugust‘in'the}High Arotic, varlations in zeta

> T .'-V:(Q:...- .
. '.. ’;f‘l

.
- .
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do occur on a 24 hour .cycle. However, whether the
differendes are of sufficient magnitude to elicit a'response
or whether seasonal shifts occur in zeta is unc]ear The
question in regard to magn1tude will be considered later

| Due to the lack of early season data it was not
possible to determine whether a seasonal shift in Zeta'
occurred However, a mode] a]low1ng the calculation of
spectral solar irradiance was used to determine whether a
seasonal cueing mechanism could, theoretically, be in
operation at arctig.latitudes. As well, the model provided a
" check on the absolute magnitudes and relative daily shifts
~ of zeta as reported in Figures 12 and 13,

The mede! (Leckner 1978) allows the calculation of the
‘spectral. dlstrlbut1on of solar rad1at10n at the earth’
surface, and takes 1nto account the various scattering and
absorptive phenom\ena . The details of the model and the
application to the prediction of zeta values on . Truelove are
given in Appendixeg | | A i |

The reeults of thevmodel.euggest'ﬁhat diurnal variation -
in zeta nearhthe end of the summer may 'be ]arge enough to
act as a‘photoperiodic cueing mechanism (Azeta=0.27) (Fig.
‘14) The large d1fference between the minimum zeta of 6 July
and the minimum of 6 August resu]ts from an additional drop
-in solar elevation bétwe::\the\twg dates of only 5°. The
'm1n1mum solar elevat1on on 6 July 1s ca 8" and for 6 August<
it is ca. «3‘: This is supported by prev1ous work wh1ch has
found large zeta sh1fts correspond1ng to small changes - 1n

ﬁ“‘ . . I'd .

» l N i

.-



ot pmy

52

ik

"€ xipuaddy ui usALB s
Jajem jO sajgetJdep

|9pouw 2 U0 pPseq ade suotie|noje) *(=———1} 3snBny g pue (===} Ain

#PN1LBUsl N gL

. @Je A1LpLqun} pue uot

(8461 JoU¥O9T)

UCL}BIPRY 1084lp pue asnsyl

|

p
n

SPN1L1B( JB B19Z UL UOLIBLJIBA |BUJNLP Pa}DL]

1eJ4JUSOUOD mcowo .cumcm_cumn,goam>

Ays ues|o 40
g Uo M, 0p,.v8 -
44yt By

; o - ' {10) S3NOH ,\ | o
. 0090 - 0072 ) 00pt
foso
{004
3
= / 0z
L - 5 :

(0402)
011V
Y



53

/ ) T -

solar elevation near sundown (Holmes and McCartney 1976,
Holmes and Smith 1977a) 4
-There is the possibility, also, that the eeasonal shift
'in zeta between July anduAugust, most pronounced: near 2400 hr
(Azeta=0.17), is iarge'enough to be used by plants as a
photeperiedic cue.
Despite differencea in sky conditions, the predicted
red:far-red ratios are very similar to the measured values
taken dur1ng August with regard to both absolute values and
degree of d1urna1~var1at1on (compare Fig. 13 and 14)." ) -
thegretical values randé‘fﬂqmg) 10 to. Q 83 (azeta=0.27) ‘
wh1le the August measurements fell between ca. 1.15 and 0.94
(Azeta 0 21). . : |
It is important to note’that the majority of 1978 zeta
'measurements were made-ander cond1t1ons of obscured sun,
fﬁb}lemclear skies were assumed for the model. Th1s latter

7 g ‘%Qn-1s unrealistic, since the mean monthly cloud1ness
;i : gg*—,-»‘\ i .

¥ oo
g;‘” RS
+ %t - N
2
B

,J’;:occurrence oﬁih1gher zeta under cloudy sk1es The prevalence S e

of ‘red 11gbt absorb1ng sedges and grasses (Kr1nov 1953) on & N

©



the Lowland would mitigate somewhat the effects of the
surround1ng snow covered sé! ice, but. the net effect would
.'\ V

likely still be a h;gher component of reflected red l1ght
et

a yalues.than those predicted for

*

Therefore greater/ ‘
clear skies would be expected, and this is what was found o
(comparerrjgs. 13 andL14).mErrors‘in the_assumptjons‘of
Q ozone concentration, turbidity and water vapor pathlength
‘(see Appendix 3) aggwell as seasonal variations in these
! parameters, may'also account for some of the discrepancy
between actual and predxcted values, and for the scatter 1n
the radiation measurements.
| The above results are not" ‘supported by previous hlgh
arctic work .Both Mayo et al. (1977) arkd Add1son (1977a) -
concluded that d1urnal and seasonal sh1fts in zeta on’
Truelove Lowland and K1ng Christian Island were not large Mfg(%{{
enough to be able to be used by plants. as cues for flower1ngﬂ =
or, presumably, for cold accl1mat1on Addison (1977a)
reported a max1mum zeta sh1ft of 0. 10 on 6 August.. Mayo et
Bl (1977) found s1m1lar results throughout the summers of
. '“.1971 and 1972, but the sh1fts were not cons1stently in the

’same d1rection Both stud1es reported Azeta to, &er

‘>u>~r

»n'ﬁg‘dpprOXImately one half of that found in 1978 (Azeta 0.10 vs.
P ("

b 21) Part of the d1screpancy may be due to the use of the

s

4§§f ISCD Spectrorad1ometer in the former stud1es for the T,

a . |

g neasurement of 650 and 725 nm wavelengths The cosine '
;ésponse of this 1nstrument drops sharply with an angle of

,v1ncidence <70° -from normal (ng 44; Append1x 2) result1ng .

X%
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in unrealistically low va]ues.'Although the-response is very
similar at both wavelengths, the reduction in the'absolute
magnitude of the readings may result in increased error, when
'zeta is calculated especially when data are recc ded or
rounded to the nearest 1nteger, as was often done with the .

y
Truelove measuréments.,A difference of g‘un1t when the

measurements have yaYues of 5 or 6 un1t§’1s more s1gn1f1cant

-

\than wheh {H@’va]ues are in the 50 or 60 range In addition, -

;,_x

a sligbt error 1n -the angle of the sensor head re]at1ve to
the sun coqu result in s1gn1f1cant d1fferences 1n zeta, due
tthhe sh%rp drop 1n cosine response at Tow sun angles and
due fo the great dependence of ‘zeta on slight changes in sun
angle at low solar elevations. '

Despite the differences between data, it is clear th;t”
the'magnitude of zeta shifts i iees in the Arctic than at
lower.lati%udeelfMea"wrements from'latitude 52°N, during

January, haVe shown a diurnal‘variation“in zeta of ca. 0.50,

. more than twice ‘the value found dur1ng August 1978 (Holmes

and McCartney 1976, Holmes and Smlth 1977a) . Thus,~plants at

h1gh 1at1tudes would need to be veny sensitive to sma]l :
changes 1n zetam1n order for a phytochrome based’cue1ng

' mechan1sm to work ﬁEv1dence from other, unrelated,

phys1ologlcal work that th1§ 1s poss1b1e 1s‘bresented in the

later section on treatment effects.  ~ .

-

The ‘nature of the d1urna1 shift in red:blue ratios is

not3c1ear, although“there appear to be d1fferences between

low and hfgh ‘sun adbies as found with zeta (Fig. 15). These
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results contrast with those predicted from the radiation
modelo(Leckner 1978; Appendix 3) which show a very marked
increase in the red:blue ratio with decreasing solar
elevation (Fig. 16).

At high solar elevations, the differences between the
predicfed and.actual results‘are not major. Between 0800 and
‘1700 hr the pbedicted'values range f:om'1~30-1 60' while
during the same time, the actual measurements were between ;

/,,..

1.45- l 70. The blue’sensor recorded quanta- from between

.hr e

400-500 nm, while the med1an value of 450 nm was used ?qr

the model The rap1d decline in quantum flux dens1ty from

r‘. i

450-400 nm (Fig. 6, p. 31) may have resulted 1n 450 nﬁ'be1ng l

too large of a wavelength to be representative of the .
400-500 nm waveband. Hence, the-predicted values‘would_be

|
too small.

The wide scatterihg of'the Truelove data at low sun
'angles suggests that'variations in cloud conditions had .

: strong effects on red: bjue ratios. Th1s may’ have been due to
‘d1fferent amounts of exposed blue sky and/or variable cloud
‘th1ckness, In addition, at low sun angleslmuch higher

red:blue ratios were predicted than were obtained (maximum

predicted=5.5; maximumrobtained=2.0l. As discussed in

Appendix 3, assumfng.a spectral‘compositlon of' the oyercast

7 sky equivalent‘to‘the diffuse compogent’ot the clear sKy

results in much smaller red\blue ratios (R:BL= 0 43- 0.68).

IIW1th partly cloudy skies, th1s could result 1n lower

-red :blue rat1os than under clear cond1t10ns Also, a

&

- . )
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by very lTow sun angles Whether
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prevalence .of snow as the primary reflect1ng surface

decreases direct beam red:blue ratios by a factor of 0.84

(see Append1x 3), and may also explain the lower ‘ratios in

compar1son to the predictions. H

Results s1milar to the predicted values have been
repor ted from,lower latitudes (Johnson and Salisbury 1967).
Gates (1966) also 'showed the increase in the red:blue ratlo
with increasing air mass. There is some 1nformatlon whlch
has lmpllcated the 1nteract1ons of red, far-red' and blue
light.to be- 1mportant in flowerlng, but actual red: blue

ratios were not calculated (Brown and Klein 1971, Sawhney

. - 1977a,b,c). The greater variation in red:bilue ratios near

2400 hr dur1ng August suggests that the values are affected

ﬁifthe model, to prov1de .
r"g, -, i,

plants w1th a potent1al cue1ng mechan1sm remains uncIear

or regular enough, as suggested

= .
{

) .

e . ‘

2. Temperature and Vapor Pressure Defic1t

The seasonal var1at1on 1n air temperature is presented

as five day means and shown in Flg 17. Along with the 1978

data are the results of measurements from 1870-1973 obta1ned

‘from the Inten51ve Ralsed Beach study 51te of the I. B P.

(Court1n and Lab1ne .Unpubl1shed data) Th1s site was ca. 2‘
km east of the 1978 fleld site (Fig. 5). Although the
average temperatures during the first half oﬁ-the 1978

season are somewhat lower than the previous years, ‘results:

TN TS nr{mpv_a'{wk:” RATS oY e e S R TR SR
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from the latter weeks agree better. Air temperatures
rema1hed h1gher at the end of the 1978 seasan than durlng
the early 1970'5 on Truelove A ch1nook durtng 1-3 August
1978 accounts for the sharp 1ncrease in average temperature
during that t1me while Lab1ne (1974) reported olear weather
as the reasonﬁforithe unusual]y high temperatures in early
August 1973. . | '

In general, the 1978 f1eld data fit. wen among the‘
results from 1970~ 1973 espec1a11y con51der1n the amount of
var1at10n from year to year at the I.B.P. s1te and the
.distance of ca. 2 Km between the sites. Court1n and Labine

(1977) reported that the area adJacent to the mouth of Gully

R1ver, w1th1n which thé I. B P. site lay, was generally

‘c,warmer than most other places on the Lowland, espeo1ally

uearly in the season. This fact together with the close
prox1m1ty of Phalarope Lake to the 1978 f1e]d s1bq, ‘could’
account for the s]1ghtly lower temperatures at t y study

area. |

During the,field season, the lowest recorded
temperature wa%¢-1'c on. 27 July,.and on only two-other
| occasions did the temperature drop to 0°C. The maximum air
temperature (11°C)- occurred on 1 August durlng the ch1nook
-From F1gure 17 it is o]ear that, exceptlng the ch1nook mean

daily temperatures were between 3 C and 5°C durlng the

growi ng season

Vapor pressure def1ctt (VPD) (F1g 18)"exhibited

moderately large f}uctuat1ons on a weekly and yearly bas1s

P
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The 1970-1973 data are from Courtin and Lablne (unpubllshed
.data). Results suggest that cond1t1ons may have been
slightly drier at the 1978 site ‘than most years at the
1.B:P. site. Courtin and Labine (1977) suggested that the

higher VPD’s in 1972 may haQe been a result of cooler

conditions and lower precipitation (21.8 mm). This may also -

explain the 1978 data /w1th slightly lower weekly mean

[temperature (Flg. 17). and lower precipitation (21.9 mm) than
hpst"l B.P. ‘years.

(A
In any case, the differences are probably 1ns1gn1f1cant

51nce the actua] VPD’s are qu1te small (.05-0.3 kPa)

1nd1cat1ng a relat1ve1y mo1st environment. In summary, the,.'

temperature and atmospheric mo1sture cond1t1ons of 1978 were
” not unlike previous years at True1ove i# that no grossly )
anomalbus weather conditiOnS'bnevailed which could cast
doubt on the validity of the exper1menta1 results as they
might ‘be app11ed in a general way.

- .
* -n_":'f

3. Soils Depth of Thaw ,
By 10 July the depth of thaw w1th1n the study area had
-exceeded 25 cm (F1g. 19), “which is ‘the approx1mate max imum
i depth of plant rooting onnbgpeh ridge slopes (Svoboda 1877).
At*midslope, thaw was more rapid and to greater depths than
at the sJope'base.vaobdda,(1977) reported a range df»40-7Q
rem‘for.beap" ge slope active layebs thboughout the
‘walanq; an;SEZS;Iower depths (25 cm) fep tgejtransitiepz/.,




*(LL6}) BPOGOAS Aq sedo(s | -

A.
: © Y |
: . ) . abptu yoeaq JOj punoj JaAe| aAllde wNWLULW ayYy ‘wod o » . . :
f , Pajelodedixs Ajuaeaulsst meyy jo yidep ‘wo gg 30ﬂwm »Asm ucw w ’ ol
; . @3ep Buydw PeS JO4 umoys ' os|e si ado(s ayj Buoie

7, _ MeY] 30 yjdsp uedp 9! ‘93ep Bul|dwes yoes uo SjuoJy Mous |

. 40 suoLjisod aALjeo% [T smoys ‘sseq Ado(s o] ado(spLu woJ
a : ‘ebptu yoeaq syj 4o MILA JLjeuwedbelp v ' juody 3ch mnpumoow :
. . ~ . ®4] O] uoLje[dJ ul JaAe| BAL}OE JO juawdo| anaqg .mm ‘B4 S .

3

e
(9K}
K d
, &
. .3
o
cm i
o n
l [Y
X
o
n Y
— B
H .
v »
X B
T 0 -
2. )

.
e




P

65

Zones to a meadow, The decrease in active layer wtth
decreasing'slope position has been attribUtedtto increasing
amounts of soil moisture and increasing amounte of organic
material as the sedge meadow at the slope base is approached
(Courtin and Lablne 1977). The greater.amount of organic
material prov1des more thermal insulation, and the higher
water content results 1n more thermal 1nertia than the
drier, more vegetationally depauperate, ridge crest and
midslope. -The same reasons“can account for the dit erent
rates of thaw. At the 1978 midslope position more than 20 cm
thawed in one‘day-(1-2‘du1y) while at the :ilope base 5 days

“were required to thaw the same amount (Fig. 19).

~The seven day lag between a thaw depth of 25 cm at
mids lope, and an equivalent thaw at the slope base is
probably insignificant to the results;ofzth1s etudy. Ihev
aspect of plant growth potentially nost affected by the
difterencee wou ld be phenology' From F{g 19 it is apparent
that the various treatment replicates which were spread
along.the s Tope became snowfree at different t1mes It
should be noted that snow melt near the s]ope base was more

patchy than 1nd1cated 1n the 1dea11zed snow recess1on

aHBwever, there were only differences of 2 to 3 days between

the various p]ants becoming act1ve wh1ch is probably an

Lun1mportant d1fference in terms of cold hardiness. Pbenology

©

,wlll be considered further in a later sect1on
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B. Effects of Treatments on Local Plant Environment

T Radiation

The spectral dis

teibution of sunlight filtered through

the different l)ght quality alter1ng treatments i® shown in

Fig. 6. Impl1c1t in the use of these fi ters and’ the

resultant shifts 1n 1

ight qual1ty was the assumptlon that

the magnltude of the shifts (i.e. zeta=1. 00 to 0.62) would

be sufflcven! to lnduce a phys1ological response with

respect to cold hard1ness and dorhancy Unfortunately, no

previous work relatlng dormancy or cold hard1ness to the -

i

'conducted Earlier wo

only cons1dered end &

m1n) appl1catlons of

.effects of dtfferencesq1n daytlme zeta values has been

rkers who. have examined the role of the

phytochrome system 1q the 1hductlon of cold hard1ness have

{\day llght effects by short (15 -30

re (zeta,15 17) or far red (zeta not

given) l1ght (W1ll1ams<94 al. 1972 McKenz1e et al. 1974a) .

| The dayt1me zeta values were not neported, and the

end-of- day l1ght trea
occurs naturally.

More recently, M

N the effects of differ

~

tment was more extrgme than that wh1ch

i !

\ } 4%

organ and Smith (1978 1979) examlned '

ent. daytime zeta values on deve lopment.

oﬁ>various plant species Each l1ght envvronment d1ffered

Vonly in the amount of

Adur1ng the 16 br day,

FR irradiance (PAR constant) given

result1ng/1n a range in zeta values

~ ~from 3 8 0.16. The phytochrome photoequ1l1br1um (= Pfr/Ptot)

corresponding to each zeta value was obtained fr&m Smlth and

o

; 'a, i} . o ; s
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Holmes (1977). It was found that the stem extension“rate in
/.*‘i_a number of species was linearly related to @ (Morgan and
- Smith 1979) Th1s 1mpl1es that sl1ght changes in @,

resultwng frem changes in zeta can result in d1rectly {$* .

‘proport1onaﬂ changes in certa1n morphologlcal traits. ;E,”n

Morgan and Smith have only been concerned with

. morphologlcal tra1ts in their work, especjally in relat1on‘..

'to natural shading. The direct extrapolat?on of the1r work-v
to cold hardlness and dormancy ls not valid. It is almost:
-'certa1nly not the case that, for example, a decrease'indze a
results in a l1near decrease 1n plant cold ‘hardiness. More

-llkely a threshold mechanism would be involved, s1mvlar to
that descr1bed.by Mohr (1872) for mustard lipoxygenase. |
synthe51s and hypocotyl elongatzon However their work
shgws that there is the potential for the plant to translate
small changes in zeta (and therefore in @) to molecular

changes which eventually result in morpholog1cal or

' phys1olog1cal d1fferenées This prov1des evidence ‘that the *

‘naturally occurrlng zeta shifts noted earller (Azeta =0.21)

. could theoretically. be of suff1c1ent magnltude to cue the

b
>

onset of’ cold accllmat1on and dormancy. Of course, there is =

a lower limit of senslt1v1ty to zeta sh1fts, below which the

plant will not respond. This is necessary to avoid the"
©, unadaptive trrggerlng of -responses by 1nregular variation in
Ill."&eta values. Changing weather cond1t10ns (e.g. cloud and

rain) and -overstory vegetatlon are two examples of the

causes of this type of variation. Therefore.‘to be useful to



v !

the - plant the sh1ft must be larger than the da1ly small
fluctuat1ons in R:FR rat1o wh1ch occur randomly

It is suggested that the zeta shafts created by the "5§%
treatments were Of - suff1c1ent magn1tude to be effect1ve in fﬂﬁ

. cold hard1ness and dormancy 1nduct1on if a phytochrome based

“"cueing was preseht in the two species. The . mea%}(n 63) duly

red: far red rat1o at Truelove was 1. 12 (range 0.89-1.54),

while the -red filter mean (n=62) was 0.62 (range:

0.48-0.88). The wide range‘in.values resulted from changing

7] iy g%

- sun angle These values fall within the range where a small

d
change in zeta results in a relat1vely large Chcﬂge in@

(Smlth and Holmes 1977). The phytochrome phg wequ1l1br1a‘

&5y w

Qe correspondlng to these zeta values taken from Sm1 and
Holmesﬁ(1977), are 0. 56 (range 0 53 0. Bl)mand 0.4% (range“
..~ 0.43-0. 52), respect1vely m_i'” " ij >, L

‘ : Add]tlona],suppopgggggggefrom Flgs,ﬂ13 and 13 from the -
ffeld site characterization ct1on Near season’s- end,. he* o

m1n1mum measured zeta v&ﬁues rang between 0. 90~Q 95,Awh11e
the m1n1mum pred1cted zeta was near 0 83. Both are well
above the mean of 0.62 found under.the -red treatment
Therefore the treatment created an env1ronment where SRR
red far- red rat105 were well below any natural low value

wh1ch m1ght funct1on as a threshold for . cold hard1ness

induction at 75° l:;lﬁpde. - e |
sh The -blue lig treatment.establlshed a mean July

red:blue ratio of 11. 57 (range‘ 7.71-15.89) compared to the
corresponding value of 1. 70 (?ange 1.13-2.33) for ‘u;A
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i

unf1ltered sunlight Figs’ 15 and 16 demonstrate the

adequacy of the tdﬁhtment 1f photocontrol of cold hard1ness

. v1a blue lighdy is operating in 'Sal ix or Saxlfraga F1g 15
Ly

(p'—57) sh@at’ duri?’lg August the maximum red:blue
&dwrat1o§ rang ﬁ’etween 2. OO and 2.40, while the pred1cted

rdtlos ranged up to 5.4 on 6 August As w1tbwthe -red
treaﬂﬂﬁﬁ%&the ~blue values were-more extreme than the
measured and pred1cted redablue ratlos s oo

Two effeotd expected from theﬂ§hq5t day (SD) tmeatments

d’:i

%were redqud photosynthesls, and early.inductngn dﬁ»dormancy .

"w1fh 1ncreased cold hard1ness However 1EL09$5%Eeh well'

. DOSséble due to the short (8 hr”Q'

VAEu?ral dens1ty (ND) f1lter tr“a“f
-,’gaeported in the Methods, the 'ND f1lter only trﬁ%smltted 63%

-”\uestabllShed that cold‘accl1mat18§}1s an_ energy requ1r1ng

- l:u"‘.

;prqcess and‘plants severely deplebed in’ photosyhthafe cannot

‘harden (We1ser 1970 Alden and Hermann 1871) §“nce it was

ays, that the plants

J‘x,, » BRI ‘
respond abnormally, the

m1ght suffer photosynthetllah l,y

nt was establ1shed As

of PAR From actlnograph records, -and using a PAR SW;

l radtat1on rat1o of 0.50. (Szetcz 1974), the amount of PAR

1nc1dent each day at the&f1eld site between 0900- 1700 hr CDT,
was.determ1ned and compared to the total PAR rece1ved per

day,.thereby allow1ng the calculat1on of the percentage of

ftotal PAR ava1lable to the SD plants A mean. value of

» 60. 3%1.1% (range: 48.4-67.3%}" was. ‘found and ﬁ'

.1ares very.

well w1th the 63% transm1ttance o? the 'ND f1lter However, a’

' short period of h1gh i ensity:ljght may fiot be comparable

n
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to a ]ong) er;%d of Jow 1nten51ty ]1ght even though the

total energy 1nput..s are the same. this is due to hght

o saturat1on, the pomt above which add1tlonal illumination

Q@

results in no ad'dut"aonal bhotOsynthes1s, and to hght

&

' conpensahon, the 1ntens1ty be]ow wh1ch resp1rat1on e)(ceeds .
Aphotosynthesm As aoconsequence, it is poss1b1e that a

- "large amount of- the éner‘gy cohg&dered ava1lable to the SD
:plants was above J1ght saturaﬁa.ph, and as well the ND fllter

!“\&
ose p]ants were

ma{ have mcreased thg perio

N~

"operatmg be.low“’”llght compensahf)h ‘”" . ’ «::

\m' g’}m‘, .
Meaié.:g;ements vqf the(hght saturat1on ﬁ’hd corrpensahon

D Y
pomi;s o“F Salix arct ica and Sa"%‘lfr'aga opp@s?tifol ’ are

necessary‘"to test the premous cons%ératlons Unfgrtunately‘j'
th1s 1nformat1on *fis not a\7a11able for Sax?f,}‘aga Za]ensku -,

R

2

et% (1971) repgrted hght., saturat1on of ca. 50 000 luxi:&'

17" C for Sal lx ar‘ct?ca from Western Ta1myr From Tleszen

h (1973) and- Hartgerink (1975) orf tams from 50 000 Tux -

values of&381 cafr cm- 2m'ln 1. and 833 pE M- 2s i as |
equwalents Fﬁom actmograph records it was found )\at PAR

’ \was above the Salix 11ght conpensahon pomt 33% of the tlme

during wh1ch the SD plants were uncovered However, other
factors may ‘have Hm1ted photosynthes1s apart from 1lght
1nten31 ty. T1eszen (1975) reported a m1dday depressmn 1n‘ P
photpsynthes1s for Salix pulchr'a when the air tenperature
exceeded ca 15° C. It was not unconmon for air tenperatures _
‘under the domes to be above 15°C ‘and 3-6° C warmer thsn the

- air surroundmg the SD a#hd control. plants on clear, calm

2
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days. Hence, the plants-with h1gher alr temperatures may

E

have experienced greater VPD's and-a greater midday drop in
0 and cont?ro%plants

photosyn‘hesis than the open p ;
Miration in the 5D plants |

Therefo <,<occas1ons of, l1ght
may nc have been very s1gn1f1cant inwiew of the possvble
reduct1on of photosynthests under the domes. v

! The'second cons1derat1on was the posstb1lity of a more
" frequent drop of - 11ght 1ntens1ty be low the compensatton
po1nt for plants under the treatment domes .- T1eszen (1975)

reported l1ght compensat1on for Saltx pulqbna at 14.0 J

m*2s- 1 (ea 22 uE m'zsr') Assumtng Qw va]ue to" be st.mﬂar

ot

for Sal?x arctica, spot readtngs of PAR taken ducwpg 19@?

AR

between 1100-0200 hr show that 1rrad1anoexbelow ]1gh&

5 compensat1on d1d not occur beneath the domes’ untt] early

August well after the effects of short days became mantfest
@see Phenology) Consequent]y, it 1sggnl1kely that the dome
chered plantsfguiferéd s1gn1f1cant1y from reduced‘PAR at

-
A Y

P
Althqugh ther£1s still the uncertamty as- to what
&
degree Tight saturat1on 11m1ted photosynthes#s in the SD

n1ght"' s L ' .

lonts. Jhe’fact rematns tha the total ava1lable PAR was

essent1ally the same for all treatments (.49- 63% ~

transmlttance) Consequently,_1t ts suggested that any

.«

11ght q ant1ty or qua11ty were due to med1at1on through
p1gments other than chlorophyll (e. g phytochrome)

-

d1fferences between treatments result1ng from changes 1n 2

-
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Lo "leaf temperature, tgp Facsﬁihag readlngs from each treatment;:

ce

':htemperature sampl1ng results in there be1ng little use for

>

VAU
| % 72
2. Temperature
Figs. 20 and 21 present Salix and Saxifraga leaf
ttemperatures as degree event accumulat1ons from the
thermocouple»spot readJngs,-The-degree‘event accumulation
'.was modified from the degree day concept to allow‘the use of

data obtained at 1rregulqr 1ntervals A1l though most readings
b' . . -

Were Ken once a day dur1ng late‘morning, occaslonall? only -

afternOon temperatures weretrecorded or temperatures during
both the morning ‘and afternoon were read. There'were no late
night readings Ajthough the arb1trar1ness of leaf

-

- L sl
i{n{he data as an absolute . measure of a@%rage da1ly or seasonal
¥ S

) were taken W1th1n 5-10. min of eag@ other al]ows the data‘
be used comparat:vely Theoretically, 1f the treatments had o
- no d1fferent1al effects on leaf temperatyre, each curve ine )

4

Flgs 20 -and 21 would roughly co1n01de w1th d1fferences due,w

ouple leaf contact (Wérren«WIlson 1857). ~a_':

ey,

-to va 1at10ns in leaf angle,<local mICroclwmate or the
% eréic

, It 1s apparent that the treatments had l1ttle j
s1gn1f1cant effect on S§7ix leaf temperature throughout the
season with' the poss1ble except1on of the neutral den51ty~i
f1lter (F1d’ 20) There were no s1gn1flcant dvaérences o
hgg enwany mean Salix.leaf'tegggsatures at the 5% level
(Tabw) ~S1m1larly, con'pamsons between Saxh‘r'aga
treatments show no s1gn1f1cant dxfferences (Table 2)

although temperatures were generally lower under the SD and -

. A
i . ;
A%, . £ .
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:_-blue treatments (Fig. 21).

At the soil surface, the ND fxlter again resulted in
slightly ' lower .tempesatures for Salix (Fig. 22), though not
significant at the 5% level (Table 2). For Saxifraga, the
v.soi] surface temperature under the -red dome was generally
" well above the other treatments, wh1le the -blue dome gave
the lowest temperatures (Fig. 23) Under the -red f1lt§§
the soil surface was s1gn1f1cant]y warmer than alL but - the
SD treatment (Tab]e‘2). ‘

"The results‘at -5 cmvwere vervidifferent Bétween the
‘two species (Figs. 24 Jhd 25). Although the mean temperature
dlfference was only 2. O C between the control and the ND
f1lter .in Sallx the control d1ffered s1dh1ficantly from all
but the -red treatment (Table 2) The oﬂﬁer s1gn1f1cant

’?id1fferences between Salfx treatments are contrasted by the

-f:SaxifPaga results, where al] the- treatments, except -blue,

" had essent1ally the same : temperature (F1g 25, Table 2). .i
It is d1fficult to account for the d1fferences between |
treatments as the resuTt of dtfferent nad1atlon '
.env1ronments One would expect that at least the' control and
SD results would be very close, srnce very few read1ngs were -
. taken when the SD p]ants were covered, and the rema1n1ng |
readings were taken under the same preva1]1ng weather
cond1t1ons Th1s ho]ds fa1rly well, s1nce on]y at the 5 cm:
level do the two dlffer s1gn1f1cantly in. the case of Sallx

fp(Table 2) The d1fference here may be due to thessmall
}_;hummock on whdch the contro] plant grey allowing a wa{mer

[P

L . iy
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root envirpnment than plants on fla{ ground. Also the
thermocouﬁ]es entered the hummock -rom the south-facing
slope, possibly.g@owing mere heat, conduction along the wire
than normal. Different microtopography may also aczount for
the differences found between ther treatments at the soil
surface and subsurface. |

Morphological differences may be responsible f9r the
different order of warmest to coolest treatments foﬁnd
between species. For example, for Salix, the warmest soil
surfaces were under the -blue treatment and the control,
while forASaxlfPaga it was.the -red and the SD conditions
(Table 2). Also, the ND filter produced the lowest mean
temperafures at all levels for Salix, while it was the -blue
treatment which resulted in the séme for Saxifraga. However,
it is difficult to understand how, for example, the cushion
plant growth form of saxifrage allows a red light deficient
radiation environment to warm the soil beneath the plant |
significantly more than a blue light deficient environment .
More.difficu]t to explain is how the -red treatment resulted
ih a significantly warmer soil surface than the control,
whifh had full insolation (Table 2). Sirﬁilar problems arise
when considering other pairé of differences. | |

It is suggested that the majority of temperature
differencesAfound between treatments was due to.di¥ferenf'
m1crotopograph1es and/or microenvironments and possibly, a
result of slight d1fferences in sensor placement This is

not to say that the presence of the dowés had no effect on

Vo'

Wa’é&-ﬁﬂ:w:.m—*ﬂ T
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leaf', soil surface and subsurface temperatures. Rather, that
their presence enhanced the effects of the locaﬁ
microenvironment more so in some cases than others. For
example, consider a plant occurring in a small depression.
It normally has s]ightly’higher,temperatures than
neighboring flat ground plantﬁ, as a result of reduced wiﬁd
and reradiation from surrounding hummocks. If it were
covered with a dome, the result would likely be even higher
leaf and soil temperatures regardless of the filter color.
In the present case, then, one would not expect any order to
the pattern of temperature changes resulting from the domes.
With Saxifraga all three -red domes would not be expected to
consistently have higher soil surface temperafures than the
-blue filters, as the results indicate. Unfortunately, only
one representative of each treatment was sampled per species
and this hypothesis cannot be tested. However, given the
difference in 6rder of the heating effects of the same
treatments between the two species, ané g;yen the Known
~microtopographic heterogenéity of the surface of the field
site, it is suggested that COnsistent.differenées in
temperature did not résu]t from direct effects of the
different radiation environments created by the domes.

Apart from the question of cénsistent statistically
significant differences in temperature is the question of
biologically significant differences in temperature. It is
possible that unusual differences in leaf and/or root

temperature could set up an imbalance between photosy 1thesis
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and respiration, resultiné in effects like photosyﬁthate
deptetion and low biomass production, which could complicate
the interpretation of treatment effects on cold hardiness
and water relations. A
Differences in leaf temperature betweenr tr _atmer. s were
probably. not great enough to cause significant 'y i ferent
amounts of plant production. Billings et al. (1971), worKing
with Oxyria digyna reported only moderate variation in net
photosynthesis with temperatures down to 10°C. Tieszen
11978) stated that net assimilation in species from Barrow
(including S. pulchra) was only slightly inhibited by low
temperature, and was much more closely linked to 1rrad1ance
k2 found that S. pu]chra fixed at ca. 80% of maximum at 3°C
(Tieszen 1975). Warren Wilson (1957) observed, however, trat
photosynthesis is very -temperature dependent near 0°C and |
Pisek et al. (1973) summarized results from numerous'alpine |
stydies which indicate that photosynthesis near 0°C is often
between 30-40% of maximum. In the present case leaf
temperatures were rarely near zero, except at "night" when
educed lwght resulted in low photosynthesis regardless of
temperature. Although the data from Table 2 are not a fair
representation of mean daily temperature, they ao indicate
that leaf temperatures were often Between-5-10'C, since most
readings were gathered in late morning or early afternoon
when with high 1light intensities, ass1m1lat1on was maximal.
Some studies have noted strong corre]at1ons between

soil temperatures and shoot growth (Bliss 1966, Dennis and

o
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doﬁnson 1970), although there has been little quantification
of this. McCown.(1973) reported a 300-500% increase in
aboveground annual production when a buried, heated pipeline
iﬁcreasearsuﬂmer soil témperatures in Alaskan tundra 10-15°C
above normal. The majority of the increase was due to the
stimulation of herbaceous dicots and grasses. Woody dicots
respoﬁded less markedly, with Populus balsamifera‘in heated
soil adding 80 cm of growth compared to 40 cm for plants
with unheated roots. These results suggest that the
comparatively minor differences in subsurface temperature
found between treatments i; this study (maximum mean
difference of 2°C; Table 2) were probably insignificant in
their effects on plant production as far as water relations
and cold acclimation are concerned.

It is unlikely that the slight differenées in
tempghgtune between treatments may have affected the degree
of cold hardiness of the p]ants._Most research supports a
two stage'process of cold acclimation in woody plants
(Weiser 1970; see Introduction) which first involve§ weeks
of long, warm days followed by short photoperigds and warm
days with cool nights. Periods of frost bring about the
second acclimation stage. In work with temperate plants, the
~warm temperature regime consists of a 20°C/15°C
thérmoper;od, while a 15°C/5°C thermoperiod serves for the
cool temperature treatment (McKenzie et al. 1974a, Wilkinson
.1977, Harrison et al. 1978a). These treatments are well

above the temperatures high.,arctic plants normally
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experience (Warren Wilson 1957, Courtin and Cabi 1977).
Since the temperatures that induce increased levels of éold
hardiness in Salix arctica and Saxifraga oppositifolia are
probably very similar to those which are successful in other
wogay plants (<10°C)(see Salix cold hardiness results), it
is assumed that treatment differences in temperature were

insignificant.

3. Wind

Wind speeds at ground level were often signifjcant]y
lower ugger the treatment domes than speeds_found beside
them (Table 3). On two occasions (WN3 and SR3} velocities
were higher under the domes, but this probably resulted from
a drop in the external wind speed after the under dome
readings were made: The nonsignificant differences (Table 3)
may be due to the domes having been high enough off the
ground to allow cléée to normal air movement.

In all instances, however, the differences caused by
‘the domes were probably not biologically significant. bf
concern here is the effect of wind on leaf temperature,
. evaporétion and gas exchange (Lewis and Callaghan 1976).

Warren Wilson (1959) concluded that the effect of wind
on arctic-alpine vegetation was more due to cooling than to
evapora;ive stress. He found that leaf temperatures may be
reduced byﬁéjc due to wind. Other work has shown that wind
speeds of ca. 0.9-1.3 m s~ resulted in heat loss twice that



‘Table 3. Comparison of wind s
treatments. The sensor was 1-
collected on various dates an
are not comparable. W=willow:
-B=minus blue; N=zneutral dens
Students t-test or Mann-Whitn
the 0.05 (*) or 0.01 (%) lev
n=10 except n=5 where indicat

_—_-.—_—---—..__——_—_--.___—...._—
...._—______..___-——-—-----——--—

—-——.——h-—————————_—-————-—-—-c—

W-R1 0.57
W-R2 2.48
W-R3 0.73
W-B1 0.31
wW-B2 1.83
W-B3 0.97
WN1 1.04
WN2 0.83
WN3 1.34
v S-B1 . 1.55
S-B2 0.59
S-B3 1.96
S-R1 0.72
S-R2 1.28
S-R3 1.20
SN1 1.69
SN2 0.81
SN3 » 1.68
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peeds beside and beneath dome ‘
3 cm above ground. Data were

d results between treatments
S=saxifrage; -R=minus red;
ity. Pairs were tested by

ey U test and significance at

el is shown. Sample size is

ed (1),

_-——_———-—____-.__---..._—__—-_-__
-—---—--.._--.--.__-.._-.-__-—___-__

0.46 * %
1.56 f’ xx
0.49 **
0.12 * %
0.56 *x
1.06 ns
1.11 ns
0.89 ns
1.80 *
1.28 **
0.38 * 1
1.35 * %
0.63 ns
1.49 ns
1.57 *%
1.29 **
0.38 * %
1.27 * %
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-

found in a calm period, while at ca. 9 m s-' heat loss was
three times that during a calm per1od (Powell 1961 In Corbet
1972). However, in the previous section it was conc luded
that temperature differences between treatments were
insignificant, and.most of the readings were taken with some
wind present.

It fs dff¥icult to assess whether reduced wind under
the domes was favorable to gas exchange and leaf water
status, due to the lack of porometry data. At relatively
high wind Speeds (15 m s-') Rhododendron ferrug fneum
exhibited a 40-50% reduction in transpiration and a 30-40%
reduction in photosynthesis Transp1ration in Pinus cembra
was relatively unaffected (Caldwell 1970) . These, differences
were attributed to different habitats, with Rhododendron-
occupying more sheltered areas and Plnus found on windswept
ridges. . .

Unfortunatély,lno information is available on the
interaction of leaf resistance.and wihd vedocities fot the
two species under study HoweVer’ in nght of the relatively
low velocities at ground level and the successful growth of
the plants at the s1te. it is unlikey that the domes created

a significantly more favorable environment through the

slight Iowerlng of average wind speeds.

q, Sdil Moisture

In only one instance was the soil nr?sture under the
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domes found to be significant1y higher -than that outside the
domes (Fig. 26). This suggests that, in general, covered
plants did not experience abnormally dry soils resulting
froh protection from precipitation.or unusuaily wet soils
from decreased evaporation. Although the soil dried
"significantly during the f{rst half of July as the moisture
froﬁ snow melt was depleted, rain replenished the defiCi{

«wand maintained relatively moist soils_throughout the rest of-

~ the season. Plants occurring near the crest of the ridge may °

hhve experienced drief soils than those near the slope base,
where the soil moisture samples were obtained. Whether this
. resulted in midslope plants being significantly more

stressed than those farther down is uncertain.

Y

c. salix arctica -

1. Field Phenology 7

Onfy the short day'freaiment appeared to have any
significant effect on the phenology of Salix arctica (Fig.
27). Leaf and f]ower bud breaklogggrred within a period of:
3-4 days for all‘plahts,-regardless of treatment. The peribd
from flower bud break to flower senescence was very simi]ar
in those tré%%hénts where the process was.compieted. The
;blue, contrbi, -red, and short day plants averaged 27, 23,
22 and 20 déys, respéctiQely (Fig. 27). Under the neutral
density regime,  the shoots with flowers were cut for cold

hardiness tests and thebefoFe'the flowers were unable to

complete devélopment. —
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Although the flowering per1od under short days may have
been shortened slightly relative to the other treatments,
the main ‘effect of shor tened days was a very early leaf -
senescence (F1g 27) The period of leaﬁ expanstgn~ peaned
to be unaffected by any of the treatmebeM budfTé
senescence began only 4-6 days. a#ter“tompieﬁﬂém of expans1on-
for the™SD plants, and 5 to 14 days% ter, al]*%he leaves
were ;;{?:i) Plants- subJect to fhe other treatments ranged

from 21 to 30 days after completion of leaf expansion before

the first signs of.leaf Senescence appeared, and the great
majority of leaves were still green when observations ended
on 20 August. It is clear that the short day treatment
greatly accelerated the senescence'of Salix arctica leaves.
It has been well established that leaf abscission and
maonset'of'dbrmancy in many woody plants is promoted by short -
‘days (Wareing 1956, VaartaJa 1959, V1nce Prue 1975). Biebl
(1967) induced premature leaf fall in Salix glauca at |
Godhavn (69°N) through artificially shortened days (8 h) In
other species of willow it has’been shown that short
photoper1ods can induce cessat1on of extension growth, apex
abort1on, leaf senescence, flower bud formation and the
formation of rest1ng structures (Alvim 1973 in Alvim et al.
1978, Juntilla 1976, Juntilla 1980a,b). Juntilla (1980a),
working in Norway, found that the critical photoperiod for
abical growth cessation in Salix pentandra seedlings was
longer (22 h) “for nor thern écotypes'(Sg'N) than for southern

ecotypes (15-16 h at 59°N) . Similarly, flower bud formation



in clones of S. pentandra from 43°N occurred under
photoperiods .of 18 h or less, while 69°N ecotypea'formed
flower buds under 24 h photoperiods (Uuntil{a 1980b). It was
not noted whether flower buds wére formed under .SD
cond1t1ons at Truelove. |

while short days induced ap1cal growth\qg§§ét1on and
dormancy in seed]1ngs of S. pehtandra and Sal ix caprea, the
same responses occurred in old S. pentandra trees growing '
.under natuhél'édhdit{aﬁg_énd cont inuous day§ at 69°N.
Juntilla (1976) concluded that the natural ph‘otoperf\od did
not seem to reguilate ap1cal growth cessation in older’
1nd1V1duals of S. pentandra The same conclusion appears
reasonable for Sal ix arctica w1th respect to leaf
abscissidn. Fig. 27 shows that wh11e the first, very br1ef
sunget did not ocbur until 17 August, by fhen lea¥ |
senescence had begdn for planté under all treatmenté.
Therefore, apica] growth had undoubtedly ceased by
mid-August in plants subject to 24 h daylength, and the
development of dofmancy had begun. The differehthliéht
quaTity environments had no effect on Salix arctica
phenology. implying trat a high irradiance résponsev(HIR) is
not being used by the plants to cue leaf fall. The HIR is‘°
characterized by the inductioﬁ‘of morphogenic‘or physiologic
changes, meaiated through phytochrome, by extgndéd'periods
of irradiance. On the other hand, the marked effect of short

[ 3

days in accelerating leaf senescence 1nd1cates that ‘the low

energy phytochrome sy§tem may be involved, possibly through* .
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a threshold mechanism,.Previdus work . involving night-breaks
with red and/e;'far-reé light during dqrmancy induction by
short days has shown a red/far-red reversibiltty of effects
(Williams et al. 1972, Vince-Prue 1975). Day extension
experiments with red and.far-red‘light have sheQn similar
results (McKenzie et al. 1974a, Vince-Prue 1975) Since
revers1b1l1ty of - effects is a character1st1c of the low

) energy phytochrome system the results of these workers
1nd1cate that it may be th1s system that is med1at1ng the .

short day response ‘ /

Even if leaf fall and dormancy can be 4induced by short
dhys through phytochrome medvat1on, th1s mechan1sm is
obv1ous1y not the one used by the plant under natural
conditions at 75°N. Other species have been’found (e.g.

- Liquidambar styraclflua and Aesculus hippocastanum) in which
dormancy js accelerated by short dast but is still
eventually attained Underhlong days (Downs and'Bohthwick
1956, Vince;Prue 1975). This. appears to be the case for
Salix arctica. The question of photosynthate depletion as a
factor in the observed short day response on Trueleve Qas
addressed in an earlier section. It is cons?dered that
sufficient photosYhthegjcally aetive light was avai]abte,
relative to the other treatments, to allow enough
photosynthate production for the short day pla?tsuto
function normally. ‘

A way in which the results of Fig. 27 can be reconciled
is presented in Fig. 28. The hypothetical daily changes in ¢’

T~
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are shown for natural ]1ght and the -red light treatment.
These were obta1ned by app]ylng the relationship between
quantum flux ret1o and phytochrome photoequilibrium from
Smith and Holmes (1977) to the predicted zeta values for 6
August (Fig. 14). Superimposed on these is the probable
decrease in @ occurring in short day plants as their time in
darkness increases (Holmes and Wagner 1980). It can be seen
that a much lower'phytochrome photoequilibrium may be
obtained during 16 h of darkness than during daylight, since
even at low solar elevations and tﬁrough a -red filter the
sun is an effective red light source, relative to total
darkness. In this way, a very low thresﬁold value of Pfr may
be acheived through long nights, whtle thelphytochrome
photoequilibria resulting from dayiight may be too large to
trigger a response. Antalternate possibi]tty is that it is
the rate of change in ™ which is imeortant (Holmes and Smith
18977a, Heﬂmes and Wagner i380). The covering of the plant in
effect "turns off" the red light (the sun) and resuits in a
rapid drop in the phytochrome photoequilibria (Smith 1975,
Holmes and Wagner 1980)..Pfr diéappearance (through deca§

and/or reversion) has a half-1ife ranging from between 30

t min and 3 h. Temperature is an important factor in the rate

of diséppearance (Frankland 1972). It is clear that within a
short time after onset of darkness the Pfr level can fall to
- a low level, implying a rapid rate of ehange in @. In
addition, a very rapid increase in @ occurs with the

3
uncovering of plants as the red light is "turned on" (Fig.
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28). Phytochrome phototransformatton Kinetics indicate an
establishment of,phytdéhrome phetoequilibria 10-15 s after a
shift in zeta (Smith and Holmes 1977, Holmes 1975 in Holmes
and Wagner 1980). The rate of change in @ in going from
darkness to light would be greater than any naturally
occurring rates found during the growing season at 75°N.

It is possible that the response of Salix arctjca to
short days is a "relict"” system within the plant; one which
was adaptive to its genetic ancestors which grew at lower
latitudes, and may still be operational in lower latitude
alpine populations of S. arctica. It most certainly occurs
at lower latitudes in other Salix species (Alvim 1973 in
Alvim et al. 1979, Juntilla 1976, Juntilla 1980a,b). At high
latitudes, the absence of sufficiently short days (ie.
correct Pfr threshold) before the occurance of lethal
temperatures would maKe the system Uhadaptive and likely
fata] to plants which relied on it. It is apparent from the
failure of the light quality treatments to induce early
senescence and dormancy that an upward shift of the Pfr
threshold has not occurred in high arctlc populations. there
is evidence that some kind of internal regulation, which may:
1nvo]ve an endogenous rhythm (Blnning 1973), is operative.
This is seen in the phenology of Salix p]ants growing on the
beach ridge crest, upslope from the study site.

A small group of 3 or4 Salix arctica plants on the
'ridge crest were watered daily from 9 July to the end of

their growing' season. This was done to insure adequate
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’ed drought as a factor

moisture, as some workers have rep

-

responéib]e for éarly grdwth cessation (Zahner et al. 1964,
Perry 1971). Despite daily watering, leaf senescence in
these plants began in late July at approximately the same
time as the SD plants (Fig. 27). Some of the other,
unwatered, individuals of Salix on the beach ridge began
leaf yellowing at the same time, suggesting either that
moisture was not a controlling factor fornthese plants, or
that the degree of watering was insufficient to prevent
water stress induced dormancy..By mid-August, the watered
plants inmthe beach cre§t had completed leaf senescence,
while the lower leaves on the bontrol:plants near the slope
base were just Seginning to yellow; a difference of ca. 17
d. Both sets of plants experienced very similar Eédiation
aﬁd temperature environments, and in the absence of
differences in watér,stress, the time of snow release (and
emeréence from dorhancy) remains as the major difference
between the two groups. ; v

The mean time period between bud break and the first
signs of leaf senescence in the control plants was 38 d. In
the Lblue, -red, and, short day plants it was 40, 35 and 25
d, respectively. Only one of the three neutral density _
planté had begun to senesce when seasonal observations were
ended 44 d a"ter bud burst. If all but the short day results
are combined, the mean period between bud b;eék and
senescence is 40 d. Using this value one éan extrapolate
back to the appréximate point at which the ridge crest

A



98

plants began seasohal growth. This 40 d period may be
shorter or longer some years depending on how temperature
‘affects the hormonal interactions which are presumably
involved in the endogenous rhythm.

In the pﬁésent case, 40 d prior to 27 July is 17 .June.
A1though 1978 phenological observations did not begin until
2 July, more cQ?plete records from Truelove are available
from prev1ous years. Svoboda (1977) reported snow melt on
the Base Camp raised beach crest to have occurred on 18 June
and 13 June during 1970 and 1971, respectively. Salix leaf
bud break occurs 5-7 d (this study) or 7-10 d (Svoboda 1974)
after snow release. This wide range of time leaves 17 duné
as a very plausible date for leaf bud breakK in 1978 if the
early portion of the séaéon was similar to 1870 or 1971. The
patchiness of snow melt could account for the variability
betﬁeen ridge crest plants in the emergence from dormancy,
which would later be manifest as the differences in the
beg1nn1ng of leaf senescence mentioned ear11er

Other woykers have reported evidence that SOme arctic
and subarctfc species, including Willow, exhibit a
"biologically fixed" (Muc 1977) growing season which.
suggests an internal regulation of leaf senescence and °
dormancy onset. Schulz (1949 in Wareing 1956) found |
subarcfic species of Salix, Betula, Ribes and Vaccinium
formed winter resting bud§ under continuous illumihation
while spec1es of those genera from lower latitudes could

not. Ind1v1duals of Salix arctica transplanted from NE
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Greenland  (70-78°N) to Denmark (ca. 56°'N) and cultured there
for several years, initiated leaf senescence during June and
began a new leafing after a short rest period (Sérensen
1941). Muc (1977) and Svoboda (1977), working on Truelove,
alluded to evidence for a relatively fixed actual growing
season (bud break to 50% leaf coloration), which was species
specific and independent of the potential growing season
(snow melt to mean temperature below 0°C). Hartgerink found
evidence for the same with DPyas'integPIfolfa (Mayo.
personal communication). The phenolegical data presented
earlier tend to support the concept of a bio]qgically fixed
growing period for high latitude populatibﬁs of Salix

" arctica. The mechenism of regUlation is, presumebly, through
seasonall changes in the internal concentrations of hormones

relative to each other.

2. Field Cold Hardiness

a. Leaves.

T

There appears\to have been llttle or no effect of the
treatments on the cold hardiness of Salix arctica leaves
(Fig. 29). Between m1d-duly and mid-August hardiness in the
leaves of the coetrol'plants increased from a low of -8.4°C
to a maximum of -13.8°C. Trends among the treatments are not 
as clear. Throughout the season the plants subjected to a |
-red environment ranged only slightly in hardiness (2.5°C),

but in an evenly Fluctuating paitern. Cold tolerance began

.
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at -8.0°C, with an increase to -10.3°C at the end of July,
and aﬂdecrease again to -8.0°C before'the final increase to
-10.5°C in mid-August. Plants under the neutra} density
filter dfopped in hardiness’ from -11.0°C in mid-July to
-7.8°C two weeks later, and remained at that level
throughout the rest of "the sampling season (Fig. 29).

Both the -red and neutral density tréatments resulted
in a seasonal range in cold tolerance less than that of the
control plants (2.5°C and 3.5°C, respectively), and with no
discernible pattern. This éuggests that the observed
variation resulted from lim}ted resolution due to a certain
amount of "noise" in the ?TC test for this particular
tissue. Stepdnkus and Lénphear (1967),in their original
refinement of the TTC method, stated that with Hedera helix
a standard error'of‘the mean (SEM) of 1.5°C was routinely
achieved. Based on fhis, even with a very large samp]e'siie”
a 95% confidence interval around any point was ca. *2 SEM or
$3.0°C. To apply this confidence interval to the present
case is not statistiéally sound, but in the absence of the
means to derive a confidence iﬁtervallfrom the field data,
it can serve at 'cast as a rough measure of the resolution
of the TTC test and :- a guideline to aid in the decision of
significant differen. .- Therefore, no resolution‘of the -
‘iethal'temperature bet er than *3°C can be expected with
willow leaf tfssue. The same a.so holds for stémftissue.
| If this criterion is applied to- the remaining two

~treatments (-blue and short days), there is some evidence

v 4
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for a real change in leaf cold hardiness. From mid-July to
theabeginning of August (2 weeks). the leaf cold hardiness.
of the short day plants decreased from -12. 9 C to -6.4°C.
‘Plants subJect to the -blue treatment decreased in hardiness
from -9.1°C 1n mid-July to -5.8°C two weeks. later, and then
increased to -12.9°C by the last samp11ng (Fig. 29) In both
cases a net change of >6°C occurred over a period of two
weeks . | ‘

The initially high cold tolerance of the SD treated
]eaves and the subsequent sharp drop may have resulted from
a conflict between processes involved in leaf growth and
expans1on, and the process of leaf senscence. Act1vely
expand1ng leaves import assimilate§ (Salisbury and Ross
1978) and this resuits, for a time, in higher cell solute
concentrations than the mature leaf. Also, during
seneséenced'the solute content of the leaves increases as
the breakdown of moae complex compounds occurs and their
translocation to pebennating strucgyres (e.g. roots; eiems,
buds) takes place (O1and 1963, Zimmerman 1964, Pate 1975,
Beevers 1976). As well, many studieé‘have shown the presence
of osmotical]y active cell solutes to result in a depression
of the freezingvpofnt to‘about -5°C to -7°C, and in
exceptional cases fo -10'Clto -13°C (Sakai 1962 In Levitt
1972, Levitt 1972, Larcher et al. 1973). If solute .
translocat1on was occurring in the short day plants from _
| m1d- to late July, an increase in leaf freezing tolerance

may have resulted from the temporarily higher solute
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concentrations (e.g. amino acids) in}the }eaf. It is evident
that senescence was induced abnorma]]y earty in the SD
plants (Fig. 27) and it is pOSSIble that oppos1ng processes
were occurring in the plants On the one hand, the normal
sequence of leaf development, beginning'with bud break,
in;oives’influx of solutes. At the same time, the shor tened
bhotoperiod induced the onset of senescence which involves
the efflux of solutes. Whether the efflux and influx of .
sotutes were ocpurring:cencomittantly is unknown, but either
alone or “both together may explain the ﬁncreased freezing
tolerance 1-2 weeks before the first visible signs of
yellowtng. The, appareht“deeline‘in hardiness at the end of
July may have resu]ted from either a loss in ability of the
leaf to w1thstand otherw1se tolerable low temperatures, or _
vthe fa11ure of the TTC test to rema1n an accurate 1nd1cator
of hardlness Both features could be a result of the changes
in metabolism known to occur in senescing leaves. " This
includes, at least 1n the later stages of senescence, a\
g.deCIIne in the respiration rate (Beevers 1976) Because TTC
can act as an electron acceptor for the var1ous -
dehydrogenases in- the tr1carboxcyl1c acid cycle a decrease
in respiration would result in a decreased reduct1on of the
dye. . _ v _ |

With respect to the -blue treatment it is difficult to
account for a drop in frost tolerance as a result of an

environment def1¢1ent in blue l1ght (F1g 29). It is-

probable that the observed changes (from -9.1° to -5.8°C)

P et
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are simply variations around a relativelybstable value of
ca. -7.0° to‘~8.0'C. However, the apparent rise in tolerance
to “12.9°C may be a result of the beginning of naturél leaf
senescence. The same isAprobably'true"of the similaf
increases seen in the control (-13.8°C) and -red treated
(-10.5°C) plants. These increases in hardiness coincided
wi{h the visible onset of senscence, unlike the case with
the SD plants where a deéline in hardiness occurred with
visible leaf yelloWing. The conf1icting processes which may
have been océurring in the SDvaants may offer an
’explanatibn for the differences between these fwo sets of
plants, ‘

As mentioned above, an increase in the cell solute LR
éoncentrations associated with senescence may confer an
additional amount of hardiness in the form of freezing’
avoidqnce'éhrough freezing point depression. While the
uaccumulation of amino acids'dgbing léaf senescence ié well
established (Beevers 1976), total amino acid content has not
been cbnsis}entiy related to increased frost tolerance
V(Levitt 1972). But the fact that it has been reported by
‘some investigators (Wilding et al. 1860, Péu?sen 1968) and
that, in partiéular, the amino acid pro]iné has beeh found
dby some to'accumulate in hardening tissue (Parker 1958;
Durzan 1968, Levitt 1872), at least allows for the
| possibiiity that the ‘depressed Killing temperature may have
been’related to the amino’%gidcontenthin the senescing

willow leaves, Russel (1940) studied seasonatehanges—in ‘the
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carbohydrate content of Oxyria digyna on Jan Mayen Island.

He found a considerable increase in the sugar content in the
, aboveground tissue and suggested a relatlonshIp tq?cold
hardiness. A test on 31 July of the remaining green. leaves
of the ridge crest plants, which were two weeks ahead of
those at the slope base, resulted in a LT 50 of -14 0°C, and
supports the above contentions.

Plants under the neutral dehsity regime displayed no
evidence of an increase in hard1ness in mid- August like that
found in the other plant§ (Fig. 29). From Fig. 27 it is
apparent that the process of leaf senescence in these plants
was later than in the other treatments. Therefore the '
accumulat1on and export of amino acids may have not yet
begun to any significant degree by the time of the last[egjd
_hardiness sampling (14 August). Hence, an'increeSe\jn~¥;ost )
tolerance would not be evident; and this was found to be tHe
case. - | |

With the eXCepéion'ef the shgrtpday treatment, the mean
seasonal LT 50 fgr each set ef plants was determined. The
results from the final sémpling date were excluded in the
case of the control -blue‘and -red .treatments because the
1effects of 1ncreased cell solutes may have been involved. |
Based on these data, the mean K1111ng temperature (£SEM). for
the leaves of the control -red, -blue and neutra} dens1ty ‘
plants was -9.8%. 6 , -8.7t.5°, -7.8+.7" and -8.6%.8°C:
respectively (from Fig. 29: n=4). The larges? mean
differende'between‘eny two groups is 2°C , and given the

R
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resolvind power of the TTC test it can be concluded that
these differences are not significant. If all the groups
(excepting short days) are pooled, the mean value for the
cold hard1ness of arctic willow leaves is -8.6%.4°C. The
effect of short days appears to have been indihect, through.
acceleration of senescence.

It is not surprising to find that the treatments had no
effects on the\bold hardiness of w1llow leaves. There is no
advantage to deciduous leaves becom1ng cold hardy in
response ‘to changes in light quality. Instead they generally
act as receptors of a cue and source of translocatable
factors which move to the stem and prepare perennating
structures for conditions 1n the weeks -ahead which are
lethal to tissue in an active state of growth, The leaves ¢
are shed well before severely coid cond1t1ons set in, as
‘part of the preparation. Although there may be per1ods of
mild frost at any time durlng the growing season in. the High
Arctic, the unpredictab1l1ty of frost precludes any
environmental cue other than temperature from being useful
:as'a‘warning. ThiS‘Qesponse to tempenature would need to be
quite rapid to avoid damage . Howeven, air temperatures
rarely drop below -5°C dur1ng the grow1ng season at these
latitudes, and the degree of summer hardlness found for
- Salix arctica is probably more than adequate

‘The leaf cold hardlness was not determined during the‘
controlled environment portion of the study, but the results

of determ1n1ng the correlat1on between TTC reduct1on and

a
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leaf disk survival (Fig. 3) afforded a,direct check on the -
field observatiOns. Plaqts used iP'd;fivinQ thé correlation
~ were grown under a 16 h/12°C.8 h/4°C regime with continuous
d}"light. Under these conditions a egld hardiness of ?7'C was-
determined directly from ieaf disk survivqrship results.
This value/is slightly Iowér than thg field results (-8.6°C)
but within the range of’resolution.bf the %TC test.

The results of thié study compare favorablvaith those
of other workers ffdthg'the'different*testing condi?jods-are
taken into account. Biebl (1967) repobted th% coldft,
resistance of Betula nana and Sallx‘élauca leaves‘at'f
Godhavn, Greenland (latitude 69°N) to be -4°C for both
species. After 17 days of short day‘(8 h) treatment the cold
hardiness of B. nana ihcreésed to -6°C while Salix rémained
unchanged. Premature’ leaf coloring (red for Betu]a; yellow
- for Salfx) was notéd in both. Biebl (1968) also studied the
July frost tolerance of 20 arctiq species from Godhavn, and
found”t$e,leaves of most plants to be killéﬁ or greddly
damaged at temperaturesobetweén -5 and -10°C (éee
Introduction).'Sailx‘pauclfIOPa, a prostrate willow native
ﬁto the alpine of noffhern‘dapan, was found to survive leaf
'tgmperatures from -5° to -9'C:Twifh slight to moderate
browning (Sakai and Otsuka 1970). |

While the results of "these studieg were similar to this
wdﬁk; some of tﬁe’discrepaﬁcies.may be due to differences in
the method 6f injury és;eémeht and to differences in “

definition. Biebl-(1967)_held the tissue at each test | .

&y

/
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temperature for 24 h before thawing at room temperature and
observ1ng tAe degree of 1nJury after 3-5 days. He considered
the "“resistance limit" to have occurred if the amount of
injury exceeded 5-10%. Similarly, surJival of Salix
paucifibra was based on a visual browning test; normal,
slight, medium or Killed. Freeziﬁg reeistance was reported
as the lowest temperature at which no.injury occurred (Sekai
and Otsuka 1970). In contrast, Salix arctica shoots from
Truelove were~stressed at a rate of decre351ng temperature
of -4°C h-' and assesment of survival was u4t1mately based
on the 50% survival of leaf disks floated on Hoagland’s
solution. Thus, the two previous workers were %ore
conservatiye in their esfimation of survival.

Vieual assesment Qf survivorship is fairly subjective
and the poe}-treatment conditions were probably not as '
favorable in the two previously mentioned studies as in this
one. It seems likely that leaf disks f]oating’bn a nutrient
"rich mediUm with high (30°C) tempehéture”and constant light
will cont1nue to live longer than leaves st111 attatched to
the plant and maintained at room temperatUre (Biebl 1967) or
in a greenhouse (Sakai and OtsuMa 1870). If this is so, then
tha'leaf disk method would tend to overestimate leaf cold
hard1ness relative to the temperature that field plants
could survive,_given that post-treafment conditions in the
field are less than idea].ﬂTﬁe'use of intact blants by Biebl
(1967) and Sakai and Otsuka (1970) may have approximated -

natural conditions more closely, and therefore may be closer

/
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to.estimating actual %ield survival temperatures, despite
the subjectjvity of the visual browning test. '

On the other hand, both studies used more rigorous
hdefinitions for "freezing resistance". If the temperature at
which 50% of the tissue is dead is taken as defining the '
cold hardiness or freezing resistance, rather than 5-10% -
prominent injur; or no injury, then the survival
temperatures of the leaves of the willows from Greenland and
Japan would, very likely drop to near the -7" to -9°C found
in this study. An add}tional_point is that Sakai, using thé
same "injury freée" definition of resistance as earlier, |
found the freezing resistance of Salix rotundifolia from
Barrow, Alaska (71°N) to be "about -5°C" in late July (SaKai
and Otsuka 1970). He did not state whether it was leaf or
stem tissue. If it was leaf tissue, the above "correctioh“
for definition would put the results into the. same
femperature range as arctic willow.

b. Stems.

A]thqggh the majority 6f~ﬁhe field work dealt with the
cold hardiness of leaves, some stem‘tissue was tested neaf : —
the end of the season. Plants from the beach ridge crest
were compared with plants growing in the béachvridge-meadow
btransitiohﬂzone, wifh Fﬁe‘goal of détermining whether
differences in phenology corbélated with different degrees
of stem‘cold hardiness. Plants frgﬁ the ridge crest had

~-significant.sig(\s of 'leaf senescencé (ye]lbwing)'at the time
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of the first cold hardiness test (31 July) and we}e entirely
yellow by, the last test (15 August). The transition zone
b]ants hadlvery little or no yellowing by 15 August. The
results indicafe that an increase in hardiness accompanies
the onset of leaf senéscence and the development of dormancy
(Fig. 30). \
» Willow from the ridge crest maintained a fairly
constant and high level of stem coid hardiness, with va.ues
that rangéd from between -26° to -28°C. Plants in the
.transition zone appeared to be hardy to -15° or -18°C,
except for one anomolousliy hiéh value of <-25°C in early
August (Fig. 30). It-is difficult to account for this latter
point since there were no significanf changes in the
‘environment gf this time which hight temporarily incréase,
hardiness. There was, Howevef, a fair amount of variation in
absorbance values at the 0°C (control) temperature in this
sarticular test, and it is likely that the meah value was
not accurately representiéé the actual activity df the
tissue at that temperature. The -5° and -10°C stressed
tissue showed mﬁch.higherAactivity relative to the contro]‘
(122% and 108%, respectively). Therefore, due to |
uncertafnﬁy, the 9 August value was ignored and the
hardiness level during early to mid—AUgust was taken to be
between -15" and -18°C for transition zone wi]iow.
I Since transition’zonq plants lag behind the ridge”crest

willow, phqulogica]ly..by approximately three weeks, the

stage in the seasonal cycle of abtivity appears to affect
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the level of stem cold hardiness in arctic wiltow. Thefe is’
some evidence that cold acclimation is infuenced by internal
rhythms alone (Howell- and Weiser 1970) or rhythms along with
photoperiod and/or temperature (Schwarz 1870, Siminovitch et
al. 1967, McKenzie et al. 1974a, Haerison et al. 1978a) .
While the discussion of the fHQolvement of endogenous
factors in the cold accl1mat1on of Salix arctica is deferred
to the results of the lab studies, the quest1on of the
effect of water stress on cold hard1ness is relevant here.
Water stress has been shown to increase cold hard1ness
in apple roots (Wildung et al. 1973) and Cornus stolonlfera
stems (Li and Weiser 1971, Chen et al. 1975, Chen et al.
1977). In the tatter species, water st::§sed plants under
either long day (16 h) or short day (8 h) photoperiods
"showed, after 2t days, an increase in stem frost hardiness
- of B" to 10°C relative to the controls tPehsons‘and Li-
1978). Beach ridge crests on Truelove have been shown to be
particularly low 'in soil moisture,vesbecially'ae the growing
season progresses and the water from snow melt is lost
'threugh evapotranspiration (Svoboda 1974, Svoboda 1977).
Plants on beach Eidge crests have often been fourd to have
extremely low.leaf water potentials (e.g. -2.5 to -3.5 MPa
for Dryas integrifolia) (Addison 1977b). Moisture conditions
in the sedge meadow, near the transition Zone, are very
favorable to plant growth throughout the growing season (Muc
1977) and leaf water potentials of, Carex stans remained near

-1 MPa (Addison 1977b). Hence, the ridge crest plaﬁts may
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have experienced water stress which could have caused an
increase in stem cold hardiness relative to the transition

- zone plants. Althoughdtissue samples from the ridge crest
wére ‘largely chosen from the plants receiving daily watering
(see Phenology), it is. not known whether the amount of water
applied each day was sufficient to avoid stress. Since no
further work was done in this area, it is unclear whether

- cold hardiness is. induced by.water stress in Salix arctica
and adds to the apparent natural incfease which occurs as

dormancy beéins.

3. Controlled Environment Phenology

-Only the short day treétmént had any appérent effect on
the phenology of Salix arctica (Fig. 31). Since all plants
were kept under control conditions (10°C/3°C) until leaf
‘ éxpansion was complete, the treatments were only able to
‘ visibly effect leaf senescence. Plants under,shért days
showed the first signs.of leaf yellowing}11 days after the
treatment was begun, while plants subjectvto the remaining
treatments began to senesce 4 days later (Fig. 31). |
Senescence"also'occ0rred more rapidly?under_short days, with.
completion (100% yeilowing) 15 dayé after initiation} The
control and frost treatments took 20- days for the same
process.

The process of senescence appeared to be drawn out in

plants subjected to a far-red night (Fig. 31). Lf, for leaf
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senescence, a period of far-red light can substitute for the
period of inductive darkness, as it does in some flower1ng
plants (Cumming 1968), then the results are the reverse of
the predictions. However, of the four far red treated
plants, one had an anomolously delayed rate of senescence
relative to the other three. Even after changing condit1ons
to a 7°C/0°C prehardening cycle this plant still reta1ned
- ca. 50% green leaves, while all the plants from the other
'treatments were 100% yellow. If'this one plant is ignored
the time'of 100% yellowing in the far-red treatment occurred
}at about ‘the same time as the controls. U

There st11] remains a discrepancy betwéen the results
of the far-red treatment and short day treatment, since
senescence was not acCeIerated in the former as in the
‘tatter.ffar-red light (zeta=0.57) was;ineffective as a
substitute for the inductive dsrk,perjod&of the short day
treatment. Possibly zeta Wasvhot low enough or the period‘of
treatment'was not long}enough. Cumming (1969) found that '
when the dark periods were substituted with far-red Tight
'(zeta=0.41) 72 h rather than 12 h were required to obtain
the same percehnhtage flowering. In the present case,'the
‘short days only advanced'senesoehce by about 4 or‘5 days,
and daturalwsehesoence.mayxhave begun before changes induced
by far redilight could be seen. | .

Therefore, the. above data support a phytochrome-

med1ated 1ndﬁct1on of leaf senescence tr1ggered by short

- days, as suggested by the field results. However, in the
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field, .the short-day plants began to senesce 15 days before
the controls, while only 4 days separated short day and
~control plants in the controlled env1ronment Also, in the
fleld the first s1gns of leaf yellowing occurred 20 days
after the short day treatment had begun compared to 11 days
in the controlled environment. These results reflect the |
different times durlng the growing season when the
treatments were 1n1t1ated,‘and indicate that short day

" induced senescence will not begin-until a certain
developmental stage is reached. Even though the f1eld v
treatment began soon after bud break, senescence did noﬁﬁ
start until about 6 days after leaf expansion had_finished.
Since the stimulus (short daysl had been present all along
(20 days), this may marK the earliest time 1n development
when the potent1al for phytochrome med1ated senescence |
.occurs 'It appears that the completion of leaf expansion is
necessary before the plant is completely respons.ve- to the
short day st1mulus The controlled environment results,
.-however, suggest that some internal changes during leaf
development occur when short days are given during leaf
expansion.'Plants under continuous light ddring,expansion
required 11 days of short"days (vs. 6 days in.the field)
after completlon of expansion before yellowing began. It may
also be for this reason that only 4 days separated the

. beginning.of senescence under short days and control~ »
treatments in the lab,’ “while the field.control. plants lagged

20 days beh1nd the short day treated plants.
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4

Evidence for an endogenous 1y controlled cycle of
'dormancy and growth was obtalned with 3 plants ma1nta1ned
Aunder continuous l1ght and warm temperatures for 10 mon.
During this time all 3 plants went through 2 cycles of
growth and dormancy, with the periods of act1v1ty much
longer and the per1ods of inmactivity much shorter than
normally occurs in the field. After 21 short days at\J C,
the plants were placed under cont1nuous l1ght at "tC fop 2 .
mon. The temperature was then lowered to 14 C. From t e
1n1t1at1on of the high temperatures, the plants grew for 5-7
mon, after which the leaves senesced Often leaf senescence
d1d not proceed in the "normal" way\#green to yellow), but
_became brownish and necrgtlc directly from the green state.
After 2-4 _wKs of dormancy, bud break occurred (temperature:

10° to 12 C) and. a new activity period ensued for ca. 4 mon.

o Unlike the previous period, bud break began before all the

.older leaves were completely senescent. »
The performance of the plants under the growth chamber

conditions tends to support the conclus1ons reached from the

field experlments

4. Lab Cold Hardiness

a.‘Stem.

Sal ix arctlca ma1nta1ned in a dormant state at -10° C
for -seven months surv1ved faqu1d nitrogen after slow coollng

from -10°C. to -25°C at 4°h-1 (Fig. 32) 51m1lar results have
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been reported for other deciduousﬂwoody plants such as
Cornus stolonifera (Harrison et al. 1978b), Betula

platyphylla and Salix sachal inensis (Sakai 1973) In these

previous cases, slow prefreezing. to -15' or -20°C allowgd"‘

the tissue to survive rapid freezﬁng to -156' or -196°C. In
Salix aretica fhis level of hardiness was quickly lost as
active growth (bud breaK and leaf expansion)'began._During
leaf expansion, the LT 50 for stem tissue was around -13i5'C
(Fig. 32). There appeareﬂ to be little change up to the :
beginnihg of leaf senescence (44 days) after bud break where
stem hardiness was near -10°C. _Within two weeks frost
hardiness of the control plants increased to below -20°C
without any change in the l1ght or temperatu;e env1ronment
At this time ca. 50% leaf yellowing had occurred.

.The shqrt day and far-red treatments appéared tovhastén
‘the natural increase ‘in hardiness by af?least\;wo weeks
(Fig. 32). Plants under these tWo regimes became frost
tolgrang)fo below -15°C while exposed to above freezing |
temperatures. Willow exposed to a short frost at night was
similar in hardiness to the controls over the period teste&.

The'minimum\naturaj increase in stem cold hardiness
near the end of the growing season of.between 7-10°C in _
arctic w%]]ow‘supports the contentions of other workers tﬁat
endogenousubhythms are invoTved in cold‘accTimatiohAin at.
"least some species. Howel] and We1ser (1970) found a sI1ght
1ncrease (5°C) in the cold hardiness of apple under

' non1nduct1ve cond1t1ons of lonq days and warm tmperatures.

5
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They 1nterpreted th1s as being a55001ated with an endogenous
growth cycle or changes 1n env1ronmental stimuli other than
‘temperature or daylength. Siminovitch et al. (1967, 1975)

suggested that the biochemical (increases in phospholipids,

solub]e proteln and  RNA content) and structural (cell
<

membrane augmentation) changes that occur during autumn cold . -

hardening in Robinia pseuddacacla, are due to either
seasona] rhythms and/or photoperiod. ‘Schwarz:(1970)

“conc luded that internal rhythms control’ freez1ng tolerance
in Pinus cembra and Rhododendron ferruginum, Support1ng this
are results from Cornus stolonifera. Harrison et al. (1978a)
reported. that dur1ng July through August frost treatment

~given after short days was unable to increase cold

acclimation in dogwood past the -17 C 1nduced by short days
alone Dur1ng September and later months the same treatments“
~ increased tolerance to below -80°C.

" The observed 1ncrease in stem cold hardiness of arct1c
y1l1ow may have been due to one of at least two processes
r?nvolving rhythms. rirstly, an"endogenous rhythm, completely
independent of the act1on of any externa] st1mu]1, may beg1n-4
with spring growth and after a set number of? days trigger .
internal changes whvch result 1n\harden1ng A second,
‘related, poss1b1l1ty 1é that an endogenous rhythm ‘may
control the p]ant s respons1veness to certavn env1@onmental
stimuli (e g. temperature) such_that its occurence at the

end of the year results in increased hardening, while the

_same stimulus received earlyfin the year has no effect.
: " /€ .
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The second view is suppor ted b§ resu]ts'from this study
and others. Neither the short day nor far- -red treatments
would have caused a s1gn1flcant increase in hardiness
earl1er than the natural hardening if an endogenous rhythm
completely independent from external sttmul1 was operative.
As well, it is l1kely that the FR and SD treatments affected
the plants through a similar phytochrome -mediated process, |
as suggested for phenology (see Phenology sections). Cumming
(1969) ‘showed with Chenopod tum rubrum that 11ght with a low
R:FR rat1o and of sufflc1ent energy to. allow’ some
photosynthes1s was able to brlng about 1nduct1on of
.flower1ng when it completely replaced the darkness of a
short day treatment. Th1s_was exactly what was found from
the far-red.treatment in this study; except the techn1que

» was applied to cold hard1ness 1nduct1on rather than ~
f]ower1ng ‘McKenzie et al. (1974a) reportedaphytochrome to
be involved in cold accltmat1on of Cornus stolonifera by
short‘days It is poss1b1e {hat a very smmwlar system. eX1sts
in Salix arctlca ‘{” |

In fact, the present evidence p01nts to the 1likelihood
that the well supported, two- stage, cdld accllmatlon

> hypothe515 which Weiser (1970) has advanced: to explaln cold n

| tolerance in deciduous woody trees may be valid for arct1c
willow in a somewhatlmodtfted form. In Welser s scheme thel
first stage 1nvolves a degree of accllmat1on induced by

short days and relat1vely warm temperatures The second : ﬂ"

stage requ1res low temperatures or even frost to follow the - @_
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short day treatme : to attain a greater degree of hardiness
(Weiser‘1970; Harrison et qal. 1978a). The sequence of these
- events is not immutab]e, however, as recently shown by Chen
and Li (1978). Their results with Cornus stolonifera show
that 8 h short'days, Tow tempereture (6°C/5°C day/night) and
water stress independent]y induced greater degrees of cold
hardiness (relative to the controls) and that different
combinafions of these fadtors increased hardiness as the sum
of the\E??EGi§ of the 1nd1;1duad factors, They concluded .
that each me thod trwggered 1ndependent mechanisms of frost
hard1ness 1nduct1on

The above f1nd1ngs Qrovide a ready explanation for the
willow results. Ffrst]y, the short day and' far-red
treatments may have triggered a phytochrome-mediated cold
acclimation of at least S-E C. In compar1son Cornus
stolonffeﬁa hardened an additional 12- 13 C unqgr short days
and non1ndyct1ve temperatures (Harr1son et al. 1978a), and
the same coﬁditions added 15°C to the hardiness of app]ed
(Howel1l and Weieeﬁ 1970). It is not known whether the short
dax treatment given at any'time during the growing season |
would have increased willow hardiness, as was found with
red-osier dogwood (Harrison et al. 19783).

'Second]y. Tow temperatures.may have, a few weeks later

caused an increase in hardiness through a separate

~.mechanism, The fa1lure of Tow temperatures alone to increase

' hardiness early in the growing season is Known for a number

of species (Weiser 1970, Levitt 1972), 1nclud1ng willow

;o
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(Sakai and Otsuka 1970). Temperatures below 10°C (usually
0-5°C) are the most conducive to hardening (A]den and.
Heréanh 1971, Levitt 1972, Larcher et al. 1973), yet Salix
pauciflora exposed to near freezing temperatures in QU]y and
~August ehowed no change in stem hardiness (-5°C) (Sakai.and
Otsuka 1970). The same temperatures in Octeber igzreased
hardiness to -90°C. Resu]ts like. these have lent support to
the idea that the ability to develop freezing tolerance is
inversely proportional to the stage of plant development (or
phenology) (Levitt 1972). Harktison et'al.'(197éa), work ‘g
withmébrnus stolonifera, cod]d not increase hardiness with
frost treatﬁents until the end of the nBrma]sgrowing season.
Their findings support the concept of seasonal var1at1on in
sensitivity to environmental stimuli. Hence, the marKed
change in cold hardiness as a result of the frost treatment
(Fig. 32)lfrom -12.5°C to below -20°C in:two weeks may be a
méﬁifestation of the seasonality in reeponsiveness of arctic
willow to cold temperature. -

It a]so appears likely that the- frost treatment (-2° C)
was unnecessarlly Tow, and that ‘the d1urnal fluctuation of
_the control condi tions (10 C/3 C) may have been sufficient
to tr1gger cold acc]1mat1on As noted above, temperatures,

between 10°C and 0°C are generally most'conducive to
hardening when given at the proper time. The six hours of
3°C experiencedvdai]y'by the control plants may have induced
Fceld acclimation at the eﬁd of the,growing'eeason through a

phy§ielogical dhange in the plant’s responsiveness to a .cold

T PP D X NP PSR RIC DS SR
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temperature stimulin. This would explain the change in
'hardinees in the absence of any apparent change in the
ehvirdnment; the &timulus had been present all along (low
temperature), only a change in plant response made the

- difference, This can also exp}ain why the cold treated
plants and control plants fo]lowed SO elosely together in.
the development of cold hardiness. .

| Therefore, it appears that when internaJ conditions are
favorable low temperature can increase hardiness in arctic
willow, but not as early as 1n§plants eubjected to short
days. This is supported by other worK which has shown that
although short days can ineuce early cold hardiness, Tow
‘temperatures under long days will eventually result in the
same‘Qegree of hardiness (Weiser 1968, Howe[l énd:Wejéer
1970) . Unfortunately, due to 1imited research material, the
lower Timit of plant hardiness was not acheived at the end
of the season and it is not -known whether the short 'day (and

-

far-red) and cold treated plants acheived the same Tevel of

-

tolerance.

5. Synthesis

Under field conditions it is apparent that the short/
day triggered mechanism of hardiness induction is not used
by the plant. The fieldrreeults indicate that ridge creet
plants/invvarious stages of senescence had.hardene? to -27°C

under continuous daylight. -Since the transition zone plants

-

i
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under the sane radiation environment were only hardy to ca.

-17°C it appears that the downward shift in zeta which

accompanles lower sun angles near the end of the year (F1gs
13 and 14, pp.49, 52) is not suff101ent to trigger an

| increase in hard1ness, as occurred with the controlled

environment tested plants grown under a far-fed night. The
large diffeqence between the minimum observed field zeta

(0.95) and that used in the controlled environment (0.57)

[}
~

may be the reason.

On the other hand, both the ridge crest and slope base
plants may have 1ncreased slightly in stem hard1ness due to
lower zeta values in early August. This could help expla1n
the difference between stem- hard1ness of the f1e]d plants
(-17" C) and control plants grown in a contro]led environment
(-13.5° C) The difference in hardiness levels 3.5-C).
however, is probably not significant and zeta shtfts appear
to play.no role"in cold acclimation at these latitudes in |
‘Salix arctica. ) | . .

The higher level of.tolerance in the crest plants may
have been due to an earl1er onset of receptiveness to the
low temperature stimulus and/or due to the effects of water
stress. All three (zeta shift, ]ow‘temperature, and water
stress) nay have been~ 1nvolved in the development of cold
tolerance in the rldge crest plants with effects of each

add1ng to the rest (see Chen and;Li 1978). - |
f Table 4 presents add1t1onal evidence for. the case of

hardiness deve]opment through low {temperature alone In.

!
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Table 4. Cold hardiness of Salix arctica stems in relation
to phenology. Plants were collected in early August 1979
from near the 1978 study site and flown to Edmonton for

testing.

Sampling Date Hardiness Level (°C) Phenological State
16 August <-20 _ leaves green

26 August <-32 leaves yellow-green
8 September <-44 all leaves yellow

‘early August 1979, plants from the 1978 study Lite were
collected, flown back to Edmonton, and on 10 August,‘placed"
in a constant 5°C environment with continuous light. There ,
was no sign of leaf senescence at this time, nor six daYs"‘. |
later when hardiness was found to be below -20°C. In-thfgm‘
test it@was\nptiCed_that oniy older stems had survived the
treatment, and.firstvyear shoots had been Killed.
By 26 August leaf senescence (yellowing) had begun and
‘hardiness was be]bw‘thé limit of the temperature bath
(-3é'C).}By placing thé bath in a -10°C room, the tissue was
® stressed ﬁq -44°C on 8 Sebtember, and survived. At this fimé
‘all leaves were yellow (Table 4). Similar results involyfng
extreme stem'hard%ness at aboveifreezing temperatUres were -
repérted by Sakai(1973). He-found Salix dasycladus and Sal ix
‘IedeDUPiaha, native to noffherh regfons of dapah, to survive
ét'leaSt -50'CIWhen tested in Octbbefwbefore any frost |
occurance. | |
There is a problem in understanding why the stem  '
‘hard{ﬁess of the 1979/end-of—season-planfs was so.much
~greater than those tested in_the field on 16 Augubt 1978
(<-44°C vs.y-??’C). The Johenology of both sets of plhnts; ;

appeared to be the sa complete leaf senescenqe) at the -
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time of the final sampling-dates, and the air temperatures
»were also very s1m1lar Between 11-16 August 1978 the mean
air temperature at the study s1te was 4°C with a range
between 2-7°C. This is quite close to the constant 5°C
environment of the growth chamber plants. The environments
appeared similar enough to preclude that any d1fferences in
temperatures would amount to a change in hardiness of -17° C;
Thére are at least two possible explanations for the
discrepancy. One is that the plant root system was damaged
dur1ng the 1979 transfer from the fleld and a d1sruptlon in
the hormonal balance 1nvolved in bhardening resulted There.
is evidence that an 1nteract1on between gibberellins (GA)
‘and absc151c ac1d (ABA) controls the degree of cold '
hard1ness in some plants ABA acts as a promoter and GA as
an 1nh1b1tor of cold acclimation (Irv1ng and Lanphear 19868,
'Irv1ng 1969, Alden and Hermann 1971 Spomer 1979)
Glbberell1ns have been found to be mob1l1zed in significan®
,amounts from the roots’ (Sal1sbury and Ross 1978), although /
‘de novo synthe31$ may not actually occur there. ABA is
.generally produced in the leaves. Damage to the root system
could decrease GA levels enough to cause an 1ncrease in cold
tolerance which would result from the amount of ABA
appearlng proport1onately h1gher Although this explanatlon
is somewhat s1mpl1st1c it points to the very real |
poss1b1l1ty of a hormone 1mbalance through root damage That
;root damage d1d ‘occur is certain, since Salix arctica can

have-a very extens1ve often 1nterconnected root system

-

N » )
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which is impossible to avoid cutting when transplanting

- The second pos31b1llgy arises from the d1ff1culty of
' determlnlng 1f both sets of plants were actually at the same_
stage in the harden1ng process, since estimates based on
phenology (amount of leaf yellowing) aic subjective. In
addition, the degree of cold toleranee has b« found to
‘increase quite ragidly at the season’s end. Howell and
*Weiser (1970) reported a 15°C increase in-hardiness in apple
over a two week perlod while Cornus stolonifera increased
30°C in seven days under natural conditions in early |
* November (Harr1son et al. 1978a). Thus,-the 1979 plants may
have been in a slightly more advanced stage of hardiness
development relative to the”1978 fleld plants, whereas both
sets were assumed to be at the same stage based on
’phenology The 1naccuracy of the phenological cues makes
this assumpt1on quest1onable

In summary, it is suggested based on the above f1eld
and controlled environment results, that the cold
acclimation mechan1sm presently used by Salix arctica
1nvolves an endogenous rhythm that regulates the sens1t1v1ty
-and respons1veness of the plant to- temperature such that the
'regularly occurr1ng“low temperatures (3" to 8°C) common to
’the High Arctic become inductive to cold accl1mat1on only
when an 1nternal balance of hormones is correct. These
"correct” hormone levels have evolved so they: do not occur
'too early in the season, and limit the grow1ng season such

that starvat1on occurs during the w1nter, nor too late and
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expose active tissue td'ietha] temperatures. The- hormone
concentrations would probébly not be the same as "normal"
tamounts found in temperate plants because of the )
51gn1ficant1y cooler arctic environment (Spomer 1979).

The Key event in determining when cold acclimation can
occur appears to be sndw release. Presumably, a relatively
fixed chain of events occurs within the plant, following the
beginning of'active growth, which leads to a ° - |

"readiness- to harden condition after a certain period of
time The fact that arctic w11]ow C respond to changes in

~light quality and daylength.appears irreievant in view of

the processes‘which are actually involved in successful cold

acclimation. This phenomenon is probab]y a relict system
which was adaptive to and 1nher1ted from the low latitude
ancestors of Salix arctica and which still may be adaptive

'to present day Salix species at lower latitudes

r

o "

| 6f‘Fietd Water Relations ' |
‘ There was no evidence of diurnal variation in the leaf
water potential of Salix arctica early in the growing season'
(Fig. 33). Valqes ranged from a high'of -0.96 MPa at 0400 h
to a low of -1.26 NPa at 2400 h. The fifferénce of 0.3 MPa
is insignificant based on the 95% confidehce limits.

Studies of the daily course oflieaf water potentials in
arctic spepies (including.SaIix pulchra) from Barrow, Alaska

nave;Shown‘a_distinct drop in waterupotential-(ca; 0.7 MPa)
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Fig. 33. Diurnal variation in leaf water potential of Salix
arctica control plants under field conditions. Upper figure
shows results from § (left) and 7-(right) July. Lower figure
zs gag?d on 1 August data. Bars show 95% confidence limits
n=3-5}).. : . ,
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- near solar noon (Stoner and Miller 1975). This type of
response may be expected if transpirational losses are more
rapid than water delivery.to the leaves. This is mosttltkely
to occdr when leaf temperatdres are highest and the vapor
pr;;;dre gradient between leaf and air is the greatest (ie.
noon).ﬁThe absence of this qﬁimodal‘pattern early in the
season at Truelove suggests a different stomatal behavior.

Pronounced~diurqa] periodicity in l{ght-intensity was
occurring on}the lowland in'early July due to very clear |
sk1zs Under these'conditions, midday leaf temperatures
10-15'C above ambient often occurred, and a unimodality in
transpiration and water potent1al would be expected
Therefore, the absence of diurnal fluctuations in wate
potent1a1 is not, jn this case, caused by unusual weathec.:
conditiOns | .

The plants used 1n these early tests had not fully

comp, eted leaf expans1on It is possible that the stomata
- were not fully funct1onal ‘at the time of sampling (i.e.
.part1a11y closed) and not reactive to environmental st1mu11
(ehg l1ght 1empenature) This could result in constant and
_relatlvely high leaf re51stance and theretore; a relatively
unvarying leaf water potential. Numerous workers hav= foung
diffusive resistance to be low during leaf expansion, with
res1stance 1ncreas1ng with 1ncreas1ng age (Solarova 1972
"dordan et al. 1975 Woodward and Rawson 1976 Rawson and
Woodward 1976 Davis et al. 1977)t,These results have

generally been'interpreted as a gradual loss in the ability‘

-
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of the stomata to fully open and do not support the above’r
results. However, most studies have been conducted w1th
agr1cultural forbs and gram1no1ds which may behave
differently from woody deciduous plants.JA report of the
stomata of oak (Quercus ruba) and maple_(AcéP rubrum) showed
an initial period of high stomatal resistance which was
‘independent of light fntcnsity'during the ffrst one to two
weeks of leaf eXpansion (Turner and Heichel 1977).
Subsequently, response to 1fght intensity developed and a
drop in the minimum diffusive resisfance occUrred.hA similar
condition of high leaf resistance and absence of 1light
response during leaf expansion in Salix arctica could -
explain the reiatively constant water'potenticls ncted
~ above. The lack of porome*ry data precluded the test1ng of
th1s idea. |

Although bulk water potent1a]s of -1 0 to -1.3 MPa

.(F1g 33) are low for expanding leaves, in compar ison to
other stud1es-(Boyer 1968)‘ these values‘may‘bé’a reflection
- of the reSIStance to water flux through the plant and -
indicate the potent1a1 difference necessary to supply water
',to the leaves at-a rate wh1ch w111 allow expans1on to  occur
(Boyer 1968) a .
. In early August a second diurna] ‘curve was determjned

for Salfx arctica (F1g 33). Except for the reading at OBOQ
,'h the results were very similar to those from early du]y

The hlghest water potential occurred at 2400 h (-0.74 MPa)
'and the lowest (excludlng 0800. h) was -1 17 MPa at 1300 h.
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The unusually low early morning value of -1.97 MPa is
difficult to explaih. particularly since it differs 4

; significant]y from fhe other results at the 95% level. One
would expect the lowest 1eqf wéter potential to occur near
midday when Jeaf temperaturés are highest VPD largest and
consequently. transp1rat1on the greatest.

In some spec1es, generally under cond1t¥%ns of low to
moderate water stress increased- leaf temperatures do result
in decreased leaf reS1stance and increased transp1rat1on
(Hofstra and Hesketh 1969,'Schulze»et al. 1973, Batanouny
1974, Ehleringer and Miiler 1975, Hall et al. 1976).
However, with increasing water stress the relationship often
reverses with increasjng leaf temperature inducing stomatal
closure'aﬁd a.dﬁop in transpiration (Schulze et al. 1973;
Batanouny 1974, Ha11 et al. 1976f. If the leaf water‘stress
" results from the 1nab111ty of the plant to supply ‘water
'under cond1t1ons of high evaporat1ve demand then. stomatal
closure allows recharg1ng of the leaf and a r1se in water
potent1a1. This could account for a lower leaf water
potential earlier or later than m1dday To explain the l
present results it wouﬂd be necessary to know the water
potent1al below wh1ch leaf res1stan®e begins to rise sharply
-(threshpld potent1§l Hsiao 1873): Although the factors
responsible for stomatal closure‘are varied (light,
temperature, carbon d1ox1de concentrat1on buik leaf water.
potential, hum1d1ty) and the1r 1nteract10ns uncerta1n

(Schulze et a]. 1973, Hsiao 1873), threshold.potent1als have
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been determined for a number of species and have allowed the
development of a quant1tat1ve relat1onsh1p between stomata]
opening and leaf water status (Hsiao 1973) |
Stoner and Miller (1975) reported a threshold potential
of -1.40 MPa for Salix pulchra from Barrow Alaska and
complete stomatal closure at -2.0 MPa. Although it is not
eritirely Just)f1ed to use the results of S.-pulchra to
interpret the response of Salix dhctica, a threshold
" potentia] of -1.40 MPa is among the loweet reported (Hsiao
1973, Miller et al. 1978) and it is likety ®hat -the adtual
threshold potential of Salix arctica is not muoh, if at at],
’tower.'With this assumption, the stomata of Salix arctica
would be ent1rely closed at a leaf water potent1a] of -1.96
MPa, 1mp]y1ng some type of environmental stress (e. g. large
vapor pressure grad1ent low soi 1 mo?sture) ’If these '
condrt1ons wére present at 0800 h the leaf water potent1al
at. 1300 h should have been Just ‘as low, if not’ lower . Th1s
e\follows because on 31 duly. air temperature at 1300 h was |
,9 c w1th a relative humidity of 63%, compared to 5°C and 76%
at 0800 h. The total 1ncom1ng so]ar radlatlon was 60% h1gher
at 1300 h than at 0800 h, suggesting that higher leaf |
temperatures occurred in the afternoon 0bv1ous]y the
potentlal for water loss was. much greater at. 1300 h, yet the
leaf water potent1al was significantly lower. A good 3
~bjological;explanation is lacking,:and in the absence of

further data the results remain inconclusive. ‘ BN

]

Fig. 34 presents the eeasonaT variation in total leaf
« : - : - ) SN,
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Fig. "34.- Effects of field treatments on the total leaf water
potential of Salix arctica. The threshold potential (-1.4 R
MPa) and point of complete stomatal closure (-2.0 MPa) of _ ‘
'Sal ix pulchra are s '

hown for comparison. All tissue was . -
collected at 1300 h €DT, except on 17 August (0800 h). .Bars
indicate ‘the standard error-of the mean ?n=174)u B
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water potentiatyfonha]l‘treatments.‘With the exception .of
- the short day plants.lnone of‘the treatments appeared to
have'Significantly affected the water relations of Salix
“arctica. fhere wag a trend towards a decreasing water

potential throughout the season in some, but not all, ﬂ
plants. This is typified by the -blue treatment in which-d

leaf water potential gradually dropped from -1.24 MPa in

mid-July to -2.01 MPa in mid-August. Plants under the ;red

neutral dens1ty and short day treatments exhibited similar
"~ trends, but differed greatly in detail. _ : %;:

The neutral den51ty (ND) plants showed the least - ]

variation in midday leaf water potential, varying between

-1.10 and -1.30 MPa through early August (Fig. 34). Only

near the end of the season was there a modest decrease to

-1 56 MPa Often mo1sture was seen trapped between the
'1ns1de dome surfacezand the tuo layers“of cheesecloth

underlying the surtace. gnd this may have been eufficient to
s1gn1f1cantly ralse the hum1d1ty of the air above the plant.
aA]so “the cheesecloth absorbed condensat1on; F1g./20 shows

- that leaf temperatures under the ND ft]ter were often lower
than the other treatments} although the differences did not "
- appear stat}stjcally significant because of the large A . }
seasonal variation in temperature for any given treatment 3
(Table 2, P 75). The diffuse light created by ‘the

cheesecloth may have been theé~cause of the lower

temperatures. Therefore, 1t is plausible that mo1st'

Y

cheesecloth and lower leaf temperature creathya local}
R

a;éf” A

B
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environment which buffered daily Qhanges'ih huhidity and
contribﬁted to the maintainence of a relativeiy high aAd
“unvarying leaf water potential, through reduced -
transpiration. A reduction in transpiration wouid mean less
, depletiqn in the lpea] soil moisture and possibty a less
drastic drop in leaf water potential near the end of the
season, relative to the other plants. Adding to this. is the
fact that the_neutra] density treatments Qene, in general,
slightly closer to the sTope,base than .the-other treatments
and the soil water Fegime there was probably more favorable
for a lohger/period of timeg”‘ =

The high m%dday water potentials exhibited by the short
day plants up to early August may have resulted from the
daily 16 h covering of the plants (Fig. 34) Stomata]
;\closure during darkness is a well-known response in most
plants (Meidner and Mansfield 19684 Hsiao 1973). Under
constant tliumination, many arctic plants photosynthesize
throaghout the summer (Mayo et al. 1977, Tieszen 1978), and
| the stomata remain open.'Consequently, trahspiration occubs'
continuously. In contrast, the stomata of the short day
'treated Sal ix arctica were very likely closed during .
dabkness;.which aIlowed leaf water potential tQ rise above
that of the'other treatments Leaf tissue samples were
obtaJned 4 hours after the short day plants were uncovered,
and the effects of 16 hours of t1ssue rehydration may have

still been present at th1s time. A second poss1b1l1ty,

considered further in the Synthes1s, is stomatal cTosure'iﬁﬁe
T N
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< 9
= SWsenescent leaves.

The rapid drep‘in water potential over the next 11 days
probably resulted frbm'tncreasing leaf senescence,
increasing root resistances aﬁd/or decreasing soil moisture.
.Short day plants at this time (3 August) had begun leaf
yellowing (Fig. 27). Tyree,et al. (1978) and others (Dixon
1914, Knipling 1967, Kassam and Elston 1974, Roberts and j
Knoerr~1§77) have reported older leaves in many‘dectduous
woody plants to have lower osmotic potentials than younger
leaves. The increase -in solutes often noted)in senescing
leaves (Pate‘1975,‘Beevers.1976) may contribufe to a
decrease in osmotic potential. If, concomittantly, theQe tSt
an increase in rootvresistance, total leaf water petential
might drop(stgnificantly. Parsons (1978) found significantly
‘higher root res1stances in Cornus stolonifera subJected to
sho:i days, re]at1ve to long day controls, and suggested |
that this may.be part1ally respons1ble for the decreased
stem water centent found during acclimation (e.g. McKenzie
et al. 1974b)t A similar increase in root resistance and
solute concentratiqn may have occurred in short day tr- “=d
Salix aPthp@. Another possibtjity is a break in the waler
supply between leaf and stem, as many of the leaves at the
17t sampling were only loosely attached to the plant.

The midday leaf water potent1als of plants exposed to
the -red and -blue treatments were very similar throughout
the season with the except1on of 3 August (Fig. 34). he
bulk leaf water potent1al of plants grown under -red light
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decreased from -0.89 MPa to -1.51 MPa during mid to late
July, and rose to -1.12 MPa on 3 August Threugh m1d August
midday values ‘decreased sharply to between -1.80 and -2.00
MPa (Fig. 34). -Blue treated plants exhibited a fairly
steady decrease in total leaf water potential as the season
progressed, ranging from -1.10 to -2. 01 MPa

It is not clear why the only major d1fference between
the effects of the two treatments occurred during a chinook.
At the time of sampl1ng the relative hum1d1ty was unusua]ly
low (44%) with falrly high air temperture (10°C). This
resulted in a vapor pressure deficit of 0.69 kPa. The vapor} ,
pressure gradient between the air and 1eaves was probably -
very s1m11ar since global radiation was very low (heavy |
overCast) and leaf temperatures were close to air
temperatures. Spot readings taken at 1100 h showed that leaf
and air temperatures d1ffered by about 0. 5°C. Moderate]y '
high winds (5.5 m 5") coupled with a high 'vapor pressureé .
gradient may have caused stomatal closure, resulting in el
slightly increased leaf water potentials in the -red treated
plants.

‘The -blue treatment appeared'unéffected by the chinook, B

relatlve to the previous sampllng _date (26 duly clear, calm
weather cond1t1ons) The well known éffect of blue IIth in
-produc1ng stomatal open1ng (Me1dner and Mansfield 1968)

not ev1dent in this case, s1nce the response is in the wrong
direction. In add]tlon blue l1ght has been-found to be

effective at very low light intensities (1.3 m‘25jf) and
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is probably not important in the normal opening and.closing
mechanism (Meidner and Mansf1eld 1968, Zelitch 1967). .°

An. alternate, very . tenat1ve explanat1on is that
prolionged growth in an environment deficient in blue l1ght
disrupted normal stomatal function, possibly caus1ng them to
be less responsive to closure—1nduc1ng conditions.
Voskresenskaya (1972, 1979) reported that plants grown in
red light preferentially ‘accumulate carbohydrate (especially
starch) in contrast to plants grown under blue light, where
nucle1c aCldS and proteins are favored Also, less active
‘ chloroplasts with eas1ly d1srupted membrane systems are
’formed under prolonged red light treatment This may have
1mpa1red ‘stomatal funct1on . |
Since there were no other signs of detrimental effects
70f a high red-low blue Tight env1ronment (e.g. premature
leaf senescence very pale leaves), the above suggestion
rema1ns tenative at best. However, w1th the maJor1ty of - the
results of the -red and -blue l1ght treatments 1n close
agreement throughout the season, it is clear tnat the two
env1ronments produced no. lohg term d1fferences ln.leaf water
‘potent1al which were med1ated through a phytochrome system

The m1dday leaf water potent1al of the control plants
remalned relat1vely stable throughout July (F1g 34) The
low value obtained on 13 duly (-1. 68 MPa) may have resulted
from low soil mo1sture, as there had been no pre01p1t;i1on

for two weeks (F1g 26) . W\th more rain, m1dday leaf water

potentials generally remalned below =1.40 MPa (threshold .

* . N
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potential of Salix pulchra; Stoner and Miller 1975).
Assuming, as before, that Salix arctica and S. pulchra have
similar threshold potentials it appears that the plants
rarely exper1enced s1gn1f1cant water stress throughout the
season. A major exception occurred on 8 August, with a mean
midday leaf water potential of -1.92 MPa (Fig. 34). Weather
conditions at this time were not unusually stressful, and
there . ppears no clear reason for such low values, |
partiijlarly since the two subsequent tests' showed much:
"higher bulk waten\potent1als If this po1nt was in error,
midday leaf water potent1als remained relatlvely constant to,
near the end of the season.
The problem of variability in the data lies part1ally
in the poor performance of the psychrometers at low
"~ temperatures (< 10° C). The range of voltage output over a
_ g1ven range of water potent1als becomes much smaller at low
. temperatures. and consequently resolution becomes much
poorer At 5° C a d1fference of 0.2 uvolts can mean a 0. 4 MPa -
.d1fference At 15°C the same difference corresponds to ca.
0.1 MPa. ‘Compounding the temperature problem is the change
in sen51t1v1ty and performance of an 1nd1v1dual psychrometer
“over time. Although an attempt was made to address both
~ problems_through the use of cal1brat1on curves at d1fferent
temperatures and t1mes, questlonable assumpt1ons such as a
l1near1ty of change between d1fferent times and temperatures

were necessar1ly made, wh1ch 1ntroduced an unknown amount of

error B o ' . v
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7. Controlled Environment Water Relations

fhroughodt the growth chamber experiments the bulk leaf
‘water potential of. the control plants remained fa1rly
constant (Fig. 35). From two weeks after ‘bud break (i.e.
during leaf expansion) to well into leaf senescence, the
mean leaf water potentials ranged between -0.71>to -0.98
MPa. None of the valuesvdiftered significantly at the 95%
level. _ | | | ‘

In. the control plants, the osmotic component of leaf )
water potent1al decreased markedly as the leaves matured and
began to senesce. The mean value during expans1on was -1.23

| MPa, while just prior to and dur1ng senescence (24 34 d
later) the osmotic potent1a1 averaged -2. 10 MPa. Tgrgor
.pressure also increased as senescence approached, as
directly implied by an unchanging total water potential

under conditions of decreasing osmotic potential (Fig. 35).
The‘mean pressure potential appeared low duringhteaf - ’
expansion (0.32 MPa), but increased to between 1.14 and 1.23
"MPa in mature and senescing leaves. _ '
| The'far-red short day and frost treatments did not
'appear to affect any component of leaf water potentlal in a
51gn1f1cant way (F1g 35) There is the suggest1on of an
1ncrease in bulk leaf water potent1a] in the short day
plants, from -0.72 to -0.45 MPa. but these values do not
significantly d1ffer from the other treatments samp led at
the same tlme On day 38 the mean leaf water potent1a1s were

-0.98, -0.86, -0.84 and -0.72 MPa for the control frost .

o
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Fig. 35. Effects of controlled environment.treatments on the-
leaf water potential of Salix arctica. Day 0 marks beginning

-of above freezing temperatures. In upper figure, closed
symbols indicate total leaf water potential; open symbols

- show osmotic potential. Turgor is shown in lower figure. 95%
confidence limits are given (n=2-4), - o
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; treated, far-red and short day plants; respectively. Ten
davs later the water status of all the treatments was
essentially unchanged The mean leaf water potentlals had
increased 0.10 to 0. 27 MPa in all cases, but the changes
were insignificant. ‘

The mean osmotic components of the SD and frost treated .
plants maj(Zave increased asvleaf senescence progressed (by

0.40 and 0

results was too\great to perlt statistical sign1f1cance

7 MPa; respectively) but the var1atlon in

Over the 10 day period, the far-red plants showed a

stat1st1cally insignificant decrease 1n mean osmotlc

~,potential (0. 22 MPa). The lack of any effect of the

treatments is apparent in the fact that after 19 days the
mean leaf osmot1c potent1als of all the plants were within
‘0.11 MPa of each other. The greatest difference. (0.37 MPa)
was between the control and short day plants (- 2 10 and
-1, 73 MPa, respect1vely) No d1fferences were stat1st1cally
s1gn1f1cant At the time of the last sampl1ng the plants
were in stages of senescencs rang1ng from 1/2 to 3/4

yellowed leaves (short day) to 1/4 or less (far -red

' ‘treatment)

The mean turgor pressure of the SD plants d1d not
;s+gnificantly change between the two sets of read1ngs (1 41
'»MPa to 1,28 MPa) The frost treated and far-red plants
showed large. appareht changes -in magnitude (0. 31 and 0.40
MPa, respectlvely) ‘but were also stat1st1cally in31gn1f1cant

because of w1de variation in values The final set of
a . e



145
" readings for the control and all the treatments was within a
0.20 MPa' range, between 1.08 and 1.28 MPa (Fig. 35). |

~In some cases_the wide confidence intervals disallowed

comparisons which otherwise appeared important It was later
noted that some of the dispersion between readings was not
| due to problems with psychrometers or other procedural
diff1cult1es, but to between-plant variation w1th1n»a given
treatment. For example, two psychrometers used to sample
plant #3, sUbjected to daily frost, gave readings of -0.63
‘and -0.64 MPa. A second plant, under the same conditions,
gave water potentials of -1.08 MPa from two different
psychrometers. The two data sets combined resulted in much

wider,confidence limits than would occur from either set

alone. - ¥

Although this sort of disparity was not the rule,
'damage during transplantwng particularly to the roots. is_i
_ probably one important factor part1ally respon51ble for

var1atlon in water potentiatl. Another is the. d1fference 1n

- general v1gor between plants, noted part1culaly in Saxifraga

oppositifolia, both in the fleld and in growth chamber
studies. |

Despite such problems, a clear dwst1nct1on was found
between the osmotlc and turgor potent1als of expandrng
leaves, and the same component potent1als in mature or'
iii:escent leaves The low mean turgor 1n expand1ng leaves

( _
N

i
.32 MPa) implles that the threshold turgor was low and, -
therefore, that the cell wall plasticity was high. Threshold
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turgor is the pressure potential that must be exceeded for
cell growth (through 1rrever51ble wall extens1on) to occur
(Hsiao 1973). Because leafgexpans1on_was occurring, the mean
‘threshold turgor must have been less than 0.32 MPa. This
value is somewhat lower than found 1n previous studies.
Turgor pressure of 0.4 to 0.8 MPa were assoc1ated w1th leaf
enlargement and hypocotyl growth in cu1t1vated spec1es
(corn, soybean, sunflower, ocats) (Cleland 1967, Boyer 1968,
‘Boyer 1970, Meyer and Boyer 1972).

The water potential of the expanding leaves was also
Tow (-9791 MPa) in compartson to the agricultural species
mentioned above (> -034iMPa). Since the steepness,of the ”
water potential gradjentihetween the-water supply ahd“the
tissue depends on the resistance to water flow. (Boyer 1968}.
it appears that this resistance in Salix arctica tissue is
}fa1rly high. The 1n51gn1f1cant changes in mean bulk’ water
potential ‘of the control plants throughout the grow1ng

period suggest a relat1ve1y constant -water flow res1stance

during that time. The radiation and’te@perature environments
' cyctede'egularly and the soil was well watered.,If} while
the mean osmot1c potent1al of the leaves decreased the
_ resistance- to internal water flow rema1ned the same, then.
:turgor wou | necessar1ly,1ncrease and return the potentia]
: gradtent't near -0.80 MPa.. Th1s assumes l1tt]e or no change
in water loss to the atmosphere : ’

The Tow. osmot1c potentlals (-1 85 to -2.11 MPa) wh1ch

preva1]ed in .Sal fx aFctica leaves dur1ng the grow1ng period
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may have been sufficient, along with‘adequate resistance to
a limited amount of freeze-dehydration Stress to account
for the degree of frost hardiness measured in the leaf
tissue. Levitt (1957 1959, 1972) reported his results on
the effects of - 1nf11trated sugars on the hardiness of
cabbage and found a calculated Killing. temperature (based on

the. osmot1 ;5”’&N#”%es of the cell sap) of -9°C for tissue

b«

w1th CE”] -{:nt1als between -1.86 and -2.00 MPa.

1A%l mJVésclose to those found in the present

growth chamb g ;'enimenak}‘both with respect to the leaf -

“"Gsmotic potent1a1%gand leaf cold hardlness Cold hard1ness
of willow leaves was est1mated from leaf disk survival tests
to be -7.0°C under growth chamber cond1txons Howeverg
Lev1tt’s resu]ts could only be used as support for the
present study if the degree of tolerance to
freeze- dehydration stress was the same in cabbage and Sal.ix
arctica. The above osmottc potent1als do not protect tissue

’ through 51mp1e freez1ng point depres510n

’/?

.

8. Synthesis o N o
The absence of significant changes in the total leaf
water potent1al of the growth chamber control plants
.suggests that the field grown controls behaved s1m1lar7y,
and -therefore the 8 August data were probably erroneous
The mean leaf water potent1al of plants in the f1e1d
dur1ng the last month, ”e;clud1ng,the 8 August data, was

. -
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lower (-1.30 MPa) than in the plants grown in the growth
chamber (-0.87 MPa). In both cases visible leaf senescence -
was ev1dent at .the time of the last sampling. A greater

, re51stance to water flow in the field plants, together with -
a greater evaporative demand, may have contributed towards a
lower leaf water potential throughout the season. If the
threshold potent1al of Sallx pulchra (~1.40 MPa) is appl1ed
‘the f1eld plants were’ operatlng, on the average just below
threshold level. Although root res1stances of some artic and
alpine species have been found to be unaffected by changes
in soil temperature (Stoner and Miller 1975, McNagghton et *
al. 1974) these studies tested herbaceous plants only. a
However 1gher evaporat1ve demand. alone may have accounted
for the d1fferences between. the two sets of plants. \

The osmotic potentlals from the f1eld plan{s\weie)m{{
reported because the results were often 1ncomplete - )
(psychrometer fa1lure). contrad1ctory, or obvvously wrong
(e g negat1ve turgor). The problems were probably part1ally
related to the f1eld use of l1qu1d propane (whlch left an
’ od1ferous residue) for the freeze/thaw procedure. However,
'~the osmotlc potenitals of the control plants which d1d
produce results were generally between -1. 50 and -2.20 MPa.
These values are in the same range as the growth chamber
iplants, and allow the same conJecture mentloned earlier,
that leaf cold hard1ness in Sallx arctica may be due to a

comblnatlon of sllght free21ng point depression and a

certain degree of dehydzpt1on tolerance/(Levztt 1972).

I

« ' $o
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Whether the ma1nta1nence of a high solute concentrat1on was
spec1ftcally selected for as a mechan1sm for increasing |
_frost tolerance or is sxmply the fortu1tous result of other
phys1olog1cal constralnts (e. g carbon f1xatlon exceedlng Iy
translocation) is unknown. A
With the possible exception of ‘the short day regime,

none of the treatments affected the leaf water potenttal in

3

ways that could be clearly associated W1th cold hardlness or.

to" the operation of a phytochrome - ‘mediated system. Under/"\\

both f1e&d¢“ﬁd‘gcowth~ehamber ccnd1ttons, the short day

plants tended to have similar or sllghtly h1gher leaf water .

potent1als than the controls Th1s appeared mOSt clearly

. during the early to m1ddle per1od of leaf . senescence The -

field plants on 3 August and the gﬁpwth chamber plants “on
' the last sampltng date were, at approx1mately the same
' 'phenolog1cal state and both showed h1gh leaf water
| potent1als relative to prev1ous sampl1ngs Subsequently, the
| field plants dropped rap1dly 1h water potent1al probably
- .due to. d1sruptton of water flow and leaf absc1ss1on
- Prev1ous research w1th deC1duous trees has shown a
'stgn1f1cant 1ncrease in leaf resistance (through stomatal
_ closure) wlth the onset of leaf senescence (Gee and Federer
'1972 Hlnckley et al 1978) and th1s may. explaln a-rise in
_leqf water potenglal near tHe end of cold accl1mat1on by -
. short days 1n~g%§nus stolonifera (Parsons 1978) A 51m1lar
f~/lncrease in leaf re51stance in, Salix arctlca under short

=

days may account for the br1ef 1hcrease in leaf water

Da

!

e
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potential of the senesczng leaves, seen in the growth '
chamber and f1eld studies. A limited amount of porometry
| data does not support th1s idea. The stomatal res1stance of
green leaves from untreated plants in.the controlled
.fenvironment chamber was very low (3;51151 s cm-1; 95%
confidence limit)‘near the end of the growtng perlod; At the
same time, two senescent leaves (yellow-red) had slightly
higher stomatal resistances (6.5 and15.4 s cm~'). Assuming ' E

the same results ¥rom leaves senescing under short days, .
c
‘_t.1s slight change does not compare well with the reports of
] »
® he above workers, ‘who found increases of 40 s cm-! or more.

Further readlngs from senescent leaves of Salix. arctlca are
necessary for more mean1ngful comparlsons 8
It would be expected that as leaf senescence progressed

"*Tn.the controls and. other treatments, the pattern of leaf

: U
f;at approxmmately the same phenolog1cal state There is

éﬁear explanat1on for th1s except that, as mentioned
‘;i§6t3§q§ so1l mo1sture may have been l1m1t1ng near the end

of the growlng season for plants sheltered from the rain by

;’,' o
5 /

the domes Also the control plants and neutral dens1ty
regime weretfurther down slop% near: the meadow, and may
have been ynder more favorable moisture cond1t1ons at the

“end of the ‘season. o ‘\-, > o mé?i‘v;%

In general, the water relations of Salix arctica anbeap ;53.:j 7

. 3 SN ".', .
- . ) . ]
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to be affected more by the state of phenology than by any

‘other factor. Short days hastened senescence which resylted,

at first, in slightly! increased leaf water potentlals

tad

followed by lTower water potentials, probably through )
dtsrupted water flow. Throughout the growing season field
plants near the r1dge slopermeadow transition zone probably
exper1enced no ievere mldda; water stress, to the extent’ .
that stomata closed completely . Conditions were not optir 1
in the field, though, since higher'water'potenttals weﬁe

found in well watered plants (nder controlled environments.

e

;

L -
,ﬁs : . e
N . [ T N

D. Saxifraga opoo §‘mf9“g R 2

1. Phenology e |
- The effects of the f1er treatments on Saxrfraga L

[

opposrtlfolla were very s1m11ar to those found for Salix

aPctIca None of the four treatmehts appeared to

e

31gn1ftcantly affect flowertng phenology 1n sax1frage (F1g

- 36). The time period between the greening of the shoot t1ps

to the senescenCe of the second yéar leaves ygs s1m11ar for

all. except the short day treatment. The control -red,.

;-blue neutral den51ty and short day treated plants averaged

'g37 39 38 41 and 23 days respect1vely In add1t1on to the

2.

shprter grOWIng period, plants under short days“d1d not

exh1b1t shoot expansion (Fig. 36)

These results point to the same expTanat1on offerred
for the Salix data. Sax:fraga oppositffolia 1s often the

flrst Spec1es ‘to flower after snow melt,151nce dormancy

)
- &
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breaks at -2°C. and flowering can occur at‘O'C (Syoboda 1977,
Parker 1977). The perind of activity (caJ 39 d) in th1sl
species appears to be very similar to that of arct1ctw§1ﬁ§r
As the SD plants had - a shorter growth period,
sudgested that a "relict" phytochrome med1ated system for.
~anticipating winter may exist in arctic populatlons and even g
be functional in lower lat1tude alpine populat1ons Oxyria '_
. digyna was found to exhibit ecotyp1c variation in -
photoperiod with respect to flower1ng (Mooney and B1111ngs
1961) and the same may be true in S. oppOSItlfolla (and N
Salix arcticg) with regard to dormancy. | £ £
| A small d%oup of sax1frage_plants was watered on a B 9
daily basis, as with willow on the ridge crest.-bdt,wereﬁ
situated on the upper's]ope of the beach ridge. The first
signs of leaf‘senescence occurred on 3 August, 7 d after the
waiered willows (F1g 36).. Since thé:tst1mated per1od of
act1v1ty is the same in the two spec1es (40 d fdr§u1llow and
39 d for- saxifrage), the sax1frage p]anﬁ%mmay have simply
become show free at a later date than the Salix This is -
llkely because the sax1frage was s]1ghtly downs]ope from the
crest and in a small depress1on Thirty- nine days prior to 3
August 15‘24 ‘June, and w1th 3-5 days needed for flowering
and shoot tip gﬁeen1ng, the approx1mate t1me of snow. release
was 20 June,- Th1s is plausible glven the rate of snow melt
v_recorded for the lower part of the slope in early July. 1978
(Fig. 19). e - | _
<:__The field data sdbport the hypothests presented earlter

. . . S
iy : - AR 1 :
© . . ) R :
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that a blolog1cally fixed growing period occurs within at

least some high arctic plants and that the response elicited
by short days may be a relict retained from lower latltude
populat10ns where such a system is still adapt1ve

Unfortunately the leaf senescence phenology observed

* for plants grown in the controlled»environment was qu1te
_dtfferent from and contrad1ctory to- the fteld results
_Essent1a11y a]] tge plants (control, far-red nlght, and |
j frost treated), except those under short days, had e#1dence
_of senescence of second year leaves at the time of tﬁe
‘estab]1shment of the treatments (29 d after >thaw). Fhe shﬁrt
bday plants began senescenCe 1t days later. It is obvious w*'“ .

that in this case, the treatments played no role in the

onset of senescence, since leaf yellowing hii begun the same
- day or before the experimental reg1mes were s'!iup Also,

the rate at which the plants atta1ned 100% yellowing was

‘often qu1te variable (10 15 d), even between p]ants within

thebsame‘treatment Poss1b1y the a1r temperature was too
ohtgh‘(10'C) -accelerating the senescence of .the second year

leaves, 1ndependent of the treatment effects. A]so the

light intensity may have ‘been too high over an extended -

| . period of timel,a150jaccelerating;senescencer It was noted
that Salix arctica under the sameaconditions often developed

reddish- green leaves wh1ch are not normally seen in the

: l
' fteld This may have been -an increase in anthocyan1n in

AJ

response to high light. _ _
‘Due to the inconsistent response and uncertainty of the

& .




155

cause, no 1nterpretat10n of the phenouogx of the controlled

env1ronment grown sax1frage is attempted. F\

2. Cold Hardiness .
Due to a shortage of plant mater1al only three tests

were able to be conducbggﬁdug;ng the 1978 season. Only shoot

t1ps were used in the tests and. consequently a heavy amount
of destructive sampling was . involved tg obta1n the 50 mg of

t1$sue needed for each test.

Fig. 37 presents the results of those tests. The |

hardiness level remained h]gh under -all treatments exceptf
~the -blue- during the three week period between 24 duly and

13 August The control pilants -ranged between -15° ‘and

-18. 6 C. The .neutral density treatment gave s1m1lar resu]ts .
The short day treated and -red treated plants were ' .
‘con51stently more hardy than the lowest test temperatures of
-15" or -20°C. \ | |
—v;f . In the absence of data from lower stress temperatures
w§ it is d1€f1cult to separate the effects of the SD and -red
| ’treatments from the control and ND reg1mes As noted in the;
f‘V‘‘*’thq:&c“(.lss'Q10n of*Salix arctica co]d tolerance, short ~days have
been found tS 9& effect1ve in 1ncreas1ng the degree of cold
'Fhrd!ﬁéss in a dUmbér of woody plants (Welser 1870). Since
this 1mpl1es a phytoq?rém@ med1ated mechan1sm of hardlness
development ‘the shift in zeta created by the -red dome may

“have tr1ggered a s1m1lar ;ncrease 1H hard1ness The
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Fig. 37. Cold ﬁaréjnésé of'Saxlfnaga*oppOSit7FOIiafas

- affected by the different field treatments. Arrows indicate

‘a level of hardiness greater than the lowest temperature

tested. The short day and -red treated plants exhibited the

. same pattern of hardiness for the first two trials. There
w?s insufficient material to test~shoct day plants a third

-
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possibility of this occurring was discussed in theﬁsection

on radiation. However the lower 1limit of temperature

Dy,

tolerance was not establlshed for these two treatmeg?s and
their effect1veness in increasing ‘cold hard1ness remalns |
unclear |

The blue treatment appeared to decrease cold tolerance
markedly, relat1ve to the other treatments (Fig.: 37)
Between 24 duly and 7 August hard1ness was between -§.8"
and --5.6°C. In the next week, -an. increase in hard1ness to
‘below -20°C was noted The apparent 1ncrease in frost
tolerance of more than 14° C.1n one week 1n the absence of

:t 29

any s1gn1f1cant t

Y /v

:j_ture changes cannot be explalned by

any known cold hardiness mechan1sm It 1s suggested that the -

.unusually poor cold tolerance exh1bited by the -blue treated

2 plants was a secondary effect result1ng from a long term

1

h1gh red light-low blue light env1ronment

Plants wh1ch have been photosynthes121ng under red

: l1ght (AA= =670-680 nm) for a prolonged t1me perlod

preferent1ally accumulate carbohydrate (part1cularly

starch) Under blue l1ght (A)L 460 2470 nm) b1osynthes1s of

prote1n nucle1c acids, phospho organic compounds (e.g. ATP)

and chlorophyll is act1vated and carbohydrate synthes1s is

1nh1b1ted (Voskresenskaya 1972 1978). Less active

chloroplasts ‘are formed under red l1ght and there is l1m1ted

gas exchange weak photophosphorylat1on, and reduced 7

electron transport As well, growth under red l1ght limits LS o

b1osynthes1s of enzymes that are 1mportant in carbon
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metaboltsm'inside and outside the chloroplasts, therefore - °
upsetting=normal photosynthesis. Transfer'of red Fight grown
plants to blue l1ght will reverse these effects
(Voskresenskaya 1972, 1979). | |
» This general decrease in the eff101ency of carbon
lmbtaboltsm and?sh1ft in empha51s during synthes1s when
plants are grown under red l1ght may account for the poor
cold tolerance that was found Cold accl1mat1on is an actlve 2 :
metabol1c process wh1ch has been found to dn) /olve an
1ncrease in soluble protetns,‘nucle1c acids, ‘sugars, and
-‘changes in. membrane compos1t1on and structure (S1m1novitch
et al 1968 Mazur: 1969 We1ser 1970 Levitt 1972). Plants
devoloplng in an environment poor in blue light may lack the
proper amount.or types of these substances wh1chvwould |
_'normally allow‘greater Tow temperature reststance Obviously
.the decreased level of blue l1ght was not detﬁﬁmental enough
to entirely dlsrupt normal development, since a phenology
s1m1lar to that of the control was observed (F1g 36) .
c}However, the p0551b1l1ty of a decrease in hardlness due to .
_1nternal changes tn the lTeaves cannot be ruled out. For
(example there may have occurred a decrease in membrane
. :permeabl1ty to water wh1ch would not ser1ously affect norma 1
~cell functlon but s1gn1f1cantly restrtct rapid water efflux'
'durlng freezlng Thts is essenttal in ‘order for the cell to
avoid 1ntracellular damage by ice crystals Th1s mlght occur
as an 1nd1rect result of reduced protein or nucletc actd |

.content T o o o | | )
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‘There is indirect evidence for the direct effect of

‘blue light-on changes in membrane permeabitity. Differences \}a
in cell membrane permeability have been suggested as an
explanation for the polar transport of auxin (Raven 1975,
}Goldsmith t977); Since there is evidence that blue light can
inhibit'bbiar auxin transport (Dennison 19?9) and also that
_the blue light photoreceptor is located in the cell menbrane
'or'near.the_cell wall (Veskresenskaya 1872, Dennison“1979),
it is possible that permeability of the plasma membrane to
. auxin is directly controlled.by blue Tight (Denn1son 1979)
‘How the effect of blue llght on auxin transport can affect
cold tolerance is obscure but the examp]e serves o |
1llustrate the poss1b111ty of photocontrol of membrane .
permeab111ty..Whether thJS is the reason for the Tow con
hardiness found in SaXIfraga opposftlfolla under a blue poor
“environment is not. known.. . : : o
| The rap1d rise in hard1ness in the -blue l1ght plants
between;? August and 13 August ‘may have been due to "
'endogenously.controlled metabo]1c changes accompanyzng the
beginning of senescense-(Second year leaves) and dormancy,
ai;suggested forﬁsalix arética Hdmever. the’control plants
~did not 1ncrease in hard1ness desp1te a phenolog1cal state
similar, to the -blue treated plants Poss1b1y the “
- end- of- season changes which occurred‘1n plants under the
m~blue treatment were suff1c1ent only to- restore the degree

2%

&
: of cold hardlness back- to normal, and that Saxifraga

A~

”oppositifolia does not - undergo a natural 1ncrease in v

Ad
<



hardiness as early as Saljx aPctlca Therefore greater cold

tolerance would not yet be evident by 13 August.

. That h1gher degrees of tolerance'do eventually develop =

is clear from the fact that monthly mean 'soi 1 surface
temperatures during the winter on Truelove descend to -35°

07 -40° c (Courtin and Labine 1977). Ka1nm011er (1975) showed

that alpine populat1ons of Saxifraga oppositifolia undergo a

marked 1ncrease in cold hardiness as the growing season
endsC)She found that dur1ng the summer the potential cold
res1stance of leaf tissue was between' -5 and -10°C, while
in October the same tissue surv1ved s low cool1ng to 50 Cor
lower. The shoots were reSIStant to between -15 ~and 20 C
. dur1ng the grow1ng season and reached -60°C or lower 1n the
' w1nter Both t1ssues were less res1stant by about 5° when
stressed by rapid freez1ng She did not conswder what the
_mechan1sm of hardiness increase m1ght be.

The results of Ka1nmﬁller (1975) compare favorab]y with
"those of this study$“51nce the absorbance of the TTC dye was
correlated w1th regrowfh from the stressed stem, and not
| with surv1val of. leaves pen se, the test as used in this
| work actually evaluated the cold hardiness of the stem and
bud ‘Hence the -15 to 20 C range reported by Ka1nmﬂller
for potential shoot coldbhardlness is essent1a11y the same
range 111ustrated in F1g 36 (excludlng the}-blue
treatment) _ ;

.Th ro]led env1ronment results 1nd1cate a lesser

degree i hard1ness than that foundiﬁnder field cond1t1ons

—
— - ‘@’3

L vl
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(Table 5). Plants,whlch had been storedrat -10°C were hardy
to below ~25’C,,hut’dtd not”surviVé immersion in liquid
M nitrogen. Kainmiiller reported alpine Sax:fraga oppos:tlfolla
) to be cold hardy to below -196°C during the winter. This
suggests that the failure to find the same in this case may
have resulted from a poor choice of shoots, since it is
difficult to select live from dead‘shoots when. the plaht is
in the frozen state Also,'-10 C may not be cold enough to-
develop a very ‘low degree of tolérance in this speCIes.
ﬁ\Dur1ng the%growlng season.,the control plants were hardy to

*between -8" and -10°C. Most plants subjected to

: treatmeqis exh1bited similar degrees of cold- tol;-~
- ‘exception is the shor t day plants which were cold hardy to
below -20° C at the tlme of the.last test. (Table 5).

‘ Short days may have caused an early 1ncrease in
hard1ness in a manner s1m1Jar to: that thCh occurs lﬂ other
'spec1es (We1ser 1970t and as’ suggested for Salix arct Ica.
'Unl1Ke the results w1th arctic willow, the far-red treatment
fa1led to ‘increase hard1ness-1n Saxffraga oppositifolia
This may have resulted. from a d1ff%:encgmjn the’ phytochrome
’threshold po1nt or the requirement fon a longer induction
period to obta1n the same degree of response as that wh1ch
.occurred -under short days (Cumming 1969) . o

The lower hard1ness levels oF the controlled
' env1ronment grown plants 1n comparison to the field results

is d1fficult to\expla1n Water stress: has been shown to

_cause a sl1ght 1ncrease Jn,hardtness (Chen et*al 1977) and
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Table 5. Cold hardiness (°C)of Saxifraga oppositifolia in
response( to the laboratory treatments. The. left column
. indicates the number of days- of -above. freezing air
- temperature. The temperature and Tight regime for each
treatment are given in Table 1. Plants on day “6 were from a
constant -10°C environment’ The treatments were started on
day 29. Values given as a ‘temperature range are from direct
.observations of shoot survival two weeks after temperature
stress o

'Day B . _Treatment iy . i
“Control Short day Far red -~ Frost
-6 | <-25 S I )
23| -84
: ' . between = between ,

44 -9.4 =10 and -15 - ~10 and. -15 -9.3

; between - c o between between

58 [-10 and -15 = <-20 -10 and -15 =10 and -15

the growth chamber plants had a more favorabie moisture
regime than the field plants (compare F1gs 39 and 40).
There were greater dlfferences in leaf water potent1al
between the d1fferent fleld treatments ‘than between the
:controloplants from the growth chamber and the f1eld control
dp]ants whereas:- the magn1tude of hard1ness d1fferences was
greater between field and 1ab control plants than between
;’d1fferent field treatments However hardiness ls not
::l1nearly;~_Jated tg_watenwslness+~W+th~red os1er dogwood
Chen et al (1977) found a s1gn1flcant increase in hardiness
(from -3" to -6° C) as water potent1al decreased from -0.5 to

-1.4 MPa and a s1m1lar 1ncrease when water potent1al

Ufurther decreased %P -1 7 MPa ( 6 to ~11 c). It is
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possible, then, that the f1eld plants exper1enced a slight

~ hardiness 1ncrease because of water stress.

H1gher shoot temperatures were ‘probably not respon51ble
;for the lower hard1ness of the controlled env1ronment
plants Plants recelv1ng nightly frosts, which field plants
raggly experienced, appeared no more cold hardy than the
controls (Table 5). One important d1fference between field
and controlléd env1ronment plants, though may . have ‘been .
,jroot temperature The f1eld plantq had datly mean subsurface
(-5 cm) root zone temperatures between 4-5°C (Table 2, p.

- 75), w1th values probably dropping a few. more degrees at
n1ght“. Although the s01l temperatures of the controlled

. "env1ronment plants were not measured they were very l1kely'

near the 10 G air temperature wh1ch pers1sted 16 h each day.

It is quite possﬁb/e that ab to 6°C increase in reot "
temperature reAat1ve to the shoots.’could result in
-'s1gn1f1cant hormonal changes in plants adapted to cold
temperatures (see Spomer 1979) ‘In parttcular, g1bberell1c
acid (GA) may be translocated from the roots in s1gn1f1cant

'f_amounts (Sal1sbury and Ross 1978). and has been found to be”

_1nvolved‘1n the decrease of cold hard1ness (Irv1ng and
" Lanphear 1968 Alden and Hermann 1971) If the GA levels

became abnormally h1gh 1n the shoots due to increased ™

: transport from | unusually warm roots, a decrease in hard1ness )

‘m1ght occur S1nce hormones may act pr1mar1ly on alter1ng

membrane permeab1l1ty (Trewavas 1976), a decrease in the R
_ S

.,J
membrane permeabllity to water wou id result in increased -

>

W
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intracellular damage through ice formation. Cytokinins may

. also be involved Artificial cytokinin (Kinetin) has‘been

- found to greatly reduce the water permeability of rootikllal

and . Imber‘“971 Collins and Kerrigan 1974 Collins 1974)%,:w

F'Higher than normal cytokinin concentrations in the shoots,

.9‘!

‘through increased prdduction in the roots may decrease.

permeability to water efflux and 1ncreasg the .danger’ of

¢

'intracellular ice formation

Although this Line of reasoning remains very

speculative, a decrease in hardiness resulting from high
" root, temperatures and a subsequent hormone 1mbalance in the
"shoots, remains’ the most plausible explanation for the

r'differences between the field and controlled environment

PEsults, R | . J?

There is evidence that, like Salix arctica, the ..

‘ developmentwof greater h;rdineSS‘is, to'a certain extent,

' through an internal regulation mechanism As with arctic -

t, willow, 1nd1viduals of Saxifraga opposltlfqlia were obtained

..-' ‘ \

\\ .
o very pooFTy\\\ : :;

\%

from Truelove near the end of the }879 growing season 'y

returned to Edmonton and placed in a +5°C env1ronment w1th
swl\ght Tissue tested on 16 August was hardy to |

below -20°C, and tolerant to below -32°C by 26 August .On 9

September all tissue was killed at -44 C and survived -40°C

\ &

Since these Jow temperatures (-32° C) were not survived .

by either’ th€1978 field plants or the controlled

environment plants. and yet the light and temperature

.
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condttions were similar 'it is apparent that an endogenously
“controlled increase in hardinass - ocourred This possiblity.-.
was considered in greater detail in the d1scuss1on of Sali“g -
arctica cold hard1ness The inability of Saxifraga '
oppositlfolla to survive below -40° C when m§}ﬁta1ned at 5°C"
indicates that a further level of hardening must occur, '
‘Aprobably through exposure to lower tempetatures (see Weiser,
1870 and Introductxon) H0we9er, a natural 1ncreasé in cold
27hardmess to near -40° Ci1n the absence of frost is certa1n1y

suff1cient protect1on aga1nst rap1d temperati-e drops that v

m1ght accompany the approaching arct1c w) ter,

ke » ‘e
- I

%"'-‘ t | ‘.a. .
3 Field Water Re]ations@,';’f' R S s *’h

| Diurnal var1at1dh§%2 early seasonéleaf water potent1a1
was absent in Saxifraga oﬁbositlﬁglia (F1g 38) Mean-values
ranged between- 0. 76 ﬁ%a and 1,18 MPa, and none was .
slgnjf1cantly different at the 95% level. later in the
" season (1 AUgust) leaf Water potentiaT was denerally lower
- {Fig. 38) At that time there was an 1nd1cat1on of a drop in? '
water potentlal near m1dday, a]though the d1fference was not
'stat1st1cally s1gn1f1cant In August the h1ghest mean
”’Values were found at 2300 and 0400 h (-1 04 and -0. 94 MPa,'
respect1vely) and the lowest water thent1als were near
m1dday(-166MPa) SR “ | -
‘Leaves ‘of Saxlfraga oﬁposltlfolia pers1st for , two years

before senescence (Svoboda 1974) Second_year leaves were, -

G
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| 'Fig..,;,38..,D.iurnéli' variation in-leaf water potential of o
=« Saxlfraga oppositifc!ia under field conditions. Upper figure =
-shows results frof 5 (Jeft) and 7(right) July. Lower figure

- s based on 19A
(n=4)., - ?

o

st-data. Bars show 85X confidence limits

- Lo ‘a
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M’necessar1ly used in the early sea§on sampl1ng, s1noe 11ttle

: 4*
or no new growth was,yet present. The absence of pronounced

d1urnal varwafhdn in wa&er potent1al in early July, under:

2

condi tions of strong var1atlon in 11ght 1ntens1ty4§nd leaf '
temperature, suggq;ts that 5017 moisture was h1gh and

.1nterna1 resistance to watorgﬁlow was low. A second
P A
poss1b111ty ls?that the - stoqgﬁa of second year Ieaves are

7‘

‘ﬁ light: 1ntens1ty and
toh‘hmd.d result 1ﬂll1ttle ’

P s

‘ne]at1vely 1nsens1tive to
_ £y
1_,vapor pre§sun8‘grad1ents,’
" w }z"ih
. hdlurnaltghange bn leaf(water potent1a1 é& comparugon bf
"3 current and one- year oldaﬁeaﬁes of Plnus sylvesthi% showed
o_glﬁ%r leaves to’ exh1b1t«less of aﬁiéaf-water def@b1t with ‘ 0
1ncreasing wat&’m stress TSands and Ruttér"’ 1,95é) Otﬁer
. §%ﬁd1es with coﬁ1fers have found a pattern of 1ncreas{

' m1n1mum-1eaf resrstance W1th age ih sBme spec1es (Waggoner

'fb 1978 Runn1ng 1976)

- and Turner 1971 1n H1nckley o
which %aan tend“to m1t1gate fhe effects that’ fluctuat1ons:
| In.vapor pqessdre gradient would have on leaf water

, potent1a1 D T - V" . ¥

" In early August, ghe SIight'drop in'éean-Teaf nater
“potent1al (ca. 0.6 MPa) at m1dday suggest that a reduct1on
. 1n soil mo1sture had occurred by tQu/y The control plants

were located at m1dslope, rather than near the slope base,'
.and dr1er cond1t1ons likely preva1led at thefr location.
)Teer1 (1972 1973) reported d1urnal fluctuatﬁonqkéabout 0. 6
'”MPa). s1m11ar to tho§‘ found here for beach ridge -

popuTations of Saxlfraga oppositifolia fﬁ%m Truelove He



. create an env1ronment under which: the, plants varieu Tittie

%?eﬁfects that the cheesecloth may have had on the humidity

"sand Tight en;l:pnment under the ND domes were d1§cussed

-
v 168"

. L%

- found minimum leaf water potentvals to occur 1n ear ly

afternoon. as was seéh 1n b

« B

- Baly -the short day tré?.“

SR ud . .Eg~
L y oo Y

;t appeared‘to.affect the
mea- m1dday water potent1al of the plants (Fig. 39). W1th '
the. exceptlon of the post- chinook. sample (4 August),
mean ,leaf Water potentlal under short days always occurred
between -l 85 MPa and -2.15 MPa. The 1mpl1cat1ons of thesey

results ‘are d1scussed “later together with thetcontrolled '

- ¢ -

©

env1ronment results Ao s»; .

- -

ln contrast npne of. the orthﬁ‘ treatments showed mean

°pu

-’value% 1n that ~range. fhe neutral den51ty f1lter appdsged to ,

7'.

[
’i

',1n'Water potenttal Valués ranged only between -T 19 MPa,1n

m1d July to <1.45 MpPa in mid-August (F1g 39) The buffer1ng

earl1er with respect to: willow, and the same appears
relevant to Saxf‘iaga Oppositifolia | |
_ The -red and -blue’ treated plants fluctuated more.
gﬁydelx (ca .O 5 to 0.6 MPaX, -but revealed no. differences

."between the seasonal patterns of leaf water 4potent1al that

could. be accounted for by anythtng but<natural d1fferences ‘

L
between flants and mvcros1tes Both treatments began and I«ﬂfﬁ%

;ended the season Wlth mean leaf water potentlals w1th1n 0. 1’_fi

bMPa and’ had essenttally 1denttcal mean values on two other

occasioq§ (Fig 39). The controi plants exh1b1ted w1der C
'fluctuation in(mean leaf water_gptentlal throughw t the .,;

.
PN

[
- - —
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Fig., 39, Effects of field treatments-on the fGtal leaf water .
. potential. of Saxifraga oppositifolia. A1l tissue was
.. collected at 1300 h CDT,. except on 17 August .(0800). Bars
, indicate standard error of the' mean (n=1-4)., =~
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season than seen in most other tneatments The highest mean

m1dday water potential (-0. 92 MPa)’ occurred in.late July, .-

and the lowest wasazn mid-August (-1. 84 MPa) . It 1s;2 ly L
*

;s * -

near the end of the season that the midday leaf watér )
\

potential of the control plants may be cons% eredQvery much &

,d1fferent fron the dome treatments +The 1 Augast value was '

comparative samples from . thg;other treatments at that. ttme e =
B wk . : I

h; part of the d1urnal curve determ1nat1on, -and wi'th no,

“»

it q&nnot b&-known whether ‘or not thdse plants also

£

1"7decreased in water potent1al Th1s 1nstance 1llustrates that

the assumpt1on of lineartty in. the relattonsh1p between two .
&. . :
f;e;'po1nts that lﬁﬁ,?
neoassar1ly val1d ﬁﬂ'. o
I

~ The . s11ghtty lower end- of -season water potent1al (—l 82

‘ed_when stra1ght l1nes are drawn is hot -

. MPa) in the control plants may be largely a reflect1on of
'the m1d slope p051t1on of. these plants (i, e. dr1er soil),* .
g'relat1ve to the other treatments down slope The higher :
fearl1er morn1ng value found two days later (-1.28 MPa)
suggests that a part1al recharge of ttssue could st1ll oocur
,; th1s late in; the seasonr 1ndJcat1ﬁg,that soil motsture was v
'not ent1rely depleted Recent rarns probably helped and Lo
brélat1ve humldtty was 94% at the t1me of sampllng Also. a
;;lort gf tW1ltght ocourred d 1ng \gé n1ght",at th1s tsme
?_Q{Whtih/WOuld be conduolve to stomatal closure and t1ssue s
ﬁ rehydrat1on | | ' | | ' |
Tb% clﬁnook Q-f 2 3 August resu‘lted in h1gher leaf water _
potent1als ln most treatments than at any other tlme of the -

Tyl '
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L year (g}g .39) At the 4 August sampllng the plants st1ll
;i exh1b1ted s1gns of the etomatal closure which must have
occurred dﬁr1ng the chinook. At 1300 h, approx1mately 17
hours after éond1t1ons returned to normal (i e. 70% RH and
6°C), relat1vely h1dh water~gotgnt1als were evident. Teeri
“(1972) reported on the effects of a 46%h chinook in 1969 and
found the leaf water potentlallof beach r1dge plants of. ,_‘ _
S;xlFra;a opposltlfolia dropped to*-1 7 MPa at the end of 533_
the wnnd cdmpared tq ~0.. 5 WPa prior . to the stress It 1s"h}'
) r%ssible “that__.,.?tl__?'ej’g‘fz ‘-ﬁt‘l Vpdg,;-c:hmook; p‘_epioa WasatadeQUate, for
récoveryg,A deldy i;n'the openmg of stomataﬁ after tissue (}5
rehydrat1on would éxplawn the hagh water " potent als Th1s )

‘was seen ﬁn tobacco and other Spec1es where stomata remalned
nearly closed er up tO“%B h after the turgor of prevlously :
- water stressed leaves had been re- estabL:shed (F1scner et '
»alw 1970, F1scher.1970) e “;' T
o ‘ «The leaf water potent1al of the short day plants was t_t
unusually high (= 0 94 MPal“on 4 August relat1ve to any other '
sampllng date dur1ng the season (F1g 39) It is poss1ble ‘
- that normal stomatal function had -been dlsrupted by the
| T short days, resulting in a reduced stomatal response to »
stress condItions (1 e rema1n1ng open) and lower leaf water
potent1als However, the prolonged perlod of low hum1d1ty
(ca 28 h) and hlgh a1r temperatures (10 ) may have been;
suff1c1ent to 1ndUbe closure and allow the t1ssue to R
hydrate rf'.“:f'if_"i:‘ff:-ﬁ . .'” ‘,. f T
- | A second p0s51bil1ty lIes in an increaie in thelﬂ:.fL,T@h
e » : , o

“ 72.' R -a‘ N

B ~



'Ledum groenlandfcum (W11K1nson 1977) In this ‘case, reduced ”

- stomata during the chinook cbuld have allowed suff1c1ent‘j‘.

,:water potent1als ( 3 05 MPa) at the a5% level Thls was as.

1;expected for cold)hardy t1ssue in the frozen state, 31nce

e o - R 172

. v
L
internal resQﬁJance to water f low as a result of short days.

Short days have been 1mplicated ip the increase in root

. resistance and reduced stem'hyd%aé1on in Cornu$ stolonifera

(Parsons 1978 McKen21e et al. 1974b). The same treatment ,

decreased relatlve water content and leaf water potentlal in

R

B mldday water potentlal would regularly occur as a result of

m‘*"& ‘
the 1nab111ty of the plant to del1ver water rap1dly enough

to replace transptratnonal loss Prolonged closure of

w

]
LE ! - . .
-~ ce . /\\

. // ‘ o 7 lc::uv', ) ' ;f ., o
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J,¢54 Controlled Environment Water Relatibns i

‘The - bulk leaﬁwwater potent1al of the control plants did.

'jnof’s1gn1ficantly change throughout the 62 day sampling
,per1od (Fig 40) After twoxaﬁ&s of above freezwng L .
LAtemperatures,vthe meart’’ Tedf . wd&er potenttal was -0 95 MPa..f:

and 60 days later the mean value was_-O 97 MPa During“fhat S

‘~‘time ’mean water potenttals ranged between - 1. 17 and -0. 72

‘ The frozen ttssue showed s1gn1ficantly lower total

_',cell dehydrat1on accompanies the freezing EY cold hardy A‘f L,
}fffplants (freeze dehydratlon) (Levjtt31972l. e o L
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F1g 40 Effects of contro)led env1rdnment treatments on the

N
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leaf water potentjal “of. Saxrfragatopposififolia, Day 0 marks -

mthe beg1nn1ng of above freezing temperatures
fwgure, ‘closed ‘symbols indicate total leaf wat

qpen symbols ‘show osmotic ‘potential.

e

Iurgor is:.

lower figure.AQSZ conf1dence 1imits i{e g1ven “n= 2 4{\

In th ~uppen

1n1
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Osmottc potent1als in §
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controls remained
1ns1gn1f1cantly different from each other (Fig. 40) Mean
values were. between -1.09 and -1 50 MPa, with most data

occurr1ng between the ~1.20 and -1.40 MPairande Turgor

" remained relat1vely unchanged.,as the: plants began and ended,

the growing period with ca. 0. 4 MPa of pressure Mean values
| | Y
The far- red frost and short day reg1mes did not -
s1gnlf1cantly affect the mean ledf water potential of
Saxifraga oppositifolfa after 33 days of treatment (F1g
40) Both the far red and frost treated plants appeared at
first, to have sllgtly lWe
by the end of thel aaﬁ t .ﬂ‘_sets_pf plants‘yege w1th1n‘
0 1 MPa’ of each otgshe short day plants rema;,,ned near |

-1, 10 MPa dur1ng the 19 day sampllng perlod and was. also

Jlues than-the controls but

w1th1n 0.1 MPa of the control at the end of the test1ng

' The osmot1c potent1als of the treatment plants often

, averaged ﬂower than the control plants but were not 7'?1Vi@d

’x

stgn1ftcantly different ‘at, thegbs% qevel lftg 40) The mean
osmot1c potentlal of the frost treated plants 1ncreased from

'~l 91 MPa after 2 weeks of . treatment to~-1 47 ‘MPa 19 days

later The short day’plants ohanged L]ttle from the f1r¢t}to 4
last sﬁﬁplvﬂp.( 1,48 to -1, 37 MPa), and. the farrred
treatment showed almost 1dent1cal values At the end of the

.' study, the meanjosmottc potent1a1s were -1 47,01, 39 -1 37~

and -1 34 MPa for the cold ~far red short day and control
! N

' treatments respect1vely ,*";f];p';{,; R R
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Turgor in all. three(treatments was similar to that
hfound in the control plants (Fig 40) . The mean pressure
potential of the cold treated plants remained near 0. 6 MPa
-throughout the study. Short day plants aiso ‘appeared N
unchanged as mean values ranged between 0.42 and Q.32 MPa.
Piants'under far- red treatment showed a mean pressure _

. potential of 0.28 MPa at the first sampHng and 0.53 MFa on
i'the last day. ATV treatments were~with1n 0 22 MPa of the ‘

control when the trials ended and no results were : o
' —SJgnificantly different at the 95% 1e~e§§m T : | #
w g

!

It is ciear that the treatments g; not affect the

U

thg frost treated plants after 14 days oi treatment while'
*&nof stafisticaily different may have 1nd1cated ‘that »
. 'metabohc adJustment to the short periods of@Freezmg was
' occurring. Siminovitch et al. (1975) sgggesfed that - the B
.’1ncrease 1n unsatu&sted fatty ac1ds often observed 1n '1-‘
}herbaceous p]ants grown at Pow temp Lures:is 51mply a-
‘i.re5u1t~af metabolic processes.(reqU1red forthardeniﬁ;T |
) {occurring at iow temperatures, and not a cause of increased

'}hardiness in 1tself In 2 similar way, metabolic changes may

*  have been 1nduced by free21ng temperatures An Saxffnaga

hhoppositlfolia (not necessarily changes in. fatty ac1ds) whu‘:hﬂ.%/a:‘-"T
Q4;1resulted in 2 temporary ihcrease in leaf osmotic potent1al o %ﬁ;"
}~¥NO change in coid hardiness was noted at this time (Tabie"ffmv
:;{15) but as noted above, the changes need not cause an

A '“."
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pincrease in cold toIerance._A return to "normal" osmotic
concentrations may'have'0ccurred after adjustments to thea

colder enVironment were completed, and would explain the

later convergence with results from the/jiﬁfiofsggimeﬁté' N

o

I

5. Synthesis _ ‘ ‘
.In comparison to the weli\watered plants grown underv -
. controlled environments, the f1e}d plants showeq,lower mean
dwater potentials. This was as expgfted anB 1s supported by
‘Teer1 s (1972 1973) work w1th the Same specwes near the
same site on Truelove He oFten fbynd the leaf water
‘rupoienttat of beach p1dge populatuons to be below -1 0 MPa,r

'\v

and stress to -2.5 and 3.5 MPa occurred dur1ng drought

' fPlants in control]ed env1ronment chambers were able to be

.- studied. Thus.“it is Tikely that.water was not limiting gb

rma1nta1ned at water potent1als above é 0 MPa, wh1ch he -

.ﬁcons1dered to be nonstress condttlons Very s1mtlar‘resu]ts_

v Poowd, 8

Teer1 (1973} also noted that net photosynthesis **

C

conttnued to be pos1tive to the mean leaf water potent1al of _
_ ;rv_ _5‘

'r are seen from Flgs 39 and 40 '-' .i*f*’ : ”'; ',”'f' h e

=205 MPa Beach - rtdge populaf1on5juere not,used in the ;
,  present study, but the response of the m1dslope p]ants WhICh
n»were used was.probably more s1mv1ar to Teerl s bezch ridge ’3;

f_piants,than to the meadow and snowbank populatlons he also .

. “-
T AR

7the 1978 oontrol and treatment plants w1th respect to; t-_,,:\“th‘
iJhiphotosynthesis despite the often low water potentials.‘ L

T



__ineffective in altering the water relations of Saxlfraga

-

The growth chamber results reinforce the contention

that the field treatments (excluding short day plants) were

\

‘ Qprsltlfolla The: relatively unchanging water potential in
the plants throughout,the sampling period suggests that with

" adequate soil moisture Saxlfﬁaaa opbbsltlfblla can maintain

3

C

P

R

s

.‘ the year His results suggest that soil moisture v i,

a high leaf. water poilntial despite the. obvious
phenaﬁegical changes (e g~ leaf yellowing)- which occurred

- hear the end of the testing, under'all reatments Teeri
:(1972) reported high teaf water potentials (ca -0.5 MPa) in

Mc

early to mid August 1969, and mddh lowerdialues earlier in

8P
\l]ablllty played the maJor role in determining leaf water .

tial assuming no other stressful conditions prevailed .
< ,

(e g..ﬁpinook) 'rﬁéﬁ o ;,'-;j ' -

The very low water potentials exhibited by the short

\’;day plants 1nvtﬁe field were not seen during the growth - .

“ chdmber studies In some cases. the | mean differences between

B

“short day ana coﬁtrol plants differed by 0.1 to- 0¥ MPa In -

X 50

" the. field the Short day’treatment was begun duly, and 18 ’;v

. ',_days later the difference between the control.and SD plants
J”dwas 1.28 HPa ‘The same period of treatment under a ‘
hcontrolled“enVironment produced a 0. 2 0 3 MPa difference
,'between the two, pf;nt sets. The low field values might be

V“pthe result of positicn on the beach ridge slope However,

'~ta,from Fig. 9.1t is evident: that whilerthe short day piants_'

uere near a midSlope position. the control plants were not
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any closer to the slope base. It is not likely that soil
moisture was different enough between the 1ocations of the
two aets of plants to ‘account for the{W1de d1screpancy in
results. Short days may have d1rect1) affected plant
response to water, possibly {;rough changes in stomati.
and/or root resistance, to the extent that only under stress
conditions would the effects become manifest. If stomatal
resistance was decreased (and transpiration in¢rePsed) under
short day treatment, then significant water stress could
occur at midday when leaf temperatures were high and sbil
moisture limiting. As noted above, the field blants were
apparently under some deéfee of water stress at most times,
since leaf water potentials were generally less than -1.0
MPa, and this was presumably due to limitations in soil"
moisture. In the controlled environment, the radiation load
(and therefore the vapor pressure gradient) was low and soil
moisture hig%; A similar decrease in stomatal resistance
would not have resulted in the same degree of leaf water
stress as in the field because thefEate of water loss at the
leaf woﬁld be lower and could be matched,by replacement by
t??froot, even if resistance was slightly higher.

Parsons (1978) reported a decrease in stomatal
resistance and an increase in transpiration in SD treated C.
stolonifera relative to long day éontrols. Also, root
resistance incfeased in SD plants. The net result was lower

leaf water potentials in the SD plants (ca. 0.1 MPa)

throughout most of the study. Although in this study the

jf
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djfferences between short day and control plants grown under
controlled conditﬁons were not significantly djfferent, the
magnitude of the differences was -comparable to that found by
Parsons (1978). Loveys et al. (1974) found a simijér
pHotoperiodically induced increase in stomatal conductance
of Betula Jutea. =~

With the present evidence and supbort from previous
workers it appears that the short day treatment may have

induced a decrease in stomatal resistance and possibly

increased root resistance.



IV. "Summary and Conclusions

The relatively low osmotic potentials (-1.85 to -2.11
MPa) maintained'by Sal ix arctica ander a controlled
environment, along with a certain degree of free-c
dehydration tolerance, is probably responsible for the level
of leaf cold hardiness seen during the season (LT 50=
-8.6+.9°'C (95%‘confidence.interval)). Under the same
conditions, turgor is low during leaf expaqsion (ca. 0.3
MPa), but increases in mature leaves (1.10 to 1.20 MPel.
Tetaj‘leaf water potential is greater than -1.0 MPa when
moisture is not limiting, and implies that the f1eld plants
"eére under some degree of stress throughout most of the
'_'5~ason In the f1eld, leaf water potential is generally
h+gher than the assumed threshold potential of -1.40 MPa,
indicating that midday water stress was not excessive.
Controlled environment studies showed a maintainence of high
leaf water potentlal into the early stages of whole plant .
leaf senescence, and the results from the short day f1e1d
studles suggest that an individual leaf retains a favorable
water status until its final stages of senescence and
‘adscission. . ’ .

Relative to wil]ow; Saxifraga oppositifolia maintained
low turgor (between 0.3 and 0.5 MPa) and high osmotic .
potential (-1.10 to -1.50 MPa) under controlled environment
conditions througﬁout the growing period. Total leaf water
potent1al was very similar in the two species, generally
occurrvng between -0.7 and -1.0 MPa. While well watered,

\#BO
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-there was no clear evidence of decreased leaf water
potential in Saxifraga oppositifolia when cold hardiness
increased. Under short days, the leaf water potential of -
controlled envirbnment'plants remained unchanged throughout
the study, although an increase in hardiness occurred near
the end. The watec;potential of the control plants was only

- slightly higher (011\MPa). The much lower water potentials

- of the short day field treatments may have been a

combination of short days (increased root resistance and/br
stomatal opening) and water étress;(the latter factor being
absent in the growth chamber studies. The role of short days
in the induction of decreaseJ‘wéter potential in Saxlfraga
oppositifol ia remainsnuncer}ain.,

There were no clear indications that Salix arctica and
Saxifraga oppositifolia initiate cold acclimation or
dormancy through the perception of seasonal changes in the
radiation ervironment on Truelove Lowland. This was so
despite evidence (model predictions supported by data) which
suggested that seasonal shifts in zeta can act in such a
role. The 3.5°C difference in stem hardiness between Salix
arctica grown in a controlled environment (-13.5°C) and the
field controls in mid-August (-17°C) may have resulted
through a triggering of the first acclimation stage by a lTow
zeta occurring a few weeks earlier, but the differencé is
too small to be sure of its significance.

.Short days were~found to be effective in the induction

of early dormancy (as indicated by premature leaf

L 4
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senescence) and stem and shoot cold hardiness in\Sal/x
arctica and Saxifraga oppositifolia. Willow showed an
increase in stem ha;diness of at Jeast 5° to 6°C (-10°'C to
<-15°C) under shoht‘days and when the inductive darkness of
- short days was replaced by far-red light. There was no
effect of short days on leaf cold hardiness in the fieid,
except possibly indirectly through the‘hastening of
| éenescence. The mean seasonal leaf cold hardiness in the
field was -8.6%.9°C (95% confidence interval). Controlled.
environment studies showed a leaf hardinesé value of -7°C.

Saxifraga oppositifolia exhibited an increased shoot
hardiness of at least 8 to 10°C only under short days. The
absence of induction under a far-red night may be due to a
requireﬁ;nt for a longer treatment period fo obtain the same
response as with short days. In the field, shoots wefe hardy
to between -15° and -18.6°C, while controlled environment
studies showed hardiness between -9° and -10;C. The
discrepancy may. have been due to higher root temperartures
in the growth chamber material, resulting in a hormonal
imba lance.

The short day results in both species point to the
- presence of a phytochromg-mediated system of triggering cold
acclimation; identical to that found for temperate species
(see-Weiser 1970). However, there is no opportunity for this
- éystem to come into play in the High Arctic and it

apparently remains a relict within the two species,

inherited from low latitude ancestors where it presumably
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‘5

.was (and possibly still is) adaptive. \

In both species increased hardiness and dormiﬁcy
occurred under field or simulated field'conditioné‘with no
apparent environmental change. Salix arctica, Qnder
regularly cycling temperatures (10°C/3°C), shddgd a natural
increase in stem hardiness of at least 7° to 10'&\after
growing for 58 days. Under controlled environment conditions

" {continuous light and +5°C), recenf]y transplanted Sal ix
arctica attained a stem cold hardiness to below -44°C and
Saxifraga oppositifol ia survived to between -32° and -40°C.
~These high Ievejs of cold tolerénce were obserQed at the.
time (Septeﬁber) when field plants were regularly
experiencing below freezing temperatures, and increased stem
hardiness would be necessary. An endogenously controlled
inérease in cold hardiness is implicated from these results.
When fully hardened, Salix arctica survived immersion in
liquid nitrogen (-196°C). Tropical willows have survived
-50° to -70°C when prpperly gardened.'and the present
results leAd support to the’contentfop that willows are
genetica]ly préadapted to withstand very low temperatures
(Sakai 1970). Preyious studies (Kainmﬁllef 1975) have shown
Saxffraga:oppositifolia to have the same ability to survive
extremely low temperature§ (-{SB'C).

,Growth cessation and donﬂancy are also under enéogenous
control. In Salix arctica, the control plants twice
initiated senescence under conditions normally conducive to

growth and dormancy during 10 months of continuous light and
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warm teﬁperatures; Similarly, Saxifraga oppositifolia

exhibi ted senescencé-of second year leaves under controlled
environment conditions, jndependent of light and tequratUre
changes. With Salix arctica in particular, the endqge58usly
contrdlled hardfness incréase éppear§ to be correlated with
leaf senescence and the process gof becoﬁihg dormant, though
cause and effect were not shown.

The low temperatures norma]]y present during the arctic
summer may be the factor responsﬁble fék the marked increase:
in hardingss in Salix arctica and Saxffraga obposltlfolié at
the end of the season. Endogenous changes in hormone balance
(presumably ABA, GA and cytokKinins) may creaté a
readiness-to-harden condition coincident with leaf
senescence and dormancy in which the plant is responsive to
Tow teﬁperatures’(ca. 5°C) as a stimulus for the induction
of cold hardinegs. Earlier in the season the same
temperatures would be ineffective. Perception of short days
is only useful as a warning of cold tempgratuces ahead. {f
cold temperatures precede short daysﬁ.as in the Arctié, }he
usefulness of this cue is gone and tempe;atureAjs left as
the solé external factor involved in the devélqpment of cold
'acclimatioq. ’

Table 6 summarizes the findings of this work. The
results support the above scheme as a modification of the
standard two-stage acclimation model (Weiser 1970) to a

one-stage process involving decreasing temperature.

.(
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Appendix 1

a. Transmittance characteﬁistics of the broadband (400-500 nm)
filter,

.

b. Design of special light sensors.

f



209

90

80

’;’ ) /
/

50. T ' (

7o TRANSMITTANCE

40

30

20 : : \
10— AN |

400 500
WAVELENGTH (nm)

—

Fig. 41, Transmiftance.characteristics of the wideband
filter used in the blue sensor.

C



F20-3mm-|

3:2mm

DIFFUSING DISK

I'n

O0-RING

210

SIDE VIEW
(cutaway)

-FILTER

voltmeter

Fig. 42, Internal-design of the wave]ength-

sensors. In
is shown at
solar cell.
qpsine respo

the

(san

AR

LIGHT
SENSOR

TOP VIEW
S cosine-corrected

head )

selective light

side view, the cqsine-corrected sensor head



211

-\

Appendix 2 V
Cosine response of the narrow waveband light sensors.

"Cosine response ofﬂthe”ISCO spectroradiometer.
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Fig. 43. Cosine resp
-400-500 nm sensors,
response.
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Appendix 3 )

Application of a radiation model to the calculation of zets
and red:blue ratios in the High Arctic. .
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The Model Applied to Arctic Conditions

‘Leckner (1978) deals with the eléments of his radiation
model by considering each spectral‘taansmittance function in
turn. The same will be done here as they apply to the 660 nm
and 7aoynm wavelengths under arctic conditions. E |

At a given wavelengﬂwlqthe radiation incident on aj
plane normal to the sun's rays at the bottom of the
atmosphere-is_ |
(1) E; = Eww",ws, W) Wy o | v

The red and far-red values of E,; , the extraterrestrial
irradiance, were obtained from Thekaekera (1973). The '
‘ spectral transmittance functions of Rayleigh scattering
(w,), ozone absorpt1on (w”)géun1formly mixed gases
absorption (of carbon d1ox1de, oxygen, etc.) (wg), water .
absorpt1on (w,) and aerosal attenuatlon (w,), are all
.funct1ons of relative air mass (m) as well as wavelength
The calculated hourly solar zenith angles at ‘Truelove were
obtained from Whitfield (unpub data). Values of relative
‘air ‘mass correspond1ng to the solar zenlth angles were
- obtained from List (19u9)

The.Rayle1gh scatter1ng transmittance function used was
w = exp{-0.008735 A~ ""‘mP/Po} (Leckner 1978)

where Po=101.3 KPa and P was the average air. pressure at

base camp dur1ng duly and August of 1978 (100. 2 KPa) . Day to

day variations in a1r pressure had very l1ttle/effect on

,pred1cied'zeta values. ’ '

The ozone absorpt1on coefficients, K, were obtained
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from Leckner (i978) for use in the transmittaﬁ%e'funetﬁon
WyaT exp{ K()L) em} . |
The amount of atmospheric ozone, ¢, expressed as cm at
normal temperature and pressure, varies seasona]ly.
particularly aﬁ higﬁ latitudes. However. based on the values
compiled by Ropinson (198§5. the approximate‘variation inﬂ

ozone between. July and August at 75" N is only 10%, which

‘results in a maximum difference of 2% in the final

red: far-red ratios. Therefore a constant value of 0.31 was

~used in the calculations.

The combination of a paucity of arctic data and locally-

" varying conditions makes the calculation of the transmission

function for aerosol seattering approximate at best. The

expression used, w,= eXp{*p)C“m}. contains a wavelength

: coefficienf; a, and a turbidﬁty coeffigieﬁt; p. In Keeping

‘with Leckner (1978), an « of 1.3 was used, as” recommended by

Angstrdm (1961), and adopted for the. Angstrdm method of
measur?hg the turbidiiy coefficient. However, Leckner (1878)
notes the wide range in reported values for ¢, and McCar tney
and ﬂnsworth’(1978)9haVe tabulated means and ranges of a
from a variety of sites. These include values well above

(3.3) and well below (-0.5) that used here. -The value of

.1.3, therefore, is necessariiy an approximation

The turb1d1ty coefficient, p, is bas1ca11y a funct1on

. of ‘haze and aeroso] particles, and involves both scatter1ng

and\absorpt1on of 11ght (Angstrom 1961). Consequently.

~ values tend to be higher in populated areas and lower in
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cleaner, isolated areas. Although Vowinckel and Orvig (1962)

f1n the?g calculation of arctic insolation discounted aer?so] A

attenuat1on altogether due to the supposed very clean arct]c

atmosphere, other researchers have quoted a variety of

.values for both arct1c'(Angstrom‘1961. Robinson 1966) and

Antarctic (Fischer 1967, Kuhn 1872) environmentg. The value
of 0.035 used here was obtained'from Figure 2 in Angstrom
(1961) for a latitude of 75°N. Although this value is
somewhat arbitrary due to the absence of actual data from
Truelove. 1t f1ts well among results of other arctlc and |
Antarct1c stud1es Rob1nson (1966) gives a range of

0. 009 0. 094 for p, with an average value of 0.047 at

]at1tude 70° N. Antarctlc results. are generally lower.

possibly due to the greater 1solatﬂon.-F1scher (1967) cites

o
™

-

values of 0.022"and 0.014 at McMurdo.station (77°S) and

0.037 on the open sea at 71 S.

Leckner (1978)'follows the work of McClatchey ‘et. al.

L)

(1972) and Selby and McClatchey (1975) in obtaining: the

transm1ttance functlons for water absorpt1on.' ’

'wu- exp{-(0.3Kk, me)/(1+25 25K Xum) }.

Here Ky is the- effect1ve absorpt ion coefficient of

rd

water vapor and . Xo is the pathlength for water vapor in

L

g cm™* . Since there is no absorption by.water at 660 nm, this"
function was only applicable to far-red light. A Kk, value of
-87 was obtained from Leckner (4§78) for 730 nm, L )

-Again, another,unknown-seasonal variable, X,, had to be

estimated from either average tabular values or standard
. <>
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meteorological data. In the formebucase.'Robinson (1966)

lists 1.80 cm as the average amount of precipitable water at

,h§o°N. and this value was used for predictions of zeta in
,August‘(Xw=1.43). Leckner (1578);provides an a]ternateu
method for determining Xw"using relative humidity and
absolute temperature. and this was used to calculate zeta in
July. There is danger in using data from 1ocat ground
conditions to estimate the water content of the entire
,atmosphere above. Using met data from the hygrothermograph,

a value of 1 22 cm of prec1p1tab1e water oxm-o 97) was used
for early July. With more open ‘Oocean water in August it is “’

' likely that the total prec1p1tab1e water was less in duly.
and 1f Robinson's estlmate of 1.80 cm (X,=1.43) 1s used for
August the eFfects of assum1ng higher atmospher1c water
content can be ‘tested. Thus, an X, of 0.97 and 1.43 was used

~ for July and August, respectively. The effect (Fig. 14) was
to shift zeta upward by 0.02 (1.8%) in August. - - ‘ﬁf
n“f The transmi.ttance functton for absorptton by
atmospheric ees (“s) isWnity for 660 and 730 nm s1nce.no
absonption diours in the visible wavelengths

“ fThe'direct solar rad1at1on§\f?§ calculated (Equation

(1)) for 660 and 730 nm for a range of air mass. values
(1.62-15.36) ‘gorresponding to the range of zen1th angles g

occurrlng on. Truelove-dur1ng July and Early August (ca. |

52-87°).The ca]culated diffuse sky rad1at1on was added to

-

these results.

\

The diffuse sky radiation D above a non-reflecting
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Qround was determined for red and far-red light from
D= KEcosz

where E-= E.-“’o.:“’gi“’ -E,
"~ The given zenith angle is z and K=0.5 (Leckner 1978). From
the.sum of the d1rect and diffuse components, the ratio of
predicted red. and far-red radiation was determined for alj
relevant sun angles. The results were first converted from -
energy units (W m- nm™ ) to Quanta (uE m2g- ) before zeta
was calculated. The ratios are found in Figure 14 of the '
Results 4 Discussion. °

The assumption of a non-reflecting ground (albedo(A) =0)
is, of course, not va]1d particularly for an area where
there 1s snow and sea 1ce present dur1ng much of the summer. L
However, the overall effect of this assumpt1on on zeta may |
be small, Assuming an albedo of 0.6 for "normal” snow,
Robinson (1966) shows that an underestimate in global
radiation of ca. 6.6% will result if an aléédo of zero is
used instead (F1g. 45). Because it is a ratio, the ‘
‘ dlfference d1sappears when zeta is calculated, if one
assumes an equal reflectance of snow .for red and far- red
light. Krinov (1853) reported essentially equal reflectances
(r) for all wavelengths in the 40g- 840 nm waveband for snow
w1th a thin film of 1ce (r=0.76 for 660 and 730 nm) Dry
snow w1th a crust was more variable, w1th the a]bedo
dependlng on the az1muth and angle of View relat1ve to the
sun. In the extreme case the red and far- red reflectances

‘ d1ffered by ‘.23 (r -0 -85, R,=0.42) (Krinov 1953). This wqul&



220

frd

1-10-
108-
1-06

104

102_ o

-

100 S — . :
- 02 - 04 0-6 08 10

~ ALBEDO

_ Fig. 45. The ratio of global radiation at a given albedo (A)
" to global radiation at A=(Q (G /Gaz0) as a function of albedo
. for D= 0.035. Modified from RBbimson (1966) .

“»



* 221

resu]t in an increase in zeta relative to the values
pred1cted from A=0. An er 'r of greater magnitude, but
causing a decrease in zeta, occurs if a sedge meadow is
considereo the primary reflecting surface, due to the higher
albedo of grasses and sedges -in the far-red region
(r0.121, ¢w=0.459)(Krinov/1953). Using these values as the
extreme examples, it is clear from Fig. 45 that ihoreasing
albedo from 0.12 to 0.46 results in an increase in gTobal
radiation of only ca. 4.5% when 550.035. Therefore, it
appears that, on the average, the differences in albedo of
show and sedges are insignificant with respect to the |
effects on zeta. Reflectances in the red and far-red rahge
were very similar (Ar=0.10) for surfaces such as dry
limestone, talus and oliffs, suggesting that little effect
on zeta would result from these surfaces alone.

It is difficult to assess the relatiVe'contributiops of
the immediate vegetation, the surrounding_ocean ice and the
plateau on the red'ahdrfar-red ratios. However, the
magnituoes of possible error are small, and sometimes in
opposite directions, so it is likely that the effects of
spectral variatioh in albede on global~raoiation are also:
small, under clear skfes.

The abOve mode 1l does not take fnto account the
radiation cond1tlons under cloudy or. overcast sk1es, or 1n
fogs. There have been few reports of the spectral,
oistr1but1on under overcast skies (Archer 1978), and results

from fogs and partly c]oudy skies are variable (Arnulf and
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Br1card 1957, Gates and Shaw 1960).

Lofersk1 (1956) mod1f1ed a 7000 K black body spectrum
to use as an approximation of the spectral‘compos1t1onAof an
overcast sKky. This results in a zeta of 1.09; the effects df
changing sun angle are unclear. Others have assumed that the
overcast sky has the same epectral quality as the diffuse
‘radiation eomponent on a clear day (Landsberg and Mallison
1875 cited by Archer 1978). This assumption gives a range of

' zeta much htgher in magditude and less in amplitude than
obtained under clear skies (zeta=1.41-1.33 for m=1.62-15.36,
respective]y). Middieton (1954) deve]oped a theory for the
spectral irradiancekof the overcast sky in terms of water
droplet size and_codcentration, ctoud thickness and incident
rad1at1on He found the albedo of the ground to
s1gn1f1cant1y affect the spectral compost1on of the overcast
sky. Assuming stratus or stratocumulus cloud 1000m th1ck ‘and

“composed of 10% drops per m3. each with an average rad1us of

i7,hicrons‘(We1¢htet al. 1980), the effect of\the ground_
albedo can‘be approximated aecording to Middleton (195})é§4n
 the case of snow covered ground, with r,z0.650 and.r,s0.420,
| £~ zeta is increased by a factor of 1.34. With sedge meadow
below (r“,-o 121 and r,70.459) zeta is decreased by a factor
of 0.73. The two factors are almost rec1procals As
ment1oned earlier in regard to d1ffuse light, it is~
" difficult to determ1ne the relat1ve 1mportance of the two
lfopposing tenden01es on zeta. This is part1a11y due to

. seasonally varying amounts of snow and vegetation, ‘and

N h ]
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partially due to variation in cloud cover and type The
problem is considered again in the Results and Discussion.

A final consideration is the transm1551on of red and
far red light through hazes and fogs L1ght fogs were common
on the lowland, particularly at low sun angles (late night
and early morning). Arnulf and Br1card (1957) found that
transmission increased with wavelength in hazes, with
poorest transmission between 400-550 nm. This suggests that
va decrease in zeta would occur under hazy conditions
relative to clear shies. though the amount of shift is
unknown and not easily pred1cted For fogs, transmission
often decreased with increasing wavelength, though the type
of fog was an important factor (Arnulf and Br1card 1857). In
some cases the reverse relationship was true. It is
1mposs1ble to state categorlcally whether transm1ttance in
fogs is greater at 660 or 730 nm, since the relative
transm1ttances reverse depend1ng on. cond1t1ons In addition,
at these wave]engths, the absolute differences in the
‘transmission characterlst1cs of fogs were often very small
(see Arnu]f and Br1card 1957), and this result together w1th
the above facts makes any pred1ctton of the effects of fogs
on zeta uncertain.

KKK A KKK K AKKA KA KA KKk

The ca]culation of fed'biue ratfos (660:450 nm)
proceeds in much the same way as that outl1ned for zeta
determinations. The results are shown in Flgure 16 of the

Results and D1scuss1on The. ozone absorpt1on coeff1c1ent for
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450 nm was taken from Leckner (i978) and water and gas
“absorption at this wavelength is absent. An important
difference_from the 660 and 730 nm wavelengths is the
.increasing importaqce of diffuse sky radiation with
decreasing solar elevation. At a zenith angle (z) of 52°,
diffuse raaiatioﬁ is 17.5% o&f the globa] radiation at 450
‘nm. By z=81 the percentage is 33% and it increases shabply
to 79% at z=87° . In contrast, the diffuse component of red
and far-red radiation at z;e7fareA9.9 and 6.4% of global
radiation, respectively. With diffuse 1ight‘contributing'30
heavily to global radiation at 430 nm, the albedo of the
ground is likely an important factor. However, the albedos
of snow and Teadowé‘are,similar at the.wayelengths of 450
and 660 nm. The albedo of snow varies with sun angle, but
the maximum difference between the two wavelengths is only
0.11 (ng=0.740; r,=0.630). For sedge meadows, Qﬁe absolute
magnitudes as well as the relative differenées are less
(qé;0.0M?; Mee=0.121). As’before,lthe‘effepts of these
differences‘on red:blue ratios are in opposite directions; 4_
’preva]ence-of snow results in decreased red:blue values,
whfle'expanses Bfkmeadow favor higher ratios. On the 1gttér
poirit, it'is.liﬁe]y that the.increase in the red:blue values

would be quité small due to the low_albedo of sedges and the

coggéghentjy very small amount of secondariiy scattered

radiat n. Because of the uncertainty of the relative
contribu ions of reflected radiation from snow and sedge;

the amguntxand direction of change in red:blue ratios that
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occurred due to secondary scatter1ng is unclear.

Under.cloudy skies, the pred1ctednvar1at1on in red:b]ue.
ratios can be very,different depending on the choice of
assumptions Because of the large contribution of diffuse
l1ght to the total 1ncom1ng 450 nm radiation, the assumptwon
that the spectral distribution of the overcast sky is the
same as the diffuse component under clear skies (lLanusberg
and Mallison in Archer 1978) resiits Vh very much reduced
red:blue ratios, both in’madnitude and range. Between the

ue ratios range from

zenith angles of 52° to 87°, the redh
0.#; t0'0.68 The values from F1gure 16 ange from 1.31 to
5.57. If M1ddleton s (1954) mode] oF the owercast sky is

‘used and assum1ng the same cloud parameters as earlier,

direct beam red blue:ratios are reduééd by a facdtor of 0.84
\

when snow is the pr1mary reflect1ng/sdrface. and i creased by
a factor of 1.06 when sedge predom1nates.
" The trend under overcast skies m1ght be towards a

| reduct1on in red: blue railos. relative to clear skies, \\\;;
because the effect of show - 1s more-pronounced than that of \\
- sedges, and the albedo of sedges is very small for both - - \xlk
-wavelengths (see above). A]so, if there is any val1d1ty to \\
the Landsberg and Mallison assumption, the ratios would be
further reduced More discussion is found in the Results and

.'D1scu5510n.



