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Abstract '

Reclamation of disturbances in alpine regions is' made difficult by climatic and

"

physicallfeatures of the environment: the cool, short growing season, high wiqtps, .steep

topography, and late summer drought all impair both rgtural recovery of damage’p areas,
and man's attempts at reclamation, Special reclamatlon techmques are required in these
areas, lmking the physiologucal adaptations of plant species with thb specmc ’

characteristics of the disturbed environment, This approach wasAsollows nn the present

study which involved (1) exammatlon of one environmental characterustlc the

, temperature regime, in a coal mined area in the Alberta Rocky Mountains, and (2) a study

of the physiologlcal adaptations and limitations with respect to temperature of grass 8‘
species previously suggested for use in alpine revegetatuon Both mdlgenous (Poa a/plna
and Tr/seturn spicaturn) and introduced (Poa pratens/s variety Nugget) grass s‘pecnes i |
were used, based on the%eory that the specie's most successful in alpine revegetation
witl not necessarily be those native to the area, but rather those that are best a‘dapted‘ to
the post-disturbance conoitions, which often are drastically qitferent from the qriginal
conditions In'addttion thrge populations of P. alpina from an elevational gradient were
examined to determme if local dufferentlatlon had occurred; Such dnfferentuatnon would
have important nmpllcatlons for this specnes use in reclai'hatnon

£ Experaments were conducted to compare the three specues on the bas:s of: (lﬁ
.germination characteristics, l e. their response to different light and temperature !
regimes to determine optimum germmatnon conditions for each specaes (2) ability to

survive exposure to extreme low and high temperatures whlch occur on alpine

‘ dlsturbances and (3) Cco, gas exchange response to temperature especnalry to low

temperatures that dominate the alpine ‘Erowmg season

m e

P. al pina had the best performance in teris of percentage germination, rate of

germination, and early sgadling' development, followed by 7. spicatum. Scarification of

\

e,

tne seeds of all three species dramatically increased percentage gerrnination and rate of
germination. Y o ‘ . l

- The three species were not very dufferent with respect to frost damage but 7.
splcatum had greater frost avondance than did the other two specnes P pratenS/s had

greater heat resistance. There was little evidence for a slgmflcant dlfference among the



P. alpina populations in terms of resistance to temperature extremes, .

The.native .grasses have lower optimum temperatures for photosyrithesis and are
photosynthetically active over a broader temperature range than the introduced species.

P. pratensis has higher net photosynthetic rates within its narrow. favorable temperature

v

range, Only T, sp/catum dusplayed true photosynthetac‘ acclimation to temperature over a
‘broad temperature range. There was littlg evuden'Ce for dlfferentuatnon among the

N

populations of P, a/pina

Given that the most important adaptation for survival and propagation in alpine
areas is the ability to photosynthesize and'g'row at low temperatures, the two eative
species would be more successful than the mtroduced species. Since 7. spicatum has
the additional advantage of high acclnmanon potential, this species shows the greatest
promise of the three species studied for use in revegetation of elpine disturbances; on

v

the basis of these experiments.

.

)l
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1. General Introduction .

1.1 Alpine Reglons
Two of the most common terms used to describe alpine environments are

-~

"severe” and "fragile”, Certainly for most animal and plant species, alpine conditions are
severe,In Banff, located in tpe Eastern slopes of the (}anad:an Roc‘ky‘ Mountains (Fig. |- 1),\
the average yearly temperature is less than 1(5" C, and‘several months of the yeér bave
mean temperatures below 0" C (Alberta Environment Report for 1983; for an .
explanation of climate-~diagrams, see the Appendix.} At higher elevétions, therefore, the
growing season is very short, frequentiypless than 90 days (Billings 1973, Luttmerding
1876]. Drought is common in the alpine during the latter part of the growing season
{Mayo et 8/, 1977) and wind spé.Sds afe very high, usually twice those of ‘the forested
subalpine zone (Ogilvie 1969), These features, combined with the cool climate, greatly
restrict plant productivity, such that most plant species cannot survive and propagate in ‘
the alplné. ‘

There is howsever, a small number of plant species which are adapted to the cool
temperature regime, and.onr ‘these species, the environment is not severe (Billings —
1974a and 1974b). Thése plénts are often unable to grow in warmer, moister areas as’ l
tr;ey are outcompeted by 6ther species and tend to Have abnormal metabolism at
temperatures above 25°C (Billings 1974a). Dominant amoné these plants are perennial
grasses and herbaceous species (Fig. I-2). Annuals are least common, as their need to
complete their entire life cycle within one growing season places them at a disadvantage
in alpine environments. (Billings 1973)‘. .

Although alpine plants belong to several different plafaut families, they share many
common adaptations to their environment. Among these adaptations are: (1) a prostrate
growth habit, so that the plant is close to-the ground ‘to minimize exposure to high winds
and cold temperatures; (2) extensive root and rhizome systems, for underground
storage of cqmpqunds such as cérbohydrates and oils. These compounds enable the
plants to gfow rapidly at the start of the next growing season. (3} Preformed shoot and
flower buds that allow for rapid sh[?ot elongation ar;d flowering to occur very soon

after temperatures increase in the spring; and (4} efficient metabolism at low



BANFF (397m)  25°c, 40.9
°C | (30) | - | mm

40— , | \ ‘ —~80

AN

Fig. 1-1. Climate-diagram for Banff, located in the
Eastern slopes region 6f the Alberta Rocky
A
Mountains. See text for explanation.

Data from Alberta Environment Report for 1983.
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Page 3 has been removed because of the unavailability of copyright
permission, Page 3 contained a listing of alpine life forms, in

order of importance, from Billings (1978).



temperatures , so that these clants can complete their life cycle in the cool alpine
temperature regime (Billings 1974a and 1974b). Although most alpine 'species have this
high metabolic rate at low temperatures they are limited by the brlef duration of
favorable condmons for growth, and so tend to be slow growing Therefore- natural

succession and colonnzatton tends to be a slow process cr@\e alpine. Natural ‘recovery '

LY
of a disturbed alpine area takes a very long time, if indeed it ever occurs (Billings 1973, L
' |
Roach and Marchand 1984), It is for this reason that the alpihe region is considered r
fragile, = :
- ' R ¢

1.2 Disturbances and Reclamation

. - ' . .
' A w (Y

Although alpine regnons occupy less than ten percent of-the provmce of Alberta
(Strong"and Leggat 1981), their geographical size ns in no way proportlonal elther to
their importance or to the impact that disturbances have on them, I\%ountams provide
man with timber, water, hydroelectric power, and minerals; and they areé an essen’halh
wildlife habitat, These areas are also important for aesthetic reasons: they are an area
for a multitude of recreationel activities, gnd they possess-incredible beauty and
* splendour. | ‘

Increasingly, alpine areas are the scene of recreational and industrial

disturbances; which result in damage to the soil and vegetation of alpine habitats. In

Alberta, one of the majcr sources of disruption is the mining industry; of the total area -

covered by the Rocky Mountains in this provmce recoverable coal seams underhe about

o

mne percent (Sims et a/. 1984).| At present, strip mining is the- predomlnant mathod used .
to recover this coal. Strip mining is a type of surface mining in which the overburden
{i.e. the soil, rock, -and other strata overlying the ‘coal seam) is removed in cuts,’6ne
" narrow band at a time (Sims et a/. 1984). This overburden is then deposlted in spoil
heaps around the pit. o N

4 Provincial legislation requires mirfing cornpanies:to reclairn any land they have
disturbed: | | |

“Land reclamation will include the contouring of the mined or disturbed lands,

the replacement of the top soil, revegetation for soil stabilization, biological

productw;ty and appearance, and suitable maintenance of the vegetation...
(Alta Dept of Energy and Natural Resources 1976)



Reclamation of alpine areas is dif ficult due to the aspects of climate‘a‘nd topography
discussed above; these factors will impair man’s attempts at alpine revegetation just as
they inhiblt the natural rate of recoverv, .Ther‘efore, specia‘l' re‘clamatlon techniques are
required in the alpine. A promising approach is that suggested by Brown and Johnston

LY

(1979

'

'The challenge in developigé rehabilitation techniques for alpine disturbances . ,
is to carefully link three paramount variables; (1) overall climatic factors; (2).
. factors of the disturbed environment; (3) physiological adaptations of the plants.”
The major goal of mv research was to investigate part (3), as there is little known
about the physiological requirements and limitations. of alpine species, Before examining
plant adaptati_ons, it ‘was necessary. to collect information about the conditions of a
disturbed alpine area, to determine theconditions that a plant must deal with in such an
area. In order to obtain information about the \plant ehvironment _that exists 1 areas to be
re‘clalmed,' a few factors critical for plznt life were assessed. This quantitative

assessment was the subject of this project’s field work. |

1.3 Field Study

The site chosen for the field study was the al;andoned MOuntaln Park West Mine,
located 26 kllometers southwest of Cadomm Alberta (Fig. I- 3) The mlmng operation at _ “
the Townsite Mine (elev. 1780 m) waslone of the earllest underground mines in the Coal
Branch of the Eastern Slopes region~ it opened in 1912 and was shut down in 1949
- (Ross 1974). In contrast the West Mine (elev 1810 m) was a strlp mine in operatlon
only from 1945 to 1950 (Ross 1974). Nenther site was revegetated or reclalmed‘(Lake A
1967) At the West Mlne two pits had been excavated and the overburden rock, soﬂ é‘
and mining wastes) was dumped over a 34 ha area to the north in a series of spoul o
’heaps The heaps are more or less level on top Wlth Iong steeply slopmg sldes | o .

B
Research: done by Russell (1980) shows that the spoil heaps consist of vnrtually coalfree b

overburden, and have been only sparsely colomzed The domlnant plants on. the West “ .

ﬁ'
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‘ were very high, commonly 40 C Subsurface temperatures were of the same

' magmtude and there \was no apprecn&ble drop i m temperature untll ten centlmeters‘

Mine spoils are tuft-forming grasses such as Agropyron lat/glume (Scribn. & Smith), Poa

e/p/'ne L.), Trisetum sp/catum (L.)Richt,, and herbaceous dicots s;lch as Trifolfum
repens {L.) (Russell 1980),
Revuew of the literature mdncated that the temperature reglme is'one of the

\
critical fattors affecting plant establishment on open dlsturbed sites such as these spoils

lBramble and Ashley ‘1955, Schramm 1966). Therefore, temperature relations of air, -

leaves, spoil surface and-subsurface layers were monitored. A site with a,moderate

[

amount of established vegetation was selected to monitor these températu're relations ‘

and a 15 m transect runhing from northwest to southeast was established (Fig. I-4a). Air

temperature was measured'at three heights (‘.5' m, 1m, 2min the center of the

transect, and spoil surface temperature was measured at five locations along the

transect (Fig. I- 4b) These measurements were taken continuously using a Campbell

Scaentlfnc CR-21 Programmable Mlcrologger with thermistors. Leaf and subsurface ¢

’

temperatures were measured at three Iocatlons along the transect using

c‘opper-constantan thermocouples and a microvolt m‘eter~ readings were tal'<en every 15

mlnutes from early mornmg to late afternoon. The thermocouples were placed into the
spoil usmg a modlflcatlon of the method suggested by Fritschen and Gay ( 1980) lFlg
l 5); in this method a shallow hole was dug adjacent to the measurement site, al"\d the

thermocouples were mserted horlzontally into the soil, to mlmmlze dlsturbance of soil

' layers The sonl was then replaced mto the hole. The field work was done in July and

»August of 1984 L o

The results |nd|cate the extreme temperatufe varlatlons posslble durung the

-'growmg season on such open dlsturbéd sites. July of 1984 was-a warm month daytlme

’

" air temperatures often reached 25 C (Flg I-6). Spoul surface and leaf temperatures

\

' below the surface even at these depths temperatures of 30°C ocr:urred Such —

")



in

~Mountain Park West Hine study site (a): ‘contour map, showlng

transect- (b) side vlew of sampllng transect. C




N

Sketch of soil thermocouple installation at
1, 3, and 10 cm depths., .
Adapted from Frits.c_heAn and Gay 1980.
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Examples of leaf air, and spool temperatures at ,‘ ‘
Mountain Park West Mine study: site durifg July, 198h
Leaf .and sponl temperatures are the mean of fwe L

sampling sites (see Fig. | l,of samphng along transect)

ot . .

© e
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extreme surface temperatures have been found in previous studies of mine site

microgclimate:; Grossnickle and Reid {1984) reported soil temperatures reaching 45" ~ 75"

C on a high-elevation strip mine and Thompson and Hutnlck {1972) found spoil
»
temperatures often exceeding 50" These temperatures develop as aresult of : (1)

o0 . '

high solar radiation, and (2) the coarse nature of the spoil material,; whrch thus has a
negligibie capillary rise of water, resulting in rapld surface drying and asteep
temperature increase (Schramm 1966). Thus it is common for mine spoil temperatures
to be at or near 50° C, which is considered the lethal temperature for most plant er
Schramm (T966} concluded that In)ury from these extreme temperatures is usuatly
restrlcted to the plant parts in direct contact with the surface layers in which radlaﬂon is
converted to' heat and thus is where the highest temperatures occur, The ma Jorlty of
‘roots, which are very sensutlue to heat damage (Larc;her 1980), are'belo‘vw this zone‘and

|

SO usually are not exposed to lethal;temperatures. However, on the Mountain Park
A [}

- spoils, the Surface layers around the base of grass tufts are eroded by wmd exposing
the roots 10 these extreine surface temperatures Therefore high surface temperatures :

could be a llmltmg factor in plant estabhshment and survtval on these sponl heaps

»‘l \

August of 1984 was a cooler month and on the 28 of August, the study area
"recneved 25 centlmeters of wet snow. This snow persusted for the next fIVO days
resultmg in.air and SOI| temperatures below zero (Fig: I-7). These data mdncate that plants

' face the possmmty of freezmg temperatures durmg the growmg season on

.Kg :

hagh elevatnon open sites. \‘ S : o '

1.4 Selection of Plant Species
There is much debate at present about the relatuve merlts of natlve versus

mtroduced specues in reclamat:on Agronomlc specues that have been successful m
N

reclalmmg lowland dlsturbances often do not do well at hlgh elevatnons (Zoemktewacz

1982) largely because they have been. bred for characters that m;xim:ze productrvuty
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but are not a'dvantageous in the alpine environment (Walker 1979). For example,
agronomlcs‘hqve the majority of their biomass above ground'(Ziemkiewicz 1982) and
have |ow shattering at barvest time (Walker 1979); neither of these traits would be ;
advantageous in alpine regions. The carbon balance of a native species Is oriented |
towards reproduction ensuring genetic continuity in an environmem' whereas in
iptroduced species, which afe often agronomic plants, man is'a(tempting. to maximize
the harvestable yield. This has resulted in different patterns of photosynthesis, assimilate
partitioning and dry kmatter‘ proc;h':ction (Sau.gie‘r 1983). Therefore, iptroduced agronotnic
species, if used for reclamation, are being psed'.for a purpose to which they are not
well adapated,
Thus It has oftén been advocated that na.t'ive grasses be used to reclaim high
elevation disturbed lands (Aldon and Sprlngfield 1975, Cook 1976, Etter 1973, Younkin
( ‘
1972), These plants already possess the adaptations required for survival in the alpine
and ténd to have charactel}s important In reclamation, such as longevity and tolerance of
low soil fertility (Cuany 1974). Native species certainly represeﬁt a good siarting point
"for selection of reclamation species; 'however, not all /sbecie‘s that .originally grewona.
site will be equa}ly suited for colonization after disturbance, as environmental conditions
are often drastically altered, e.g. soil Water;holding\éapacity greatly decrea;es (Bunza
' 1978; Korner et a/. 1978). Thefef’ore, the key consideration in species selection should
not be tht; area of ori‘gih of the species, but rather its suitability to the present altered
environment. Thus, | chose to work with‘three spéqies: two native alpine grasses, Poa
.alpinal.and T risetumn spicatum {L.) Richt., ;nd oﬁe introduced grass species, Poa
pratensis . '. | |
P. alpina, a perennial tuftforming grass, has a cichmpoI;r distribution and is
important in arctic and alpi;we‘regio'ns of North America (Moss 1983). It is common on

both dry and moist slopes in the mountains, and tolerates extremse environments such as

bare soils and talus slopes (Hitchéock and Cronquist 1973, Moss 1983). 7. spicatum,
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like P, a/p/na, is a perennial tufted bunch.grass, and is found In the arctic ranging from
Alaska eastward to Hudson Bay, and from the Rocky Mountains south to California (Moss
1983). In alpine regions it is common in dry places such as rocky outcrops, but is also
found in meadows (;ﬁtchcock and Cronquist 1973, Moss 1983), Both of these native *
grasses commonly invade disturbed talpir:e.and subalpine areas (Watker 1979), The third
graes species, Pt;a pratens/s | was introduced to North America from Europe before.

. 1700 and rapidly spread westward, becoming so common that it is often considered to
be a native (Elliott and Bolton ‘1970). P. pratensis is a sod~'forming,‘rhiz'omat0us :
perennial, and is especially well adapted to a cool, humid climate , growing on
weil-dr.alned soils in meadows or open woods (Hartson T1972, Hitchcock and Cronquist
1973), The particular variety used in thn; research, P, pratens/s variety Nugget
orngmated from breeding stock near Hope, Alaska'(Elliott and Bolton 1870). It has been
extensively used for pasture, recreational turf and erosion control in temperate ateas,
and has been recommended for use in reclamation after its success in low-elevation

' revegetation (Hanson 1972). ‘ ~ |

It is often assumed that eative plants are so intimately adapted to their local " ‘

e‘n\)ironment that if tran;potted to another area, they will not do as well. If this were

true for these native grasses, they would be Iess suitable for reclamation as a separate
specialized population would be r‘equired for each local area (Walker 1.979). While such

: elaberate pairing of pIante with habitats may be of some behefit in theory, since eich

area }could be revegetated with the population best adapted to that area (Billings 1973), it

would make reclamation much more costly and complieated (Walker 1979). For this
reasen. it w‘as’.decided to examine one of the widelly distributed native species, Poa

"A .

alpina, to determine if euch speciélized local popJations have developed.
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1.4.1 Agamotypic Differentiation
Turesson's pioneer work (1922) on the interacktion of genotype and environment
initiated a new area of botanical research and a new methodology f?r studying vériation
within a species. He noted that populations of a species occupying different areas often
displayed distlnctivg morphological é;nd physiological traits, which frequently were
adaptive. In several studies (1922), Turesson collqc':ted‘samples of populations’ froﬁ
‘aiff“eren’t areas of a species’ range, and grew the‘r';\ under uniform conditions. Over the  «
nex{ several years, he obséﬁved certain morphological characteri:stics of the different
- populations and observed Ahow most traits persisted, and th;JS were likely due to genetic
differentiation between the po‘pulatlons. Mprebver, Turesson demor_wstrated' that these
dif'ferencz;s were gorrelated with tﬁe original ha‘atat of the population. #br such genétic
races, he proposed.the t:m "ecotype”, defined as 'l’...the product arising as a result of
the genotypical response of a species to its particul'ar habita.t".v Since Turesson,
numerous researchers have carried out similar transplanting experiments and have shown
that many wide-ranging species display such ecotypic differentiatlion (Clausen, Keck, and
Hiesey 1940, M;::bney and Bilings 1961, Pearcy et a/ 1977). Turesson later (1943)
turned his attentior; to thevvariat’ion evident in pppulatibns of épomictic s_peciés.
"‘qurvnixis" is a collective term for all types of aséxual }e‘production that _supplemerit or
réplace sexual rep‘roduction (Vglentine 1960). This includes reproduction by vegetative ,
rﬁeans such as stolons,ariﬂ'runhers, as well as vivipary 'an'd a'gamésper‘my (émbryo'
; forr‘rfation without fertilization). it is tr?is last type that is §f g:i'eétest ¢oncern in the
) prasonf research. .
: Aggmospermy'océurs in three major. ways: by diplospory, apospory, or
pseudogamy. ‘Th.e process of diplospory involves an embryo sac mother cell which
enlarges and divides mitotically, resulting in a normal but Qnreduced,eﬁ\bryb sac. I’

apospory, while the embryo sac mother cell undergoes meiosis, a nucellar cell divides

mitofically; this unreduced embryo sac outcorrlpetes the reduced one, and forms an -

-
).
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without any sexual reproduction are much rarer than prevxously believed (Grun 1955

embryo, Pseudogamous species require fertilization for endosperm development, but
the embryo develops parthenogenetically ?Grun 1955), Thus it would seem unlikely for
an apomictic species to possess locally differentiated populations, if one uses the strtct
genetical meaning of population as there is no gene exchange possible between biotypes
or between members of the same biotype (a biotype is an assemblage of mdlvnduals with
es\sentlally the same genotype within popu|at|ons) (Davis and Heywood. 1963), However

if ' populatlon is defined in a broader taxonomic sense, as Davis and Heywood suggest,
meamng morphologically snmilar groups of plants of the same specves growing in.a
certaln area, then apomvctnc populatlons are found to consist of more than one biotype,

Davis and Heywood point out that while morphological differences may not be very

apparent, the physiologies may be very different. How does such variation arise in

apomnctic»specres‘?

Apomikis- may be facultative or obligate. In facultative plants both' reduced and
unreduced embryo sacs occur and thus both apomictic and sexual offspring are
possible. The embryo sacs of obligate p'lantsv are all unreduced meaning no sexual

offspring are possuble but new varrants arise by means of mutatlon autosegregatoon

and other chromosomal changes (Valentme 1960) Furthermore these obligate apomncts

[

Marklund and Rousn 196 1) Thus new buotypes can occur ln apomnctlc soecues and

some of these may separate into dlfferent ecologncal niches and become specralnzed to

- their local envnronments Turesson (1943) concluded that the bvotypes of apomuctnc

Alchem///a mncrospecnes show much the same behavnour as the bnotypes of sexual _

‘ specnes and that their extensive dnstnbutlon was prlmanlyrdue to, the fact that. they are

,.

composed of a number of genetlcally drstmct types Turesson termed these
"agamotypes defined as clrmatlcally or edaphlcally specnalnzed blotypes equvvalent to

ecotypes" in a sexual specues (T uresson 1943) The term. agamotype" is not very

| commonly used; usually, the term "ecotype" is used for both sexual and apomlctac
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species, , : . ’
l 2

Turesson Iater performed progeny tests on the A/chem///a mlcrospecies and
found that the morphologlcal and physlologncal differences between the agamotypes |
were retained in their progeny {Turesson 1956l. Bradshaw (1963) also studued
Alchemilla species and hi‘s‘ results agreed with th'ose of Tu‘reSSOn: the characteristics of
the parents were preserved in their offsprlng and variation was related to environmental

. factors. Thus apomlctlc species, long regarded as unlform and monotypqc certannly can

be heterogenous - ‘ ‘ R L .

.

Poa alpina is an apomlctlc specises that has been extensively studied in both
Europe and North America. In this species, the degree of aga‘mospermy is rarely or
ne\'/er absolute lMuntzing 1866). Most plants of P. al pina are facultative apomicts, and
tend to be diplosporOus or pseudogamous (Lo\re 1960), although pseudovivipary {a type
N of asexual reproductlon in which propagules replace flowers in the lnflorescencel ns
. common (Davis and Heywood 1963). Grun (1955) dnd a cytogenetuc study of several Poa
species and found that in the‘facultatlve apomlct P. a/pilna, several previous studles
shoWed some indivldual plants to be strongly or entirel'y sexual. Even: in‘ obligate
| ‘ vapomlctlc specles such as P. nervosa plants from geographlcally lsolated Iocalmes were‘ S

- distinct both cytologlcally and morphologlcally While Grun did not examine any

physuologlcal characters adaptatlons are much more llkely to be expressed in

’ o

: physlologlcal rather than morphologncal dlfferences shown by an mdlvidual or populatnon

(Davis and Heywood 1963) P. a/p/na populataons collected from several areas‘ln muddle -

l
\

. Sweden by Muntzmg (1966) dlsplayed a marked vanatuon in chromosome number

K

'rangmg from the dlplold number 14 to about 50 Muntzmg l1966l concluded that "

~

—

: explosnve mass productlon of new. bnotypes has been shown to oceur in an area whlch is
. otherwnse dommated by apomlxls" Although the majorlty of Scandmavnan P a/plna ‘
populatuons are largely apomlctrc -there is still a SuffIClent degree of sexuahty leftto - "

mamtam and enrlch the polymorphnsm of the specles .

R



1.5 Collection of Poa alpina populations

The Poa a/plna populatnons were collected by the Vegstation Group worklng in
, land reclamatlon research and development at the Alberta Environmental Centre at
Vegrevulle Alberta The plants were collected from 2700 metres 2300 metres, and

2000 metr@s ASL on Falrwew Mountaln Lake Lounse in 1984, All collection sites were _
W N

in the Alpine and Subalpme ecoreglons of Alberta (Strong and Leggat 1981). The hlghest
~ .elevation site is Iocated in an alplne fell-field, with coarse well—dramed soils and

. conditions ranging from cool/ wet to warm/dry The vegetatlon is an lntermlxture of.

S

Cassmpe tetragona and Carex spp. in the wetter dites, and Dryas hooker/ana with
{’hyl/odoce empetr/form/s in the drler areas, Festuca sax/montana and T risetum

‘s'gaicatt‘/m were also found at this site. The collection site at 2300 m ivs located on a leve!
saddle area, also with coarse ‘Well-draine'd soil. The dominant plant specie_s at tlhls site

- were Kobresia spp., Koeleria cristata, Festuca saxjjmntana a'nd T rl‘.‘setum spicatum The X’
lowest site is located in a valley bottom in the Spruce Fir subreglon domlnated by mixed
stands of Ab/es /asiocar pa and P/cea enge/mann// Poa a/pina is found here only in -

,

dlsturbed locations such as. along trailsides. (Above mformatlon on sites provnded by R.

Hermesh Head of the Vegetatron Groupl S S .

‘\

1 5.1 Hahdling of the plants BN

Ten plants of each populatnon were dwnded between a "warm regume" growth
| cl;amber and a "cool reglme. growth chamber.‘. In the warm reglme, plants r,ecenved a 16 =
- ‘hour photoperiod,vc‘ombined‘ 'fluorescent-incand_escent iIIurnlnatlon and a thermoperiod bf ‘
‘ 25' c davs and 5°C nights. Under the cold re'girne condlthns the plants received the. |
same photopenod |l|ummatlon and mght temperatureh but the daytlme temperature was
10 C Relatlve humldlty whlle not controlled remamed constant at, 60% All pots were ‘.
. well watered so that the. sonl water potentlal was assumed to be near zero at all tnmes |

-

Plants were glven full strength Hoagland s solutlon twlce a week



mine sutes Followmg the suggestnon of Brown and Johnston (1979)

1.6 Hypotheses | ‘

Overéll the data obtained from the field study reveal the importance of the .

ﬂtemperature regnme as a factor limiting plant colomzatnon of alpme dusturbances such as

physlqlogleal adaptations essential for plant establlshment, »surwval; an

under these conditions were investigated. The background information collected on

»

Mountain @ark West Mine indicates that grass species which would be successful in

reclamationjof such alpine disturbances should possess a few vital characteristics; i.e.
| Y ‘ o ' C

" they shoul (i) be able 'tov germinate at the low temperﬂtures which prevail at the start of
‘ the growmg season in alpme areas; (g) be able to survsve low and hn,gh temperature
. extremss; and (3) have a capacrty for photosynthesus over a, wide temperature range and

'hngh photosynthetlc actuvrty at low temperatures The examlnatnon of .each hypothesis

1

will be dealt with in separate chapters of the ‘thesis.
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2. Germination and Establishment

2.1 Introduction

Several native plant species have been stedied to identify and elucidate adaptive
physiologioal mechanisms that enable these plants to survive in the alpine region. .

. N

. Summarie;\of such studies have been made by Bliss (1962), Johnson (1969}, and Billings
{1973); these summaries have characterized the alpine environreent in terms of factors
that rﬁay be limiting to plant survival, growth, and reﬁroductibn. The most important
factors are: lew t‘emperature, high wind, short and variable‘ growing season,vvariable
snow depth, and often, dehfﬂiéient mineral nutrient supplies, These factors provide the
selective pressures that have resulted in the observed plaet aqaptations {Clebsch and |
Billings 1976). | |

'

The processes of growtﬁ and establishment are of critical importance in the life
‘cycle of alpine plantst; as Thienemann's Rule states, the 'most seesitive stagesof the
plant life cycle , such as the young seedling, set tﬁe limits for the maintenance and
spread of alspecies {Larcher 19)80).—)Thisstuqy deaisﬁwith Ieb studies of seed
germination in relation to temperature aﬁd light factors in two indigenqus alpine, and one
introduced grass species. -

Germlnatnon is influenced by several internal and external factors; among these
are temperature, water availability and light, .wh»ch trngger a series of morphologlcal
changes that convert a seed to a seedlmg This transformatuon can be summarlzed in fnve
stages: (]) imbibition, the adsorption of water onto the internal surfaces of the geed,
+ causing swelling of colloidal materials; (2) hydration and biocherhical astivation: {(3) cell
division and elongation; (4) emergence céf the radicle from the seed; and (5)

PLIS

-establishment of the plant primary body,»(Berlyn‘ 1972).

29
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2,1,1 Viabllity . -

Seed germination and viability in alpine species has been the subject of several

studies, Pelton (1956} examined ]8 alpine species and, found that all set vnable seed;
Bliss (1959) studied 26 species of whnch 96% produced viable seed Of the, six alp‘me

species examined by Sayers and Ward (1966), four had greater than 90% viability, There
\ IS a

A .
is evidence for intraspe\cific'variation of viability; for example, Amen (1966) fouRd a

SR s . ,
decrease in viability wnth'\lncreasmg elevation,

-

2,1.2 Dormancy

Seeds are considered to be dormant when they do not germinate under

conditions normally regarded as favorable to germination, i.e. when there is a plentiful

water' supply, suitable temperature and normal atmospheric composition (Mayer and
\

Poljakoff-Mayber 1963). Dormapcy can be due to a variety of causes: immaturity of the

N

embryo, an impermeable seed coat, special light or temperature requirements, or the
\ \J

presence of inhibitory chemicals, éiven the.physical conditions of the alpine environment
. ) : . .

discussed above, it might be expec\ted that there would be a common low-temperature

reouirement for‘the ‘gerniination of a\l ine seeds. However, experiments have snown‘ that

ldormancy is quute rare and that very few ‘of these dormant specnes requure a

cold- treatment Of the apprommately 62 species tested by Pelton (1956) Amen (1966)

Bliss (1959}, and Bonde (1965}, about 66%*exh|b|ted germinability upon ripening and only

40% appeared to be act(aally dormant; mo&t of the dormant species were sedges,and

wrllows Of those that germlnated 19 species had greater than 50% germmabmty (Amen,

1966) The lack of a cold requurement might'be due to the msulatmg effects of the

snow cover, or as Amen (1966) Suggests, at mperature-controlled dormancy may not
be advantageous for seed, survival in areas with\such bnef growmg seasons. The most
common cause of dormancy among alpine specigs seems to be seed coat mhlbmon

(Biiss, 1971),.85 several workers have_reported t:;at scarification promotes germination
. ' ' i
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(Pel‘ton 1956, Amen and Bonde 1964). Seed dormancy thus seems to be controlled by
the tundra envlronment, espeoially low winter temperatures. Seeds usually would mature
too late in the seasonthat they are p’r'oduced‘ to meet the correct reduirements of
ternperature and moisture for germination; the exception to this situation would be the
seeds of wet-site plants, such as willows and sedges, which would have abu‘ndantr

moisture even late in the season; this may be the reason why these seeds exhibited
:“dorm‘ancy . >
-2, 3 ‘Early seedling growth ’

For survnvalqn both the alpine and disturbed sites, it is essentlal for a seedllng to

»p,:oduce a large, well-developed root system. The underground par\t;ohyost alpine ‘
perennials have two to six timas greater dry weights than stems and leaves, and ‘sorne
(é.g. Ranuncul/us 'g/aclaifs), up to ten times greater root mass '(Moser et a/ 1977), and
thus can act as carbohydrate storage organs (Mooney and Billings 1961, Soott and
Billings 1964). Secondly, early root development is related‘to successful esteblishmént
in several graminoid spemes Plummer (1943) studied the germination and development‘

» of seedlmgs of 12 grasses and found that root development prior to summer droughtl
appears to be durectly related to initial success or fallure of the se;dllngs. Species that
vvere lcnown to be difficult to establish were found to be those with slow root

» development The establishment of a good root system lS an |mportant crltenon for .
.Specues sultable for reclamation. Root growth mto spoil matenals contnbutes to the

‘ stablllzatuon of disturbed sites, enhances soul development and |mproves the chances for

plant sn.(vwal during draughts (Nicholas and McGinnies 1982).

0
o

2 1.4 Study ob]ectlves T

¢

The flrst ob;ectlve of thls study was to determlne the temperature response of

germmatlon and early seedling development, and the ln_teractlon between temperature

~

¢ ) L ) ;!7; o " : X .
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and light in three graminoid 'species: Poa a/pina, T risetum spicatu/r;, and Poa'pratehsis
variety Nugge\t.‘ Given lthey short cool growing season of tHe alpine, and the lack of a -
requlrement for stratlfication in most alpine species, it was hypothesized that the seeds
‘ would germlnate early in the growing season, as soon as there was a slnght temperature-
’ lncrease This adaptatlon would be valuable in the 7lplne as it is important for the plant
to become establlshed early in the season, so that lt will have time to matdre before the
return of temperatures constantly below’ zero. Thus a seconidary objective of thns study
is to compare the germination strategies of these specues, to prov:de the basis for a
,direct—seeding strategy useful in reclamation The final objective was tovcompare the
{
early seedlmg\development of the three species with respect to rate of extensnon of

root and shoot and root;shoot blomass ratios. These three factors are useful criteria in

determining seedllng vigor (Whalley et al, 1966l.

2.2 Materials ‘and Maeathods
Seeds of Poa pratensis variety Nugget were provnded by Prarie Seeds Company,

Trisetumn sp/catum seeds, by Alberta Envuronmental Center in Vegrevnlle« Poa a/p/ na
seeds were provnded by David Walke:of Walker and Assocuates Ltd~ these were
collected at Coal Valley, Alberta All seeds were stored dry at 10’ C Gerrrlmatlon tests
‘were carried out in petrl dlshes llned with two pleces of filter paper to whlch ten |

. millilitres of dnstllled water was lmtlally added. Water was added as necessary to keep

~ the paper moist. The condmons under which germmatlon was studled were as follows
("l) continuous llght over a temperature range from 10 C to 30" C: (2) continuous
darknass over the same temperature range; (3) contmuous Ilght and contlnuous darkness
at dnurnally fluctuatlng temperatures of 10 day/5’ nlght ("cool" reglme) or 25 day/5
mght Cwarm" regume) It was found that the’ floral bracts of both Poa specnes were easnly :

removed by gentle frlctlon i.e. by rubbing the seeds between fmgers it was: then

'decnded to test the effect of the removal of the floral bracts on germlnatlon An

et

L . .
Pt . v

S



efficient way of removing these bracts was by rubbing the caryopses gently on very

fine sandpaper. This method probably caused, slight scarification of the seeds, Originally, a
N . ' ‘ ES E

v

‘ L : ! ' ' : . | ;
T. spicatum seeds were not given thig treatment, as a previous study found no effect of
B floral bract remoal on the gérmination of thiS\specles (Clebsch and Billings’ 19C6) '

However in the present experlments the percentage germination of untreated 7

.

'spicatum was low, and so in later experlments the bracts were remdved from this

- species as well.

Germmatnon was consudered to have occurred upon emergence of the radicle.

23

Orlglnally, each experlment ran for two weeks and the results indicate that the ma;o‘nty
of the seeds germinated wihin thls time. However, since the,lnternatlonal Rules on Seed

Testing (Anon. 1876) recommend that seeds for P. pratensis be left for up to four

!

weeks an extra series of expenments was done with the longer: duratnon Throughout
the course of the experlment the number of germlnated seeds were counted. At the
end of each two weeic experiment, the final number of germmated seeds was counted'

and converted to a percentage. Measurements were made of shoot and radicle length.

2 3 Resufts

' Results of the germunatlon tests under constant temperature condmons are.

shown in anure ll-'l and Table ll-1 ‘as are the results of scarlflcatuon the effects of:
» alternatmg day/mght temperatures are given in Table ll-l only These values represent
germmatlon after 14 days in the treatment lndncated It may be that, thls penod was 100

short for complete germmatlon to have occurred but percentage germmatnon dld not

‘

substantlally mcrease when the expenmental perlod was lengthened to four weeks (T able

II-2) Comparlson of scarlfled and unscarlfned seeds suggests that tlme was ndt a Ilmltmg '

v
N

factor rether 'if the seed coat was abraded then percentage germlnatlon mcreased

!

| rapld" Reasonably good germmatlon was obtamed for all specues, except Trisetum '

spicatum under one or more condmons Maxlmum values ranged from 62% for T



LS

E Fig.\l'_ij“ Percentage germlnatlon of both unscarlfled and'
unscarlfted seeds under varlous lsght and

temperature condltlons.
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. Table 11-2. Effect of duration 6f'germinatipn tests on % germination

R + (at_20°C, 24.h photoperiod). .
. v % germination .2 germination
Species: after 14 days after 28 days
Poa pratensis‘ 32 ho
P. pratensis (hulled) 50 50 7
T?ieefﬁm spicatum 52 ° 56
-
. "0
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splcatum to 98% for scarified Poa a/pina seeds, No germination was observed at

‘ constant 5" C after 14 days; when these seeds were moved to warmer temperatures '
’
germmatlon occurred, Results of tests at 30" C were not mcluded sunce the growth

——

chamber temperature fluctuated greatly when the unit was set at this temperature and

the results are therefore not reliable.

PN

Several lmportant pomts are illustrated in Fig. It- 1 (1) The optlmum temperature
for germlnatnon inT r/setum sp/catum was 20 C and there was constderable reductlon
in germlnatlon when the temperature was uncreased to 30 C Once the optlmum ‘
ternperature range ‘was found, the effects of llghtly scarifylng the seeds,were tested~ - : .
thls treatn‘ent resulted in substantnal increase in percentage germmanon Germnnatoen in
T. sp/catum is also stimulated by darkness |

o~ '
2) The optlmum temperature for untreated Poa a/p/na seeds was 15~ 20" C.

4

.

‘ Scarlfncatlon of these seeds dramatncally increased percentage germination, and
broadened the optnmum temperature range for germination such that 95- 100% of the
seeds germmated at 10 C oompared with less than 40% of unscarlﬁed seeds.
‘Scarlflcatlon of P. a/p/na seeds mcreased the rate of germmatlon. Unscarlfled seeds are‘
stimulated by darkness |n scarlfted seeds there seems to be hght lnSGN$ItIVlty

| (3) Unscarlfled Poa pratens;s sdeds had \a hngher optlmum germmatnon
temperature (25" C) and lower percentage of seeds germmated at all temperatures up to o

..the optlmum than the two native species. Gentle scanfncatlon caused Slmllar\results_ in'P.

‘ pratensls as in P alplna (1) there was a great mcrease in percentage germmatlon (2) 8
broademng of the optlmum temperature range to 10" - 20 C from 25 c for untreated
seeds Both scanfled and unscarlfled seeds do better in darkness -

Scarlfled seeds of P. alpina were the only ones able to germlnate under the

‘ cold" reglme of 10 C day/ 5° mght T able =1 and the percentage germmatlon was 20%

‘Iower than P. a/pma seads germmated at constant 10 C under contmuous Iught or dark

. "'Only scarlfled seeds of P a/plna and P pratensls were not lnhnblted by the’ warm
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. reglme of 25 C. day/ 5 C nlght in fact the germinatnon of the treated Seeds was

st:mulated by this treatment All other seed populatnons dld less well under thns regtme :

] 4

- than under constant 25° C and contmuous Inght or darkness . o

Germmatlon m:the three specses was rated based on th'e Iength o‘f -‘t‘ime required I

‘radicle from! the seed coat these data are glven in Table -3, At all constant

- temperatures and llght condmons jt took less than ten days for seeds of Tr/setum
v'.\xklcatum to reach the maxamum percent germmatlon and in most of the tests ‘the | v
radncles had emerged within four days of the start of’ the test Scarlfncatlon dld not o
speed up. the germmatlon proéess in this specnes For seeds of P a/p/na the maxlmum (?"t ‘
percentage germmated was not reached for seven to fourteen daysx gern‘vnation |
occurred more quickly in the llght than in the dark The temperature optnmum for
germmatlon as not the‘same as the Optlmum for rate of germlnatnon the same L
| percentage of seeds germmated at 15° end 20° C but the tlme requu;ed to reach the

S

'.maxtmum percentage germlnated was shorter at 20° C Scarlfncatlon of P, a/p/na seeds

-

' : decreased the Iength of tume requlred to reach maximum’ percentage germmatnon
‘ "espemally for the seeds germmated in the dark lt also greatly decreased the ttme
, requlred for radlcle emergence The seeds of P pratens:s took the Iongest tnme to
“_reach maxlmum germmatlon percentage 9.5 to 14 days). Agam scanﬁcatlon mcreased
| ‘the rate of germlnatlon partlcularly in the dark A decrease |n the tlme to radlcle
‘emergence was also observed The tlme to maxumum‘ percentage germmatnon and radlcle
| emergence m all specues except P pratensls (scarlfled) was shorter at 25 / 5 c.
‘Germmatlon occurred most rapndly in unscarnfued seeds of T. sp/catum and P alp/na - ‘, X
| (Scarifned) |n 10% of the expernments in P. pratens/s (scarlfled) in 11 25% of the |
experlments and in P alprna (unscanfled) 1 25% of the experlments !Jnscanfned P .

%ensls seeds had more rapnd germmat:on than the others only at 25 / 5 C.

. N
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Root and shoot lengths measured 14 days after the stari of the experiment are

given in Table 1I-4, In general,-root growth decreased when the seeds were germinated

in the dark, and shoot growth was stimulated. Seedlings of 7. sp/catum grew best at 20

C in both light and darkness; those of both Poa species grew best at 15-20" C in

darkness-and at 20°~25" C in continuous light, The species with the greatest amount of
v ) ,
" root and shoot growth at the end of the 14 . day experimental period were; 7, spicaturm
% ' ‘ :
. and P, ipratensis (scarified), followed by ‘P, a/p/na (scarified), P, a/ p/na (unscerified), and

lastly P. ‘pratehs/s (unscarified). The seeds germinated under‘the 16 hour photoperiod
and diurnal temperature regimé.did not do as well as those from the constant -

temperature regimes, The seedlings that developed from the scarified seeds of £,

pratensts were very smail; and the grbxvth of all the seedlings at. 25"/ 5" except from P.

. pratensis (scarified), was less than at constant 25" C,

P. al pina seedlings, from both scarified and unscarified seeds, tend to have the )
" W,

greatest root:shoot ratios.(Tabte II-5) at all temperatures; followed by 7. splcatu?n @\nd
then P, pratensis. Seedlings from scarified seeds have lower root:shoot ratios than

those from unscarified seeds. Root:shoot ratios of seedlings grown at 25°/5" were

greater than the correspoﬁding ratios at 25" C in the dark. and for both 7. sp/catum and

P. pratens'/:s'(scarified)‘. comparable to the ratios in the light.

~ o
e

.

- ' L .
Vo ST

5 ¢

2.4 Discussion e .

*

Temperature and moisture are the mosf critical factors in seed. germination, and .

germihation should occur at a time when there is a favorable combination of these

factofs'(Mayer and Pdljakoff-’Maybér 1863). This doeg not usually occur at the time the
seeds are shed. Low temperature is considered to be the greatest limiting factor to plant

‘ s:.'nt'vival and growth in the alpine (Clebsch and Billings 1976), Given this, it would be

4 L o

expected that alpine species would ‘have low optimum temperatures for germination,

4

such"ti{at, germination could be initiated early in the growing season. The resuits of these

;' Al
B4
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experiments ihdicate that the uns_ggrﬂe‘d/seeds of the native alpine grasses have a

relatively high temperature optimum for germinatien (15°-20° C). Simitar values for

n

‘ optimum germination of.“other alpine species have been reported by Amen (1966), Bliss

(1959) and Sayers and Ward (1966) The reason for these rather high temperature ) ,
\ .

optlma is revealed in Sorenson s detailed study of the germmat'on process in the arctnc

tundra (194 1), Sorenson'found, as have other researchers since, (Sayers and Ward

1966, Billings' 197 3) that moisture levels are highest in the early summer immediately

following snowmelt, and decrease as the growing season prbgresses, such that there is
L ' .

-

often a drought in the late summerv.’ The average soil temperatures in jarly summer are .
approximately 10'-)5' C and increase to their highest values in mid-late summer, and

then decrease in the |ate summer and eéarly fall (Sorenson 194 1). The pattern in alpine
regions would be stmilar, ahd therefore the optimum time for seed germination, in order
to.maximi2e the length of the growing season, weuld be earty summer, following

snowmelt. Warmer temperatures would be available in mid-summer, but seedlings that:

germin'ated this late in the season would face the risk of being caught by the late-season

dreught, and by the onset ef‘winter'frosts before they would be mature enough to

survive. Sorenson found that most species germinate in the early summer when soil

temperatures are about 15° C, and before the soil dries out in late summer. Although

'

" germination is possible earier in the summer, the probability of survival is decreased at

this time, as the seedling is then exposed to the danger of injury from late frosts.

Germmatuon does not occur in the late summer when the seeds are produced as soil

i

monsture is hmlted even though the temperatures are favorable

Thns is one way in whlch alpine plant specaes have adapted to the selectuon

.

' eressures imposed by the alplne environment. The danger in introducing and attempting

“to propagate non-alpine species in this environment is that their physiological activity is

not synchronized with the habitat, especially with respect to the temperature regime. As

illustrated in Fig. -2, if a species from a warmer habitat is introduced to higher -



a6

= elevatuons it may retam ltS tendency to delay development until the temperature has risen
conStderably, as a result, it germlnates too late in the season, and the new growth has no
: “time to mature before the onset of winter, Thus it may. be caught by frost and damaged
' ‘. (Larcher 1980).."The optimum temperature for unscarified seeds of P, pratens/s was 25"
C. At temperatures up 'to thls optiumum,‘this introduced species had a lower germination
rate than the two native species. It is possible that bdue‘ to a combination of a higher
optimum germination temperature and a slower germlnation'rate unscarified seeds of P, ‘.
pratensis would germinate too late in the alpine grownng season for the seedlings to
mature by wmter as descnbed above - |
- In both Poa species, dormancy‘seems to be environmentally imposed; there was
no evidence for another type of dormancy besides that of seed-coat inhibition..Both
perclentage germination and the rate of germination were increased by gently scarlfying
the seed‘s.. Scarification also enabled low temperature germlnati‘on." The enhancement of
germination by scarification has been.noted by several researchers (Amen 1966, Amen
and‘Bonde 1964, Billings 1974, Biiss 1959). While scarification is a'n important
n

experlmental technlque which stlmulates germlnatlon in many alptne specues itis '
uncertain how scarlflcatlon would occur in nature and thus |ts lmportance as an
adaptatnon is debatable It has been suggested that scarufncatlon is due to the abraslve |
4actlon of strong wmds lwhlch can create turbulent pockets of sand and gravel) and 5
solifluction (Marr 186 1). Both occur commonly in the alpine reglon especially on open |
' sites. An advantage of scarlflcatlon could be to sprsad germlnatlon over an extendad
' period of time so that the process could potentlally; encompass seyeral favorable
periods (Amen 1966) In addmon the gded coat would be destroyed at dlfferent rates
by dlfferent site condntnons Both strategles would prevent s:multaneous germlnatlon of

all the produced seeds whlch could result in hlgh mortallty rates if condltlons became

unfavorable
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‘ 'Alpine areas are characterized by strong diurnal temperature flucteation's
therefore it would not be reallstnc to Ilmut germmatlon studnes to constant temperatures

1

(Clebsch and. Blllmgs 1976) in this experiment two dlurnally fluctuatlng regimes were

used: the cool' reglme totally inhibited germlnatlon in all but the scarified seeds of P.

alpina, and even thts species had 20% less seeds germinate than at constant ‘lO C. The -

' "warm’ regime conditions, compared, with the results from coqstant 25° C, stimulated

the percentage germination in scarified ‘seeds of both Poa species, but inhibited

,
[ |

ge'rmination in ‘unscarlﬁed Poa seeds and‘T . .sp/catum. The data presented "here are
insufficient to support any conclusions drawn about't_his’dlfference, as the effect of
photoperiod was not investigated.

The data indicate that exposure to continuous darkness promotes germinatlon of
al| three sbecies- this trend is more pronounced in enscarified seeds, and at low
temperatures in' the natlve specnes Bliss (1959) found that the seeds of most of the 26
alpme species he studled showed no sngmflcant reductnon of germmatlon in the dark, and

greater ‘than one-third showed an increase. Both 7' sp/catum and P a/p/na seeds fell

into thls later category, although only T sp/catum germlnataon mcreased sngmfncantly (by

23%) Dark stlmulatnon of 7' sp/catum seed germlnatlon was also fOund by Sayers and

,Vyard (1966) they studled seed collected from the alpme zone of Rocky Mountam

National Park Colorado Clebsch and Bullmgs (1976) studled germmatlon of seeds from

' several populatlons of T splcatum collected from 70 N to 41 ‘N in North Amerlca theur ‘

_results mducate that germmatuon |s dark stlmulated in the populatlons from the Rocky

Mountalns of Canada and the U. S whlle the hlgh latltude populatlons have

‘s

llght—stlmulated germmat:om Thns trend was clmal Ecologlcally, the mcrease in

”

. germmatnon by darkness may be due to the fact that seeds may commonly be buned by

'wmd-blown sand or snlt (Bllss 1959) In P a/p/na and to alesser extent in P pratensis . B

and 7. sp/catum the dark stnmulatnon can be overcome by scarlfymg the seeds

' \\v- i
. o
) “r
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Although darkness stlmulates germlnatuon it has a negatnve effect on root: shoot
'

| ratlos (T ables -4, HI-5). Thns result is because the seedhngs in the dark are etlolated
stem elongatnon is stlmulated ~and root growth is lnhlblted (Salusbury and Ross 1978mlf
itis |mportant for seedllngs to rapldly develop a root system as is the casein .
'reclamatuon where it ls necessary to prevent eros:on then the advantages galned in rapid
- rgermlnatlon would be. outwelghed by the poor root development A solutuon vvould be to‘
‘transfer the seedlmgs to the Ilght as soon as the majorlty of seeds have germlnated .
The rapldlty of seed germmatlon of the specnes studned- is an |mportant factor in
‘plant establlshment Aithough vegetatuve reproductlon is very common, and probably the

h

major source of new plants in the alplne general abundance may also be related to’
germlnatlon success (Sayers and Ward 1966) For reclamatlon purposes the' seeds that .

B germmate rapldly and have the greatest percentage germlnated are(most deslrable¢ of |
| . the three specnes studled T. sp/catum has the Iowest percentage germmatlon but is

qulck to germlnate The time requnred to reach maxlmum germmatlon was five to ten

days dependmg on condmons and radncles had emerged within three to elght days

!

o However ‘the maxlmum percent germlnated was only 62% under optlmum condmons

‘ although scarlflcatlon mcreased thls to 78% In Blnss study (1959) the mnmmum tnme for
' ¥ germmatuon was elght days the mean 12 and the last germmatlon occurred at 40 days" J
vwhen seeds were germlnated in the llght ln the dark the mlnlmum tlme was elght days, ‘f-
tthe mean 15 and the last at 22 days 71% of. the seeds germlnated These results are ‘-
conmstent wlth the present findlngs Sayers and Ward (1966) found T. sp/catum seeds -
. .tb have relatlvely slow germlnatlon rates only after 14 days,dld any condltlon tested
.‘;result in 50% or, better germlnatlon They concluded thatggod fleld germlnatuon of thus
'spec;es would occur only wuth rather extended penods of favorable temperature and |
| monsture The present fmdnngs are slnghtly dlfferent 40% of T. splcatum seeds o
S germmated ll'l about seven days Such dlfferences occur because there is mtraspecmc :

' vanatlon wnth respect to germmatlon and estabhshment |n thls specles (Clebsch and .

V

. '0‘;, | j‘ "" . ‘ | . ‘,A, v' "‘ ‘ l,



Billings' 1976). There was a great deal of intraspecific variability with respect to the

) ’ . + ' b ' . N . N v " . gy ' a » . ‘- A -
parameters of germination measure in this experimant; this variation is especially visible

in the root and shoot length data (Table iI-4), : C .

‘The minimum‘ time for‘germination of untreated Poa a/p/na seeds vvas four days, ,
cand it took from seven to fourteen days to reach maxlmum percentage germmatlon
dependlng on the condmons These .data agree wnth Bhss (1959) data on P a/p/na

: germlnatlon m the Ilght 85.5% germlnated with a mlmmum time to germlnatlon of eight

days In the dark 91 2% of the seeds germmated and the mlnlmum time to germmattnon
decreased to five days. In the present expenment the scarlfled seeds took’ Iess time to
germmate -and reached maximum percent germmatnon sooner. At temperatures ‘above,

| 10° C, both untreated and treated seeds of P a/p/na had greater percentage germmatlon ‘
than those of T. sp/catum and scarified seeds germlnated as rapldly as those of 7.

sp/ catc]m

'

" Poa pratensls seeds took the longest amount of time to start germmatlng (flve to

: mne days) .and dld not reach peak germmatnon before 14 days Agam scarified seeds )
" reached peak germlnatlon earher than unscarlfled seeds and reached maximum
percentage germlnatlon sllghtly earller At all temperatures up to 25 C unscarlfled and

' scarlfled seeds of P. pra:tﬁﬂ‘/s had lower percentage germlnatlon than slmularly treated

" seeds of P a/p/na P, pratens/s also had lower germmatlon percentages than T

' 'splcatum up to 25 C unless the Nugget seeds were scanfued Better percentage

germlnatlon in unscarlfled seeds of thns specnes mlght be obtamed by exposnng the‘
‘ seeds to greater dlurnal temperature fluctuatlons ThompSon et al (1977) found that P
pratens/s and other sward mvadlng specnes requared temperature fluctuatlons of about
‘ 10 c for maxnmum germlnatlon Thls re'qull"ement i elated to the grasses ecologlcal

.roleasgap-mvaders o T : ‘;

As mentloned above favorable condmons for\ seed germlnatlon |n the alpme may

- exust for only a short tlme thus T risetum sp/catum has an advantage over the other

t . "
N ¢

. . o [ Lo . . ) .
. , T e [TR. S '



" _'plant specues to have rapnd and abundant belowground development

. rsplcatum these specles could alI be utlllzed ina dlrect-seedlng program wuth best

51

specnes due to lts rapnd germmatlon -rate. However the populatton of T. sp/catum seeds

: used in this expertment had lower germlnabmty than the other two specnes other

populatlons of 7 sp/catum have been shown to have.greater percent establlshment

(Cle@ch and Bllll\ngs 1976) For both species of Poa both rate and percent establlshment

are greatly mcreased once the seeds are scarified; both processes are increased to a
VQ' D, "

‘ greater extent: in P. alpina, P, a/p/na also has an advantage'in terms of early seedlmg

'development although T. sp/catum seedlmgs are faster growmg, P. a/pina seedlmgs

have greater root length than shoot tength after two weeks of growth

LA

These observatlons have important lmplncatlons for the use of the specles in

T

‘ reclan}atlon Plummer (1943) found that the. most successful specues of the 12 range

grasses that he studued were those with greater root growth in the seedlnng stage. Not
only would thls enable P. a/p/na seedlmgs to become establlshed and productlve earlier
than those of the other two specnes but the seedllngs would have a greater area for

storage of carbohydrates meanlng that the seedlmgs would have a better chance fon

. survrvrng unfavorable pernods of drought or frost in addltlon the greater the root

p

'growth mto spouls the greater the sorl stablllzatron and the greater the enhancement of

,‘ | soul developmental processes of drsturbed—ettes—tastly Nncholas and McGlnmes (1982)

i

’ R found that three to four years were requtred before root systems of plants grown m ‘

. mme sponls resembled those grown in natural sonls in terms of welght and dlstrlbutlon

Oh such dlsturbed sites where natural growth is retarded it is a defmlte advantage to a

o

leen the germmatlon charactenstlcs of Poa alpina, P pratensls, and T r/setum

o results uslng scarlfled seeds
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2.5.Conclusions

These observatrons suggest that for reclamatlon of hlgh elevatlon dnsturbed sntes

\
'

P, a/p/na w0uld be most successful as it has hngh percentage germlnatlon at'15 Cand

[

" .does not need to be scarlfned to give reasonable germination rates althOugh g e

' A

. scanfacatlon mcreases germmatnon rate and enables lower temperature germmatlon In ,

1

addition, the seedllngs of P, a/p/na have the hnghest root shoot ratlos of ;he three

. ,
specles studled here T spicatum seeds have a faster germmatnon rate but have lowaer

percentage germmatlon and smaller root growth in terms of Iength

~This set of experiments was intended to determine whether in‘dig\enOus alplne and

A

‘ mtroduced grass specnes possess dlfferent germmatlon characterlstlcs that would

’ mfluence theur success in revegetatlon of alpme dlsturbances The results lndlcate that

A

based on percentage germmatlon rate of germmation and root shoot ratlos P. a/p/na

L4

followed by T. sp/catum would be more successful than P. pratens/s for alplne

"

reclamation. However these germlnatnon tests were all carrted out in.controlled growth
A

chambers us:ng Petrl plates and fllter paper; these condltlons are stable in tlme spatlally

umform and free of blotlc mteractlons lEvans 1963) In ?helr natural envuronment these

seeds would be exposed to constantly changmg condltlons .a range of dlverse
mncrocllmates and numerous other orgamsms It lS not possnble’to completely prednct
‘-fneld performanc’e based on these results slnce several major factors such as soul

fertshty and pH’ tha‘t greatly mfluence plant survnval and performance Were not studled
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3. Temperature Resistance

3.1 Introduction
Freezing injury is a maj;)r causé of plant death, especially in crop plants, and low
temperature is i'ep'utedly the single most important factor in natural pfanf distribution --
{Parker 1963, Burke et a/. 1976), For these reasons,. plant resistance to low
. temperatures has been extensively studied, In contrast, there have been far fewer

studies dealing with heat resistance in plants, despite the fact that there is a lirﬁiting
high-temperature stress for all organisms (Levitt 1980). Most studies ‘héve concentrated
on three aspects of the relationship between plants and temperathres; (1) the nature' of

' . the temperature stress; (2) injunl'y resulting from exposure to temperature extremes; and

.

(3) mechanisms of temperature resistance.

3.1.1 The Freezlng Process
L Freezing in pISnts is the conversion of liquids in cells and tissues té a solid state
with the loss of heat (Alden and Hermann .197 1). Two types of freezing are commonly
:d§ff6rentiated: intracellular gnd extracellular, based on the Ioca.tion of ice formation in
:hé tissue and the rate of freezing. Iritracelluiar freezing occurs when plé;wt ti;sue is very
rapidly frozén, \causing‘ thousands of jce’ crystals to fénrm’ in the protoplasts and vacuoles
(Burke et al. 1976). ﬂiis type‘of freezing is readily. mduced by artificial conditions, but
rarély occurs under natural climatic conditions as it requires a very rapid and substantial
decrease in temperature. Extracellular fréezing is much.more common in nature. For this
‘reason, our research has been mainly concerned with extracellular freezin‘g.'
The procas_s of extracellular‘ freezing' can~be‘summarized4 as follows (after Levitt
1980 and Rowe 1967):. when plant tissue is cooled‘slowly'. (i.e. at a rate of about 3" to
5 C pef hour;), ice normally crystalliies in the large xylem vessels, since their large
diameter déésn'i sllow for superqdéljng and theif sap is dilute. From these nucl'e'ation'

-~

*
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points, freezing proceeds along the xytem through the plant body. The plasma
membranes prevent ice crystals from innoculating cell cont;ants and thus the ice spreads
(I/ia intercelluar spaces, at the expense of the water vapor in the spaces and surface
water filrﬁ onlythe cell walls, As the temﬁerature 'of the tissue decreases, supercooling
occurs in the cells due to their relatively small size and because their membranes‘have
prevented intracellular;ice formation\, T.he phenomenon of supercooling occurs Ibecause
Water does not necessarily solidify when its temperature is at the freezing point.
Molecules must be arranged in a regular manner to form a crystalline matrix; when the
freezing point is reached it rﬁay take time befor; the necessary pattern forrﬁs, and until
this time the water remains liquid (Boikess and Edelson 1981).

As the tissue temperature drops beléw the fregzing point, the vapor pressure in
the cell is higher than that outsi.da the qell, since the formation of ice causes the vapor
pressure of the interéelllular Spaces to drop sharply. Thus the diffusion of water through.
the“ plasma membranes to the intercellular spaées is favored. This process results in.ice
growth outside the cell and in dehydration 'of thé cell protoplast. At some su'percooling‘
point, ice begins to cfystal!iz'e, and the heat of fusion is refeaSed. The maximum
température attained by this exotherm is the tissueAfreezing point (Fig. lil-1). Extrac~ellular .
freezing is a s;lovy gradual process; often it is slow enough so that ice doeé not spread
throughout the plant, but o‘hly‘ forms in certain areas.

! L ' . — *

When thawed, 'plaht.tissues are usually limp and appear waterlogged. As ice in
the intercellular spacbes melts, the spaces are left aimost free of air, and the.cells are

°

* flaccid due to the water Idst to ice (Levitt 1980). If the tissues are uninjured, water is |

L » } . .
readily reabsorbed by cells: Injured cells cannot reabsorb water and thus are 1

characterized by "frost p.lasm‘olysis" (Levitt 1980).



Page 59 has been removed because of the'unavallabilityvof copyright
permission. Page 59 contained information on a typical curve of

slow controlled rate of cooling {From Rowe,. 1967).

3
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3.1.2 Freezing Reslstance l ' - S

The ablhty of some plants to survive subfreezlng temperatures is due to (l) the

ablllty of the protoplasm to tolerate low temperatures and sudden cell dehydratlon /. e.

tolerance mechanisms; or (2) the effectivénéss of mechanisms aimed at delaymg ln]ury
caused by exposure to'cold and dehydration, /.e. avoidance mechanlsms {Levitt 1980). In
some‘plants, frost resistance is due to a comblnatlon of both tolerance and avoidance
mechanisms. Tolerance mechanisms are of long-terrn duration, and the level of tolerance
changes throughout the year: it is lowest in the sumrner, increases through autumn to
reach a maximum flevellln the winter and decreases in the spring {Larcher 1962). In
contrast;‘ avoidance mechanisms are of shorter duration; onevofl the most irnportant is

’

supercooling {the ability to cool t& temperatures below the freezing point without ice

formation as described above). Although supercooling can only be maintained: for a few

hours, it can provide a reliable degree of protection against frosts of short duration :

{Larcher 1973 Levitt 1966, 1980). This protection is especially important against frosts
occurrmg during the summer, when tolerance Ievels are at their lowest. As mentioned

earlier (see 'General lntroductlon ), temperature resnstance is a major factor in the

'persnstence of a certain specnes in any partlcular reglon (Larcher 1873 In the alpme the

’

. spells and frosts.

growing seasons are short, cold and unpredlctable and outsnde the arctlc they are also

characterlzed by cold mghts (Blllmgs 1974a and b). Thus plants growung in the mountauns

face a rlsk of short durataon frosts at anytlme dunng the growung season. For these '

plant57 avondance mechamsms are an eff:cnent means of survnvmg the frequent cold

B et

| lt mlght therefore be expected that the native grass species would be better

' adapted to survuve low temperature stress than P pratens/s which is not an alpme

| species. Secondly, gnven the ongln of the Poa a/pma populatlons it was expected that

P. al pina from (elev. 2000m) would have the greatest frost avondance, as-it is from the

valley bottom of Fair'vi'ev.v Mountaln; Alberta: Fliri (1_9‘62)" found that high _‘elevation sites -

.
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( have more frost days (when the minimum temperature is below zero) and lce days (when
the maximum temperature is below zero) than valley sntes (Table - 1). However, at 500
metres there are more frost exchange days iwhen the temperature crosses 0" C) than at
| 3000 metres; this fluétuation in temperature over a relatively short interval of time /
causes more stress for"plants than does the consistently below-zero temperatures of
higher elevations. Thus, at- the Iower ‘elevations, a trend towards avoidance mechanisms
| would be expectetl, to survive the constantly changing conditions; at very high |
. elevations tolerance mechanisms would be more effective. As well, temperature
inversions occur frequently ln some valley bottoms when cold heavier air from higher up
the mountalns moves downs;ope and, if prevented from dramlng down out of the valley -
| , by an’ obstacle such as a hill or forest accumulates in the valley. Ogllwe (1969) found
that some valley bottoms could.be 10 20 C cooler than sites further up the mountam
and inversions Were posslble 8I§105t every day of the month For these reasons some
- valley bottom plant commummes are composed of Iow-temperature-endurlng plants -
Thus the First objectlve of thns study was to ansWer the questlons (1) at what |
temperature do the three grass specles freeze?" and (2) “are. they able to survrve this -
; stress?" To answer these questlons the frost avoldance of these specles was
' determlned by studyung thenr supercoolmg and freezing points. Frost avoudance was '
| chosen as’ lt is easner to measure accurately than tolerance This mformatnon will reveal ‘
| whether any one of the three grasses ns.better able to survuve the penodlc frosts .‘
. 'occurr,lng in open dlsturbed alpme sites. | o o . a C - ‘.-‘
",v3.'13HeatReslstance o o o o ‘ ‘f
" For many plant specles dangerously hngh temperatures can occur under natural
“condmons the temperature of leaves exposed to sunllght may be well abeve that of the.
air, due to absorptlen ef 44% 88% of the total radlatlen recewed by theﬂeaves ‘

: (Raschke 1960) As fqr frost reslstance. the ablhty of a plant to survive hlgh
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'Table fti-1. -Temperature data from.the'European‘Alps.

Number 'of = *  Number of . : Number of . :
' - FROST-DAYS - . ACE-DAYS - "FROST-EXCHANGE'* DAYS
Elevation "1 (Min<09C) . (Max<0°C) . 1 e (F-1)
s00m - 12 . 33 | * 89‘{\ o
o | A ' R
3000 m o305 255 . 80
Adapted from Fliri 1962. - o TR SN
o A R ‘ St e o g
\
s
A




; exposlng the plants to hngh temperatures and monltorlng the results

\ -
, . ' \

: temperatures is due to both avoidance and tolerance mechamsms Seasonal changes o

occur, in heat tolerance as in frost tolerance and actually the level of heat tolerance
increases with frost tolerance in the wnnter lSantarlus 1973 Palta et al. 1978) thus
there must be a common mechannsm operatmg at this tlme However Santarlus (1973)
also found that heat tolerance lncreases in \na summer, sO there must be a second
mechanlsm that ranses heat’ tolerance dlfferent from the first. Heat tolerance dlffers

from gold tolerance in that the- seasonal changes are very small, i.e. Iess than 5 C. and

as mentloned above,} the level .of heat tolerance' does not follow the climatic rhythm .
A ' C,

.lLarcher 1973).'Heat tolerance levels can change wnthm a short period of ~t|me;

) ' . LR
. . )

Alexandrov and Yaskuliev (196 1) found a rise in tolérance from morning to aﬂernoon in N

‘\',

a specaes ‘of desert grass

-
1

y

Mechanlsms of heat. Kondance mclude (ll transplratlonal coolmg 2) msulatlon

: and ()] decreasmg the absorptlon of radlatlon An example of this last mechamsm is
’ found in members of the Fabaceae whlch are able ‘to reorient their leaves such that less
'surface area ls dlrectly exposed to mcommg solar raduatlon whnle keepmg transpnratlon

“"fully functlonal lWalter 1979) Unllke the sltuatlon for frost avondance heat avoudance is

very dlfficult to measure Heat tolerance IS easler to measure wuth a hlgh degree of

- precusuon (Larcher 1973) Elther tolerance of lndlrect effects can be measured by
/measurmg the temperature response of a SPBlelC process such as photosynthesns or’

- 'the tolerance of dlrect effects can be measured as was done in thls expenment by

,

For many reasons hlgh temperatures are a ﬁmntmg factor for plant estabhshment

-

";ven alplne dlsturbances Even on undlsturbed sutes sonl temperatures can be extremely

J .hugh Turner l1970) measured sonl temperatures of greater than 80 C at 2000 metres
- As mentloned in the General Introductlon soil temperatures on dlsturbed sltes in the N "
| ‘alpvne can reach temperatures as hlgh as 50 -75 C ngh temperatures ocpur in the - ‘

o plants themselves wh>en wradcation |s very strong as is certalnly the case on such open

)

(o
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v
)

_ sites. Leaf temperatures of grass specles growing on Mountam Park: rnme sponls in July, -
of 1984 commonly reached 40 C lFlg l 6 General Introducthn) Furthermore when , |
soil Is exposed to hlgh lrradlatlon heat damage or kllhng of the plant tlssues at ground |

‘ Ievel occurs {Levitt 1980 Schramm 1966). Hrgh temperatures also llmnt plant growth and
establlshment as they cause more rapld depletnon of vntal storage compounds (Johnson

n\
1980) Thus itis lmportant to, have a'measure of the relatlve abnllty of the three grass

specues to reslst and survnve hlgh temperatures in order to assess thenr SUItablllty to
reclalm such areas. The second objectuve of thls study was to answe,the questnon
'What is the’ hughest temperature these grass species can survuve?

v

3.1.4 Vlability o
For both frost‘ and heat resnstance in order to determ:ne if the plant could survive

the temperdture treatment some measurement of vnablllty had to be made In theory,
vuabsllty .s‘ " the ablllty to llve grow and develop (Palta et a/ 1978) Most vnablllty tests.
are able to measure only rf tissue is Ilvmg or nonllvrng because of certaln complrcatlons 9‘
| (l) in a multncellular organrsm or. tlssue not all cells dle srmultaneoUsly 12) wnthm a cell
dlfferent organelles cease functlomng at dlfferent tlmes and (3) in order to’ be truly |
'useful the test should determme how well the treated cell tlssue or orgamsm wnll
contmue to fulflll |ts life- functnons in relatlon to a control (Palta et a/ 1978) The TTC

(2 3 5-trcphenyltetrazohum chlorlde) reductlon method IS commonly used to evaluate

“

3 ’: vrablllty, and the modlfned method of Steponkus et al (1967) was used early onin these

expenments However there was great varlabulrty among the repllcates thls problem has B
been encountered by other researchers (see Sterguos et a/ 1973) Thus for these \ \

experlments the plants ablllty to resume normdl‘growth after temperature treatment o

@

was used as the measure of v:ablllty Thls method has been suggested as the ultlmate

crltenon of vuabnlnty by Palta et al (1978)

. N N . o Lo
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3.2 Meterlals and Methods l

Al plants of Pos alpina used in these experlments were provuded by the

Vegetatlon Group worklng with natlve grasses at the Alberta Envnronmental Certter |n |
Vegrevulle Alberta.’ A descrlptlon of the orlgln and method of collectnon of these plants
is given in the General lntroductlon Plants of T r/setum sp/catum and Poa pratens/s were
" grown from seed in controlled envuronment chambers at the Unlversuty of Alberta Seed
.of T. spicatum was provuded by the Alberta Enwronmental Center P pratenS/s seed .

was provnded by Prairie Seed Company Plants were not used for these experlments o

until they had been growmg in the growth chambers for about two months

13.2.1 Frost’ Resistance
: ' e
[ B
3.2.1. l Freezmg pom't Determmatlon

"

-— . -

o Several previous studles {e. g Plsek, Larcher and Unterholzner 1967
Gerber and Hasheml 1965l have compared the freezmg pounts obtalned uslng both
detached and lntact Ieaves and have found no sugnlflcant dlfference in the freezung

N popts obtamed Therefore for these expernments detached Ieaves were used to
' a‘determlne the freezlng and supercoolmg pomts of the three grass specnes The
rmethod of Plsek et ‘al. (1967) was followed in whlch copper-constantan
B s g thermocouples Were enfolded lnsnde detached Ieaves foam rubber lnsulatlon was
' then placed around the leaf and secured wnth elastlc bands WhICh also helped hold |
R ‘the thermocouple ln place (F"g Ill-2a) Thls techmque provndes msulatlon so that the o
‘ “heat produced when lce forms wlll not dlsslpate lnto the surroundlng air. A |
L l'g‘thermocouple was also placed |n an msulated vial of pure water Whlch has a
_» 'freezmg pomt of O C. to verlfy thls method s accura_cv.____m; )

*'. '_»;fl".

: S 5The leaves were frozen in the center chamber of a domestlc freezer wnth a..

"_'_-.fjtempe%ture range of 10 to -20 C a fan was also placed in the freezer to

i -prevent layerlng of alr and thus uneven coohng of the tlssue The freezer



/
IO)
.
l .
b) - Thermocouples ‘Insulation
Re¢bd Region o Region v
‘, .

Fig. |f]-2l Apparqtds.for detgfmining thg"v
: BN ,freézing poiht of piapt‘@a;erial
| 1a) of detached. leaves
b) .of whole tillers. =

See text -for explanation.
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temperature was slowly‘ decreased‘ at the rate of about 5° C per hour : this slow
' coollng is standard procedure in most freezin‘gv studies, slnce rate is 'knowh‘ to
influen'ce freezi(ng point, Freezlng o’f all leaves occurred within six hour-“:. The
output of the thermocouples was recorded on a Honeywell multipolnt strip chart
‘recorder, which was calibrated using a standard thermometer for thev temperature

range of 30" to ~20" C, Resolution to 0.25° C was easily made on the chart output..

The f'reeiing curves produced by this method show a slow steady decline in

temperature' to the ‘su‘percoolin‘g‘ point, followed by a sharp: rise in temperaturelto

' the freezing point as'the heat of fusion is released. '”lhis’umethod has several
advantages: it is scmple allows for several rephcates to be obtalned wnthln a short '
. period of time, ﬁ works welenth various plant parts However this method did "
not allow for determination of wablllty and thus the ability of the plants to resume |

growth was measured

°3.2.1:2 Determination of Viability . Lo
I order to determine viab'ili't‘y by re-growth, the method of Pisek et al.
. '(1967) was modlfned usmg whole tillers mstead of detached Ieaves Whole plants
were dlvrded mto lndnv:dual tlllers Whlch were then placed in test tubes fllled with
. full strength Hoaglands solutlon Thls procedure dld not harm the tlllers as they
grew very vngorously in the test-tn:bes Before bemg frozen the tnllers were e
”removed from the test-tubes and blotted to remove excess surface water as this -
can cause freezmg at hlgher temperatures than natural (Levntt 1980) Three |
“thermocouples were used for each tiller so that we could momtor the temperature
of the leaves the ro\s and the culm region. Each plant was: wrapped in foam “ '
| msulatnon and the thermocouples secured wuth rubber bands as' above (an - 2b)

'For each tlller three ,freezmg pomts and supercoolmg pomts were obtalned

vcorrespondung tothethree reglons L S “ .
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Injury caused by freezing may be repalrable* cool temperatures have been.

‘ shown to enhance repalr whereas room temperatures (i e 20 C) inhibit repaur

(Levntt 1980). Therefbre the standard procedure is to keep plants cool (at 0" to 5

+ C) fon 24 hours after thawnng lLevutt 1980) Thus after all.the tillers had frozen

,they were r”émoved from the freezer and quickly‘ Dlaced in a refrlgerator at4’ C

,for 24 hours, The individual tillers were then replanted and placed in their original

e "
I

growth chamber, Death of extracellularly frozen plants may not occur for days or

h

longer followmg thawmg (Levntt 1980) so the tillers were. observed daily | for four

weeks While most damage was visible wnthln one week of treatment as obvious,

necrosis and shriveling of the leaves, there was the ‘chance of regeneration from
Y ' N B ) o
belowground parts. '

It was o‘bse'rved that the freezing points obtained from detached leaves
were significantly different from thoseobtained from-intact leaves, We decided to *

examine whether separation-'of the roots culm and 'leaves would alter their

' freezmg points. For this experlment the tillers were dlwded in the three reglons

thermocouples were enfoldé@s descrl‘bed above, and each saction was

!

separately wrapped in msulatnon .

) ' t

~‘3213HeatFtesnstance,,."" - o L

. s

For thls experlment the method of Larcher (1962) and Kreeb (1977) was

l followed Tullers were obtalned as descnbed above To determlne heat resustance‘

" the tlllers were placed ln a thermos of hot water for 30 mmutes The range ot

~

temperatures tested was from 40 to 50 C; there was no need to go hlgher than .

’”" o

50" C as no plant survnved thls temperature As a control tlllers were placed in “

water at room temperature for thlrty mmutes After half an hour the tillers g!ere ’

'removed from the water replanted |nto pots and placed m thelr orlglnal growth '

I

o chambers ln order to determlne wablllty they were momtored for four weeks as

\

was. done m‘the ﬁreezmg expenments




-3/2,2.1 Freezing Resistance : ‘ " .
A one- way ANOVA (Table m- 2) done on the supercooling temperatures

T afd indlcated a signnf:cant dlfference between the species, so a GT-2 test (Sokal and
Q@;C& m‘%f’ Ao : '
¢

‘ﬁohlf 198 1) was done to ‘detérmine the specrflc differences among the means,

-
-~ 2

o , ,T‘h'a‘reaults of this test are given in Fig, -3, There is no significant difference
between the Poa a/ pina populations from 2700 metres and 2300 metres at either
l ) l .

-

growth temperature. The‘P al pina populatliOn from 2000 -metres was significantly

. A\
. dlfferent from the other fwo populatnons at both grthh regrmes When grpwn

\

" under the warm reglme thfs population had the lowest 5upercool|ng pount Under

. the cool regime, the supelzcoolmg point was significantly higher than those of the

A "

other two populations. P. pratensis from the cool regime supercools at a K -~

Tsignlficantly higher temperature ‘than the other species, ’with the exception of P.
a/p/na from 2000 metres. lts supercoolmg pount when grown under the warm

ey, '
Y regnrne is equlvalent to that of P. alplna and 7‘ splcatum The supercoohng L

. ,temperature of T. sp/catum does not change sngmflcantly from the warm to the

\

cool growth reglme nor is it sugnnfucantly drfferent from those of the P. a/p/na

.

‘ ‘populatrons except for that of the populatlon from 2700 metres grown at : .
10/5C @ . LT
A ong-way ANOVA m able m- 3) lndlcated a sngmflcant difference between
‘tl‘ta f:eezmg pouhts of the grasses. the GT-Z.method ‘was agam used to |llustrate -
N ethe dlfferences between'the means "Fhe average freeznng pomts and 95% a : S
g .comparlson mtervals for' the three grtss specnes are glven in Fr‘gure lll 4 When the
5 plants were grown |n :&J:d;és.me of 10 day/5 mght there Was no 5|gmf|cant .

.drffarence betwaen‘the three P. a/pma Imes or any P, a/pina line and the other ¢

L two speclés. Thara Was a significant. dlfference batween T. splcatum andP. |

-.,v‘",:, » Y 1 i ,, )
.pratensls, wntfa? splcatum havmg the IoWer freezmg pomt For the plants grown '

“_‘:_ . ' .
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Téblle 111-2. One-way ANOVA of the supercobling temperatures of
' three grass species. .
k . SOURCE OF Ss MS F
Among groups 9 721,21 80.13 14,0754
Error . 272 158,93 © ° 5:69
Total | 281 2270.15 B
L] 7 /
‘ AN = p N 0.01 ).\ - ’
. ) v R ®
. . '
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95% comparison intervals by the GT-2 method AR
for the means of:supercboling.;emperatqfes‘of'a
three grass species. - Means whose intervals do

not SVerlap aré $ignificaﬁfly different.
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\Table I11-3.

One-way ANOVA of the
grass species.

freezing temperatures of three

Source

DF

sS

MS

Among groups

9

92349

102.61

18,584+

Error 344 1900.14 5.%2
Total ' 353 E' 2823.63 - .
xt p S 0.00
. p
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t
_in the warrn reglme of 25 day/ 5 mght there was a marked decrease in the '
freezung pomts of both T. sp/carum and P. al pina; whule thls trend was not as
marked in the lines of P. a/p/na the trend towards lower freeznng pomts was
: present.‘ T he freezmg and supe,rcoollng ;emperatures, w:th standard “deviations, are’
| . summarized lin Table lll-4', C | |
Figure m-S and Table m-5' give the results of the freezing point of detached

plant parts versus the freezsng points of the parts of intact tlllers Separated
. leaves of Poa a/p/na have a slgmflcantly lower. freezmg pornt than any other part
lncludmg attached Ieaves There is no* slgmfncant dtfference between the freezing
points of any other parts but there is a trend that the parts freeze in the same’
order whether detached or attached : roots freeze flrst then the crown reglon | g
_and Iastly the Ieaves freeze Separated roots are the most susceptlble to freezr%g
both leaves and crowns tend to have lower freezmg pomts when separated

Results from the TTC assays are not lncluded as the data were extremely

varlable The results from the re-growth vnablllty tests show that plants exposed to

| i freezlng temperatures '\m these experlments were always kllled except for one
'tuller of P alpinawhlc'h regenerated leaves f'rom underground (out of about 100
\plants used in these expenmLents) e i | e

R ' . . oo
. B , . . ‘o

S 3 2 2 2 Heat resnstance s :
A The temperature at whlch less than 50% of the exposed plants survuve is

-“known as the kllllng ponnt (Larchel' 1980 Steponkus 1984l Table m-e shows the A
Yercentage of plants of the threp specces that surwved exposure to hngh |
jtemperatures 50 C |s a lethal temperature for all three specles not lone plant

PR

survnved exposure to thls tem_perature- For P'-‘alplna '-45 C lS aPPTOleatB'V the

E .‘Tklllmg pount T spicatum ls more sensmve to thls'temperatdre than the other two
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Table I11-4, - Freezing and supercooling points (mean * 'standard:

. deviation) of grass species. - ‘ -,
3 RN * -
o ; - ' Growth' - ‘Sup'e‘r(:ooling o Freezing

Species ‘Reg‘ime - Temperature - n - Temperature n
o, " «Poa ‘a_Zpina ; IO'O/_5° : ".‘-110.‘.8'8.& 2.52 K 21 ~-8.63 ‘1* 3.00 ' "’th T

(2700 m) -~ 256/50°  -12.76 + 2.41 22 -8.53 2 2.13 32
, " P. alpina - 109/50  -13.02°% 2.79 33  -8.22 + 2.2h " k0.
' (2300 m) . 259/5° . -12.60 ¢+ 2.96 33  -7.89  2.23 22
| P. ‘alpina - 109/50 '-9.9h + 7,08 40  -7.62+ 2.85 38
+ (2000 rr))’ ~ 250/5 -14.66 + 2.1 = 31 -9.40 ¢+ 2.40 - 35
Pod pfater'wis . 100/5° ‘;‘,3-'-]0.20 +1.80 33 -7.83 + 1.74 35
- L. 259780 —,1»2,478\ + 1.94 21 -10.71 £ 2,66, W1
" Irisetum . 109/50 £11.95+1.69 30 —-9.77 +2.93 ko
.. spieatum 250/50 “v—1|1.66 *3.46 . 18 .-12.01 % 2.02-. 29

B ‘ , T T T o o_‘ R | .
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‘Table 111-5. " fwo—way of ANOVA of fréezing temperatures of ,fﬁree
- portions of Poa alpina from three different elevations.

© SWRCE OF ss . oms . F
. Plant part. 2 8.285 hO42 7.hj0mn I
‘Elevation. . - 2. 0.282 0.141 . 242 NS |
" Interaction - i 5.748 1.437 2.571 NS .
|’ .. . N , . . . ) N y" N . ' ' .
. Error .. S 27 (15,1057 0.559 : » T

Total S35 ‘-,29.1"201_
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.~ Table J11-6. Heat Resistance. . e A, .
o : L “ ‘ oo : - ' %t : .
S \ : T.plants survivihg % surviving . - ,
o f : . oheat treagment o el PR -
o Specles, . at h0°c  at 457c , at 50° control (22°C) =
,‘ . 100 47:5. 0.0 .. 100 39 |
10 665 ~0.0 ° 98 5. T .
. 75 25.0 0.0 S0 .35
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3.3 Discussion ) T o R Y TS
! I ‘ ‘ ' ' ' ' " ’
" S ' . . o ‘ . ’ ' !
A ) " e \ : T o
, v’ Y i "a \ . . [ ' P s '
3.3,1 Frost avoidance N g { ’ S
, A ' 'l " + N . ' . o _»I
te w basus ‘of these data there is llmnted evidence for agamotypnc o

‘ ‘1
dlfferentlatnon in frost avoidance ability between hnes of Poa a/pma '
The lower supercoolmg pomt of P a/p/na from the valley bottom is evidence
o U o
for greater frost avmdance in this pqpulatlon the freeznng point of thls populatlon is

.

also lower than those of the higher elevatlon gopulatlons although not s:gnnflcantly so
N “ . A ‘

‘ N The hlgher supercoolmg and freezmg temperatures in thl& populatnon when grown in the

!

[

o I‘cool reglme may lndlcate that this reglme is no%tavorable for its growth and so the
' | “\ : l :

‘ ‘,,Q Hlants' would not be ablexto produce as man cryo rotectants as under the mor .
y.cryop 8 A
favorable warfn growth regnme The fact that there is no dlfferentlatton between the T

. ! ”"‘ frost avoldancer of the linés may mdlcate that the ongmal temperature regques of the

\

NI three sstes are not very difterent, It is also. poss:ble that the plants from 2000 metres

LR
AR - an
[ )
. A e

were not collected from an open area of the valley bottom but from a forested,

L ' '

R protected zone In addmon .inversions ma’y not oﬁvten occur in the .Fajrviewaountaln

valley bottom Chmatuc data was not avallable for theyarea to determme the frequency

. -+ . [ e )
cor _ . e ‘l . A ‘.,' Q‘ . . . . f.; ' .
. . o, . . L A La ’

of mverssons ;j“‘ | 7 - e C

‘ .
‘v
Vo .
L b

el Plants growmg in alpme areas are exposed to co|d~ stres's even durmg the

'l. .
. . - >

) growmg ‘season (Blllmgs 1973 Bllhngs and Mooney 1968’”Blnss 19629.Tranqunll|m 1964l'., ‘

“//\" It mlght be expected therefore that the natlve alpme grasse; would be better ada;;ted to’

_ : | ', survcve low temperaturs stress than P praten.s'/s whuch is ‘ot an alpme specles ‘ B
i However there is Ilmlted evudence for dufferentlatlon in. frost avoldance ablllty betweert b

~

s

[ - R 't . , . o
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pratensis had the same freezing point as P. al pina when grown under the cool regime

and a lower freezing point when in the warm regime. This is likely because the varie\'y
Nugget has been bred for w{nter resistance (Elliott and Bolton 1970). Of the three

species, [risetd/m splcatum appears to have the greatest ability to avoid freezing, based

-~

on its freezing and supercooling poin7s, whether grown in the cold or warm regime, P,
' Y
;s F

’ ~a/p/né from the valley bottom also displays a high degree of frost av‘oldance, provided

|
\

. L
* ftis grown in the warm temperature regime,
The results of the viability tests indicate that for all three species exposure to

A

 freezing temperatures s a lethal stress, The causes of death by freezing have been

»
. - '

éxtensively debated, .
\ Vo . .
3,3.2 Freezing Injury - ! R

The cooling rate }s often considered as the most lm;'Dortant factor in ffeezing
damage, Abut recent studies are challenging the traditional view that warming rate plays
only a simple role in plant injury, I.e,,'the faster the warming rate, the better. Rowe
(1967) states that ",,.for highest viability [warming) needs on‘y to be rapid‘ to prevent ice
crystal growth and concomitant cellular damage with Proi;)nged exposure.”, These
conclusions agree with those of Mazur (1969), who found that slow warming maximizes
recrystallization and thus, injury, It is becoming evident that the rate of warminghof the
tissue plays as important a role in plant injury as does the cooling rate. Levitt (1980) has
summarized several studies and concludes that for ar{y hardy plant there will be‘ a critical
freezing zone, 'ai::ove and below which the rates of cooling and warming have no effect
on survival, In the critical zone, both rates are important. 'Mazur (1865) proposed that

this phenomenon arose from the interaction of two damaging mechanisms, one that

operates at slow rates and is associated with solution contentration effects, and another

P

./ ' ‘ ) ) ' \
operating at fast rates, causing damage by intracellular ice formation. This theory has

~ been generally accepted, but as recognized by Jacobsen et a/. (1984), this theory is

5
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~

based on‘e;gperlments dealing only with single-cell systems; while the tr;‘eory would
apply to a certain extent to organs, as they are cgmposed of cells, organs have
thermodypamic and biological prop'erﬂes quite differgm from those of single cells ln
suspension, It is expected that optnmal coohng and warming rates for organs shbuld be
low, for several reasons: the bulk of an organ makes uniform and rapad heat transfer
Impossible (Jacobsen et al, ]984); as mentioned above, the location and morphplogy of
“ice is affected .by cooling rate and less ‘damaging ice structures have been reported with
slow rather than rapid c‘c;o!ing,- and there is evidence that slow warming is preferable
when cells have be;n slowly cooled (Jacobsen et a/, 1984, Mazur 1977’). n addit'ion,
since the water flux out of the internal cells of a tightlfpacked cluster wil‘l Iafg behind
fthel water flux out \o‘f exterior cells, the ;mount of water retair;ed ln‘ th’e_interiQf é'ells of
an organ will be gre}ater than that in the exterior cells at a given timg and tempgrature
{Levin et 8/, 1977), Therefore there is a greater risk of intracellular icé formation iﬁ an
organ's interior (éells than in a singlé isolatéd céll, and ice formation may occur at ‘rates
lower than those applicable 't'o‘ individuat cells, The results of Levin et &/, (1977) indlca_lte
that only at very sllow cooling and warming rates,‘ for which rwat,ef‘ fluxes are small, can:
‘ all cells‘ in an organ shr\ink and swplt almost unlf’orlmly; at fast rates, the _exterior cells
expand or contract to a greater degree than interior cells, Jacobsen et &/, (1984),
stu&ying” the effe'ct of cooling and warming rates on rabbit kidney survival, found that
‘ the best results were obtained using a cooling rate of 1°C/hr and a warming rate of
1°C/minute. The reSults of a recent study b;l Hawkins et a/. (1985) on the viability of
renal tissué subject;d to a variety of cooling and warming rates indicate t'hat optimum
viability occurred Qith two different combinations of warminé a}ld cooling rates. The
greatest survival was obtained when the tissue v:‘as ;ither cooled at a rate of 3°C per
ﬁéur and warmed at 4°C per r;our, .or cooled a; 0.5'C per hour and warmed at 10°C per

~hour. The optimal cooling and warming rates are htgher than for the study by Jacobsen

et a/. (1984) as only tissue slices were used, not the whole organs. Smce the tissue ywas
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less b”"‘Y" ﬁe problems assoclated with dense cell packing V\}ould be diminished,

l

Warming-ahd freezing rates are therefdre not independent, but interact, and the rate of
i ’ -

warming appears to play a moré complex role than previously thought, As Rowe (1967)
ot served, there has been little study devot}'ed to this aspect of the freeze-thaw cycle,
. | .

and it may well be of more importance than Is usually attributed 1o it,
Although these studies have all concerned ammalian systems, it would be
expected that optimal cooling and warming rates to be low for plant organs as well, for

the reasons qutlined above for animal organs, This iheory has important lmplicatuous for

the results of the present exper:ments it is possible that no plants survived the freezlng

bl -

stress Not because the temperatures themselves were lethal, but because the rates. of
|

coonng and warming were too rapid forf brgan survival, A“s descriped‘above, the tillers
were cooled at a rate of 6°C per hour, ”which is within tlhe rates recommended in ;he
literature to cause extracsllular freezlné. The exact rate of warming was not determined,”
but the tissue was gu&ﬁkl); moved, after freezing, to a refrig;rator set at 4'C. The
warming rate was therefore probably iquite rEpid, certa%niy greater than ,the 1°C/ mie
recommended by Jacobsen et a/, (1984), Further experimentation is necessary to -
determine if the lethal stress was the} emperatures or the rates used,

Intracellular freezing, because. it octurs too rapidly to allov;/ for water movement

out of the cell, results in the formation of potentially damaging intracellular ice (Burke et

al, 1976, Levitt 1980 Quinn 1985}, Thos type of freezing is always lethal if ice crystals

-are la %ge enough to be detected microscopically (Burke et a/. 1976). Some researchers

(e.g. Mazur 1977‘ Sakai and Yoshida 1867} conclude that it is possible for plant cells to

»
survive intracellular freezing, provided that both freezing and thawing rates are rapid
; . '

enough to form very fine intracellular crystals not harmful to the cell, and then melt
these fine crystals before they can grow to a dangerous size. However, Asahina (1978)
found that such innocuous crystals could occur only at extremely rapid cooling rates,

i.e. 1000°C per minute. Thus he concludes no plant cell in nature could survive

1
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intracellular freezing. Aithough the ice crystals are smali they have higher suyface

en’efgies than do larger crystals, and therefc;re agglomerate if the warmiﬁg.rafe l‘s slow
d enough. Tissues that have frozen intracellularly can only survive if warmed rapidly (Mazur

1977). Presumably the crystals damage the plasma membrane and organelle membranes,

perhaps by plercihg the membranes and destroying their semipermeability. The

breakdown of cellular compartmentalization would release enzymes, leading to further

damage of the injured tissue (Burke et a/, 1976); Little is known about the processes

anq results of intracel!ular'freezing, aha thus there is some con'troverSY about wha} .
°happens dﬁring this prbceSS, \

During an extracelular freeze-thavx) cycle such as that described above, cells will
be sub)ecfed to several types of stress; mermal, mechanical, chemical, and possibly

?
electrical perturbations, all of which may interact reéulting in injury (Kendall et a/, 1985),"

Predominate among ;rhe injuries suffered are a loss of osmotic re‘spohsiver;ess and
increased leakage of cytoplasmic solutes, which indicate membrane damage (étepbnkus'
1984). | C s,
Most cryobiologists now agree that extrfﬁéllufar ice does ribt cause damage by |
?irect mechanic:él effects, but rather by a combination of low témperatﬁre effects,
concentration of solutes, and n‘most imporianﬂy, dehydration (Siminovitch and Ciouthier
1983). Dehydration produc.es several physical changes': concentration of solutes,
. reduction in cellular water content, plasmolyéis, pH ;:hanges, and changes in spatial
distribution of macromolecules. In the past, there have been attempts to attributé all
| forms of injury to a single stress; it is more reasonable t6‘ assume fhat injury is the
result of several stresses, since as mentionad above, during‘a freeze-thaw éycle, cells™
are subject to a Mx;ltitx;de of stresses (Steponkus 1?84).‘ Savefa| recent stﬁdies have
concluded that changes in the pfotoplasmic membrane during freezing are a priﬁ\ary

cause of injury (DeYoe and Brown 1979, Kendall et a/. 1985, Quinn 1985, Santarius

1973, and Singh and Miller 1882). This theory 'proposes that cell survival is related to

-
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the lntegrity and fluidity of plasma membranes\\and that the ultrastructure of the

\

membrane bilayer is urreversubly altered when frozen (DeYoe and Brown 1979, Slngh and

Miller 1982), Evidence for thns Is given by the common symptoms of freeze damaged

\

\
plants; loss of osmotic responslveness and increased efflux Qf qytoplasmic solutes
' : : . \ ) A

[

- .{Steponkus 1984), . ,
Plasma membranes are composed of a heterogerYus lipi‘d\\(natrix arranged in a

bilayer, which supports membrane proteins, These proteins, are of‘tw,o types:

peripheral, ‘which are attached to the membrane only by polar\yinteraction“ and integral
i , R ! * ‘ N
which interact with the hydrocarbon domain of the matrix {Quinn. 1985) Th “rhembrane
. l\ ! \
lipids are amphipathic and can form two types of structures in water- bnlayelrs or
\

hexagonal Il structures , as well as intermediates of thes? two (Fig. e 6) Re?ucnon in

'~

temperature initiates a physical change of state in the hydrophoblc |lpld matrlx and

results In a crystalline or solid phase, which increases the susceptlbmty of the membrane
. . : \ !

to stress (DeYoe and Brown 1979), As the membrane is further cooled, IiPids which

tend to form non-bilayer structures or have high gel-phase melting temperatures (the’ :

T

gel-phase melting or transition temperature is the highest temperature at which lipids are .

~present in the gel, not the crystalline phase) become phase sebarated into domains of

pure gel-phase lipids (Quinn 1985), Where these phase separations ‘occur, changes

14

aren‘t likely to be reversed upon reheating (Kendall et a/, 1985). Inl theory, damage

occurs upon reheating, when these phase separated |IpldS would form non-bnlayer

structures e. g. inverted micelles (Fsg - 7) thereby destroymg membrane mtegrlty (Qumn

\

1985). In the plasma membranes of winter wheat, freezing mduced a dramatic mcrease

-

in the highest temperature at which gel-phase hpnds remalned (Kendall et a/. 1985). The *
' freeze-stressed membranes also had accumulatnons of free fatty acids, the \produc,} of

phospholipid degradatnon whuch could accumulate in Iupld bilayer and thus contrabute to-

the formation of gel-phase domains. Membranes with substantial proportions of these‘

gel-phase domains were found to be readily permeableto solutes aee ions (Kendall et a/.

’ ; , * ‘“ : /

-
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Page 88 haﬁ’beén removed because of the unavailabilify of copyright"'
, - Y ‘ L ' .

permission. Page 88 contained information on molecular arﬁan@ements:.

-

in structures, in mixtures of membrane lipids (from Quinn, 1985).
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. b) R [ '
,@‘@M‘ - n@‘lﬂﬁv@% ‘ R biloyér——forming lipid

d)

Fig.

himsn ;rotem

-7,

Xz

R non—bilayer-forming llpid
) s

- ) -
M., O
gt =

- -

Schematic representation of ‘the phase separa(oons in‘
btologtcal membranes assoclated with coolnng membranes

from their growth temperature (a) to a temperature

below the gel to liqu«d crystalllne phase (ranSI(lOn
temperature (c) and reheatlng to the growth temperature - (d)
Lipids that tend to form hexagonal-ll phasc are

indicated by a solid head quup . See text for explana(ion

of events. Adapted_ from Quinn ‘,1985L

89



. "1‘_;\

1985) The resuits of Singh and Miller (1982) also 'support this model; they studied |

" freezing in cold-hardened and nonhardened wmter rye and found that in nonhardened
\

cells as water is removed from the cell during freezlng, the planar bilayer phospholuplds

would redrganize lrreverszbly mto a Ie[\ ordered 'amorphous state, whereas B

» Al
4

phospholipids of hardened cells could retain their ordered lamellar lattice. Also m
l a

nonhardened tissue durmg freezlng there is wrev,ersnble fusuon ( rofl-up”) of cellular ‘
P

. membranes to form densely‘packed multlbnlayered vesicles. If elther of these changes

. ) . ‘ ;
N . . . "

occurs in a cell duri'ng freezing, it may begin to expand upon thawing (rehydrationl but it

will lyse before reachmg its original size (Singh and Mlller 1982), Harvey et a/ (1982)

‘ examlned two groups of cool climate plant specnes woody perenmals and cereals and

compared the phase separatnon temperature to the temperature at.which nntact plants

' were damaged The phase separatlon temperatures of the two groups are sumllar but
the frost sensmvuty is very dlfferent The woody spec»es tolerate temperatures well

below thei( p‘hase separation temperature whlle the cereals are damaged about 25 C

' ’ ' -

above thelr phase separatlon temperatures Whlle t.hlS experiment mdvcates that phase L

.

separation itself is not the lethal stl'ess in freezlng, the'correlatlon between the L R

l

temperatures of phase- separatnon and frost sensutlvnty suggests that |lpld propertles
influence freezmg tolerance in cereals Quinn s (1985) model also preducts that some
specues possess homeostatlc mechanisms that preserve propertles of membrane llpld

. matrix. There is ewdence fpr such blologlcal reactlons that sense the physical changes in
membranes sub jected .to temperature ,cl'lang‘s. DeYoe and Brown l1979) found that .o

chloroplast membranes of Whlte pme mamtann lamellar vnscosnty by incgeasing llpld ‘

\

unsaturatlon and are able to tolerate freezmg desvccatlon by mcreasnng the

‘w;ter-bmdmg capacnty of the Iamellae
‘ [

l

Smce-frost tolerance is at |ts lowest durlng the summer, all plants in these

LS

expenments were unhardened thus they would not have any of these protectnve
¢

| ‘ mechanisms conferred' by hardening.‘ Therefore, yvhen subjected‘to sub-zero

a
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temperatures during the growing season, the only means of survuvnng |s avoldance of

. freezing by deep supercoollng and wamng Out the brief cold spell, The plants would

\
have some protection from cryoprotectants- plants have 'the greatest variety of

|
cryoprotective devlces as they have llmlted optlons for avo.dlng freezing lMeryman et

a/, 1977), One such dGVlCG is increased syhthests of mtracellular solutes, usually sugars,
that increase the osmolality of the cell; meaning that the extracellular osmolality must be

higher to achieve the same dehydration of the cell, Plants growing in favorable ,
environments would tend to produce more carbohydrat.es incidentally giving them a.
greater de;ree'of cryoprotectlon The lower freeztng point of plants grown in the warm

eelme is propably due to an |ncreased level of cryoprotectants such as ngars and

”~

organic acids, that would be more abundant under thls reglme P. alp/na from 2000

metres and P, pratens/s did not grow well Under the cool temperature regime, so

probably had lower synthesis of carbohydrates and therefore froze at warmer

temperatures than the other grasses. The results of Santarius' (1973) study indicate that

f . . o .
in the absence of cryoprotectant agents, freezing stress would lead to irreversible

inactivation of électron transport and photophosphorylation; the addition of sugars to

E)

the membramelprevented this inactivation. The protective etfec.t is a functlon of both
concentration and moleCUIar welght of the sugars (Santarius 1973) There are two
mechanlsms by which sugars are able to protect membranes' dermg,f;eezmg Firstly,
such non-toxlc solutes serve t& dllute the concentration of toxnc solutes during freezing
and secondly the OH group of the sugars has a hlgh affinity for water and thus can
Influence water sndlng lSantarlus 1973) For example they can bmd to protems and
thus prevent their denaturatuon lAlaxandrov et al. 1970) Qumn (1985) states that
cryoprotectants are able to alter the phase transutlon properties of membrane llplds so
'as to prevent the formatnon of separate gel-phase domams Thls alteratlon is due to thear

bmdlng of water moleclues which causes a reductlon in the crystalllne'gel phase

transition temperature ’ L ‘%\ Y
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3.3.3 Differences ln Resistance between Tissues

For these grass speCies roots were found to freeze earliest followed by the

1]

culm and lastly by the leaves, These results agree wlth «those of. other studies that roots L
- are the organs most sensltive to cold and leaves tend to be most resnstant {Larcher

1197 3) This pattern is partly due to water content; roots contain more'water and so are
i ”

killed at warmer temperatures snnce at higher moisture contents most of the water
‘ freezes rapidly ata smgle freezing point resultnng in mtracellular freezlng (Burke et af,

1976). Another reason for this pattern is that the prevanlmg temperature under natural
, conditions will affec‘:tx fre_ezmg resistance; the above ground parts have greater
‘ ' A : v '

resistance than those below ground (Levitt 1980), In pature, rogts and crowns are able

to survive most freezing conditions because the régenerative growing points are at or

'
il

below the soil 5urface and thus' are protected by residual soil heat and insulatmg snow

cover lBurke et a/ 1976). As well there would be water movement from the warmer

-

roots towards the colder shoots. Thls ls‘ demonstrated by the equation for Gibbs free
Lot . ! ' R ; . o I‘ . -

iBnergy G,:G=E+PV- TS where E = internal energy, PV = pressure-volume product, |
T = absolute temperature and S= entropy lncreasnng the temperature increases the
internal energy, and consequently, the free energy or water potential Thus water will "
move from points of high to low temperature (Salisbury and Ross 197~8),IGerber and
‘Hashemi (1965) found that for nine citrus frult specigs, lthe freezing points ot detached

| leaves were wuthin 2'C of the’ killing temperature of intact: plants In constrast in these

expenments detached Ieaves had a sugmficantly lower freezing temperature than d:d

attached leaves. it is p055|ble that the detached leaves could have become deSSicated

.
)y

while SIowly being cooled in the freezer.

hY

-

334 Heat Tolerance \
Of the three. specnes I spicatum is most heat sensltive and P. pratensrs is the
—1east heat sensitive based on:percent survwlng at 45 C The fact that all plants wd‘l'e :

e o ' . ‘ : ' S =



killed when exposed to 50°C is ndt surprising-as this temperature is oftén cited as the
I , ) ' / ' ) Vo '

lethal temperature for many organisms.

3.3.5 Heat Injury ‘ | : /’ o ‘ -
This area has not been as extensively studied as has low temperaturé injury

/
S

-

perhaps because heat injury is not/as complex. Heat causes death by damaging

/

membranes (Santarius 1973) and by denaturatnon of protems especially enzymes

(Larcher 1973, Alexandrov et/a/ ]970) This damage mhibits the plant’s metabolism

[

resulting in decreased productivlty or even starvation if the photosynthetbc enzymes are -
/ “ '

affected, as ;/vell as accur’/nulation of toxic decomposition products, if protein
‘ metabolism becc;mes ‘di/sorgani'zed. One of the primary causes of heat injury is

' ' Y ' ' : .
uncoupling of phosphorylation‘ from electron transport (Santarius 1973), Santarius
(19~73) found thathlgh-temperature inactivation of electron transport in chloroplast

/

membranes suspended in water occurs within two to three mmutes at 45°C, Thus; as'in

frost sensitlyity, membranes are a key factor in heat sensmwty Sugars also serve as

cryoprotectants of membranes during high temperature stress (Santarius 1973) Of the
/

two protectnve mechannsms Santarius ndentlf:ed for cryoprotectants the second

’
/

mec?amsm (bindmg of OH groups to water) would also stabilize membranes against heat

strgss. The rise in heat resistance in winte’r‘ occurs passively as a result of biochemical

changes that confen‘frost resistance"(Santarius 1973). The rise in'heat resistance during
‘ / sur'r}mer is due to a dlfferent mechanism, perhaps the result of changes in membrane

/ proteins (Alexandrov e( al. 1970, Levitt 1980).

3.4_Conclusions

The three grass specues studued have similar levels of frost avondance but 7.

sp/catum has slightly greater frost avoudance whlch would glve thls species an advantage

in deahng with the penodlc frosts which occur dunng the growmg season in the alpme
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For all three specijes, the freezing temperatures were {fﬂa‘tal; damage was prigbably due to

N r

irr'eveﬁsiblg\,physbcal changes in the plasma Membranes, and effects, of dehydration; it is

' o
possible that the freezing rates were: too rapid for organ survival,
Of the three grasses, |, sp/catum is the most heat-sensitive and P. pratens/s is.
the least heat-sensitive, All three species werse killed by exposure to 50'C, The range of

high temperatures used 'in this éxperimeht were similar to those observed on several

4 ~
1\

alpine‘disturbed sites; both air and soil tempefatures can be very high, even lethal, in
l . e

) ’ ' Bl . B

such open disturbed sites (Ballard 1972), These temperatures have important implications

for the distribution and develbpment of plants, particularly where the climate is marginal

for. the development of"major plant cover fypes (Ballard 1972), as is certainly the case

»

on such spoils,

PR,
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4, Carbon Dioxide Gas Exchange

4.1 Introduction S . \
In alpine regions, plant productivity is primarily limited by the short gr‘ov{/ing
season and low temperatures (Billings et a/, 1966), Plants growing in alpine environments

\ ) .
must produce enough assimilates during the short cold growing season to survive a fong

winter and to provide the ‘subst':an,ces needed for rapid growth at the start of the next
growing season (Billingsv et a/, 1966, Moore et a/, 1973), Alpine plant species possess .
several adaptations allowing them to‘ maximize their carbpn gain during this brief cool
growing season,; most importartt among thesse aéaptatiéns are (1) the rapid development
‘ pf photesynthetic tissue (CalaWell et al, 1978), (2) the ca‘pacity for p_hotosynthesis over
J wide temperature fange: Several studies have suggested that alpine plants in general
possess higher temperature optlma for photosynthesns than arctic plants (Mooney and
Billings 1961, Billings et a/. 1971, Moser et a/, 1977), , ‘ A
Alpine temperature regimes are also characterized by temperature fluctuations
m/er"a wide range during each daily cycle, and considerable fluctuations are possible
wsthm ‘relatively short intervals during the eay or night. Maintenance pf a positive ‘carbon
balance pver this range of enviropmental conditions would require tr?e abilit;y for a

photosynthetic apparatus that could rapidly adapt to changing conditipns. This reaction

een termed photosynthetic acclimation p‘otential,'and is defined as "...the ability of a

LW
/ given genotype to change its photosynthetnc characteristics in an adaptuve manner in

response to changes in environmental condmons such as Ilght temperature or water

regime.” (Mooney et a/. 1978a) leferent speciss, and populatnons within specues may

’

possess dlfferent acclimation potentlals ThIS has lmportant rmpllcatnons for reclamatuon

purposes, as plants whnch can achieve high photosynthetlc rates over a wide’
temperature range may well be more useful in the field than one with a high rate of
photosynthesis at only oné temperature range (Ku and Hunt 1973, Musselrt\an et al

4

o

102



' o o ., 103

19795). gn , ‘ ‘ ‘ '
For alpine revegetation, it might be expeclted that the most sucoessful plants
would be those which possess: m highlphotosynthetic activity at low tem;a;tures and « *
{2) a hlgh acchmatnon potentnal i.e. high photasynthetic rates over a relatlvely wide
temperature range, The first hypothesls was tested by determunmg the température
ré‘sponse of the carbon dioxide gas exchange process in the two native grass specie’s,I
' Poa alpina and Tr/seturn spicatum, and one introduced species, Poa pratens/s var,
-Nugget, The second hypothesis {2) was tested by growing the grass species under two.

“

different growth regimes to determine the species' relative abilities t'o.maintaln their

Xl

photosynthetic rates over a wide temperature range. It might bevexpected that

e

indigenous alpine grasses will pe more successful for reclamation of high elevation

disturbances than introduced specnes given that in any envlronment ‘the most 5uccessful

plant populations are those that have evolved the most approprlate physuologtcal _

mechanisms, The natlve specues have the advantage of already possessnng the necessary

adaptations to the alpine environment.

“ The final section of this study e‘xamines three populatlons of Pog alpina to .

determine if there is any differentiation of photosynthetic characterlstlcs among Qhem

P. alpinais a wndely distributed species successful inia range of habltats and is an early
invader of disturh‘ed areas. This suCcess could be dfue'to‘ a broad‘eoological amp‘litude
"‘i‘(i.e. high acclimation potential) among"members of then species or‘due to the

development ot populations that have become adapted to their lot:al e‘nvironment i | ;

° ecotypes, as described in the General ‘lntroduction. Se’ve‘ral studies have indicated that ' -

—-w‘

the photosynthetlc apparatus :s very sensitive t envnronmental var:atlon and tends to ‘

adjust 1o the spec:fnc envuronment such that prG/duCthlty is maxlmlzed (Blorkman and
Holmgren 1963) Treharne and Eagles (1970) concluded that climatic races have been
lshown\o differ. markedly in the rates of photosynthesns and respuratlon and the

‘difference can often be explamed in terms of phys:ologlcal adaptatlon to theur local

r . . o )
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envnronment Conversely, Williams and ‘Kemp (1976) report that many photosynthesns

\

+studies indicate limited formatlon of ecotypes that were photosynthetucally

temperaturessensmve Thus the third ob)ectlve of this study was to answer the questlon

"what is the relative effect of phenotypic temperature accllmatlon'on metabolic rates

" versus the effect conferred by.the agamotype?” in populations of Poa a/pina from

dif ferent habitats,
4.2 Materials iand Methods | R

‘4.‘2.1 Plant Material

All plants of Poa a/p/na used in these experiments.were prowded by the
Vegetation GrOup at the Alberta Envnronmental Centre; a description of the origin and
collection of these plants is given in the General Introduction.'Plants of 7 risetumn
spicatum and Poa ,aratans/s were grown from seed in controlled environment chambers

at the University of Alberta. Ten plants of each species (for P, a/p)'na, ten of. each

populatlon) were dlwdad between a warm reglme chamber and a cool reglme chamber as

[:A '

described in the General Introduction. Plants werg not used in the experlments until they

had been growing in the growth chambers for about two months. B

4.2.2 Gas Exchange Equipment and Operetlon
Carbon dloxlde gas exchange was ‘measured for whole grass tufts using the

building’s air supply m an open system lsee Sastak et al 197 1) with a Beckman Model

| 865 lnfrared gas analyzer (lRGA) (Flg V- 1) The IRGA was adjusted for a sensltuwty of 0

to 100 ppm carbon duoxlde dnfferentlal. Output of the IRGA together with various - o

o

| temperatures was recordad on a slx channel recorder Amblent air was drawn from

‘ .three metres above the chambers and was mixed contlnuously by a fan to minimize |

layermg and fluctuatlons in carbon leXIde concentratlon A sample of this air was
) :

-



— |Pump | Fan
) L 4
' - 7 - g < )' ' g A 3
Cuvettes

v

an. |v ] Diagram of open gas-exchange system.
‘ C = channel selector F = flow meters ;
S = sample cell of IRGA R = reference
cell of IRGA._ Arrows indicate direction
of alr flow. |

(
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| passe‘d through a dessicating column of silica crystals and and from theré to the

reference cell of the IRGA, passing through a contatner toicompensate for the valumé
of the cuvette. The remainder of the air was pumped to the cuvenes at a uniform flow
rate of 60 Ilters per hour per cuvette, Air entered the ohambers under force to ensure
_mixing. The system allowed five replicates fo be run during eacn experiment, The -
cuvettes were rnade of i’lexiglass, with a volume of .8 !itres; the cuvettes were
mounted in a water tank with a volume of 116,5 litres, Air ‘v'vas aufomatically drawn
from each cuvette passed through a column of dessicant and then routed Enrough the.
' o ' : '
“sample cell of the IRGA by means of an ADC six-channel selector. The selector was set
on,a one-minute dwell time for each chamber, fouowed by a one minute purge‘ of. the
sampfe chamber, before the next cuvette was sampled in sequence, Temperature in rhe A
cuvette could be varied from 5 to 40" C, and vwcisely reguiated (0.25°C) by

-

circulating water from either a heating ‘un\it or a refrigeration unit through the watar tank.
- ' , .

T ernperatures of-water, air, soil, and leaves were monitored using copper-constantan

thermocouples. Irradiance of the plants was provided by one sodium and one mercury

Cal L

. ‘ light suspended A5 cm above the Cuvettes, These lamps supphed 750 - 850 mncromol/
m?#/ second at the cuvette Ievel The system was allowed about cne hour to equmbrate
under each condition before any measurements were taken. The IRGA was calnbrated

| regularly rusually once/ week) with srandard gases of kpown carbon dioxide
concentrationsr(3'25 ‘pom-and 395 pprn) to give a calibration faetor used in the
calculation of gas ekchange (see below). Mean exchange vaers were oaICulated for each
experumenta| condmon the standard error of the mean was calculated ‘At the

ompletnon of an experlment the above ground growth ‘was cllpped oven-drled at 80 C

for 48 hours, and weighed.
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Ten to“twel‘ve hours ‘beﬂ,f‘ore'p|ants were reduired for carbon dioxide gas
e;tchange measurements, the roots and soil were sea‘I’ed otf from the shoots by .a
‘double‘layer of aluminum foll; spa'vces‘around the grass 'Culms’ were sealed with \)asehne,
The plants were then fitted into the cuvettes, and the lids were placec.on top of the
cuvettes, sealed with Vaseline and clampeg firmly i‘nto plaee.>';ﬁfhe pots remained outside, -
at ambient air te'mp_eratures}.) Measurements were initially conducted at leaf te\mperaturesv
of about 20°C; i.e, ambient temperature, After steady-state photosyntheais rates were

"

achieved,‘h\e te.mperature was increased in 2" ~ 8" C increments, by increasing the
t‘emperature‘of the heating unit,, The maximum leaf temperature reached using the heater
was 35° C; after steady~state levels were recorded at this temperature, the heater was
-turned off and the refrlgeratton unit turned on, “ which lowered the temperature very
gradually (about 2 C/ bhour). Therefore the plants were not stressed by the change in
temperature The Iowest leaf temperature possnble with the lamps on was 5 "C. To obtajn'
lower temperatures, special expenments were done which are descrlbed later,
Resplrataon response to temperature followed the same general procedure as
photosynthesis measurements; lamps were shut off, and the cuvettee were covered
with black cloth for thirty minutes before meaeurements ‘were made.

| The amount of carbon dioxide r‘eleased or taken up by the plant was’ detarmlned
.from the difference between the carbon dloxnde concentration of the cuvette alr’and
‘ amblent air; thns dlfferenee (d) was recorded on chart paper using a Hewlett-Packa’rd‘
chart .record'er. Rat'es-of‘ respiration and photosynthesie were‘cavl'culated using the

formula:
" 'mg CO,7g DW/h = (d)(.00 184 mg CO,)60 1/ hfcalibrafion factor)/Dry Weight of plant.

(00184 = mg CO, in 1 litre CO, at 20°C, for lower temperatures, different vaiues were

used; 60 I/h'is the flow rate used). @
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The foil and Vgseline weré removed immediately after the experjment was
. h
‘ ‘ : 2 S
completed and the leaves were harvested; this treatment did not appear to have any
- adverse effects on plant growth, as all plants thus treated had new, healthy growth

within a few days after the experiment,

4.2.4 Low TemperetureﬁMeasurements
The grasses wet 3 st‘ill‘ photosynthesizing actively at 5°C and thus in order to -

qbtaln the lower temperature compensation pomt for photosynthesis, the grasses had to

be cooled below 0°C, Several techmques were attempted to achleve such cold ,

temperatures; the most successful involved the use of ice and salt.‘ The~plantslwe_re

fitted into the cuvettes as before, but instead of filling the tank with water, it was filled '

with thin, alternating layers of coarse salt and ice. The sodium lamps were not turned on

* for 20 - 30 minuteS, to allov; the plants to cool below zero, Leaf, 'air, soil 'temperature
and carbon dioxide concentration were continuously measured, so that the compensation
point would be recorded and also to monitor for any l’r‘eactlon respiration" (Bauer et al,
1975) that would-indicate that the plants were under stress. The ice-salt mixture caused

. the plant temperature to decrease gradually from 2° to 10 C -10 seems to be the
coldest possuble temperature uslng this method wnth the lnghts on. When the leaf |

‘ .temperature reached 0 Cc agaln the system was flushed wnth water, and the plant

| vtemperature allowed to gradually increase to ‘about 20°C (amblent temperature)‘. Readings

were taken at regular mtervals of 2°- 5°C at this ttme to determlne whether the o

‘ exposure to subzero temperatures had mhlblted photosynthesls rates. Plants were not
cllpped lmmedlately followmg gas exchange measurements but were observed over the
next‘few days to monltor Iow-temperature damage. Photosynthesns was re-measured |

. within t\Nentyjfour'hours to determine ‘if ':t'h'ere' had been any long-term ‘inhibitiOn of

photosynthesis. -
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4.3 Results
A comparison of the effects of groch temperature on net photosynthesis and |

oark respiration rates in the three species (Fig;. V-2 to I_V~6; based on Tables (V-2 an‘d
©IVA3) indicates that; (1) The pative species had broad tempereture response curves for
net photosynthesis and were active from a few degrees above 0°C to 20°C, Qhereas P.
‘ pratens/s ha‘d a very parrow ternperature reponse Curve and was rnost active only from
10"t0 20" C; (2) ternperatures greater than 20" ~ 25 ° ’C caused a substantial decrease in
net photosynthesis in P, al pipa and 7. sp{catum; net .photos'ynthesis in P, pfatens/s: was
not significantly ‘affected by these temperatures; {3) P. pratens/s had mu_ch higher rates -
of.net photo$ynthe‘sis than either‘native species (11.5mg CO, /g .DW/h vs,5-~6mg
CO, /g DW/h), {4) the dark respnratnon rates of the native species tended to be hlgher
when grown in the cool regnme whereas the. eark respnratnon rate of P. pratens/s was . -
higher when grown at warm temperatures; (5} in all species the optimum temperature
: e ‘ . o
. for photosynthesis shifted upwards when the plants were grov’;/nhunder the warm
temperatur_e regime; 6) in P. al pina from all three elevations the net photosynthesis
rates decreased at the warm growth temperetures this decrease also occurred in P,

pratensis to a Iesser extent L
A one-way ANOVA of the net photosynthetic rate at the optimum temperature

' for photosynthesis in each species ‘was‘done, and tndicated that there was a significant .
.diffe'r'ence among the species (Table IV-1). Figure IV-7. based on the data in Tables V-1, -
IV 2 and IV-3, summarlzes the ma]or results of the photosynthetlc temperature

‘response in the three grass specues The most ‘important points are (1) Under both cooi

v
°

‘ and warm growmg temperatures, the mdlgenous species had lower, optlrnum
temperatures for photosynthes:s than does Poa pratensis.

‘(2) There was no sugmfucant thference between any populatnon of P. a/p/na and

| T r/setum sp/catum wuth respect to the rate of carbon dIOXIde fixed or the. optlmum

photosynthetlc temperature
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"Effects of leaf temperature on net photosydthesis at

: 3
750 - 850 mfcromol/mzlsec., and dark respiration of
Poa alpina plants (from 2700 m), grown under two

temperature regimes.
Values are the mean of ten replicates.

Verticle bars represent standard error of the mean.
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Fig. 1v-3. Effect; of leaf temperature on net photosynthesis at
750 - 850 mfcromol/mzlsec., and dark respiration of
Poa alpina‘plants (from’2300 m) grown under two
. _temperature fggi&es._
Values are the mean oé.ten replicates.

Verticle bars represent standard error of the mean.
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Effects of leaf temperature on net photosynthesis at
750 -'BSO}miqromoP/mz/sec:, and dark respirati;n of
Poa alpina plants (from 2000 m), grown under two
temperature regimes.

Values are the mean of ten replicates.

Verticle bars represent'stqndard error of the mean. -
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Fig. IV-5. Effects of leaf temperature on net photosynthesis at
750 - 850 mfcromol/m?/éec., and dark respiration of

.- Trisetuwn 8picatum plants, grown at two température regimes.

Values are the mean of ten replicates. N
i Verticle bars represent stand error of the mean.
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Fig.

-

IV-6.

Effects of leaf temperature on net photosynthesis at

. 750 - 850 mlcromol/m /sec., and dark resplratnon of

Fba pratenste plants grown at two temperature regimes.

‘ Values are the mean of ten repllcates.

Vertical bars represent standard error of the mean.
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Table V-1,

-

>3

'One~way ANOVA of. the net photosynthetic rate at the

optimum temperature for photosynthesis of three grass

species, .
. ! ' ) l
X source U or | )s MS F
Among groups 9 sts« " 70.506 84,8244
Error ‘ - 70 58.186 . | 0.831
‘Tota' 79 692,740

A% = P 2 Q1

P

A .
PRI
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Fig.

1y

IvV-7.

Net photosynthesis (mg C02/9 DW/h) and corresponding
optimum fgmperatures for photosynthesis of three grass
speciesvgrown at two temperatgre‘regimes. Values are’

the mean of ten replicates. Diff;rences In intensity and_

[ ]
pattern in tone used for net photosynthesis yalues

indicate significant differences between rates. . ~

-
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(3) When plants of P, a/p/na were grown in the warm regime, the optimum temperature
. l N ‘ .

for phot\oysyntlhesis did increase, but photosynthesis decreased significantly (except for |

the popuiatioh fr(;m 2000 metres, in which the optimum remained stable and

photosyntr;‘esls decreased), This same trend was also found in P, pratensis,

{4) When plénts of T. sp/catun were grown under the warm regime, the gptimum
A .

photosynthet\lc temperature increased, and the optimum rate of net ph tosyﬁthesis
) o §
remained stabl\a. (5) There was no significant dif ference between the thiee populations
\
\ .
of Pos alpina with respect to the amount of carbon dioxide fixed, or to the optimum
/ \ ,

\
temperature of photosynthesis,

Often the \shift in the température optimum dependent on growth temperature is
] '
used as an index ofj acclimation potential. While this is certainly oné measure of
acclimation, a more ecological assessment should consider photosynthesis rates, or the
\ .

~

ability to maintain a similar carbon balance under dissimilar growth temperatures (Mooney

v

1980, Billings et a/, 19:/ 1). The index Mooney suggests is the ratio of the

v

photosynthesis rate at 6he growth terrtperature to the rate at another growth
t;hwp;erature. A value of dpe indicates perfect acclimation, Thes; values were calculated
’tér the three speciés and t‘hese crjata are given in Table IV-4, None of the s})ecbes had
perfect acclimation. 7. sp/ca‘Yum had the lowest index, and thus the best degree of
acclimation; P, a/p/na had the\hnghest ratoos especu'ally the. :)opulatlons from 2700 and
2000 metres, and thus the poé{est acclimation.

The data on reduction of Qe}t) photosynthetic rates after exposure to sub-zero
~ temperatures given in Table IV-5 how# that 24 hours after exposure, .theymajority of
' grasses still have ét least a 50% re\iuction in photosynthetic rate. A one-way ANOVA
dor.e on this data (Table IV-6) indicates that there is a significant difference among the
spedies. From Table V-5 it can be seen that P. al pina from 2000 metres, when grown

under the warm regime has less percentage inhibition that when grown under the cool

regime and less inhibition than P. a/pina from 2300 meters or P. prétensls grown'under '
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Table 1V-6. One-way ANOVA of zireduétiob-in netlphdfésynthesis’zk
' hours after exposure to subze(Q temperatures,

SOURCE DF | ‘ISS MS F .
Among groups 7 628s T 898 5.khk¥
€rror 16 | - 2640 | |65{ |
Total 23 ' 8925 |

t

A% = p 2 0.01

.

131



132

\ ‘ , 4 .
the cool regime. Further experiments would be necessary to further clarify the

differences, '

»

A one-way ANOVA of the dark respiration rates at 20" C indicated that there was
a signlficant difference among the three species (Table IV~7). A odmparison of dark
resplration rates at ZO;C of the three spec§es grown under the two growth regimes is '
given in.Figure V-8, based“.on Tables IV-8 and IV-9, The P, a/pfna population from
2700 metres grown in the cold regime, has a signifioantty higher respir‘ationlr‘ate that
anyv other ‘population or species. There |s no significant difference between the other P,
‘a/p/na populations and any other species; nor, is there a significant difference“between
the rates of 7. spieatum and P, pratensis. In P pratensis the rate of dark respiration

increased as growth temperature increased; whereas in the native species the rate

decreased as the growth temperature increased.
" 4.4 Discussion

4.4.1 Temperature relations .of CO, gas exchange

. '4.4.'1 .1 Temperature relations of photosynthesis
There is a dnstlnct dlfference between the temperature response curves of
carbon dioxide gas exchange of the two mdlgenous specnes and that of the
tntroduced species (Fig. V- 2 to Iv- 6) Both native grasses have very broad curves,
‘ mdlcatlng that they are photosynthetccally active at both Iow and high temperatures
if the net photosynthetnc rates of the three grasses at 0 C are, compared when

‘ grown in the cool reglme the rates of P. a/p/na and T sp/catum were twnce that

. of P. pratensis; aven at -5 C, P.r alpina had a CO, uptake rate of 4t0°.8 mg/g/ h,
and 7. spicatum had a rate of .5 mg/g/h whereas P. pratens/s was no longer |
photosynthesnzmg Under the warm reglme the net photosynthetlc rates of the o

'natlve specnes had decreased but P alpma was Stl" more act:ve then P. pratens/s

5 '



Table V-7,

i

133

e

One-way ANOVA of the dark respiratlon rate ‘at 20 C of
the three grass species. -
SOURCE DF - s§ MS F
Among groupé 9 146.66 16,30 57 .22#%%
Error 87 2#.78" 0.29
Total 96 171.44
A = p < .0l
[N I
‘/‘
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_ ‘ )
at both 0" and -5 C. In contrast, P, pratensis bad a farcow temperature response

curve, with a higher optimum temperature, and thus 1t did not do as well at lower "
temperatures, This species was photosynthe‘\ica{ly aétlve over a much parrower

1 !
temperature range, However, it had higher productivity within this limited
‘temperature range than do the native grasses, It would be informét‘ave to study the
allocation of resources within these speciesi Different patterns of assimilate
partitionir;g between the native and the introduced agronomic species might be
expected, as the native species’ carbon balance is oriented towards ensuring
continuity in an environr\nent, whereas agronomics‘have been m\énipulatad by man
with the goal of maximizing yield (Saugier 1983). For example, alplnerplants are
characterized by very large underground biomass, which is important for
carbohydrate storage and soil stabi;i;ation. Preventing soil er‘osion is a major goal
in ‘reclamatlon, thus species with abundant root development wouid '.be preferable
(Cuany 1974), Therefore, even though P. pratens/s has higher photosynthetic

'

rates, if a jower proportion of the assimilates were allocated to the root blorﬁass
than Jn the native species, this species would not be as succes'sful in revegetation, A
The maximum'r.ates"of photosynthesis of 5 ~ 6 mg CO, /g/h measured for
these native species are c<‘>mparable to those measured in several other alpine
speciss. Mark (1975) found maximum rates in Chionoch/oa (snow tussock) species
of 2.7 - 4.6 mg/g/h. The rather low optimum temperatures for photosynthesis in
the native grasses (12°-15°C agree with the optima for other cool habitat
species. Tieszen (1973) studied several species of arctic tundra grasses and fouhd
-an optimum temperature  for photosynthesis of 15°C; in these species, there is still
net uptake at 0" - 5° C which is 30 - 40% of the value at 15°C. In a previous study
involving A. a/pina (Scoﬁ and Billings 1964) the optimLJm temperature waé ‘

determined to be between 5" and 15° C, and temperatures above 20" - 25°C

inhibited photosynthesié in this species. In the present experiment at about 25°C,.



\ o - 140

photosynthesis in P, a/p/na populations was reduced by 20 - 56%; the reduction in
T. sp/catum was 20% under both growing reglrﬁes, In comparison, net
photosynthestis In P. pratens/s decreased only‘5 ~ 6% at 25°C at both growth
temperatures, |

Although the upper 'temperature compensation points were not determined -
in these experiments, "previous studies indicate that for alpine species the upper
tempgrature limit for photOSymrwesIs is about 35' C (Marlk 1975, Pisék et ‘a/. ‘
i967), The upper temperature limit would be increased in the plants grown under
the warm regime, The minimum temlberatures for pﬁotosynthesis in the native
grasses is \rery near th;?r freezing points, but a'.r)ove the freezing temperature for
P. pratensis (see Table 9 in Chapter 2). In Chionoch/oa species the lowerﬂ
photosynthesis compensation point coincides with the leaf freezing point (IMark

1975), Photosynthesis ceases'when leaves freeze and tissue is disrupted by

extracellular ice formation (Bauer et a/, 1'975).

.4.'4, 1.2 Influence of iow-,temperature stress on photosynthesis
\\Qen CO,.uptake rates were measured 24 hours after exposure to
sub-zero teﬁvp&atures. the rates were decreased by abeut 50%‘ in the majority of
Th

i

the grasses. The preliminary results obtained here indicate that P. a/pina from

~,
-

2000 meters is less sensitive to sub-zero temperatures than the' other populations
- of P. al pina or the other te;r\b species. This resulit egraes with the greater' degree
of frost evoidance measured-for this population as described above. Further
-experlmentatnon is necessary to determine any differences due to specnes or
growth regumé"éﬁl a method developed that would glve more control over

| temperature regtflatlon at temperatures below zero. Although every effort was
"inade to stan%ardize the procedure used, there was variation in the temperatures
ettalned and the duratlon of the treatment. For example, P. pratensis grown at

warm temperatures was exposed to -8°C for 5.5 hours while P alpina from
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230d metres gro§vn under thfa warm regime Qvas exposed to ~10.0" C for four '
hours, This degree of variation in cold treatment may have obscured any:
differentiation that éxistéd between species or growth temperature treatments, It
would be Important to investigate this area further, as it is essential in evatuating

t‘he decline i?\, productivity due to stress terrﬂlperature's to knéw how long the
impaifment lasts (Bauer et a/, 1975), and this could be an important crl;erion in
Seiecting the most successful reclamation species for areas With periodic frosts in
the growth season, Ki;ﬁitani and Tsunoda (1974) suggest that the stability of

| photosynthesi§ after cold témperature stress can t;e used as a characteristic for
selécting breedir\yg lines in rice plants, since differences are observable within a

" few days. This tectinique is applicabl'e“ to selection of reclarhation'species. Field
studies show that after sharp, short frosts photosynthesis is strongly reduced but
'recovers gradually, as long as necrosis does not occur (Bauer et a/, 1975,
Maciejewska et a/ 1983). The severity of the depression in uptake depends on the

;

duration and severity of the frost, The\ decline in photosynthesis is thought to be
due to a combination of factors: (1) inactivation of enzymes involved in‘

photosynthesis; (2) frost -induced stomatal closure; and (3) the effect of

extracellular freezing on chloroplast ultrastructure (Bauer et a/,, 1975},

4413 Temperature relations of dark respiration

In thg native grass species, dark respiration rates were increased whéR‘
grown in £he cool temperature regime; although the chénge in rate was significaht'
only i'n‘ the P. alpina population from the highest elevation, the trend is apparent in
the other P. a/pina populations and in 7. spicatumn. Increased dark respir.ationvat
cool temperatures has been observed before in alpine and other cool habitat
specie; (Billings 1974, Gloser 1967, Moser et a/. 1977) and is thought to be én
adaptation mat allows the plant to compénsate for the cqld and éhort grqwinb

season (Ollerenshaw et a/. 1976, Billings 1974, Pearcy and Harrison 1974, Pearcy
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1977, Pearcy et a/. 1977). High respiration rates at low temperatures in&iéétés
that metabotic processes can be carried out at rates sufficient to ensure growth in
cold températures (Mayo et a/. 1977). In the introduced species, the respiration ¢
rate decreased in the cool temperature regime, Thiys pattern often occurs in
lowland species; and may prove to be a disadvantage for the introduced épecies if
, , '

it is useti in alpine reclamation, as itwould-not be able to commence growth as
ea.rly in the growing season, nor have as high growth rates at cool tefnperatures as
’\do the nétive species, The résponsé of dark respiration rates was not as marked -
as the response by net phofosynthetic rates; Scott (1970) and Mooney and West

{1964) néted that dark respifati,on‘rates showed little pattern in relation to growifg

temperature,

éla.z Photosynthetic agclimation potentials
In recent years there have been a multityde of studies deal‘ving with the influence

of gfomh temperature on subseqt;ent photosynthetic pe}formance (Bjorkman et a/,
1975, P\earcy et a/. 1977, Moone;' et ‘a/, 19782 and b, Mooney 1980).\ Most of these
studies have fox‘md that preconditio;wing with high temperétures results in én upward shift
lin t‘(c;ptimum photbsynthesi; temperature, and that blretreatment‘with low
‘ femperatpre’s cauées the optimum ‘temperaturfe to decrease. Not only does pretreatment
temperature affect optimgrﬁ phqtosynthetic temperature, but it also appears to
determine photosynthetic efficiency at subsequent temperatures. Mooney and,West .
(1964) fodﬁd that plants groWn at cdléar temperatures are more efficient at thés; , \
temperatures. Similar reshlts have been found in numerous stt;dies: growth at high
témperatures iﬁéreased the rates of CQO, uptaké ,at"high' tempell'atures but d.ecreased the
rates at low temperatures vs the responses <;f low ;emperamra-gréwﬁ plants (Armond

}et' al. 1978. Pearcy et a/. 1977, Mooney et a/. 1978a and b). The responses of plants

in the present experiments fit in with this ‘pattern: growth at warm temperatures resulted
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in an upward shift in the temperature optimum, This type of response has generally been
interpreted as photosynthetic acclimation, If judged on this basis, it would seem that all
three ‘grasses‘ acclimated wvell to thé changes in the growth regime, as the optimum
temperature for photosynthesns increased when all three species were grown under the
warm reglme However as Mooney demonstrated (1980), in'many of the previous
‘ studles as wvell as the present one, the shift in the temperature optamu_m is aften
accompanied by conteracting ohanges in photosynthesis rates, resulting in an ot/erall
.decrease,‘ not an increase 'in photosynthetio’ perforrnance. The reeent work of Pearcy
t1977, Pearcy et. al. 1977) with coastal et:oty'pes of Atriplex /ent/:formls provides a
good example of this process. When grovt/n under a cool regime (23'C) the rate of
_photosynthesis at 40°C was 60% of the rnaximum, which occured at 32°C. If this sarne
clone was grown at 43'C, the optimum photosynthetic‘ temperature increased to AO‘C,

|
but the absolute rate at A40°C was only half of the rate at 40 Cin the plant grown at .
23°C. Pearcy (1977) and Mooney(tSBO) both conclude that ‘these results are not
evidence for ohotosynthetic temperature acclimation, but rather indicate that the plant is
incapable of 'responding positively to, and is actually bein_g injured by, the change in
temperature regime: This is the situation in this e;tperiment; as shown in Table V-4,
grotfving the Poa a/pina plants under a temperature regime of 25°/5°C did cause an
mcrease in optlmum temperature for photosynthesns but the overall photosynthesns o
decreased markedly. This occured in two of the three populations, indicating not
temperature acchrnatlon , but an inability to adjust the photosynthetic apparatus to the
higher temperatures._ The optimum terhperature of ph‘o_tosynthesis of the P. a/pina‘
‘population from 2000 metres did not shift upwards, but the net :at‘e_vof photosynthesis
did decrease P. pratens:s also had lower rates of net photosynthems under the warm
regime, but the decrease is not as Iarge as for P. a/p/na Only 7: sp/catum displayed

true: photosynthettc acchmatnon an mcrease in grbwth temperature caused an mcrease in

optlmum temperature but the rate of photosynthesns remamed stable (Flg IV 7) The
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differences in photoeynthetic performance at low and high temperatures appear to be
retated "to changes in ribulose‘ﬁ1,5-bisphosphate‘ carboxylase activity in leaves (F.’earcy et
al. 1977) Moc;ney et a/ (197éb) concluded that acclimatlon.is primarily the result of .
) change; in the‘intrinsic photosynthetic.characteristics of a epectes in response to a
' change in environmental conditions, These authors'reoognize two separate effects of
growth temperature regime; (1) an increaeed capacity for low temperature .
- photosynthesis, probabty by increasing the quantity of raterlimiting enzymes such as
RuBP carboxylase: (2) an increased photosynthetic rate at high ‘temperatures, retated to
an increase in the thermal stability of key compone%ts of the photosynthetie apparatus.
Thesé changes in the photosynthetic system of the plant represent a direct effect of
growth temperature on CO, gas exchange oharacteristics; Ku and Hunt (1973) suggest

that growth temperature can also lnﬂuence CO, gas exchange characteristics md:rectly

through changes in the developmental status of the plant.

443 Ecotypic dlfferentiatlon '

The data presented in Fig. V-2 to IV-6 and IV 7 indicate that there is no evadence

for ecotyptc differentiation among the populatlons of Poa a/p/na growing along an
elevational grad;ent Nor do dark respiration rates under both growth regimes mducate
the presence of any agamotypes with the possible exceptlon of the populatlon from
2700 rhetres, which had a dramatlcally higher dark. reeplratnon rate under cool regime
temperatures than did the othe'r two populations. Since tt\ere is‘no significant overall
difference betwsen the three populatione the answer to the question, "What is the '
. relative effect of phenotyplc temperature acclimation on metabolic rates as compared to
the agamotype effect? mdlcates that there is no agamotype effect in Poa a/p/na from
the three sites with respect to me;;rameters studied. Kuramoto and Blnss (1970) found

that the photsynthetic response to temperature of flve spemes did not dnfferentnate the

' specaes-habltat relatlonshlp well. A study of several populatlons of Northern white cedar
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by Musselman et a/, (1975) revealed very little genetic variation in photosynthesis among
) populations These results agree with those of Williams' and Kemp (1976) who found
only Jimited development of ecotypes in an mtroduced weed species which invades
"disturbed sutes in a wide variety of habltats Adams et a/ (1975) demonstrated that there-
is a lack of evidence for ecotypic differentlation wnth respect to thermat adaptatlon of
neﬁphotosynthesus among populations ol Tr(enra//s boreal (s, There are several possible
reasons why'there was no evidence for variation among the Poa‘populations; firs‘tly,
metabolic characteristics of |ocally differentiated populations are mfluenced more by the
growth regime than are morphologlcal characters (Billlngs et al, 197 1) The optlmum
temperatures for COz exchange by several temperate grass varieties are influenced by,
~growth envlronment rather than by species or climatic origin (Charleerdwards et 'e/1
19'7” In these experiments, only metabolic characters were examined..xan‘d itis possible
that they adjusted to the growth regémes.l Thus, if the morphological or flowerlng
characters'of the different populations had been examined, they may have reflected any
»agamotypic' variation that vvas present. Secondly, an‘y’ contrasting characteristics of
locally adapted populations would be expected to reflect the selection pressures
imposed by the respective environments {Treharne and Eagles 1970). The populations ‘of.

P. alpina studied were taken from a sumple elevatlonal gradlent on Fairview Mountain

the original habltats of the three populatlons thus may not have been different enough to

cause dlrectlonal selection resulting in the formatlon of agamotypes It is also possnble
that the seed dlspersal ranges of the three populatlons overlap Further experimentation
B usmg populations from more diverse or geographically |solated areas may reveal
.varnatlon between populatlons Demonstratnon\of the existence of agamotypes may |

therefore requ:re an increase in .sample SIze or in the precision of the experimental

‘4 techmques as suggested by Adams et a/ (1975)
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4.5 Conclusions

As expected, the native grasses had Iower optimum temperatures for
photosynthesns than did the introduced species; they also were active over a broader
temperature range than was P pratensls ‘The natlve specnes tended to have Q,gher dark

-

respiration rates in cool temperatures. Together, these adaptations would give the native
plants the advantage in revegetation of alpine 'disturbed areas where the mean ’
temperature during the growing season is low, HoWever, as ind;cated by the field data in
the General Introduction, the temperatures on open disturbed sites in the alping, can
sometimes be very high, and at temperatures above 20f*\ 25"A Cc the native grasses had
greater reduction in net photosynthesis than did the introduced grass. P. pratens/s had |
higher p‘hotosynthetic rates within its ‘n‘arrowvfavorable temperature limits ‘th'an did the
natlves Thus, the selection of specoes is rather comphcated no one species |s best °

»
under all conditions.”rhe most important factor may be acc{isnation potential, Only T,
‘splcatum display'ed true phdtosyntheticacclimation; in both Poa species the
photosynthetic apparatus was unable to adjust to the higher itemperature regime and
;maintatn a stable ‘photos‘ynthetic rate. A plant that can achieve a high net CO,' exchange _
rate over a wide temperature range may be more useful under field condmons than one

~ with high rates at only’ one temperature (Ku and Hunt‘1973) Thls would especually be
true |n dlsturbed alplne areas where the temperature and other climatic, condmons
fluctuate greatly over short time penods On the basxs of the gas exchange characters
b studn,ed in these expenments T . sp/catum would ‘be the most sultable of the three
species studied for use'in alpine re\>egetation. |

'

2 c
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5. General, Conclusions
All of the experiments reported here were carried out in controlled, growth
* chambers., In such chambers, some important elements of the natural environment may
be eliminated: thé plants are raised under stable conamons, uniform mléroenvir'onments,
with fittle interaction between lndiv‘iduals, in contrast to the complex, and constantly
changing natural environment, Obvlously,“ther,efore extrapolation from such controlled
environment studies to the field situation is limited. However, controlled environment

experiments are an important research tool, as they give a measure of the relative

'
-

performance o‘f different species, and enable us to predict wher;a a given species will
6r will not succeed. These studies are also useful to obtain Informa‘tion abgut the
climatic control of physiological processes limiting productivity (Evans 1963,
The Iprlmary goal of these expéfim.ents; was to iqéntify plant characters thatl

would enhance reclamation, The experiments reported here indicate that there is n;)t a
clearcut, obvious answer to the problem of épedes selection for glpine reclamation, In
the majority of the experiments, the native spacigs were more successful under'alplne '
conditions, as might be expected. Poa a/p/na, followed by T r/setub sp/catb'r'r;, had the
best germi.nation performance based on percentage germinatio;m, rate of germination, |
and early seedling growth under conditions similar to those in the élpine zone at the time
of germination. T. spicatum-h'ad slightly higher frost. avoidance than did the ;iher two
species. In terms of Cb, gas exchange, both native spe;:ies Had higher photosynthetic
activity at low temperatures and t'ended‘ to have higher rates of dark respiration under
cool growth temperatures rather than warm growth temperatures. However, as

suggested by Johnson (1980), it seems the introduced species are better adapte& than
" the native species td the post-disturbance conditions. High temperatures occur
: » .
frequently in many”cdal-niined alpine areas, and Poa pfatensis would have the advantage
under such conditions due to ?ts highér heat resistance and greater photosynthetic rates
at high temperatures. L |

oy
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it must be remembered that the productivity is primarily determined by the
rasources of the environment (i,e, water, tht,. temperature), rather than by the plant
species (Mooney and Gulmon 1983), In alpine areas, the low average tem'perature of the
growir;g season has the greatest influence on plant growth, Thus the kéy to survival and
propagation in alpine regions is a metabolic sys;tem that can capture, store, éhd utilize
energy at tow tempera.tures, in a short period of ‘time. For this reason, the native
species possess definite advantages over P, pratens/s, as they have lower optimum
tenipératurés for photosyqthesis and their dark respiration rates at cool temperatu'res.
would ensure that these species can utilize energy during the cool growing season,
Since the mean air temperature In the alpine zone fluctuates markedly, especially on
operi disturbed sites, the most successful species would'be that with a stable
photosynthesis performance ovecr a wide range of temperatures. In addition, this stabilfty.
may be only ot Iith"nited significance if not associated with an ability to accomodate
short-term temperature changes encountered in the field (Ku and Hunt 1973, 1977). 7.
sp/caturm was the species with the highest acclimation potential, ané 'in fact, p’oésessed
close to perfect acclimation. 7. spicaturm was also the spécies most able to avoid the
freezing temperatw:es that can occur during the growing season. Therefore, based on
the factors investigated in these.experiments, T. spicatum shows promise of"be?ng the
most §uitable of the threg species investigated for revegetation of 'alpi‘ne disturbances.
. . B
However, each species studied here possess unique adaptations which give that species
. advantages over the others under different conditions and at different stages of the life
cycle. Thus reclamation would be enhanced by using a mixture of grass species whose
adaptation§ could compensate and complement each other, rather than relying on ar;y
one species. ‘ : . i .
There Was little eviderice for -formation of locally adapted populations of P.

alpina. Further studies dealing with different physiological or morphological traits may

raveal some agamotypic differentiation, but from the results of these experiments,
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i\
\ .

populations of P. a/p/na are not so intimately adapted to their local habitat that attempts

®

to grow them in other alpine regions would be unsuccessful. The use of this native
spé;:ies would not appear to be complicated by the existence of local varieties,

A secondary goal 01; this research wa§ to gjetermine possible applications of the
results to revegetation techniques, Laboratory measurement of .CO, rates seems to be

" .

an‘efficient method of screening plant species for suitabllity in revegetation projects.
The germination characteristics studi'e;q here also have a bearing on d'iract seeding
strategies used in reclamation, The aim of these str;tegies is to get seedlings as well
established as possible before the growing season ends. As indl(;ated in these
“ experlments., scarjfication of seeds increased both percentage germination and the rate
of germination, and extends the optimal témperature range for germinati.on,

Alpine areas have become so important to man for economic and aesthstic

reasons that it is certain the rate of development in these areas will be maintained, if not

.
.

increased, Obviously, man's development of these areas will result in damage to the
alpine ecosystem: The realistic answer to this problem cannot be to discontinue use, but

rather to develop the necessary skills and technology required to actively manage and

maintain these regions,
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6, Appendix

6.1 Climate-Diagrams
A climate-diagram is used to graphically represent’ the climate of an area,
~ showing its seasonal course, In the upper left-hand corner is the station, its elevation,

-

and the r:umber of years that obser\I/ations have been made at that site, The numbers in
the upper rigﬁt-hand corner indicate the mean anr;ual temperature (in ~ C) and mean annual
pfecipitation (in mm), The horizontal axis is months of the yéar, with the v\m"rmest season
in the centre of the ;Jiagram. The solid black portion of this axis répresents months ‘Wit‘h .
mean daily minima below 0 C; the diagonally shaded areas represent months with
absolute n/ﬁnima below 0" C {/.e. those in which frosts occur), Tpe open area of the axis
represents the months with absolute minima abovg 0° C. The upper curve is mean
monthly precipitdtion (ong division=20 mm); the vertical Shading represents a r\elvatively
~ humid séason. The lower éurve is mean monthly temperature (one division=10" C). The
two values to the 1eft”side of tr;e temperature axis are the mean daily temperature
minimum of the coldest month and ’abslolute‘ minifnum tempefathre. For.further
information, see Vegetation of the Earth, by H. Waitér, 1979. Springer-Verlag, New

\

York., " C . : o \
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6.2 Fleld Temperature Measurements

The folov\nng temperature data was collected at Mountain Park West Mine using a
‘Campbell Sclentlflc CR-21 Programmable Mlcrologger during July and August 1984,
Three~output, tables were generated, which are integrated in .into the one printout sbown
. here, The Table number is given in Column 1; Tabl.eml‘contains the’average temperature
recorded by each temperature probe over a 15 minyte interval; Table 2 contains the
temperature maxima and t.ime of the maxima recorded by each probe over a 24 hour
'perlod ; Ta‘ble 3 r:onmins the temperature minima and time of the minima recorded by
each probe over a 24 hour period. The' weather affected the time- recorder of the
. Datalogger, such that all times are 12 hours out, /.e. 0500 h should be 1700 h. For. July
' data the columns are as follows; for Table 1: Column 1 = Output table number; 2 =
Julian Day (day 211= 29 July .1984); 3 = Time; 4 = probe located at 8 m northwest on
transect; 5 = probe at 2.0 m heigh;; 6 = probe at 3m NW; 7 = probe at 1.0 m height;
| 8 = probe at 0.5 m heught 9= probe at 8 m §E 10 = probe at 3 m SE.

For Table 2, the columns are as follows Column 1 = table number 2 = maximum
for 8 m‘NW probe- 3 = time of maximum for 8 m NW probe; and so on. The columns
in Table 3 are arranged the same as those in Table 2: Column 1 = table number 2=
mnmmum for 8 m NW 3 = time of minimum at 8 m NW; and so on. |

" The Datalogger did not operate well in the cold, damp weather conditions of
‘August; some data points are missing, and recorded as question marks. For the August
data the columns aro as follows Column 1= Output table number 2 Jullan day 3 =
~ Time; 4 = probe at 8 m NW 5 probe at 3 m NW; 6= - probe at 0. 5m height; 7= = |
probe at ‘I.O‘m helght; 8 = probe at 2.0 m height; 9 = -probevat 3m SE; 1,0 = probe at

8 m SE. Tables 2 and 3 are arranged ae describedv above for July data collection.
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