N v | 0-3/5- 03¢ 28 -5

l* . National Library Bibliothdque nationale | -~
of Canada du Canada
_ Canadian Theses Dlvlsibn ) Division des théses canadiennes \
: |
Ottawa, Canada ' h .
K1A ON4 - 5157 2.
< A

4

PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

‘e Please print or type_; Ecrire en lettres moulées ou dactylographier g
FUll Name of %ﬂhor — Nom complet de I'auteur " ‘
JAMES  HArcan [2) CHARDS o ,
e ' | ,
Date of Birth — Date de naissance . ) Couptry of Birth — Lieu de naissance '
25 ocToferR - \A4y - US4
r - ]
Permahent Address — Résidence fixe \}
325 W, Monmontl/ Ave,
E‘AS'LWQN}I Co(aw\y ?Q)H}
. u S /..}" \ I

Title of Thesis — Titre de la thase

—

EcoPLu(st‘:.(ob\, 05 N 06(:‘?40\0-'1}{} Tiwbw\_(f':’ !re(/
:ZAr}x- lyc‘/ﬁ"_i' ﬂM( “

~

T 7

- University — Université

' U\b\lv,ers{("»/ ‘fz; .‘A'IE-‘"T"

| . .
Degree h?r which thesis was presented — Grade pour lequel cette thése fut présentée Q
PL.D.
" Year this degree conferred — Année d'obtention de ce grade Name of Supervisor — Nom du directeur de thése .

(99t S Apwrenee < Rlrss : -
f-:}Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, par la pfésente, accordée a la BIBLIOTHE-
~ CANADA to microfilm this thesis and to lend or sell copies of QUE NATIONALE'DU CANADA .de microfilmer cette thasd et de

the film. - : b . préter ou de vendre des exemplaires du film.

The author reserves other publication rights, and neither the L’auteur se réserve les autres droits de publication; ni la thase
thesis nor extensive extracts from it may be printed or other- ni de longs extraits de celle-ci ne doivent atre imprimés ou
wise reproduced without the author’s written permission. autrement reproduits sans I'autorisation écrite de l'auteur.

3 . -

™ 2. fasss 138/ /7%/ b




3

AVIS

I* NaﬂondlemrydCangda Bibliothéque nationale du Canada
Collections Devclopmont Branch Direction du développement des collections
_ Canadjan Theses on _ Service des thises canadiennes
Microfiche Service sur microfiche
NOTICE

The quality of this microfiche is heavily dependent
upon the quality of the ongmal thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
granted the degreew .

Some pagessimay have indistinct print especiaily |

if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted materials {journal articles,
published tests, etc.) are not filmed. -

Reproduction in full or in part of this film is gov-
erned by the  Canadian Copyright Act, R.S.C. 1970,
~¢. C-30. Please read the authorlzatnon forms which

accompany this thesis. -

THIS DISSERTATION
HAS BEEN MICROFILMED -
EXACTLY AS RECEIVED

. La qualité de cette microfiche dépend grandement de

la qualité de la thése soumise au microfilmage. Nous

avons tout fait pour assurer une qualité supérieure

de reproduction.

Sl manque des pages, veuillez communiquer
avec l'université qui a conféré le grade.

La quahté d’impression de certaines pages peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées & I'aide d'un ruban usé ou si |'univer-
sité nous a fait parvenir une photocopie de mauvaise

qualité.

Les documents qui font déja |'objet d'un droit
d‘auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm
est soumise & la Loi canadienne sur le droit d’auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thése.

J

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

NL-339 (Rev. 8/80)

e . e mrarA - 4 o W e e e




~
THE UNIVERSITY OF ALBERTA

ECOPHYSIOLOGY OF A DECIDUOUS TIMBERLINE TREE, LARIX LYALLIT

~

i ' ’
® by ) !

LB
@ James Harlan Richards . \

A THESIS
SUBMITTED TO THE: FACULTY OF GRADUATE'STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
OF DOCTOR OF PHILOSOPHY
IN

PLANT ECOLOGY

DERARTMENT OF BOTANY

[

EDMONTON, ALBERTA

. Sy
SPRING, 1981

PARIJ .




THE UNIVERSITY OF ALBERTA

~

RELEASE FORM ‘ R

NAME OF AUTHOR: JAMES HARLAN RICHARDS °
TITLE OF THESIS: ECOPHYSIOLOGY OF A DECIDUOUS TIMBERLINE TREE,

LARIX LYALLII PARL.

DEGREE FOR wHICH THESIS WAS PRESENTED: DOCTOR OF PHILOSOPHY

¢
YEAR THIS DEGREE GRANTED: SPRING 198 #

Permission is hereby granted to THE UNIVERSiIY OF ALBERTA
LIBRARY‘to reproduce single copies of this thesis and.to lend
or sell sggh copies fér private, scholarly or‘stient;fic re~
se;rch purposes only.

The autﬁor reserves other publication_rights, and neither

the thesis nor extensive exfracts from it may be printed or

i

otherwiée_reproduced without the author's written permission. e

(Signed) %! Z Zé N

PERMANENT ADDRESS: .
3125 West Monmouth‘Avenue-
',Englewood, Colorado

U. S. A.

-patTED 23 dF 1980 | - J




THE UNIVERSITY OF ALBERTA

FA TY OF GRADUATE STUDIES AND RESEARCH.
v g
The .undersigned certify that they have read, and recommend

to the Faculty of Graduate Studies and Research for acceptance,

-8 thesis entitled "Ecophysiology of a Deciduous Timberline Tree,

Larix lyallii Parl!', submitted by James Harlan Richards in partial

fulfilment of the requirements for the degree of Doctor of Pﬁilosophy

%

in plant ecology.

Supervisor

External Examiner’

LB



. DEDICATION
To my early ecology teachers:

Harlan Richards
Velma Richards
Ellen Heeren
Jack Whiting
John Marr ,
Martyn Caldwell

-4



ABSTRACT .

| The deciduous timberline conifer, Larix lyallii-—Parl., ‘suffers

30 to 64% less winter desiccation damage than sympatric‘evergreen conifers.
Overwintering buds are tolerant of low midwinter water potentials (-4.0 to
\ -5.0 -MPa) and water contents (100-150%). Ihey maintdain high turgor
(> 1. 0 MPa) through the winter. ~ A large resistance to water flux between
the bud and xylem develops in October and: maintains the relative isolation
of the bud until February. Because of this large resistance, decreases
in the xylem pressure potential in late winter and spring are not trans-
mitted to the buds. The combination of these physiological and morphologi-
cal features makes L. lzalli not only extremely resistant to, but also W
tolerant of, winter and spring desiccation. These characteristics é&ve
this species a significant advantage over evergreens in timberline environ-
ments, and explain how it can maintain upright growth well above the limits . ~.‘
of sympatric trees ) o . B —%)

The significant advantage over évergreens gained” by this species

in the wintertime is balanced by summer disadvantages These disadvantages

result from the: adaptations that appear to be necessary for alpine larch

to mFintain a positive carbon budget. The adaptations include: high

-

s maximum net assimilation rates (dry weight basis) due to the high leaf h 34i
area to weight ratios of the deciduous needles, aud high light compep-~
sation:and saturation points. -The low mass needles dre susceptible to . .
large reductiens of'photosynthetic capacity in requnse_to relatively
Vlow atmbsphgrictdemands.‘ This respopse,’tséether with the high light

compensation point of wintergreen needles on young trees, prevents

27

‘alpine larch from growing at elevations much below the timberline. L B

»




4
_The 1ight response restricts this species to open habitats which are - _(ﬂa

‘Alpine larch also suffers.long-term reductions in photosynthetic

common at the forest 1imit.

[ P A

capacity when subjected to soil moisture deficits This,'in additiOn

/"
. to reductions caused by high atmospheric demands,

limits L. lyallii to

regions whére xegular summer rainfall maintains high 3011 moisture

evailability and high atmospheric humidity, or it ig restricted to
8ites where edaphic factors contribute to both reliable aoil moisture

and cool temperatures which reduce atmospheric demand g

[

Z Desiccating winter conditions contribute to the differences in

damsge suffered by L. lxalli ahd sympatric evergreens, snd Alpinev
larch's requirement for reliable summer ‘moisture. appears to be a BN

result of its deciduous habit. Based on these ecophysiological studies

AY

and the distribution pattern of deciduous timberline trees, it is : |
hypothesized that both moist summer and desiccating winter conditions
are necessary for the occurrence of deciduous trees at timberline

.' L . 4* B

-
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- CHAPTER I

INTRODUCTION

A wide variety of tree species occurs at the northern and altitudi-

nal limits of tree growth. They display a range of growth habits, from

'needle-leaved evergreen to broad-leaved deciduous. In addition. the

pattern of vegetation and physiognomy of individual trees is extremely
variable -from one timberline region to another.

This variety has.led to a multitude of-terms describing vegetation‘
boundaries and physiognomic types at timberlines (see Hnstich 1966;
Tranquiilini.1966, 1976; Wardle 1968; Léve 1970; and Baig 1972). A gen-
eral definition. of timberline will be used here. Thus the timberline
is not a narrow.linear boundary at the upper or nortﬁ?tn limit of con-
tinuous forest, nor’the absolute limit of treejgrowth, but is the. 7 ‘

ecotone:between forested and non-forested land (Wardle 1974, Tranquillini

'1979). This general definition of timberline is useful at all timber-

lines especially at"the northern 1imits of forest growth and on tropical

mountains. Here the. ecotone is often quite broad and there are no

distinct boundaries in either vegetation pattern or tree physiognomy

-

(Hustich. 1966, fTroll.1973) The limitation of such a general definition

is encountered when attempting to compare elevations of ‘timberlines with

very different patterns of vegetation or ecotone breadths. In thie case

the more strictlyAdefined terms describing vegetation pattern or tree

. physiognomy, i.e. forest limit, tree limit (>2 m and upright), and

'krumholz limit, will be used.

~ The floristics of tinberlineS/and the distribution of trees of

L1 X
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various growth habit have been reviewed by Hustich (1966). Baig (1972)y

Troll (1973). and Wardle (1974). Although the. diversity at timberlines

makes generalization difficult; some patterns are apparent (Fig.la and b).

Evergreen needle-leaved trees are dominant over long etretchea of timber-

.

lines in boreal and temperate North America, Europe, and parts of Asia,

. while evergreen broad-leaved trees dominate in tropical regions and in New

Zealand and Australia. The importance of deciduous trees at timberline

is oftgn‘underestimated,'but is of particular significance for this study.

"The distribution of deciduous timberline trees will be described in some

detail (refer to Fig. la and b). -

, p. ' . .
DISTRIBUTIOP(OF DECIDUOUS TIMBERLINE TREES

¢

The most‘important deciduous timberline trees are included in two

genera: Larix and Betula.. Species of Alnus, Populus, Salix, Chosenia,

Sorbus, Fagus .and Nothofagus are also important deciduous timberline trees,

but their distribution or dominance is somewhat restricted

[4

Larix sibirica1 and L. gmelini (=L. dahurica) dominate the northern

timberiine of Eurasia. L. gmelini is undoubtedly the most ﬁidespread and

important deciduous, timberline species It reaches far?her‘north (72. 5° N)

e
than any other erect tree. l& dddition to the area where these two Larix

species share dominance with evergreen conifers. they form a pure lerch

forest which covers approximatelyfé 5 million km2 in N. Eurasia._ L. gmelini

in far northeast Eurasia extends n&i& than 1000 km beyond the limit of

Picea sibiricar(-P. obovlta), and'ié'%oined only by'the\d?arf conifers

Pinus pumiIE-and Juniperus comnnnis (Ostenfeld and Larsen 1930 Tseplyaev

"Lartx nomenclature follows Gstenfeld and Larsen 1930, |

-
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Figure la. Gene:glizéd distribution pattern of evergreen and deciduous .
trees at alpine and arctic timberlines in the Western Hemis- .

phere. )
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- Figure 1b. Generalized distribution pattern‘of evergreen and deciduous -
SR trees at alpine and arctic timberlines in the Eastern Hem- .
.~ isphere. [ ' - ‘




'1965, Hustich 1966, Arno 1970).

Hest-of-120° E the northward extension'of L. EE 1 1s less impres—
hsive. but even here and throughout the range of L . Sgbirica the 1arches
‘form the northernmost forests. These two species are also important at
alpine timberlines in the Ural, Verkhoyansk Altai, and S. Khamsr Daban
':Mountains, and in the mountainsg of the northern and northeastern provinces

e

. . z »
of China (Suslov 1961, Wahg 1961, Epova 1965, Gorchakovskii 1965, Kuvaev
\ .

1965, Tseplyaev 1965, Stanyukovich 1973). , ‘

At the ng;ther* timberlﬁne of North America L. laricina is often pres-

ent, but rarely dominates ot‘grows farther north than the evetgreen spruces,

Picea mariana and P. jlauca (Marr 1948; Ritchie 1959, 1960;vDrew and &

3

Shanks 1965; Larsen 19 5, °1974; Hustich'1966"Rowe'1972' Elliot 1979).

Of the seven remaf ing Larix species, two (L. mastersiana and L

occidentalis) cannot be considered timberline trees. L. kaempferi some-
!!

‘ times forms timberline in Japan (Franklin et al 1979) Lh griffithiana-

~and L Eotanin are impor ant timberline trees of the northern provinces

and southeastern plateau r gions of China, and in the bordering Himalayan

valleys. Both species are estricted to: high elevations and often form
a distinct forest ‘zZone abov the forests of other montane-boreal conifers "
(Ostenfeld and. Larsen 1930, 'ang 1961) L. decidua has a relatively wide
altitudinal range, but is an \important timberline tree in the Central’ and o
Vestern Alps (Ellenberg 1963) L, lyallii is restricted to the upper sub-
’ alpine forest and. timberline cotone in the N. Cascades,and Central Rocky
Mbuntains (see Ch. II and III). It is readily apparent from this survey
that the deciduous genus Larix dominstes a wide range of timberlines in

~ the Noéthern Hemisphere.
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pecies of Betula are as important larches at alpine timber-

-1ined, but have restricted digtributioi at the northern.limits of

| - , ,
treefgrovth. They nearly always form a zone of birch woods above \

4

or b#yond the limits of evergreen trees. At northern timberlines

B. prescené (Greenland, Iceland, Scotland, . Fénnoscandia) and

B. eLmani (Ramchatka) form homologous vegetation t&pea in arepas
witﬁextremely oceanic climates.(Walter 1968, Hamet-Ahti and \Ahti

1965). One or the other of these species or thgir subapeéies is ‘

impbrtanx at alpine timberlines iﬂ‘ngn

/ C o - : .
Sakhalin, and Japan. (Hustich 1966, Ahti et al. 1968, Troll 1973,
. < S— .

danavia. the N. ﬁrals. S.

Kullman 1979). -

B. utilig/ﬁqodland forms the alpine timberline at very high
-ele;ations (3900 - 4200 w) in the northwest Himalaya and Karakoram
ranges, and on'Tiriéh Mir in the Hindu.Ku;; (Schweinfurth’l937;
Walter 1968, Baig 1972, Troll 1975). Futther west, in the 6&ucasu§;

B. verrucosa, B. litwinowii‘andoséveral other specieé sometimes

—

forn the timberline (Baig 1972, Troll 1973). B. verrucosa is also

locaily‘important in'th; Cantabrign Mountains of northern Spain
(Walter 1968, Troll 1973)>"There aré many small areas where;Birches _
are found ;t timberlines~ih thf mountains of-Eurasia (Hustich 1966,
BQig 1972). It is again apparent that deciduous species, in this |

. AN
case, Betula spp., are importan#s timberline trees:

?aggs sylvatica fbrms the upper timberline in oceanic areas
of Europe (W. Pyrenees, Cantabria, S. Alﬁa; etc.) (Baig 1972!'Troli
. "/ ° . ~ ) e :
1973).. In the Scandanavian mountains, the Carpathians and Caucasus

. of Butasia,‘add the Presidential Range of northeastegp/k, America, Sorbus

species often-gra§ in the timberliné;ecotone.' Populps, Salix, éhosenia(pnd




>

" 55°'s (Huec9 and Seibert 1972) . This distribution is analagous to

is the zone of voodland above the evergreen subalpine forest oSpecies S !

“-Armo afd fabeck 1972, Troll 1973, Quint;niria 1977) The pattern

[ '

AAlnus 8pp. are locally importsnt in alluvial habitsts a11 _along the

northern timberline. and in some mountain areas (Hustich 1966, Baig
1972) / -~
Alnus Jorulensis is Presently an important timberline specles

oy

on the eastern slopes of the central Andes, but this 1s a much dig-

turbed timberline area and evergreen Polylepis spp. may be the 'true'

timberline tree (Ellenberg 1958 a, b; Troll 1973; Wardle 1974). In .

<::£ge southern Andes two deciduous species Nothofagus pumilo and N.

antarctica, form the timberline in rain shadow areas from 40“ to

therdistribution of’L lzallii in the N. Cascades, where it occurs

> : ?
in rain shadow areas. oo «
. b

A feature common to many deciduous tree-dominated timberlinés
Yo

of Betula, Larix and Nothofagus show this pattern distiuctly at alpine - f]

timberlines (for examples see Wsng 1961, Hamet - Ahti and‘Ayti 1969,

1s also apparent with . _gmelini and species of ESEEli north of the .
boreal dark conifer foregts (Tseplyaev 1965, Hustich 1966 Himet -
Aht1 and Ahti 1969). - - L B
This brief review shows clearly that deciduous 8pecies occur in
nearly as many timberline areas of the world as evergreens. Their

importance has been underestinated however.

L)




A very brief outline follows, with reference to alpine timberlines : _ A

(1979). ’ _ P

) isotherm corresponds well uith the positions of, timberlines (Brockman—

. areaches lethal levels at timberline, stunting orv deforming trees. -

-

CAUSES OF TIMBERLINES = :

In the long sesrch for'thefcauee(s);of”timherlines,‘most physio—

logical studies have beeg_done on etYergreen, needle-leaved trees -

 in three genera, Pinus, Picea and Abies (Tranquillini 1979) This

is understandable given the geographic facts mentioned above. Recent :

reviews by Larsen (1974), Wardle (1974) and Tranquillini (1979) thor-
<
oughly document our present understanding of the causes of timberlinea.

[ - . w00

”
~0a

(see also Chapters v and V). Phyaiological studies of deciduous «

timberline trees are then* reviewed. based mainly on Tranquillini,'{

Daubenmife (1954) reviewed seven different hypotheses explaining | o~
the occurrence/and position of alpine timbe?lines. Recently, it
has been shown that two of these hypotheses are interrelated ,Ihe .
combination has been proposed as,an explanation for. alpine, and perhaps
northern, tim| rlines formed by a wide variety of apecies (Wardle
1971 1974; Tranquillini 1976, 1979)

The two hypotheses are: 1) wintet gud spring desiccation of
Lesves ‘and buds determines the limit of tree growth -2) summer condf¥-

tions, by their effects on carbon uptake, shoot growth, and matura- B

tion, prevent tree growth beyon‘& the posftion of the 10°C: isotherm

for mean temperature of the varmest month. The position of this

~, Ny

.- .
Rl .

Jero ch 1919)

Winter~and apring desiccation gf leaves and meristems often T

o . , >
. ) .

LN
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-

This is the cause of the well—knowﬁﬁkrunmholz growth forms found

o

. . above the forest limit. Resistance to desiccation decressesrrapidly
A

above the forest limit as a result of thinner cuticles and.incomplete

A

maturation of shoots. Cuticle thickening and tissue maturation are
slowed because of low temperatures, frequent frost and lack of photo-

synthate Summe conditions thus determine the susceptibility of

timberline trees to win

This general-hypothesié:§;§“been based almost entirely on studies

of evergreen trees, and is

st relevant to them. Among evergreens, -

a few exceptions have been ,p€potted (Slatyer 1976, Marchand andrChabot
1978, Black and Bliss 1980). The _phys ology of only one deciduous

T

timberline species, Larix decidua, has been studied extensively.

In a pioneering study, Tranquillini (1962, 1964) compared the carbon

budgets of L. decidua_and Pinus cembra~at‘timberline near Obergurgl,

Austria. He found, on the average, that the deciduous larch daily

fixed twice as much carbon per'gram dry weight of leaf than did pine.

Seasonally, on a dry-weight basis, larch fixed 47 -more carbon

than pine. The smaller difference resulted from the much shorter
growing period of larch than of pine (107 vs. 181 days) However,
on the basis of trees of the same size, the pine, due to its much

greater mass of leaves, fixed 502 more carbon than the larch -

» . ) !

(Tranquillini and Schutz 1970)

#

Other comparative gtudies of”evergreen and deciduous trees ‘have
J

~ghown similar results, i e. that high fixstion rstes ‘allow deciduous
trees to make up. for their shorter;growing season (SVeet and Varing
/

1968, Schulze et alr 1977). Deciduous}frees remain at a disadvantage,

however, vhen conpared’withbevergreEns on a tree to tree or area

N ’ . . " R S Y
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. )
bssis because of the much greater photosynthetic biomass maintained by

mevergreen trees. - . . ”,
Studies on a number of deciduous;species hsve'shown thst,environ-‘
ﬁental conditions at timberline may significantly reduce photosynthetic -
" ” . rates. Timherline deciduous trees, 1ike\evergreens,ﬂsre acclima-
tized (and are probably genetically adapted) to lower tqmperatures
/’ ; - than individuals of the same species from lower elevaéiZns (Mooney
.et al. 1966, Pisek et_ sl 1969, Slatyer and Morrow 1977) Nevertheless,
photosynthetic rates are still often below maximum because of even

cooler average conditions (Tranquillini and Turner 1961) Low soil

temperatures also have been shown to reduce photosynthesis. Benecke

(1972) determined reductions of ‘similar magnitude in L. decidua,- Y,

' Alnus viridis, Picea abies and Pinus mugo.

Light may also limit photosynthesis at timherline bec;userf
incressed cloudiness. Photosynthetic rates of'L’/lsricina and EiEEé
mariana near timberline in strsdor were often depressed by low light
levels (Auger 1974 Vowinckel et al. 1975) Net production of __ggga,
-crenata in Japan declined S(Z from 550 m to 1550 m. Thirty—seven
Percent of the reduction was due to fog, and an equal amount to the

% » ?hortened growing season, (Haruyama 1971) - I "v . ’ 1

;# . ~ The relatively windy conditions at timberlines may reduce photosyn-

‘ thetic rates. A. viridis and Sorbus aucuparia, like Picea abies,

i ‘\_had,reduced rates at’ relatively low wind speeds. However, L. decidus , )
i ) ¢
and Pinus cembra were almost unaffected by wind speeds ‘common during

2 " the growing season  at timberline.(Tranquillini 1969. Caldvell 1970)
‘ Low soil moisture also rednced photosynthetic rates‘in L. decidua.-

However, as soil water potential fell. the larch shoved s slower




_ by timberline trees (Tranquillini 1979). Co e

‘.thﬂn stem respi:géion.losses atnlower>altitudes beca

relative decline than either Pinus cembra or Picea abies (Havranek

land Benecke-l978). In response to low atmospheric humidity, the
N w t

- spruce showed much greater photosfnthetic reductions than the larch

and the pine, which were about'equalskTranquillini 1963). Nevertheless,
low soil moisture and atmospheric humidity are not nsually experienced
e
Apparently the environmental conditions which reduce photosyn-

thetic rates at timberlines, as compared to lower elevations, do

/
i

not differentially affect deciduous or evergreen trees. The response
of individual speclies to these factors, in addition to the high maxi-
mum photosynthetic rates and phenological and morphological character-
istics of deciduous trees, as shown before, determine the relative
amount of carbon fixed by deciduous versus evergreen trees.

.Dark respiration rates of deciduous timberline trees are higher

than those at lower elevations, asg with evergreens, and are extremély

- variable from species to species (Pisek and Winkler 1958 Pisek and

Knapp 1959, Maruyama et al. 1972)

Needled shoots of—L,'decidua respired twice as vigorously as

Pinusg ceﬁbra, but relative to seasonal net.photosynthetic uptake

the percentage lost by respiration was slightly less for larch

(7.72) than for pine (8 82) (Tranquillini 1962) Stem respira—

4',tion rates of S. aucuparia and A. viridis were lowest among the

trees studied by Tranquillini and Schutz (1970) L. decidua

had moderate rates, and Pinus cembra quite high rates. Through

.- gtem respiration, larch lost 16. 91 of seasonal net photosynthesis

A anq/a similar sized pine lost 23.1X. These sums are much 1ess

-

B i ot S
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lower temperatures at timberline. Relative seasonal root respiration
”lossea are also low at high altitudes, due.to low soil temperaturea
and low root : shoot ratios (Tranquillini 1979). Timberline trees,
both deciduous»and evergreen, have exceptionally low respiratory
losses, mainly as a result: of low temperatures. This allows' them
to maintain a more positive carbon balance than would be expected
from analyses of photosynthetic capacity alone, _

Net primary productivity of timberline trees is much lower than
that of trees at lower elevations. and the limited data suggest that

deciduous trees show somewhat lower productivity than evergreens,

especially at timberlihes In Norway Picea abies produced 4.5 t-ha“1

at 180 m and 2.0 t+ha -1 at 800 m, while Betula verrucosa declined
from 5.2 t-ha * to 1/ 2 t-ha™t (Mork 1942). Fromme (1963) showed
an order of magnitude difference in accumulated dry weight of 20 yr

- L. decidua trees on different soils at timberline. Tranquillini

(1979) uses these data and similar data on Nothofagus solandri (Wardle

1971) to- argue that "the hypothesis that the tree limit occurs where
the total photosynthetic production of leéves is consumed by res- |
'piration of the nonphotosynthetic plant ofgans resulting in zero
net production (Boysen—Jensen 1949) is thus not valid for the alpine
treeline." This ' reasoning is supported by the previously mentioned
studies which have shown the very low respiratory cost of nonphoto—
synthetic organs, at timberline.V. '
Several phend?ogical and winter water relations studies of L.
’decidua support the general two-part timberline hypothesis. Shoot
ﬂgrowth ‘of. potted larch seedlings was reduced at timberline (1950 m)

to 172 of that in the: valley (700 m), more because of lowered

P

e i
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l

growth, rates .than by the shortened growing period (Tranquillini and

Unterholzner 1968) Benecke et al. (1978) and Benecke and Havranek 4 /
(1980) correlated shoot‘growth rate to temperature foriseveral tim-
be;linepspecies being tested for\reforestation inﬁNew Zealand.' L.

decidua, in New Zealand, hegan shoot growth tuo’months after the

leaves were fully extended and completed growth very late in the .

season at all altitudes in both Europe and New Zealand A viridis’

also had a much shorter period of shoot growth at ‘timberline than 4
at loweraltitudes,and appeared to continue growth until deteriorating

conditions forced its cessation (Benecke 1972). Thus both larch

and alder probably entered the winter Season at timberline w‘rh incom-

pletely matured current year shoots. Low temperatures, besides

/having a direct effect on shoot growth may also have an indirect o

effect by reducing available photosynthate. k ?‘f-(\)/‘i
Incomplete shoot maturation was shown for L. decidua by the

reduction in cuticle thickness, Sz from valley floor (1000 m)

‘to forest limit (1950 m) and an additional 14% at tree limit

(2100 m) (Platter ‘1976 in Tranquillini 1979)" This reduction ‘was

‘slightly less than that shown by Pinus- cembra and about one-half

that of Pices abies : Baig and Tranquillini (1976), studying Picea

abies, showed that the reduction in cuticle thickness is less when -
~ “the growing season is long and warm than when it is cool ;;d :hort

| The rate Qf water loss in winter from tree limit L. decidua |

shoots wvas tvice that of valley floor samples, presumably hecause

- of the decreased cuticular resistance (Platter 1976 in Tranquillini

1979) Water contents of some tree linit shoots dropped ‘below the

critical 502 (of dry veight) leve]., but none of the samples from the
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forest l}mit or valley floor fell below 751
- .lvanoff(l924 a, b) measured the winter transpiration rates of
sixty deciduous tree- species and five evergreen conifers. Although
the five Larix species studied were. among the eight slowest tran-—
spiring deciduous trees, four of the five evergreens had lower water
‘lossg rates'than the larchea. Northern or'mountain species nearlv
always had lower transpiration rates than southern or lowland species.
Winter transpiration was 300 - 400 times less than sunmer transpiration
Unfortunately Ivanoff (1924 a, b) does not give enough data to- cal—
culate water vapor condu tances for comparison to modern data.
- To summarize, it appears that the deciduous conifer, L.'decidua,,
is limited at timberline by winter and spring desiccation The _endog~
- enous phenological pattern is modified by summer conditions so that
’the‘time for growth and maturation of shoots is limited Summer
environmental conditions also affect shoot growth and maturation
direcLly; and indirectly through effects on photosynthesis. The in- | o ',~-'
completely matured shoots are increaéingly susceptible to desiccation "
damage at higher elevations where summer and winter conditions are
less favorable. This pattern agrees with the general timberline
hfpothesis developed from study of evergreen trees.; ' . N / 3
The typical zonation of deciduous woodland above subalpine ever-fw,~»~
‘green forest is not ‘found with L. decidua.. Whether a timberline
“is advancing or is in.elevational equilibrium, the occurrence of S . f‘f
deciduous trees above {or north of) evergreens suggests that. they
‘have some advantage.. Because of the lack of integrated physiological

'studies. the expectation that deciduous trees might havé different -

B constrainta than evergreens. and the possible advantage mentioned

s~ . . . ‘_.
- ’ -




above, a study of both winter and summer ecophyaiology of a typical

”fdeciduous, timberline tree (Larix lyallii Parl ) was undertaken

OBJECTIVES

"

lhe general objectives of this study were to evaluate the
relative advantages and disadvantages;of the deciduous versus ever-

: green growth habits in timberline environments. Advantages and
disadvantages of the deciduous habit were hypothesized in the context
of a simplified carbon budget model (Fig. 2) Detailed objectives o
for the winter and summer studies are given in Chapters IV and Vv,
reapectively.

it was.hypothesized that'b lyallii vould-have'
1) significantly lower wintertime shoot mortality than sympatric

evergreens, by either avoiding or better tolerating desiccation

stress- : AR L 7 o o o

2) higher photosynthetic capacity than sympatric evergreens,v

-sunder limits set by timberline environmental conditions (see
_Fig. 2, \Note. the effects of mineral nutrien; deficiencies
dand mycorrhizal symbionts could not be included in this study),

fv",7'”','f3)u needle ‘and shoot growth patterns which would allow optimum

b. : utilization of the cool‘ short timberline growing season for

photosynthetic carbon dioxide uptake, - -

’v 4), severely curtailed photosynthetic rates in response.to soil

or atmospheric drought\\\This limitation was predicted to

4

~f‘be especially severe for ,

ll trees on warm, well-drained
"i'sites.fv‘ v
_ It was- hoped that quantification ) the photosynthetic capacity of

-L. lyallii the factors which 1imit that capacity, and the amount of
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—

Figure 2 Simplified carbon balance diagram for a timberline tree.
S . Major factors contro ling uptake of carbonm, as CO, by photo-
2
\\N?,, synthesis,and pathways of carbon loss are shown.

\




’

carbon loss: by re3p1ration, leaf fall and winter shoot mortality, would .

allow explanation of some of the digtributional peculiarities of the - -

species. For example. Why is L. 1za1111'reqtricted to timberline habi—

tats? How does it maintgin upright growth above krummﬁ;ig of aympatric

—

evergreens? Why 1s 1t 11nited to rain shadow areas in the N. Cascades?
Clues to an understanding of the distribution of deciduOUs timberline

trees worldwide, and a broader knowledge ‘of the cauaes of timberlines~

, . ° o
were also expected.

/
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| CHAPTER II
DESCRIPTION OF THE STUDY AREA .
Two intensive, and one extensive, study si ere chosen that pro-

vided a range in the. environmental‘variables hypothesizeﬂ/to be most

important in determining the timberline of Larix lyallii. The sites

*were situated in'the Middle Creek cirque of the Marmot Creek Basin

'Experimental Watershed, Kananaskis Valley, Alberta,(Fig; 3). The Basin

" 1lies on the east slope of Mt. Allan and is approximately 80 km west ofl

g 4 .
Calgary in the Front Ranges of the Rocky Mountains. All three study sites

‘ were easily accessible year round, “had gimilar soils drainage, and eleva-

f-tion, and were on smooth slopes where the elevation of timberline was not,

affected by edaphic factors: such as cliffs or talus.
\ .
In addition to meeting the criteria established for site ‘selection,

these sites had the advantage over other possible areas in the Canadian

Rocky Mountains of being in a research watershed where hydrologic, meteoro-

:logic ‘and other studies have been in progress since 1962.-‘The data avail-

able from these studies have been very valuable in this research ‘and will

be incorporated into the appropriate discussions which follow.

The‘south-facing site (Fig. 4) was on\a 20° slope of SSE aspect at

 an elevation of 2250 m. It was at the forest limit in an area of repro-

ducing, perhaps‘advancing, alpine larch with‘scattered islands of Abies

: lasiocarpa, Picea eng@lmannii, and an occasional Pinus contorta. The,

_nor\h-fscing site (Fig. 5) was at aﬁ elevation of 2225 m on a 22° slope

Y
of NNW aspect,.directly across‘the cirqne floor frgm’the south-facing

A

4
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Figure 4. South-facing study site at the forest
' l1imit in Middle Creek cirque. Photo-
" graph taken on 4 July 1977.
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Figure 5. North-facing study site 'in opening
in mature Larix lyallii woodland '

o in Middle Creek cirque. Photograph
taken on 19 July 1976.
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gite. It.was located about 75 m below timberline in .an opening in mature
LS
,alpine 1§rch woodland where there was abundant lar¢h reproduction, AL

lssiocarga was sub~dominant in the woodland. ‘Both sites were laid out

as‘approximately 40 x 100 m plots along the ¢ tour. Detailed descrip~

fll w

tions of the soils, associated vegetation, and stand structure are given -

below . : | o

@

Above the’ north—facing site and just above the forest limit, a third

%,

site (Fig. 6), for less intensive sggyling, was located in mixed L. lyallii
. . e .. .
and A. lasiocarpa krummholz. This was an exposed rfﬁge-tOp site with

.
e SNSRI

negligible slope, at an elevation of 2300 m. The ground vegetation was

—_
.

Eodocarga. : S T

2

alpine in charscter,‘being dominated by Dryag octdpetala and Oxytropis. : ' j
? , ]

=3

. . \ - v .
The stully sites, although situated in the eastern porfionﬁbf the

Rocky Mountains, are very representative of subalpine L. lyallii forests-

;o

foundtalong the~Contigental Divide (compare Batg 1972 Arno 1970). - The

_Marmot Creek Basin erimental Watcrshed was also chosen to bg'representa*-

- ‘ ’ !
tive of mesic, high altitude, subalpine forests _and" is more 'so than one . '

might expect from\!ts front range location (Water Survey of Canada 1962—

L

«Q ¢ -

1976). N . c
Y o GEOLOGY .o e

~ ERION
AR

The bedrbck and structural geology of the Mt', Allan region has been
described by Crockford (1949), Norris (1957 1971), Bielenstein (1969).
and Halliday and Mathewson (1971) " Surfictal geOIOgy and Quaternary history
of the nearby Bow Valley was described by Rutter (1972) snd similar work

.in the Kananaskis Valley has been Treported by Stalker (1973) Osborn and o

Jackson (1974), and Jackson (1978) Studies of the geology, surfici§1

o
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‘Figure 6.

Krummholz study site on the south
rim of Middle Creek cirque. Photo-
graph taken 6 July 1976,

| CoLoured PicTure
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materials and soils, and their hydrologic significance in the Marmot Creek

- Basin have been completed by Stevenson (1967) and ‘Beke (1969). ’ Much of

1

this and other literature is revieWed by Osborn and Jackson (1974) for
the Kananaskis Val}ey Only a brief description will be given here. The
predominant - rocks‘of the Front Ranges are Palaeozoic carbonates, which
are resistant to erdsion and form the major peaks and ridges (Rutter 1972)
The ridges formed by Mts. Sparrowhawk Bogart Kidd, and The Wedge along
the Rundle fault, and by Mt. Lorette,_Hasootch Tower, and Mt.chDougall

along the Lac des Arcs fault are examples (Fig 3). 1In belts between

]

S
the ridges formed by major thrust faults are found the less resistant

Mesozoic, clastic rocks. Three such NNW ‘,SSE trending belts cross the
Kananaskis Valley (Osborn and Jackson 1974) Mt. Allan lies in the central
belt, which is known as ‘the Cascade Coal Basin (Norris, 1957).

Mt. Allan (2805 m) is the highest peak in the region which. is composed

of Mesozoic rocks. It has probably been preserved because of its well- s

ldeveloped synclinal structure, albeit overturned, and its thick capping

¢'g

by massive, relatively resistant conglomerates of .the Blairmore Group

‘a(Crockford 1949) . She conglomerates and other rocks of ,the Pocaterra

: member of the Blairmore Ggoup are lowex Cretaceous in age and probably

were f}eshwater depositEI(Gibson 1977). Below these rocks lie the sand-

" stones, conglomerates and shales of the coal-bearing Kootenay Formation,

a complete section of which can be seen on Mt. Allan (Norris 1957). . This

formation is predominately non-marine and Juro—Cretaceous in age. It .

overlies the Jurassic sandstones, siltstones and shales of the Fernie

: Formation (Gibson 1977). . _(

Glacial ice occupied the Middle Creek cirque on Mt. Allan, probably

during pre—Wisconsin and Wisconsin times, up<50-approximately 2300 m elevation.
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Sub-aerial freeze-thaw and mass-wasting processes have produced the brok j:>
ahgular rubble to be seen on the slopes of Mt. Allan above this elevation.
During the Neoglacial, icetprobably only ogcupied a small portion of the
upper part of the Middle Creek cirqueﬁ(Stalker 1973). Thus the surficial
materials ‘on both study sites are a mixture of till and’ colluvium, both
- derived mainly from the Blairmore and Kootenay conglomerates, sandstones,

and'shales.
/

These materials have probably beeh open to colonization by trees
since the retreat of the last Wisconsin glaciers, between 9000 BP (Rutter'
1972) and 11000 BP (Stalker 19?3). Mazama ash dated at 6700 BP occurs
throughout Marmot Creek basin (Beke'and Pawluk l97l). A discontinuous
_ash layer foundvat'l0-15 cm depth on the south-facing study site indicates
that the»surface there has not been substantially.disturbed since the
Mazama eruption. Although the surface was available‘and stable, climatic
(Hypsithermal and Neoglacial) and bio—geographic/factors would have con-
trolled the acvent and_dynamics of forest, and specifically»alpiue larch |

woodland, on the study sites. . —~

CORRELATION OF ALPINE LARCH TO SUBSTRATE TYPE

+

Arno (1970) and Arno and Habeck (1972) have noted the positive cor- A

v relation of alpine larch to acidic substrates throughdut.its range. This

correlation is certainly true in- the Kananaskis Valley where nearly all ..
of the well-developed populations occur on substrates derived from rocks
of the»Fernie or Kootenay Formations, or of the Blairmore Group. Because
of the restricted’ occurrence of these acidic substrates at high elevations
in: the Front Ranges of the Southern Alberta Rocky Mountains, alpine larch

also has a restricted, patchy distribution.. In the Main Ranges lying

i
|
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along the;Continental Divide, dhartzitic sandstones become an important

‘rock type'(Ruttervl972)§ and it is on substrates derived from these:rocks
that the more widespread populations occur. Neither here nor in the Front

. Ranges is alpine larch totally excluded from substrates derived from car-
bonate rocks. lNear both Mt; Sir.Douglas and Mt.- Joffre at the headwaters
of the Kananaskis River, well—developed stands of L. lyallii, and indeed
the‘highest elenation individuals observed in the Kananaskis Valley, grow
on limestone. It must be remembered that even on calcareous substrates,
the soil'in the rooting zones of the subalpine trees is‘usually quite R

acidic. - ' : / | |

That alpine larch rarely occurs on calcareous substrates in the Southern
Alberta Rocky Mountains is partially explained by the cliff- forming nature
L
of the widespread Palaeozoic carbonate rocks. Many areas- of timberline

elevation, which is the only habitat of alpine larch are steep cliffs

-or at the base of them where regular rockfall prevents the establishment
W3

.~ of trees. However, there are some topographically amenable areas with

calcareous substrate at timberline where alpine larch ddes not occur}

Arno and Habeck (1972, p;.431)'suggest that "because'of the extremely

-rocky and open nature of L. lxallii habitats, it seems unlikely that more
vvigorous competition from calciphilitic (sic) conifers could be the sole
factor inhibiting larch from basic substrates The mechanism(s) by which
L. lzallii shovs a preference for non-calcareous substrates remains an
intriguing research problem, and an important one if the factors controlling

the distribution of this species are to be understood.

€2
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SOILS

The soils of Marmot Creek Basin have been studied and mapped by Beke
(1969). Timberline profiles are poorly developed, usuallyduniformly very
acidic throughout "low in available nutrients, and relative to soils at
slightly lower elewations, show less illuviation of colloids Podzoliza-
tion is the major soil—forming process. It‘has been studied by Blake and
Pawluk (1971), who also described the pedogenic role of’ volcanic ash layers
in these;soils Osburn and Jackson (1974) and Carroll (1978) review other
'soil studies in the Kananaskis Valley. e

" Although the_characteristics mentioned.above are true of soils inhab-
itedvhva..lyallii throughout its ranée? there is wide yariation in some
properties of‘those soils. For example,'organic matter, Ca, N, P, 'and
K contents all varied by a factor of ten among sites. studied by Arno (1970)
‘Degree of stoniness, although usually very high tan also vary greatly.
Because of this variability; analysis of the soils on the study sites.
was thought desirable."This would allow more accurate assessment of the
.nutrient status of the sites verify the similarity of the soils on both.

sites, and provide data for comparison with other alpine larch sites and ‘ B

for the conversion of gravimetric water contents to water potentials
'/-

Methods
Soils at the two intensive study, sites were described in the field
and samples of each’ horizon analyzed for selected physical and chemical

prOperties. They were then clasgified according to The System of Soi% Y

/

: C:ijzification for Canada (Can. Soil Surv. Comm 1974) and according to
~ , :

the S. soil classification system - (Soil Survey Staff 1975)
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Descriptive terminology followa C S S C (1974) and color was determined
in diffuse sunlight according to Oyama' and Takehara (1967) /

I All analyses were done on the <2 mm fraction. Textural analysis.
was by the hydrometer method (Bouyoucos'1951l Mbisture retention as
percent of oven dry weight (0 D.W.) was determined by the pressure plate‘
technique at -0, 03 -0.10, 0 30, 0,80,%;nd -1.50 Mpa. Dry weight was
‘determined after 24 hr at 105 C. The ph was determined on a soil-
water paste (1:1) by glass electrode. Organic matter, ‘N (NO Only),
'P and K contents, and conductivity were determined by the Alberta Soil
and Feed Testing Laboratory. Extractable cations ‘and’ cation exthange
capacity were determined by .the Alberta Soil Survey after extraction with
'nr NH4OAc at pH 7. | |
~G

Soil moisture and temperature were determined during the physiolog—-

ical studies and are given in Chapters IV and V

B3

Results>and Discussion’
Y “

The soil profile on the north-facing site is deeper and has a. much -

'thicker A horizon (Table 1). Greater understory plant cover and produc—
_tion, and probable slower decomposition result in greater. organic matter
additions to. the solum.‘ A‘longer snowmelt period causinglmore percolation'
’ has led to slightly deeper profile development. Coarse fragment content
in the upper horizons is relatively low. This resulta‘from freeze—thaw
physical weathering processes, which are predominant over chemical weath~
ering in cold’ high mountain soils such as these (Retzer 1924) ‘ Soils -.

- on both sites are rapidly drained because of the steep slopes and coarse.
_'textured parent materials. Angular, and somewbat platy fragments, often

.lying flat and parallel to the slope within the solum, indicate that coll-\

‘ uvisl materials have been deposited on, and perhaps mixed with. ‘the till
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veneer in the Middle Creek cirque (Stevenson 1967). All horizons
'show weak fine, granular structure with friable consistence Texture -

'varies only slightly. The A_horizons are sandy loams, and show only

a small loss of .clay. B and C horizons re ‘andy clav loams or in one

case a loam: Boundaries between horizons are consistently clear and

wavy except between the BC and C on the north-facing site, which is

diﬁfuse;‘ A'slight difference in moist color and-clay skin thickness
serves to differentiate these otherwise very similar horizons. Retzer

'(1965) mentioned that thin accumulations on. stones in the deeper parts
> e .
~of the B and C horizon in alpine soils are composed of /u¥ 3ilt and 20%

‘clay, the silt resulting from freeze-thaw. weathering

The lower B and C horizons on the north—facing slope were saturated

i

and very cold (ice crystals were found) when the soil pits were dug in

vmid—July. Groundwater discharge occurs on this slope at similar positions

' higher in the cirque, indidating that the groundwater table may be very
"close to the surface. . No medium or coarse roots were found in the C
horizon, suggesting that deep root growth may be prevented.‘ Solifluction4€r
lobes and small soil hummocks are present on the north—facing slope near

',the study site. ' Thus congeliturbation has probably destroyed any ash

_dlayer that may have been present. Evidence of solifluction.(sorted stripes)

'h’is,apparent.on the'south;facing cirque‘wall'bbut well abovthhe study.site.

'Colluvial processes appear active, however and are probably responsible

"~ for. the disruption of the ash layer that was deposited on the SOuth- .
facing site. Where the ash 1ayer is present, the B horizon appears \
~ redder and more fine grained and may even appear multi—layered.fCarroll
(1978) noted similar B horizons in a meadow just below this site. The

: apparently more podzolized nature of such a profile is not the result of



‘);>\<::fgre active podzolization, but results from the stratification of col—‘f
' luvium and ash (Beke and Pawluk 1971), I
The soils on both sites are strongly acid and very infertile (Table

:1). The average pH is in the more acid half of the.3 9 - 5, 7 range fourfd

by Arno (1970) on adpine larch sites. The soils on the study sites are

only slightly less acid than well—developed podzols in the tree-limit

ecotone on Mt. Katahdin, Maine (Bliss and Woodwell 1965). -Total nitrogen
analyses were not done on the study site soils, .Arno:(l970) reported

a range 5; ammonium contents from <1 to 25 ppm, with a mean of 5.8 pp

for alpine larch sites. Beke (1969) reported 0.2% total nitrogen for‘
‘alpine larch site soils in Marmot Creek Basin. These values suggest very

low levels of nitrogen availability, as‘would be expected in these coarse
ktextured acidic soils. Likewise, the availability of pﬂhsphorus is prob- x
ably very low because of ‘the acidity and fixation by hydrous iron. and
aluminum oxides (Brady 1974 Beke 1969) Potassium, although present

‘in greater quantity than nitrogen_or ‘phosphorous, is in veryvlow concen— W
';tration on the. cation exchange complex It is probably extremelyxbimiting,_:
eSpecially when considered with the selectiv-/yptake of this element by

’

.subalpine vegetation (Hanawalt and Whittaker 1977)
| Total cation exchange capacity (TEC) of these soils is moderate (17j
“27 meq/LpO g in A and B horizons) in comparison to other high dltitude !
soils. Subalpine soils in the Sierra Nevada developed in granitic sub-
: strates (Hanawalt and Whittaker 1976), the podzols on Mt. Katahdin (Bliss
and Woodwell 1965’ and well—drained alpine soils in Montana developed
on limestone or metamorphic rocks (Nimlos and McConnell 1965) have TEC's
iranging from 4 - 15 meq/lOO g in the A and B horizons. The TEC of well—

drained,,loamy. alpine soils in the Front Range of Colorado ranges from
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12 - 58 meq/ldo g (Retzer 1962). 'Organic matter content is relatively

oped on a range of parent materials (Retzer 1974). High organic matter
—__/V

.content probably contributes significantly to the moderate levels of TEC.

Calcium is Present on the exchange complex in moderate to high amounts .

compared to the soil mentioned above, but it and other exchangable bases

are probably not readily available because of the high exchange acidity-’
Y N . ‘ . .

(Brady 1974). The more even distribution of Ca and Mg in the profile,

andthelower concentrations in the A horizon on the norfh—facing site

PR .
‘- /

. aré probably due to the greater amount: of percolation

The soils on the study sites are very_similar in hgriaonation and

physical and chemical properties. . They are-poorly developed, very acid -

o andiinfertile. Podzolization is the main soil-forming process evident

in these soils, but its action is not strong. Both soils are classified

as Alpine Dystric Brunisols (C §.5.C. 1974). Beke (1969) noted the simi-

larity of Marmot Creek Basin Alpine Dystric Brunisols to the Arctic Broqgl

soils of Alaska described by Tedrow et alp (1958) In the U. S. soil

¥

| classification system, the study site soils ‘are classified as Typic Cryo-

chrepts (Soil Survey Staff.l975),'but it must be noted that the base

Jsaturation requirement of the Typic subgroup (602 in some horizon

~

h above 75 cm) is just met on the north—facing site. Because of variabil—

ity,-some pedons might be classified as Dystric Cryochrepts. Very simllar

soils in the alpine of Banff National Park have been described by Knapik

‘etval.,(1973)_ They occur there under Phyllodoce glandulifloka and

‘ _Antenneria.lanata-communities. Both of these species are important on’

’ithe north—facing site in Middle Creek cirque. A . ' ' .



‘Beke's, (1969) stud%‘of the soils of Marmot Creek Basin had the

‘ fohjective of_determining their hydrologic characteristics and interpreting-

these‘for watershed management purposes. Infiltration rates were found

to be generally higher than . the maximum recorded rainfall rates forlthe
Basin. Depthito an impeding horizon was c105e1y correlated to moisture
capacity, both total and available. Capacity for available water (12.4 cm)
and total water (25 9 cm) were high in the Dystric Brunisols On the

basis of minimum infiltration rate and depth to the impeding horizoen, -

L

" Beke (1969) found that, of all the soils of Marmot Creek Basin, water

retention was best in Alpine Dystric Brunisols and in poorly developed

\Degraded Dystric,Brunisols, which occur at slightly lower elevations.

Soil moisture reﬂention curves, used to determine soil water poten-
tials from gravimetric water contents ‘1 lacer chapters, are given in
Fig. 7. The curves for the B hOtiZOn Aagree well with expectations based

on Slatyer (1967) for a sandy clay loam, and show the greater total

(50% O.D.W. versus 16 - 17Z 0.D.W.) and available (17% o.n.w. versus

8 ;.9% o.n.w.) moisture content ofithe A horizon.

Several properties of the soils on the study sites are of con-
siderable importance to ‘alpine larch as a deciduous timberline tree .
species. ‘The lack of an impeding'horizon high infiltration rates, and

high coarse fragment content 1ead to rapid deep percolation of water

. into the subsoil This, and the relatively high storage capacity in thel;

available range. is probably of great importance to, Ehe success of alpine
T

larch, particularly-on the south-facing sité These soil characteristics
; \
-provide a relatively large reservoir of available watér that is easily

recharged by summer rains. Deep snow accumulation on these sites assures -

- that thia reservoir is fully charged at the beginning of the growing seaaon.

Pl
~
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. will be found in Chapter v. S = a e

~

Further discussion of this point in relation to the species water budget

)
—

Monk (1966) and others (see Small.l972a)‘have:shown‘that evergreens

are often more important than deciduous species;in low pH and low nutri-

. ent habitats. Small (1972a, 1972b) has shown that, in acidic bogs in

the boreal region where growing seasons are short and nutrient uptake

"extremely difficult, evérgreeﬁness'may provide a considerable advantage

‘in'maximizing production per acquired unit of mineral nutrients. More

i~
[

. recently, Waring and Franklin (1979)_have also shown advantages of ever-

.

-

greens over competing deciduous trees in regard to the particular nutrient

<

regimes of the Pacific Northwest.

Based on these considerations, the deciduous habit of alpine latch
in the strongly acid infertile and cold soils of the study sites,’ and
Pacific Northwest timberline regionsg in general is ‘all the more suprising.
Tikhonov -(1963) notes that compared with pine, larch has beneficiaL.effects,
which include weakened eluviation of clays, and increased humus, TEC,
percent base saturation and pH, on the podzolic solls of the Urals The,
beneficial effects are attributed to the liberation of large amounts of

o

ash elements by ;he-rapidly decaying larch needles. Whether alpine 1arch
has\similar effects is notknowm,however, it,probably is not particularly’
nutrient conservative, and.also would be expected td have higher nutrient
requirements than sympatric eVergreen coniﬁers - : .

One of the major adaptatiqns of L. lyallii (and its mycorrhizal
associates) to timberline habitats may be 1its ability to efficiently ex-

tract and use mineral nutrients. Study of the nature of this adaptation

) will probably provide clues to the reasons for the preference of this

species for acidic subatrates. Unfortunately, tesearch on these aspects

o
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| by previous workers. Interpretaiion of the vegetation data provided a

N

of the ecology of alpine larch couid not be included wdthin the scope
of the present study E - ,

1

\VEGETATION 4
" The vegetation asgociated with L. lzallii over its natural range

. has been documented by Arno (1970). Alpine larch itself is restricted

to the timberline ecotone, while°associated species are more widely dis- :
tributed-in the subalpine: forest and lower'alpine zone. A distinct pattern
of habitat types was not apparent (Arno and Habeck 1972). This was |
attributed)to the individualistic responses of the various species to

the highly variable complex of*environmentai conditions at timberline.

'Baig (1972) in his study of timberline vegetation in Alberta, and’ Del

Moral (1979) who studied alpine and subalpine vegetation in the Wenatchee
Hountains, Washington, describe a number of alpine larch community types
based on both understory ahd tree species composition and importance. ;

Arno 8 (1970) hydric-mesic-xeric understory indicator species correlate
- 2}

3 N

well with several Bf these community types.

‘A description of the vegetation on the Ht Allan study sites was

.‘undertaken to document the elevational banding of alpine larch to provide

" a basic understanding of the dynamics of the alpine larch populations _;

on the\study sites and to allow comparison to the vegetation described .

‘basis for developing hypotheses based on moisture availability. ' ’ff

«

)
Hy

SamplingAProcedures' o a s _ S l s

.

Stand structure -was sampled at each site in three 10x10m plots.j

36

0

Numbers and heights of all trees in each of seven base diamhter (DAB) e



clas es uere deternined ~On bot:h~ the M and s slopes s the size class
dis ribution gf alpine larch appeared tg be bimo a , therefore, increment

/Ebl;:e sampling was stratified. On esch site, eight large (> 17 cm DAB)

and 14 -. 16 sapling-sized (3 -7 cm DAB) trees were cored to provide ages.

' @

Small trees, 30 on the north—facing sh‘d‘-26 on the south—facing site, ‘ -

fif at their bases and sectioned for aging.

siological studies described later were concentrated on

the small (<2 cm DAB) and sapling—sized C 3 - 7 cm DAB) trees because

‘of the difficulty of adequately sampling larger trees, and because of f”:"?

£
the importance of the establishment snd early growth phases in the success

of intole{'/ant species .

Cover and frequency of understory species were;deternined in seven
1x1 m.Quadrats{in éach of the B1x larger plots. Quadrats w;re positioneih
at eoordinates choSen'from-a-randon ndmbers table. The same set-of coordé
inates was.used in all plots. ' | | -

An elevational transect from 1960 n in the subalpine spruce-fir forest
to 2300 m at timberline wa established along the ridge separating Middle
and Twin Creek subbasins in Marmot Creek Basin (Fig. 8) At 100 m e1eva~.
tion intervals, three 2 x 15 m belt transects were.laid out and the base

diameter of all trees > 1. 4 m ‘tall: was measured Trees S 1.4 m high were.

& e
‘counted and cover of major understory shrubs and herbs was estimated

"

¢

Y’Results and Discussion'. S

L. lzallii reaches its greatest importance in a band at the upper edge

of the subalpine forest. (Fig. 9). Abies lasiocarpa occurs with L. lzallii

in the larch woodland but is inost inportant in the upper subalpine,)‘; S

' ' o Jﬁ SR Pt
£ ’ “* - : . ' 47y alt .I" - ‘4" .

- oY

&ﬁs
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- Figure 8. Location of elevational transect
. ' is shown in relation to study
0 . sites and the elevational banding
' of Larix lyallii. Photograph

taken 17 September 1976.
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spruce-fir forest. The spruce found along&the elevational transect vary

N

from hybrids indeterminant between Picea engelmanniifanE‘P glauca to

individuals closely resembling’P. engelmannii (Daubenmiref1974 Jacques
etval. 1974)7' La Roi and Dugle (1968) have described the correlation

of both morphological and chemical characteristics attributable to Engel-
mann spruce with elevation. Because of the high- elevation, association

with A. lasiocarpa, and morphological resemblance to P. engelmannii, the

" spruce on the transect and study sites are called P engelmannii in this

40

' report. However they are. more properly considered hybrids. Pinus contorta

was not encOuntered in' the sampled stands, but it does occur as scattered

individuals over the 'complete elevational range of the transect

/ -

The’ understory vegetation and number of small (< 1.4 m) individuals

of the three conifers changes along the altitudinal transect.

association is the most widespr , pine fprest'tYpe in Harnot Creek:
Basin and the Kananaskis Valley. It occurs from 1675,to ?OSOﬁm‘
-on-well—developed podzolic soils and has a dense tall'shrub layer of

Menziezia ferru ginea Rhododendron albiflorum, and Sorbus species. The

Pl

. Vaccinium speciles form a diffuse but constant low shrub layer The herb—

i bryophyte layer 1is dominated by chopodium agn;tinum, Pyrola spp., Arnica

cordifolia, and the feather mosses (ﬂylocomium splendens, Pleurozium /

schreberi, and Ptilium crista-castrensis) and foliose lichens. Both the

-

/spruce and fir reproduce well in this forest type, but no young spruce
were fOund in the stand sampled for the transect. | |

At slightly higher elevations (2000 - 2200 m) the Picea—Abies

: 'Vaccinium scOparium association 1s distinguishable. It covers f' i»', "

122 of the area of Marmot Creek Basin, compared with 241 for the 7--,,#%

~




B Téble 2, ,Distribution of téﬂlimportan

feather mosses along an -altd
.~ Creek Basin., Numbers of sma
+ fers in 90 m” plots are alsq

oy

t vaséular species and the
tudinal transect in Marmot

11 trees of the three coni-.

- given, - -

g SPECIES -
o\ | .

ELEVATION (m)\>

1960 2060 2160 7 2260
COVER (%) |
Menziesia ferruginea - 50 - - -
 Lycopodium annotinum 5 | - - - -
thdodendmn albiflorum .5 1 " e - -
Phylledoce glanduliflora = + 11 1 5
] Arnica cordifolia o+ 2 6/4 Yoo+
" Vaccinium mj;vrtiilus ‘ : - 1 .7 1
— ~ S I
Vaccinium scppa;ium ‘ 20 - 30 55 55
Féathérumo‘sse‘s‘ E . 86 - 20 | - -
o ,." o o Ns@zn OF TREES <1.4 dHICH- . _Q
- Picea engelmannii ‘\\ 0. .: 27 3 0
\ Abies las;l.qcai:pa \ 59 64 »68\ 25
. iy A o - o 2

\  Larix lyallgs - ) 0.

41
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Picea-Abies/Menziesia—Lycopodium association. Here the tall shrub layer

has deteriorated to only scattered individuals of.Rhododendron albiflorum;

.but the low shrub layer of Vaccinium spp. and Pthlodbce‘spp. is much | f

— !

incréased in importance. Similarly, mosses have much lower cover, but
bcover and diversity of forbs-is increased. Alpine larch is Present in
this association, but shows no reproduction, even in openings. Both
vEngelmann spruce and‘subalpine fir are reproducing well, however.

| ~'The upper half of the transect is in the alpine larch woodland Here
L. lyallii is.dominant, growing as evenly spaced, tall, straight individ-

uals, and A, lasiocarpa is important but grows in islands of upright

trees, or krummholz at higher elevations.' The canopy is open and the

woodland floor has a low shrub layer with Vaccinium sc_parium, Phyllodoce ‘

_glanduliflora and many forbs, including Arnica latifolia Antennaria

lanata, and Valeriana sitchensis. Both A lasiocarpa and L lyallii are

‘ reprod‘.ing, with the fir seedlings more important in shaded sites and

llarch almost entirely restricted to openings. Baig (1972) classified

g and gives a completevspecies 1ist for stands of this type thrOughout sputh-_.
wvestern Alberta: He also described the typical soils which developrunder' ‘
this vegetation. ,Jf - L. -'_‘

Within the alpine larch woodland on Mt Allan,stand structure and
understory vegetation are quite variable, dependent on elevation.-exposure,
* -and disturbance history. Based on the understory species, the two study _
sites show large differences in moisture availability (Table 3) The _ /.»/)/(-

understory‘nlthe meaic facing site 1s dominated by Carex pyrenaica,

Ph llodoce glanduliflora, forbs. and graminoids. ,Vaccinium scoparium',



Table 3.

£ et et o st b s e L L

" Pos.alpina. . scholtzii

*

/

Importance values andvArno s (1970) moisture index for

species occurring on north- and south-facing Larix lyallii

siteg’iﬁ Middle Creek cirque, Marmot Creek Basin..

’
.

Ak

SITE ' ARNO'S

" SPECIES o N-
: - FACING

5- MOISTURE
FACING INDEX

Carex pyrenaica - 19.7
Erigeron. perigrinus ssp. callianl:hqnua 16.9
Arnica latifolia var. latifolia _ 16.0
Phyllodoce glanduliflora . 1.4
Senecio triangularis var. triangularis 13.7
Juncus drummondii var. drummond{{ 1
Poa cusickii vay. epilil ‘ 1
. Vaccinium scoparium 9.9
Pedicularis bracteosa var. brac:eoaa‘ 9.0
Stellaria‘ umbellata 7.4
Veronica wormskjoldii 6.5
Antennaria lanata 6.0
. Hieracium gracile . 4.7
Cdstilleja miniata var. miniata 4.7
Sibbaldia procumbens . 4.6
Valer{ana sitchensis 4
Claytonia lanceolata . ’ 4
Trollius laxus var. albifloru- : 3
Oxyria digyna . o r 3
Luzula parviflora i o 3
Potent{lla diversifélia 2
Solidago nultiradinta ' 2.7
Agoser:la 8p. . N . - 2
»Salix glauca
Phleum alpinum
Ranunculus each‘cholt:ii var. each-‘

2,

2,

2

2,

Dryas octopetala -

Juniperus commimis var. montana o~ ~
" Arenaria capillaris var. anmericana -

Saxifraga bronchialis _ ' -

" Selaginella densa : Co -

Sedun stenopetalum B -

. Hedysarum sulphurescens ~ : -

Pedicularis contorta var. contorta -

Erigeron aureus -

+

" Antennaria alpine var. media

Arctostaphylos uva-ursi ¢ ..
-Anemone Jpatens N
Epilobium- anguuifouun

Campanula rotundifolia

Achillea nillefolium - L
‘Anemone multifida var, aultifida
Carex xerantica

Total vascular cover (percent) e
- Total moss cover (percent) i 44

' . Total: lichcn cover (percent) -3

@™
w

. ‘mesic = 2,0
megic

) mesi';:

N
&
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xeric -
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Wn~gr

" xerie :
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NORrBN

Bl N
Wwon

xeric

7
, e

NOWwe
HUuWww

wn
wm

5 -

I-pornnce Valye (I. V.) = Relative cover + nehtive frequency

(Huellet-bo.boi- and Ellenbers 1974). -

Spcciel with I.V. <2 are not included. See Carroll (1978? for a more
complete species list for Hiddle Creek cirque. i

Hitchcock: and Cronquht (1973) .

Nomenclature follows

hydric = 3.0

_ xeric = 1.0 -
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_ structure on the two study sites 1s quite different. Most of the north- :

':' facingslopeis covered by a mature alpine larch woodland of ~ 15 m tall

o

-
. . . \ , - . v . . . .
is present.,but much less important than it is on the mesc-xeric south-

facing site where it is d0minant.' On the south-facing site a11 other '

species with I V > 12 (Dryas octopetala, Juniperus communis, Arenaria

.however. R | v‘ T

capillaria, Saxifra g bronchialis, and Solid ago multiradiata) are xerOphytes.
Total vascular cover (SBZ vs 91%) and moss cover (3% vs 44%) are much less

on the south-facing‘than on the north-facing site. Forty vascular plant

,species occurred~on‘each‘site.

_ Arno 8. (1970) moisture index.indicators (Table 3) can be used to.
calculate a moisture index that will place the study. site stands on the
moisture gradient for alpine 1larch stands over its natural range given
by Arno and Habeck (see their Fig.“u 1972) The north—facing site
has an’ index of 2 10 and the south-facing site has an index of l 67 (seed
Arno 1970 for calculation procedure) The majority (117) of the 127 L.
lzallii communities sampled by Arno fall from 1 25 (xeric) to 2. 5 {meso- .
hydric) on the 1-3 moisture index gradient Thus by this criterion, the

éwo study site stands are representative of the moist and dry habitats

L occupied by alpine 1arch They are not extreme or unrepresentative sites,

In agreement with the understory vegetation differences, the stand

L. lyallii ranging in age from 223 to 402 yr' (x-285 yT, n-8) Islands

f of upright, smaller fir are scattered throngh this woodland. In the wood-

land are several openings of unknown origin. which have various densities E

<

of young L. 1 allii (visible in Fig. 5) The north-facing study site»
____JL__.__

| stand is in one of tbese openings, and it is this stand that vas sampled. Y

i 3
Rit.c
f
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Larix lyallii and A lasiocarpa both have large numbers of individuals

of several sizes and high basal area on the site, but the fir _are younger |
and much smaller (Table 4). Both species show abundant ré; oduction.
'Many’small fir trees on this site have been.s€$erely defoliated as

a result of’fungal infectibn, probably by Herpotrichia nigra.' This may

explain the greater decrease in number of fir as compared to larch from

‘.the § 2 to the 3—7 cm DAB size class.

‘-
o

The alpine larch in the 3—7 cm DAB class were the main subject of

.the physiological and growth experiments. TheirJ’ges ranged from 31 -
62 yr- (x - 41 yr, n-14) Smaller trees (s 2cm DAB) averaged 0 6.1 tall
’and were 5 - 23 yr old (x = 14 yr, n = 30). These small trees were also
the Subject of physiological and growth experimentation, most of which
however,,was done on the south—facing site.
| The south-facing study site vas along the upper edge of the band .

‘of alpine larch woodland on. that slope (see Fig 4) The L. lzallii

are both smaller (84£)m) and younger (84 - 183 yr, X = 117 yr, n-8) than
-the trees on the north-facing slope. They also are generally multi—stemmed
on clustered sets’ of trunks, he lowest bramches of an older, broken tree
‘,apparently having become upright main stems.: Arno and Habeck (1972) note'
B that this growth,form is common on- xeric and boggy sites The nature

.of the disturbance that led to the: younger trees on this site, and perhaps
;%alsg‘to the multi-Steumed growth habit, is not known | No fire sé}rs -
'-,were .found, although numerous scars are- present on the trees;. Charcoal
' fragments. and on the north—facing site a charcoal layer in the soil

-

(Table 1), suggest that fire may have been the disturbing factor. It would

-

' be expected to be more frequent on the south—facing site (Tande pers.. comm )

o o
-y
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. Table 4. Stand structure on north- and south~facing study sites in
Marmot Creek Basin. » o '
) o SPECIES "DIAMETER AT BASE CLASSES (cm)
) : ' ' $2 °  3-7 8-12- 13-17 . 18-22 . 23-27 30+ TOTAL
- - .. . SOUTH-FACING SITE ' "
Larix lysllif . L o . .
Density (n/ha .- 1433 - 800 300 100 100 k& 2766..
- ‘Basal area (m“/ha) 0.09 - 1.28 -  1.90 1.20 3.27 771.76 0 - 9.48
 Mean height (m) . 0.5~ 2.0 3.4 . 5.7 8.8 8.0 - -
Abtes lasiocarpa . . ‘ - .
- Demsity  ..' - ] 433 . éoo 167 - ] 0 0 16667
" Basal ares . 0.77 - .66 3.24 0 ] 0 4.98
Mean height 1.5 3.1 4.8 . - - - -
Picea engelmannit .
Density 100 k] 33 67 ] 33 433
Basal. ares. 0.20 0.39 0.55 . 2,07 0 3.01 6.23 %
Mean height 1.9 3.2 3.7 4.4 - 5.6 = -
Pinus contorta . N B )
- Density - .. 100 0 -0 0 0 0 0 -100
Basal atea . 0.18 ] ‘0 0 0 0 0, - 0.18
Mean he:lgh'; o . 1,'5 - . - - Ce - - =
, NORTH~FACING SITE . >
* .~ ) »
Larix lyallit ' o , _
‘Density - © 15533 - 4833 .. 233 0 33 0 .33 20665 £
‘Basal area 3.33 © 7.43 2.04 0 1.27 ¢ . 2.05 16.12
' Mean height - 0.9 2.4 -46 - 702 - 8.2 -
. Ables lastocarpa - - ... - L -
i _ Density - . = - ., 52067 1833 ‘267 a . ‘0 S0 0 54167 .
o' . Basslares - .- . 7,21 2,89 7182 . 0 . g ' o - 0 11.92
L - - Mean height - U050 16 3.0 R . .
-‘v.luu' in $ 2 cm DAB eize class “are based on sampling 7 percent of the area, . o ‘
a'_ R
'S ey
+ E ‘L_ E)
. $
7 -3
. o i
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Ungulate or: rodent damage is the most probable cause of the numerous scars
'_because they are not correlated in time, nor in orientation to the slope,

'and seem to occur with similar frequency on, both the north and south slopes.
A massive avalanche could have destroyed the stand on the south- -facing

Y ]

site, but no down trunks which would be expected to ;fill be present
- were found on the‘310pe
The sampled area along the upper edge of the woodland has a much

aless dense population of L. lyallii and more tightly clumped islands of
A. lasioearpa than on.the north-facing site (Table 4). Picea. engelmannii
I) ‘

is as’ important as A, lasiocarpa here, resulting from a few large trees.

It is reproducing poorly. however. The ginus contorta growing on the

‘south-facing study site are severely deformed krummholz stems, probably

.

all derived from .one parent plant.
The sapling-sized trees (3‘-7cm DAB) used for physiological work
ranged in age from 21 .to- 35 yr (x - 29 yr, n = 16) They were almost:

‘the ‘same height as trees 12 yr older on the north~facing site The S:Zem _

. DAB" trees, which were studied intensively on the south facing site, averaged

0. Sultall and ranged ftom ll to 23 yr “old (x = l6 yr, n = 28) Both larch

"and fir have fewer young individuals on this site than on the north-facing
s

tlvsite, but fir shows a similar greater decrease in numbers from the 52 ‘cm

l

’ to the 3-7tm DAB site classes. Lareh has a more. even size distribution..
ojDirect compérisons of density ‘or’ basal area. to stand structures reported

in the 1iterature oannot be made beeause of - the selective nature of the :

'stand sampling on: both sites, o L h. ~v¢v'
o _ .

In summary, both study sites have healthy, reprodueing, multi-aged
pulations of L lzallii. They have different densities and understory

» vegetation apparently in response to moisture conditions. Ihe vegetationj ?;;&=_



o -

and stand structure of theﬂsites are similar -to thgt of other L, lyallii

the study sites provide a range of moisture, snow-melt, and insolation,

conditions represéntative of the range of L.'lzallii stands.

13

. dominated communities:found,xhtoughbuc.its natufal-rangew' Addit&onaliy, """ '



Pseudotsuga (Schopf 1943)

Cem s srronzmnr s 3 msaan s o '

'CHAPTER 'III
’ . e [} ) ’

BIOLOGY OF LARIX LYALLII

Arno (1970) and Arno and Habeck (1972) have reviewed the ecological

I

., 1ife history‘bf Larix lyallii and its relationship to other species in

the genus. A summary is necessary to emphasize some of the characterist—

o

ics of the species that suggested the present study, to show why this

species is an excellent example of deciduOus timberline trees; and as

backgrOund for the physiological results. Growth rate, phenological

' patterns and some observations on reproduction are also presented,

L -, ' . ‘v . ) h ) ' ? |
REI.ATIONSHIPS"WI\THlN THE &;ENUS | \ PR

Larix is a Well-defined genus bearing solitary needles on long

terminal shoots snd tufts of needles, and strobili, on secondary short

-shoots. It is very similar to the monotypic Pseudolarix, which has de- i

cidu0us (vs. persistent) cone.. scales much 1onger short shoots, and male

strobili bdrn in umbels of 20 - 25 (vs. singly).' Cedrus is also very

: similar in brﬁnching pattern ‘and leaf arrangement but it is evergreen,
rather than deciduous (Dallimore ~and Jackson 1967) : Based on embryolog- :

ical characteristics, Larix is very closely allied to Picea and

/

Larix is divided into two'subgeneras One has bracts longer than

the cone scales ‘and includes the mount%%n species.: L. griffithiana,

' L. mastersiana L. potanini, L lyalliil and L. occidentalis. The other

\v‘} o v . -

"

49



=j This puts Larix among the most modern of coniferous genera - (Arno 1970)
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subgenus ‘has short cone scale bracts and includes the very widely dis~

o

tributed boreal species. L‘AgEL}ini L. sibirica, and'L. laricina, plus

two mOuntain species. L decidua4nn&1. kaempferi (Ostenfeld and Large ‘
1930). For distribution maps, morphological SescriptiOns and discussioZ:
of the basic ecology of the ten species (and several varieties) of Larix

,see Ostenfeld and Larsen (1930), Dallimore and Jackson (1967), and Arno

4
\

(1970) v ‘
Members of the genus’ Larix .are found only in the co;:fclimat1¢fregionéx

of the Northern Hemisphere. They are very dely distri in the boreal

zone, especially in Euraaia, and’ must be considered second only to Picea

Aspecies as botanically ﬁmportant boreal conifers. All. species of Larix,_

o

except L. occidentalis. .and Lu-mAstersiana are found at either arctic ot

“ alpine timberlines (Ostenfeld and Larsen 1930 Wang§i96l Tseplyaev 1965%,_ o '
and in many respects the ecology of all species in the genus is similar » | _
.“'(Amo 1970, Ammo’and Habeck 1972). . - . .' 9\
Little-is known about the migrations of Larix although the probable

rorigin of the genus_ is in eastern ‘Asia, perhaps in the early Tertiary.. ‘ —
. co Yo

e} .
"The fossil evidence of Larix is meagre in pre—Miocenegdeppsits, but fairIy-»

abundant in Europe and North America in post—Miocene strata Arno (1970)

owhas reviewed this evidence and discusses two possible migration processes

: that would have brought Larix to. ‘North America. He speculates on whether o

‘a mountain and a boreal species migrated from Asia to North America, or .

ol

if a single ancestral liney:f

,,he migrafion across the Bering land

/

bridge, to 1atér split into the mountain and boreal species found here. .

» .

‘A third pos!ibility, a180 speculative, }} that there were two vaves of

"migratibn.. First, the ancestors of the long bractedospeciesbexpanded

L T TR
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'_ across eastern ‘Asia snd weStern North America, were then forced. south
by glaciation at high latitudes and, in their isolation, differentiated
?g into distinct species. Then a second expansion, and subseguent differ-
'entiat#E; occurred. thia time of the ancestors’ of the short-bracted
. species. Thorough study of the fossil evidence and systematic relation-‘
r ships within the genus could perhaps allow some of" these hypotheses to o
.be eliminated ) . - I o _ e ;

.J‘
4 a

A

.. ECOLOGICAL cnmcmnsrm)s oF LARIX LYALLII

The natu distributions of L. lxallii (Fig. 10) aq[ L. occident-
% '_ : { alis (gee Arno 1970°' Fig. 2) are c0rre1ated with the’ Pacific storm pen-

. insula (Arno and Habeck 1972) Alpine larch only occurs east of the

©

Cascade crest, and both there and in the Rocky Mountains its distribution -

S

, 18: more patchy'in the southern portions of its range (Fig. 10), where‘h

/‘7

2K
o

ecﬁ. lyallii and L. occidentaliﬁ-falt*“’“i!h rare,

fband of open woodland at the upper edge of the spruce- ‘“ )

‘.@‘

'“Lforgét. It ‘also often grows as. upright trees high above

R %

e

.. P{.

7Vﬂlimit, even on exposed rocky sites.‘ Krummholz forms are tare-
Y S LW

Ihf gpcurience of alpine larch in the subalpine 3

cially on ridgeg vhere the soils are rockier (see Fig. 8),

- uuo‘a" -

: q;gbably suceessional as no young 1arch trees can be found on the
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-“+ Marmot Creek Basin and in the Kananaskis Valley fits these characteris-.

e

'y tics well. ' - L

YOung trees have very flexible trunks, and this in combination with

thdﬁ.( deep rooting haKBit}’ allows them to wi»thstand avalanche and 5now creep

] § ,_“n _‘

ter than sympatric egérgieen Ag,\.bn{fe:‘s The branched\)f mature trees

,;b:- J.I~ LU

"are tough and w ;py withstanﬁdng well high wind and snow loads. In both

“4 cases nentioned ang;‘ tjie wood foliage ratio is much less than that

<~JI"Q

"'~required by/ayepgreen conifers because of less snow and wind catching

- .

S Area (Arno and »Habe"rw 1972) Lack of needles in vinter and early spring

V et ot

.

» also prevents the snow fungus, Herpotrichi “n g a, from damaging alpine

;
Y

-

q’)

e 1arch in areas of late-lying snow Bldthgén (1960) has reported a simi-

lar lack of- damage to” Betula pubescens ssp. tortuosa by the snow fungus,

Lophodermium pinastri, while sympatric Pinus sylvestris is severly damaged

- In summary -of this section L lﬂllii is a deciduous conifer that’

" o

grows only in - timberline habitats where it forms climax woodlands It -

Iy

also often grows as. upright trees well above the upper limit of even the

<krummholz of sympatric evergreen conifers. Because of these character-

istics, it provides an excellent example of a goginant decid30us,,timber-

g
line tree, and it is for. tUs reason ‘that alpine larch was chosen as the
h
subject of the present study.q'Also by v/}tue of its generic classifica-

tion, it is closely related 'ES'many other deciduous timber],ine trees,
,\

mking possihle some generalization about‘ the physiology of this grbup

4

of relatively unstudied trees. . _' o v -

L | [

i
Ly
¥

. . GROWTH, Pﬂgﬂowcr. AND REPRODUCTION ,
. “" "*, S 0 R VA ¢

- gIn this sectiorn a descripgion of the)\tming and rates of needle

expansion, sheot growth flowering and aenescence, and d:lameter growth of

v TR
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whole trees is presented. This. information is necessary background for

: : ' et é'
- first, c“ﬁulation of total photosyn;h produced depends on leaf area,,.,a "

'is that it maintains green"functional needles year round when young.

It becomes totally ‘deciduous only after the lowermost branches have died Ce

- at the end of the second growing seasan.

© e T ST i e = 4 e e - Ciam e
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-3 Dyl 4

proper interpretation of the physiological data for several reasons: e d

biomass, etc. and on the pattern of their change through the growing

, season; second comparison of the timing and rates of growth processes

" on different sites gives a direct evaluation of . the response of the species

to different environmental conditions,vfinally, interpretations of the

physiological results depend upon ﬂhowledge of the overall behavior of..
! 4

3
}

the species. R

One unique, and most intriguing, aspect of the biology of the species ,L%@!

It has been suggested that the overwintering needles are evergreen (Arno

‘apd Habeck 1972), but in fact they are wintergreen, being functional for

two seasons. Senescence and abscissiou, which is of!ﬁﬁtincomplete, occur

w
Wintergreen needles are. found on the lower.branches dshtrees ‘as old )

as 50 yr and up. to’ 3 m tall but are probably of 1fttle photosynthetic
importance hecause of their low total area and shaded position. Also f
they are often partially covered by leaf litter (Arno and Habeck 1972).

On smaller, younger tfhes,/wintergreen needles appear to be much more

i

important (Fig. 11). g

.~"

V‘ Because of this difference, and the desire to study the physiology

o of the—establishment and earky growth phases of the life tycle of alpine )

¥ !

' larch, tvo groups of trees uére sampled throughout this study. Well-
3

. £

established, sapling-sized trees 2 - 3 m high vith > 99z deciduous

needles were sampled~onlgoth of the intensive study sites fuir.;
RE Ao . .

,'«f\y\ - . . ©a
«'- ’
’

¥’

., . « . . .
*" : o . <o
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Figure 11. Wintergreen needles on a young
salpine larch on the south-
~‘facing site. Photograph" taken
" 14 June 1978. e 7
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e -
krummholz.site Small trees, b 1«08m high had 33 - 67% of .

- 56

total needle dry weight as wintergreen needles. Theee were sampled almost

exclusively on the south—facing site. Densities, ages, and diametéfs

of both groups of trees are given in the preceding chapter (p.44- 47

including Table 4).

itin

Methods‘ - - . %Wiﬁa e

" Small trees

The small trees which were used. for age determinations (see
P.37) were collected on 18 September 1977 after the deciduous needles'
had begun to yellow. This made possible relatively accurate separation
lof the wintergreen and deciduons needles and their respective support-
ing branches. The dry weights (0 D.W.) of the biomass tomponents were
determined after ovén drying at 45 C for 48 hr. Total height'and term-

s
inal leader lengths were measured. Four small trees were carefully

/

'“excavated by hand and rooting pattern observed and root/shoot ratios

: obtained These data, with' the ages of each individual were used to

\-

n calculate growth rates and relative allocation by age class

e .-

Sagl g . ‘_[‘." . S x\- Co

= _ N .
ﬂerminal 1eader,lengths for’ 1974 1975 and 1976 were measured

_on’ 25 sap&ingo‘on all three sites. Mean diameter growth rates of sap-

=3 .

" 3
lings were determined fr'o

- L A
(Y 4 2

Rooting pasteﬁhk (Y’ots > 5 mm iig 1.of three'saplings were examined by

T . \1

urements of increment cores (see.p.37)

: %
: excavation to ~1 . Complete p:cav(_t;(ow‘was impdssible with these

£
trees, however, becauae .of tbe gredt‘!ize of the root systems and the -

1»,.!

frocEy soils. Aboveground biomass components (needle @ranch cone) were
)

« ,
determined on’ three :saplings at each intensive site by sampling 90° quad-

Sy
D
N TR

N LY

o

3

Te

. rants of 0. 5 - 1 m high layers, along the whole'height of the sapling. -

e




B
%

The assumption that“the saplings were'symmetrical appeared to be justi-

'fiEdi Thus, the ‘biomass of each component at each layer was calculated

- T e

bj multiplying~hy four, Theutotal component weight for eadhsapling was
then determined The means of the component :fights from the threesaplings
on each site were considered as representative of the 'typical' sapling-
for ‘that site. _ R - ‘ ' L

tPhenolégy and growth

Lone developmental stages ‘were noted weekly, and short-shoot buds

" and subsequent needle lengths were measured with calipers at approximate—

U}

ly weekly intervals. Five short shoots on each of three first—year, 10

cm long twigs were measured and averaged Photographs, which included a
\

»plastic ruler, were taken biweekly of the same set of ten twigs on’ each

- site. They were used for supplemental measurements of the expansion of -

short shoots, needles and termiﬁal buds,as they loped into long shoots

Neasurements made for leaf area determinations during physiological

L

Coky "_V

sampling (see Ch. V).also supplemented these data..

Results. and'Discuséiop.

Height growth RN - g

b

Height growth of small L. lxallii trees averages 'bl 5 cm. yr -1

during the first 25 yr of their lives (Fig.,12) These growth rates are .

much lower than thoSe of seedlings or young cuttings of Pinus cembra,

L. decidua, and Picéarabies at ttmberlines in Europe (Oswald 1963,

T

P N 3

Tranquillini and Unterholzner 1968‘ Oberarzbacher 1977) There were. no‘

'detectable differences a height gfﬁwth of small L. lxallii trees on the
:rtwo intensive study . sites, thus the data were combined for regression
-“.analysis (see Fig. 12) A linear boundary was also fitted to these data.‘

This regression (Height(cm)-Z 23'age(yr), rz-.997, p<.01), which was

s P TIER | T : O ‘ e
. o . ' .

-

Y

L I
a« L e v,
v oAl e,
e
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Figure 12. " Polynomial regression of height on age.for small Larix
: . "lyallii'trees from both north-facing (o) and south- .

facing (e) sites. Data were combined vhen no differences

. ®between sites were found.

ot
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‘%ﬁhﬁfforced through_the origin, defines the maximum growth of young L. 1xallii

N “,,underfthe sitefconditions-prevailing-in Marmot Basin. The large variability

in height growth may be due to errors in aging these very small, slow— -

—‘growing trees, or to compensating differences in gite climate with 1arge

:‘microsite divd.sity Less. intghsive sampling and aging of Picea - engelmaunii

and Abies lasiocarpa on the study sftes showed that these two species also T

3

l

'have er?"low height growth rates, similar to those of L. lyallii, when young

After attaining 20-25 yr alpine larch saplings have a current annual

¥

59

_'increment of >lOcm-yr -1 on the north—facing and krummholz sites,-é£§)>l6cm yr“1

on. the south-facing site. Sapling terminal leader lengths from. 1974 1975
; i ,
and 1976 show that the height growth rate on the south-facing site was

-

;consistently 1.5 - 1:6 times greater than on the other two sié@s (Table 5)

fThese rates are comparable with the maximum height growth rates of Pinus

f

~cembra, L decidua, and Picea abies at 1ower elevations within the subalpine

forests in Europe (Oswald 1963 Tranquillini and Unterholzner 1968 and

Oberarzbacher 1977) o . R o i | %if )

The pattern of growth seen in L lzallii very slow growth when

'-f'young followed by a period of very rapid growth Is similar to that found

'in some other conifer species, notably Pinus palustris (Chapman 1932)

In contrast to P. palustris where this pattern is an adaptation to fre-

'h, quent fires, this growth pattern 4dn L 1yallii is probably an adaptation_'

‘to allow adequate root system development for tapping a large and deep

soil volume, which wOuld dependably provide water late into the growing .

season, before a 1arge leaf area is produced. Thisninterpretation’is

: supported by data and’ discussion in Chapter V. The extremely

t-_short, are rarely without the protection of the snowpack in winter.‘ This ¢

.ﬁslow early- growth alao asaures that*’bung alpine larch by remaining

S

: minimizes winter mortality of shoots. When height_growth accelerates

%




v ey
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,\J
.
Table 5. Teﬁinal leader growth of Larix lyallii saplings (>25 yr) on
: three sites in Marmot Creek Basin during 1974, 1975, and 1976
(Mean + SE, n = 25), . . a- . o

SITE TERMINAL . LEADER GROWTH (cm.yr 1) |

. 1976 1975 ‘ 1974 - MEAN
South-facing = 14.6 + 0.8 16.9+0.8 . 16.8+0.9 = 16.1
~ ~North-facing - . 10.0 + 0.8 10.2+0.8  11.3+0.8 . 105 .

| xi‘n’x_holz‘ C 97305 12.2+40.6  9.3+0.7 10.4

60
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and Chabot 1978 Tranquillini 1979)

Diameter growth

Saplings on the south—facing site increased in diameter 1. 5

. times faster than similar trees on the north-facing site (Table 6).. This
'difference agrees with the height growth difference for saplings on these

» 'two sites (Tahle 5) Older trees on all sites had lower diameter growth

S'rates than saplinggr-as expected Trees on the krummholz site had very .
‘slow diameter growth 0. 8 mm - yr‘l, compared to rates on north— and south-
‘5facing sites, 1 3 and 1 9. mm yTr 1, respectively. Comparable slow growth N

rates have been found in other timberline  trees (Mork 1960, Tranquillini

;and Unterholzner 1968 and Wardle 1970) " Alpine larch Ean reach quite

i~

-

- large diameter (>l 3 m) at timberline, despite’ very slow growth rates,

- by persisting éor many. centuries (Arno and Habeck 1972).

Diameter growth rates of alpine ‘larch in Marmot Creek Basin agree’ '
‘with rates found by Arno and Habeck_§§972 Fig. 9) They give three
‘diameter growth rate classes, zgood growth (>1 6 mm - yr ), average growth’ |
(between 0 8 and 1.6 mm. yr ') and poor growth (<O 8 .mm. ‘yr 1) Growth o : < -%
”rates on the south-facing, north—facing and krummholz sites fall into )
the good, average, and poor classes, respectively. '

This comparison-again shows that theJ%tudy sites in Marmot Creek

.Basin are representative of alpine larch sites over its natural range. - ‘.

- Surprisingly, both diameter and height growth on. the mesic (as determined

3 v . ; ]

p 44) north-facing site are 1ess than on

'by understory indicato

the meso-xeric south-y_cing site, but similar to the xegic ktummholz"

{ .

.site. This contrast suggests that the factors affecting tl&growth

e




Y.

. Table 6.  Diameter growth rates
> X . s&t\es in Marmot Creek Basin (Mean + SE). .

‘
-
- <>
- )
. -
w ( -
“v
4 Y
. } . ?

of young and old larix lyallii on thre

SITE

. DIAMETER GROWTH

AGE .. . 'm
_(yr)

k _
South-facing

A North-fac ing-

o

_ 'Knmnnhél‘z:

| & (mm-yrTh)
1.90 + 0.08

'1.47 + 0.14

« 0.77 + 0.18

29+ 1 16

. 1U7+13 - 8

1.19 + 0.07 % 284+ 21 8

i 110 + 19 C 6

62
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of alpine larch, or ité response to them,

» ing the understory vegetation. Arno and, Habeck (1972) noted, the great

. variety of understory plants that grow in association wIth alpine larch

They suggested that individualistic responses of/BVEfgtor;\ nd understory

speciés to- the c0mplex of environmental

Tactors at timberli e prevented

“the formation of repeatedly occurring community types. The community

analy51s and growth rate data present ‘the problem of how larch can re-

spond differently than the understory species to moisture condition .

«

Rooting pattern

-

1

One of tHe major differences between alpine larci; and understorv

species, that causes a differential response to moisture,“is in routing

¢

: _patterns. YOung trees of L » lyalldii: show impressive development of a -

‘taproot . and sinking laterals. Small trees 16 - 25 yr old and 20 - 40 .cm

G

bhigh have taproots penetrating 40 - 60 cm’ and laterals descending 20 -

’v>60 cm at abéut 45°, Younger trees ‘have

s

taproots that are approximately

. twice as long as the trees. are talky Mycorrhizal development is evident

"

on. all trees, but shallow roots have a higher degree of infectlon than

. -

deep roots... R

The root/shoot ratio of  small- alplne larch trees is 0 41 + 0 05

e,

)(mean + SE n = 4) This value is slightly higher than, but comparable

_;toﬂthe¥0 33 and 0 38 reported by Benecke (1972) for timberiine Picea

abies” and Pinus mugo, respectively. Both of these species have much

4

) higher root/shoot ratios at lower elevations. 1t appears that alpine

| "blogy.

s,

than other timberline-ecotone conifers,

L o
T L Ty

o .

are different than those affect-r

'larch does not allocate a greater percentage of resources to root growth

o

but differs simply in root morph-




. The deep. rooting pattern of L. 1xallii is- maintained as the trees
‘ grow older, although the taproot loses its dominance. Root systems of

éaplings have many large sinking laterals as well as a taproot of about )
¢
the same siZe. Deeply rooted saplings of larch are able tovwithstand

o great pressure from SnOW creep or avalanche without damage, and full
grown trees are only rarely windthrown, despite theig windy habitat (Arno

1970, Armo and Habépk 1972) .

v €. e
L B .
i

B3 grs ater’

than 20 cm, while‘roots of most'subalpine-and alpiy .lants that occur h*”‘

' T
in the, understory of 1arch stands remain above the 20 cm depth. hus

¢

: alpine fi?éh.is able to’ tap a- soil moisture resource that is much more

)

V consi t in its availability throughout the growing season than that

found in the upper sofl 1ayers and available to understory plants.

Data supporging this conclusion are presented in Chapter V.

N . . N

Biomass accumulation and allocation ) . ‘ C el

e : . ¢

Biomass accumulation and allocation in,both small trees (<25
yr) and saplings (>25 yr) of L. lxallii show Tesults that agree with
the differential heighé’growth of saplings on\the two intensive study ) ;
sites. Table 7 and Fig. I}a and b for saplingsfgnd small trees, respec-}“' o
-tively, .show the much greater biomass accumulation of individuals on |

! .‘ < .
the.south—facing ;it\\\~fre greater relative allocation to trunhﬁgod/

-on. the north—facing site explains the maintenance of height similarity

° (equal for‘the first 20 - 25 yr), despite much lower overall biomﬁss

accumulation ratés there»(Table 7, Fig 13a).° This response is probably

the regult of differing radiational and competitive regimes. Althougﬂ&

"'.* the mean total and mean needle biomass of small trees .of each age class

L 7‘ show a steady increase, the variability between individuals
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v _ Table 7. @Imsa: di;&ibution among various plant parts of typ/if:h,l N

Larix lyallii saplings on north- and south-facing sites.

" .

>
L R N " ] ) v . Y

. SITE o "”§k£§r DRY WEIGHT “BERCENTAGE OF ABOVE-
- e . S T o ‘ _(g) GROUND BIOMASS
—a - g - - ) - = ’ry - ) 3 -
North-facing needles - .. 200 o 85.3 4
'v"'3 0 m tall .. o o ' . o e "'a’
¢ T 41.y¢ old -, branches, 7 - 2175

C . ./ ' . %.0 » . ¢ o
R 1 yr twigs ° 8, D.2. _
: . : . . R » . ' . ‘ ,
P .. 2'yr t\d.mgsl - » 30 : - 0.8
- \ ) ' . B I/ ) . ‘, o ‘4 -
erank 1375 367

. -cones . A ¥ o : - 0.0

i 2. '.'rot'al shoot /3750 . ‘ 100.0 _

>

: ) ) . - . - - - ;\ ‘ | - | » . 4 | .
Ly o / root - ﬁ» =~ . 1850 | 49.3 ‘ o . /

s : C - Total . .- - 5600 " ' e ' . o %

' V;.;."@b“ . : : . - ’ \—_ ' ,. . n' ’ 5? T _‘ ' N . . . .‘;

* " South-facing needles . 575 12,5
2.5 m tall e S
29 yr old°  branches - - 3100 .. 67.4

B 1yr twigs, . 50 - o1
... 2 yr 'j:vil,igs'.' o --80'_-' . 1.7 _ o
Ctrwk 1 920 - 200 - | e
. 0.1 ;
- . i
' . A
10030 |

'y iab PEEELT N 11 8
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Figure 13. Jotal (a) and needle (b) biomas@accmulation of Larix' lyallii

trees’ on north- (N) and south-facing (§) sites; and relative °
amounts of- wint:crgreen and deciduous needles of those seme
trees (c). Means + SE axe s , and n is :lndicated for each
age clau and- lite at thc-botto- of c. ] , .

.
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/

N stems of L. occident:alis, which hovever weré groying in a much il

clin;e, begin activity in mid-March or early April’ Needle ekpansion -

'?" ,’)'ﬁ"' ’ w

' t‘er site even tWZ

) : conditiops of the two sites haVe been presemted" Wy o e S

[ N ; . U i e R

same age clas‘\on the same site is large (Fig. 13a and b).. This may =«

>

A -

be due té michsi‘te di'f des.“genetic;qvariability, or errors in aging.

\. e

'l'he’ re],atsve ayxoun ‘

ntergreen needles decreases more rapidly

[
W

with age on tite north—-facing site than on the south-facing site, Oy the lat-'

. ¥
'Q?;‘»

5 yr old seedlings have a mean of 28% of needle
biomass in wintergreen needles (Fig 13c) As a“func\tion of total tree

3

‘.
%”,_., . ‘e “l. _;‘{fi~“

biomass, however, the relstive7 am&hnt of wintergre_'

.. .i ° " | m‘*{ e ; |
trees larger than this have stable i‘wlative amounts of wintef rgemgg;eecles, ,
T ,.&74, AN
282 on, the south—-facing site but onl»y 72‘ on the &kh—facing site.

[

This d,sfference is significant at p =01 (t - 5‘8“ df = 15) ﬁ(isgﬁgqon

of ti guses and significance of this diffeggnce is, cBeferred unti&-ﬁhe L

physiological rqsponses of the two needle types a%lthe environmental

R s .
P. LA §- ¥ . RIS - TR

*.21.» 3 lf_, o ) ”? hd - . é’

£

henowggs BT R A = - .
B ‘.4 . %
@e phenological patterns 8f L. 1zallii' in Marmot Creekf}ﬁsi,n

v

(Fig. 15) are similar to those described by Arno and Habeck (1972) ‘for L .

pn

larch in Montana. Senescence of needles, however, occurs two to three

weeks earli - than in Montana. rAlso, observations of dissected short

-

shoot buds. used for water relations studies (see Ch IV) indicate that
l

expansion of the short shoot needies begin§ in- April, when winter conditions R

-

-still. prevail Owens and Molder (1979,) ‘have shown that short shoot meri-
" a

J

in L. lzallii proceeds at a very slov rate. un.til mid-Hay to mid-June
& _
(Pig. 15, ]\Ga and b). 'rhere‘?{s great v'&risbility in time of flushing

fron year to}esr, site to site, and positionm the' tree Short shoots

4-0‘
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‘ "difference may be due to. the earlier flushing on’ the south-facing site._' ’

__g_lgnnii ahd Abies lasiocarpa expand shoots ‘in”Jul /- onliv' a :'little‘ L

a7 . - ~

‘stance(s). Small trees and lower branches do not flush until about
R _
a week after snow release, which can be as late as mid—July in WOt L

‘Creek Basin. On warm, early meltout sites, flushing may occur a¥ ekrly

CH

as ‘the first week in May. 'In 1977 follo,wing a very 10w snow winf:er o

'7:

" and when June mean temperature was about SDC“ G\ higher than in 1976),

o flushing.-occurre%}three w‘!ks beforep it had‘in 1976 (Fig. 15 -16a and

~

o B .

th@ norih- and south-fgcing-sd.tes' in :contrast to the no'mal two week

' .
r" ‘“"

jdif'ference. Needles and 1oi?aw'_ _On the south-ﬁaﬁins Sﬂlt are con-_ .

Pl

sistently 1 nger than those on ;hbnorth—facinggteg(Fig 16) 'l'his

et - -

Expansion of needles and long shoots, which occurs almost simul- .

taneOusly (Fig. 15 and 16), appears to be strongly controlled by warming,
1

but its initiation occurs well befdre mean temperatures reach 4°C. This

temperature ‘was suggested by Arno and Habeck (1972) asg the trigger for

. hb T

flushing Long shoot growth of L. 1zallii occurs xnuch earlier in the .

¥ L

season and proceeds more rapid)y than that of L chidua in timberline :

of needles and

later than &m;‘iim, 'rhe early and rapiil %aﬁ;

long shoots seen in alpine larch allows this deciduOus tree to make

N maximum use of the s’hort timberline gsowing season for photosynthsis,

L . X B B
growth and msturati& of new twigs. » Tbis may partially explain its .

greater success than L..decidua in tinbetline habitats. Further e o

N LT e

in 1977 there was: only abgut one week difference between .

- e

on the. trunk open earliest ahd canproduce needles Up te 2 cm long be-~

" fore the buc‘is} on the branch ends have burst. This gradient suggests

a simil‘gr.gradient in[thF' concentr&on of an. endogenot;s‘;growth sub- o #ﬁl H
: ot 2

habitats (Oberarzbacher 1977 Benecke and Havranek 198Q). Picea : . »-‘,';._?. o



&
-
«

e i g oy e . . "o B e e BT

72

AL
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v

discussion of the importance of this feature of alpine larch biology

R v c e Y W s
co o win be found An Ch. ° v1 T
Reproduction 44. "y_ ;. : . C

?i
g

{
Good reproduction of L. lzalli ip appareﬂt in- the field (see
2 "‘“’ﬁaf 5_1?

-

Table 4). d!!en apparently even-agéd groves of alpine larchaare found
im%the openings coumon along the forest liqit gﬁrno and Habeck 1972)
3

. o A
-8 The sapling st d bn the north—facing study site«is ﬁe.such grove.
39 of

. "’
! C S

o
Such stangs are probably not even—aged however accurate‘hging of m’_ﬁt}'
S \ ...,"un ! R

ébincrement cores is ddfficult beceuie of the greatdvar-‘

.‘j Ja %.c,'ﬁ & . .
i he:tght and %gyw grbuﬂ\ whe. young E “ ol ke r
eral cotyledon stage alpineﬁlarch seedlings were discovered Y

Lo

v ‘ot the north—facing stud@ sjte in 1977 A good seed crop was produced
R ’ dg R o
T in 1976 but germination studies with somkwof this seed confirmed the

!\s:_

1ow germination rates found by Shearer (1961) and others Out of 5000

Bt
.1‘ . , k‘ o .‘,,, N7
seeds, treated”!n numerous ways, only two 1iving seed‘dngs were obtained4raf?

~¢ﬁViability by a tetrazolium test was 40 - 602 but the seed may neverthe—'

%

less have been of poor duality, as has been‘breviously reported (Shearer
o 1961 Carlsdn 1965) ~The~ low establishment success prevented use of

. seedlings for physiological experiments, thus, potted trees had to. be

relied upon despite the root damage problem. Field reprod%ction and'".

3-ﬂ§ : establishment may-only occasionally be good.- Because of the 10ngevity SRS

¢ f

of the species, however, this is: adequate for alpine larch to remain an.

. s . . . o
o important timberline tree. C AR o
o The description given of the characteristics of the early stages

RN e )

of ::maa life cycle of L. lzallii pl‘ovides valuable msight into tb

-

"';flfi ecology of this spectes. snd ouggests that-study of the wintergreen

M it e ot oo e -
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needles may provide the esti.nderstanding of the establishment

z%f,‘ec:ology of this species -*Eedlings grow extremely sloqu for their .
I

f*r“ 15 = 20.yr,. and. on: some- sites wiqtergreen naqﬁs aie imp,ortant’ R R,

e

o throughout this period Following this relatively long period of

slow growth height increases rapidly and the saplings begin to ‘rely

totally on deciduous needles for photosynthesis. Diameter growth is

.slow thtoughout the lifespan of aLgine larch  but it can ‘Brow to_ .
Yyt '

‘ﬂlkge size for é timberline tree beCause of its longevity. Its
'phenology allows it to expand and mature shoots within ‘the short

'growing season, and to take the fullest advantage of the time ) :‘-‘- @ .

“ available for- photosynthesis.\ {ﬁﬁf, uction in. the open, is at

LR

©

n\' ) o . L
least occasionally good and, t“’-f‘ ffaﬁradequate for maintenance of . - ST
... < IO

ithe species importance at timberline

. it . L. S X . ‘o : v
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WINTER WATER RELATIONS OF LARIX LYALLII

. - < ,
cw . .

INTRODUCTION - o R

Winter desiccation s the most important determinant of the alpiﬁe

. ¥
i timberline (Wardle 1971 Tranquillini 1979) Studies on timberline

3pecies in EurOpe and North America have shown that desiccation proceeds

T

EAa L4 y
- throggh the winter, causing the greay’st stress ‘to deveIop in late winter

v

"
pa { E-/zn%ﬂearly spring (Goldsmith and’ Smith 1926 Michaelis 1934%é b Stefﬁer
SR ; »

£ leS Mhller-ﬂ%oll 1954 Tranquillini 1957 Wardle 196§ Lindsay 1971;.

. ‘._q,

.E Hansen and Klikoff 1972- “van Zinderen Bakker 1974) This drOught stress
often reaches experimentally dettrmined lethal levels (Pisek and Larcher
1954 Platter 1976 in Tranquillini 1979). and even casual observation

¥ at timberline confirms that shoot mortality ocgurs often and is wide- '

\"'"

" spread Death of foliage, and especia].l)"the t{rminal shoots, severely

restricts the growth of timberline trees., The degree of desiccation‘

! B

.ty' and subseqpent damage increases dramatically at the forest limit and

-in the krummholz zone (Wardle 1968, noltmeier 1971, Lindsay 1971 Baig f, -

T

'A» et"al. 1974) This results from the decreased resistance of the t;ees 1i' . '}

_ [ — ,
to water 1055, rsther thau from rapidly deteriorating environmental SN

conditionS‘(sgc Tranquillini 1979 for a review) The developmental

t ~

processes &hich confer desiccation resistance, cuticle thickening aka

tissue maturation, proceed slowly in, and are often prgmaturely termi-

L““;‘” . . nated by. the cool ‘short groqing seasons at timberlineg (Baig and ; B
""',»’_ Tranquillini 1976 ﬁamr 1976 in. rrlnquillini 1979) A B |

Y
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- of timberiine, some important exceptions have been reportedff Black

spruce?ﬁ?icea mariana) shoots apparently are not killed by desiccation.

« QO

at. either alpine timberline on Mt. Washington, N. H. (Marchand and Chabot
‘1978) or at arctic timberline in the Mackenzie Valley, N. W. T. (Black
and Bliﬂb 1980) Black (1977) and Black and Bliss (1980), however, ' i | ‘v -
have documented the role of summer environmental conditions as controls : |
,' of germination and establishmenti These, in combination with periodic
‘disturbance, determine the northern black spruce timberline Slatyer
= (1976), also, has shown that winter desiccation 18" not a major factor -9

.

wy _ limiting the snow gum (Eucafptus pau ora) at ttrline in Australia. o
23

.f generality of suscepti— .'4;'f-. S

o bility to wintér desiccation as the major determinant of timberline .

u_. -,

‘Rather, spring radiation frosts cause' amage

e N These exceptions throw some doubt’

Also, most of the studies cited.above have been on evergreen trees,v

«
v, - A

»_which have exposed foliage all winter.. Deciduous trees, because of

o '\'i'th“Ir\woodiness and 1ess exposed area, would be expected to resist desic- : .‘;- M
Cowe . ‘v HIQ Ag @‘& ) ', . A

'cation-more than even the most resistant evergreen trees. Thus, they

. should be atban advantage in winter, timberline environments. L e
. y . .

The winter water relations of Larix lyallii vere studied in detail

‘b‘ : - to determine if this species does have such an advantage over sympatricfg '.:1 g7a‘.
T e o . m, ] - W, o
R _evergreen trees. and how tha advantagé is gained The specific objecd? ».,-_'jfi

.tives were-‘ 1) tO deternine the seasonal progression and ultimate degree o “.V'%
¢ . R

Tof winter desiccation of twigs and buds of alpine'larch 2) toerelate E

Ny

fiif‘i'_':"these to environmental conditions' 3) to determine the limits of . toler- R

w e ancT of latch trees and conpare theae to the actual stress experienced

5

}'iik) to obeerve any damage and relate it to environnental conditions and ‘vf' hf f]‘ =

. L M B
, PR = ) , , A . . B
o ;_._ o N N TN T T ST T ,'
RN T T - LT S
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* l""y
) I , :
A
{ . % ‘a
‘»A. ,‘* previously determinpd physiological patameters, and 5)’ to compare damage
"'.'-,'...3’ ao ‘sympatric evergreen conifers e P e IR
- ,.‘ PO ‘ P . ~ . J
o * Because of the importance of deciduous trees at timberlines, the
result‘ of this study will allow better evaluation of‘?the role of . winter
" oa desiccation as a timberline determinant The results also will provide ‘
) ER '6.-,.\:1;‘.1 .
2 an understanding of how L. lzalli is adapted to its timberline habitat.
o T METH_ODSAND.I’IATERIALS W .
) Desoriptive Field 'Studies : o s
R "“Samplirlgédnes and sites ]
. s
. ’ ﬁnqw depths and xylem pressu%ote‘ntials Qi’

- [ and 1976 77 at several timberline sites in the Kananaskis Valley, Alberta

'h‘(f From Septembét l977,,fo May 1978 environmental and water relations para-, .

4
R

o 7 'meters were sampled monthly on the north- and south-facing study g

7 . A ) 2

‘. ~in Marmot Creek Basin. Sémpling was’ done between 1100 arﬁﬂl300 hr P

standard time. o "Q ": o

d"direct radia-— I

I g : ‘tion in winter and has deep snqw accutnulation. The south-facing site )

DTy

BN is exposed to the. prevailing winds and direct sol-ar radiation in winter. “

e

;It i«li blown free of snow in patches. fir,'-;“' : L _: »’ - 2 - el G
‘x" ., "‘ Environmental measurements. :4 .4 "“:‘, . ._“_ 3 SRR § ot
: J s : ‘ L Absolute monthly maximmn and minimum air temperatures, soil | )
" a “'...'_."“'.temperature prqfiles. and snow depths were recorded on the sites. These o

:\¢ '.'\- 1.
wem sdpplemented by data £rbm various govemmental agenciea and pub-

'_'f-_liahed by Envitonment Canada in the Conpilation oi the Bydrometeorolog-
- eal lacord. l!arlot Creek Baain. Vol. 4 - 14. 1968 - 1978.
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4 .
vtwo temperature readings from each d’epth were avereggg %emocoupleé°

—~ . ., . ' » ) LA

. v 4 3
Maximum and minimum temperatures

’ Max - Min ‘.lhermometers (Taylor Instrument Clo‘ , Arden, NC"

3
Model 5458) were mounted in small aluminum shelters a’ttached to the

north sides,of large trees at 1.5 m. Arf addicional aluminum foil wrap—

ping prevented snow accumulation, radiai:nal heating and wind. buffet—

ting. ‘Approximate accuracy of these the ometers, as. ins“talled,;,,was .

+1.5%.

%

Soil ‘temperature profiles. . ., S A
v \ /

Copper—constantan (Cu-Con) thermoco{nples (O 8 mm d:l.a kwere

1

]

M-were read with agdigitalﬁvoltmeter (DVM) (Fluke Co., Mountlake Terrace,

L

' WA° Hodel 8?30A) using a 1000 gain low lev'el amplifier ('rechf**Services.

was a Cu-Con thermocouple taped to the bulbv pf a Hg-*glass themometer

S e

(Brooklyn 'l'hermometer Co., Farmingdale, NY, 0.2 C/division) ’I’he refer- B

K

bence junetion and’ thermdmeter, imbedded in an aluminum block t,he DVM,
‘e Yo (3 ~
. .-band the ampliiier were all fnclosed in a VOoden box and heavily insul-, St

. ﬂ - *

ated to minimize temperature gradients. On extremely cold days (<-15 C)

»

- the ainstrument was carried in the f‘ront pouch pocket Q’f -an. anorak so i
. A-‘that a temperature adequate for operation ‘could be maintained. Tests -
on this instrumentation, cerr.ied out in laboratory controlled—-envirou—»g« ;

.-,:,ment fecilitiea\. showed that- rapid cooling (25 to 0 C) or heating (0

to 25 c) did not influence the i 0 2° c accuracy. R
* ‘ : ‘ - : . Cd l. ’ ‘ - P . n'- )
Snow accumulationr : o SR

f >
- R

I k o L - OGN
'u»‘»‘,f l g -

{

.
., .

_'installed at: 0 —10 and -50 cm in two soil pits at eagh ,,site. 'l‘h'e

Snov depths were measuxed with a merked pole at ten poeitionfs

along a nontour transect. . Averagee and ranges ere given.

S A S SOt e el N

.;— Lo R e °
. B i .

. e

University of . Alberta) to increase resolution. The reference junction ':‘«;_ Cee

L)

Per b AL taralh mracira et el A e D e
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A ; Water relations parameters '

The 1977-78 winter sampling pattern for xylen pressure poten-—

£

L ) éml (‘l“ ), total water potential (‘l’), osmotic plus matric pOtential
" e nylem .
,j - ‘ (%ﬂr-l-'r)’ and water content (% 0.D.W. ) is shown in Iable 8. See Egq. 1 .
. L ., and 2 ’(p,. 80) for definitions. Needleless twigs of L. Izalli 1 had 15 -
0N @

25 short shoot buds and were one. or ao years old. 'rheae, wintergreen -

neédled shoots fgm the base of mlI'L 1ja111i, and branch tips of the

+ -
¢ a@%r -

: %
e%rgngen, conifers were. clipped. imediately ébaled :lax plastic bag\\and kept

-

2oL cold ﬂﬁ*ring transport to the 'hbonatog for readins~ . Relative shrink-
- e ,"_", A [ ’ \ Voo ,v P
sww_ of the bole was recorded in the field SN Q" !
o e xylem pressure Potentiﬂz - 5? A ¢ T

,.deteminations were made with a pressure chamber B

¥rwof ot (ScholandedM@t)al. 1965) manufactured by PMS Instrument, Co., Corvallis, ’
dR. wfregeufe ‘ ‘srgcreas,ed at about 0“3 HPa-s l.. 'ro avoi’d exclusion v

e . 5, ) - H “w)

errors (uillar and- Hansen 1975,) omly 2 nun of the stem,“ from which the

ark 'had been stripped, was. ,auowed to extend out of the sealing cork.- ) '

+ B
Ky

d lens or tbinoculer microscope was. used to view the return of the

/
@

. \
o . . *
- : e RN
e : o

78

SRS : : . v

Y sap to tfxe cut Surfate. R , : o . ,
SRt A . Yo ‘ B O
VT g vt Pteliminary determinatidns of ‘l’ L made in. the field and after
) ‘y;‘"' ." 3 xylem

the 10 - 16 hr transport t.'ime vere not. si’.ficantly different, ahd

-~

KX variability incteased only slightly.- Thus, it was concluded that: An’

(

win'ter condition tw:lgs and branch tips could be transported to- the lab-;
- . " oratory for detemination of mtft relations parameters. ..,,'[g S ;
,‘f‘" o i .’ Water potential and conponents | B
- R : }(easureuents of‘ Y and !' were -ade hth Speiner (1951) type
poyehro-eters constructed af.ter lhm (1976)., In the labontory. vintet-

Ny
greu needlu vere eut into 5 - upents. and bnds \nre diueeted out

B P P TIEE S BRSO LTS _'_'.f.‘ .ﬂo : L : -,-7‘~ R R
w
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of the short shoots with fine.forceps,.befére'being pla;ed in the cham-
bers. The chambers were entirely filled with tissue. Equilibration
required 24“hg for wintergreen needles and up to 60 hr for ﬁhe dis-~ ;
sected buds during mid-winter. These loﬁg equilibration times areD
extraordinary, yet they were repeatedly verified. Typical time courses
of equiiibration are givén in Appendix A, Equilibration time for buds
decreased to 40 hr in April énd to 20 hr by the end of May. The-slow
equilibration and its change with the season probably relates to the
.state of cdld-hardiness or dormancy of this tissﬁg. and to the effec-
tiveness of the cuticle. - | o
"/Filled psychr;meters were suspended in a latge, well-stirred, room
temperature water bath during equilibr#tion and reading; Readings were
takén with ; microvoltmeter (WeScor(\Epe~, Logan, UT; Model MJ55) after
| application of'a 7 mA cooling current for 10 s. Two readings (withiﬁ
0.3 uv of each other) were corrected to 25°C (Weibe et al. 1970) and
averaged. | |
. After determin;tion of ¥, each' chamber was wrapped in aluminum
foil and submerged in liquid nitrogen (-196°C5 to rufture_ce%l membranes.

After warming to room temperature, the chambers were reequilibrated

(2 hr) and a second set ofwfeadings taken to determine Wﬂ+ .

T »

The psychrometers were individually calibrated using standardized
KCl solutions (Slavik 1974) (see Appendix A). Turgor (Wp) was estimated

by Eq. 1 (Slatyer 1967).

%& ter content

Water content, as percent of oven-dry weight (% 0.D.W.), was

Yom ¥ - () ; R ¢ Y]

deterﬁined for the samples from the chambers after.the psychrometric.

i e A S SR 2 i KSR .

EUR- - 3

L e iwn._ .
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“determinations. Fresh weight (wf)iand dr& weight (wd); after drying

for 48 hr at 45°C, allowed calcuiation of 2 0.D.W. by Eq. 2 (Slavik

1974). | RN
We _ Wy .

ZO0.D.W., =
¥

100 (2)

Relative shrink-swell of bole reading

Dendrometerpositioningscrews (10 cm long) were installed
. . , .

in two L. lyallii trees on «ach sitef A precision dial micrometer mounted

on an aluminum base, with positioning cutouts (Daubenmire 1945), was

‘used to measure changes in bole radius. Repeatability of this measure-

ment w§§‘better than + 75 ym. Readings, taken monthly, from the two

trnes OY each site were averaged

Estimesiun of Damage

Exp08ure‘toleranee of small larch trees
Growth chamber experiment .
Thirty-six small larch ‘trees, 15-20 yr old, were carefully

dug and potted in 23 .cm diameter plastic pots during the summer of 1976
Field soil was used and the soil around the base of the tree was dis-
turbed as little as possible. Many of the roots of even these small
trees extend beyond the volume contained by a 23 cm dia x 20 cm deep pot,
80 root damage could not be avoided These potted trees were maintained
in the field until leaf abscission. ’

Twenty—fogﬁfpf these trees were. subjected to increasingly winter-

1ike conditions in a controlled environment chamber (EGC Inc., Chagrin

Falls, OH.). Conditions in the chamber (Table 9) were changed at two

week intervals. V'; - was monitored weekly as the trees dried. Most"
xy em”
trees had Y £-6.5 HPa after 8-9\&
pxylem

[4




JR R

Table 9. Conditions in controlled. environment chamber during exposure

tolerance experiment on small larch trees.
A}

L 2] :
WEEK" DURATION (hr): - _LIGHT TYPE TEMP. (°C) REL. HUM. (%)
LIGHT DARK LIGHT DARK LIGHT DARK
1, 2 12 12 Full incandescent -5 0 65 90
‘ and fluorescent < '
3, 10 14 Full fluorescent 0 -1 70 - 90
5-10 0 . 2 - - -3 - 15

82




'~ As controls, the remaining twelve trees were kept outside in
Edmonton, Alberta-during'this ﬁeriod and were often, although not !
. , X
" continuously, covered with snow. Tieir ¥ was also monitored.
. : _ ¢ Xylem ,

At the end of the experiment plod both sets of trees were moved
into a gr;enhouse with spring-like conditions (12 hr/12 hry,- light/dark, -
16°/8 °C) and recovery observed. Trees were considered recovered if

4 was similar to that of controls and a full set of needles, which
Prvl . "
Xylem , _ —
lasted one growing season, was groduced.
Snow. fence experiment R
To avoid the artificial conditions of potted trees and growth
chambers, a field experiment kept several small larch trees on the south-
- | ‘ S '
facing site exposedqauring the 1977-78 winter. One meter square snow
fences with small larch trees at each -lower corner (Fig.. 17) were in-
© A
stalled perpendicula& to the prevailing wind direction. Wind deflected

around these ba:riers prevented snow accumulation over the ekpérimental
'trees. Yo “

Water relations pgrameters, as in the other field studies, and
visible dam;ge (reddeniﬁg of needles ;ﬁd needle cast) were monitored
monthly. .These‘data were contrasted to similar data obtained on snow
cpvered trees during the normal monfhly sampling.. In addition, sur=
vival, needle production, and growth of the exposed trees were followed
through the next growiﬁé season.

Field comparisons of damage to larch and fir

To assess the amount of winter damage suffered by L.1lyallii in

comparison to A. lasiocarpa, paired trees were sampled for foliage and

apical and lateral bud mortality following the low snow, high damage

vinter of 1976-77. The sampled trees were groviﬂg side by side

#

.
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Figure 17.

|
l
!

A

Mini-snow fence to maintain snow-free

conditions around small alpine larch

tr

the lower cornmers. Photograph

aken 7 September 1977.

L]
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<
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~.on the south-facing and krummholz sites. Tregs were paired for similar
. peight‘and'exposure. Sampling was done in mid-summer so that live and

T2 <

'dead shoots could eaeily-be distinguished. Live and dead short shoots
and buds were counted, and percent of total follage that was dead was .

determined for evergreen and wintergreen needles. Wilcoxon's signed

ranks test,_oneégpfled, wds used for statistical comparison (Sokal and

Rohlf 1969).

TN

Winter Water Loss Rates and Role of Young igﬁTomentum —

Effect of tomentum on twig temperature

To determine if the tomentum on'1l yr old L. lyallii twigs
influences radiational heating, measurements nere made of the air-twig
temperature differential for tomentose 1 yr twigs and non-tomentose —

3-4 yr old twigs. Measurements were made on a clear October day (16th)
when air temperature ati'twig level (1 m) was 5.8 ;~0.2:C. Two.pairs
of thermocouple networks{ each consisting,of three fine wire Cu-Con
thermocouples (0.076 mm.diameter) connected, in parallgl' were read al-
ternately 15 times with the equipment previously desc;ibod (p.77).
Thermocouples were attached to twigs with fine spring-steel wire clips.
One network pair gave air-tomentose tnig difference and the other gave
air-non-tomentose twig difference. The unpaired t-test was used for

. ‘ . L. , e

statistical comparison.

Rates of water loss and effect of tomentum

. The rates of water loss were determined on alpine larch twigs »_¢?

collected on 19 February 1978. Branch tgiga,»including‘3—4 yr of

‘growth were sealed in plastic bags," clipped. and kept frozen until ‘the

rate determination could begin. In the laboratory the 3-4 yr and 1 R

)
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yr sections of branch were clipped and the esut ends sealed with 5 min.

epoxy. Paired new growth twigs were chosen for evaluation of the effect
of tomentum on the rate of water loss. ﬁ;ing a scalpel, the tomentum .
was carefully removed from qne twig in each pair. Five twigs of each .

type (1 fr tomentose, 1 yr stripped.'3;4 yr non-tomentose) were arranged

,.
= -

randomly‘in-styrofoam supportg, uhich held. them upright. Onelset of -

iS'CVige was prepared for each of four environmental treatments. N
Four.vapor pressyure deficit (VPD’ treatments were obtained by using

high-and low hdhidity desiccators (85 and 8% at 25°C) under high‘and

-2
low radiation (200 and 50 Wm ). Constant humidities within the des-

-

iccation chambers were maintained by saturated solutions of KC1l and

KOH, respectively (Winston and .Bates 1960). A fan inside each chamber

[

-maintained adequate mixing and high air Speeds; Air~and twig temper—

“

atures were monitored with fine wire Cu-Con thermocouples (0 076 mm
diameter) read with a digital thermometer (Fluke co., Mountlake Terrace,
WA; Model 2100A) The experiments were conducted inside a controlled
environment chamber (EGC, Chagrin Falls, OR), which maintained air tem-
' peratures of 26.2 .¢Z.O°C under low light aid 34.8 1.0°C under high

light. ,

At apprdximatelyltwo hour intervals the twigs were removedrfrom
y- : .

¢

the desiccators and quickly ueighed on an analytical balance. After

eight hours the twigs were dried at 80°C~to constdnt welght and meas-

A\

ured with calipers. Surface area was calculated using a cylindr%cal

7

model. The glass bead technique for determining surface area (Thompson
and Leyton 1971) was ineffective beeause the tomentum and waxy bark

wprevented uniform glass bead adherence.

° . N
v \
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RESULTS v

The Winter Environment

The north- and south-faciné sites did not show any differences in

'pwnthly minimum temperatures during the 1977-78 winter (Fig. 18a).

Monthly maximum- temperatures were also similar from September -through
December 1977 despite the major exposure difference. From January

to June 1978, however, tme south-facing site was consistently 1 -4°C
warmer on the warmest days. On the south-facing site, at Jleast one

day per month was above freezing, except during December when the maxi-
mum temperature was -1°C. ‘on ‘the- -north-facing site, the maximum tempera-

ture was only slightly above the freezing point (1.0 and 0 5° C) in Decem-

ber and January. Because of these low monthly maximum temperatures,

“ there was probably little or no thawing of exposed plant tissues &uring

" December on the south~-facing site and during December and January on

the north-facing site.

 Figure- 18b shoﬁs the much greater snow accumulation on the north-

 facing site, a result of eerlier snowpack development, iess consolidat-

3

tion by wind and solar heating, and protection from the prevailing winds.
The great range of snow depths on the south-facing site in November

is the result of “Snow redistribution on this exposed site during a par-

ticularly windy month (Environment Canada, 1977). Differential accumu-

lation on the two sites was noticeable in December and Janﬁery, but

4

" wind data are migéing. Accummlation was also different on the two sites

-

~ during March and April, a result of higher maximum temperetures on the

.

south—facing site.

The difference in Snow cover during September and October. in com- .

- v
bination with the different exposure results in very large differences

/

87

[ T N



- Figure 18, EnQironmental data from the north-facing (N) and south-

(

-4

facing (S) study sites for .the 1977-78 winter season;

"a) absolute monthly maximum and minimim temperatures;

b) mean and range of snow depths along 10-point, contour
transects; c and d) soil temperatures at 0, 10, and 50

cm depths on north- and south-facing sites, respectively,
(The average of two measurements at each depth is plotted).

¢ -
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in soil temperatures on The two,sites (Fig. 18c and d) ln late August
and early September. frost often remained on the ground un}il mid -day
on the north-facing site. At the same time, soil surfagf temperaturep
on the south-facing site were as high as 20 - 25°C. After an insulating
mantle of snow (~ 50. cm) had developed the soils maintained a fairly
constant temperature profile. They were not < —1 0°C at 50 cm and only
a little cooler above. The soils became isothermal at -0 5°C in late
Aprdl (south-facing) or mid-Hay (north-~ facing), probably because of )
snowpack meltwater influx.

Meteorological data (Environment Canada 1968 to 1978)  from Marmot

Creek Basin allow comparison of 1ong—termdmean conditions with those

'of the 1977-78 winter when the intensive'sampling was done. At a station

only O. 5 km west of the north-facing é&udy site mean monthly temperSL

. tures throughOut the 1977—78 winter were very close to the 10 yr monthly

4

means (Fig. 19). Interpretstion of winter-time—absolute maximum and

. ) o ‘ ,
minimum témperatures is difficult'because of their wide ramégdand great
daily fluctuation.(Janz and Storr 1977). To ‘aid in injﬁrpreting the

absolute maxima and minima given in Fig. 18a, similar <values, based

on the 10 yr record, are compared o the mean maximum and minimum temp-

eratures in Fig 19. ' I
/ggnu—acoumﬁlation during 1977 78 was also very close to the 10

yr mean (Table 1Q). Other environmental variables (humidity, wind speed,

radiation) show grehter deviation from the 10 yr mesn; Although humid-

ities were highex than normal, at the low winter tempetatures this makes

little difference in: vapor pressure deficit Wind speeds were greater

-~

‘than normal in the fall and early ‘winter (1922)1~bu£\2210w normal in

the late winter and early spring (1978). Incoming short-wave radiation
. R . ’ .

bmanl e maf
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Figure 19. Ten year mean (@) and absolute (4) maximum and minimum teémp-
eratures, and mean temperatuyres for the 1977-78 winter (o)
at Twin 1, (2285 m). This station is 0.5 km west of the
northefacing study site in Marmot Creek Basin. -Data from
Environment Canada (1968-1978), : , .
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.
Table 10.. w:(nter environmental data, 10 (9) yr means and 1977-78, from
) ' meteorological stations in Marmot Creek Basin., Humidity, .
vapor pressure deficit (VPD)* and wind are from Twin 1 (see
. Fig. 19) Radiation data are 9 yr meaf)f from Twin 12 (1750 m)
. 4in thei'sibalpine forest . 3 km east of the study sites, Snow
. watét—equivalents are from a permanent snow course (#19) in
| _ B Hiddle Creek cirque between the two study sites.
v .
' PARAMETER. MONTH 1977-78 10 (9) YR,
" Mean humidity '¢3) !»‘,Océpbet 61 61
' : . ‘December 76 _ 72
_ ... :February . 76 67
¢ i '“f Uy April 76 Y
», Mean mxim “i.  <October : ,_ 0.50 - 0.43
" VPD* (kP&) f ¥ ﬁecember . d.14 0.15
e - ';"»‘{-7 BMERS February . . 0.18 - 0.22
\_‘1 :5“5 .. April . .. . 0.29 .0.34
- H’ean wind Speed October : 4.5 3.9
; (m 8 . 1) AR HNovember (Dec. missing) 6.0 4.3
v . wﬂe ruary 3.6 3.9
D ‘April 2.3 3.5
Mean dafly global 2 ) i :
radiaticm (MJ n ) Octobpr _ : - 11.1 8.6
£ Pecember 2,1 2.2
" = February: - 73 6.3
, -April 12.1 15.8
~Mean s&m was_}r— Fébruary ° : 12.7 13.0
equivalentw(cm) . March -~ =~ | : 14.7 15.5
o April< ) ’ 24,6 - 21.6
) P fo 0 'May 2 i ‘ 32.3 % g, 24.4°
TR T Jme . | -7 e
: ' e ‘
*VPD ‘calculated frvﬁ mea;s\ mopthly tempetature and humidit:y according
‘to Villiaxﬁs and Brochu ‘*(1969)
‘ql . . LJ
e ( R
‘ ‘L T o A
N Ao . o a
"
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also varied from above to below mean on a month-to-month basis. Although
some parameters deviated slightly from the mean, in Marmot ~Creek Basin
‘the 1977-78 winter was very close to average in the Amportant parameters:

temperature, VPD, and snow accumulation.

Seasonal Variation in Water Relations Paraneters-

Winter water relations parameters of L. lyallii saplings on both
sites are shown in Fig.. 20. Wﬂ+f'of dissected buds drbps to very low
values (~6.6 and -7.0 MPa, north; and south-facing, respectively) in

December but rises in late winter (Fig. 20a) . Estimates for ¥ based
;on WN+T and November and January Wp are also very low (—5.0 and -5.3
MPa, respectively). Seasonal variation in both ¥ and ¥ T is similar

,

- to the variation in‘air temperatures. The correlation of Y 1 is better -
with maximum temperatures (r=0, 89) than with minimum temperatures (r= ~
0.73), but both are significant at p<0.0l. "The extremely low values

of ? . recorded for'becember are near the limits of measurement by
thermocouple psychrometry (Van Haveren and Brown 1972) and should be
. regarded as estimates. The large standard errors of the December and
January measurements reflect this uncertainty. Neverthéless, these
measurements are indicative of very low potentials.

As with ¥ and ¥ T+’ there were no significant differences in W

' of dissected buds from-the two sites. W remained quite high (mean

of 1.5 MPa) and. constant throughout the winter (Fig. 203) The first
visually observable changes in . the buds occurred in March, when during .
'dissection the immature leaves were more fragile than usual Initial ., —

expansion was not apparent until April and was proceeding rapidly by

the 1 June sampling. Yp declined significantly (p<,05) during expansion.



NG

Figure 20. Water relations parameters of Larix lyallii saplings on north- - °

facing (N) and south-facing (S) study sites during the 1977--
78 winter: , a) total (Y¥), osmotic plus matric (Y__ ), and

turgor (Y,) potentials of dissected buds (mean £ SE,

n = 4(5));b) water content (X 0.D.W.) of dissected buds (mean
* SE, n = 4(5)); c¢) xylem pressure potential (¥ ) of
: ) pxylem
twigs (mean *+ SE, n = 7); d) shrink-swell of bole radius
”(;%,relazive to the value on 18 September. 1977 (mean, n = 2).

A1l samples were collected above the snowpack.
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Bug expansion is fhdicated\bylthe-loo -x1202 0.D.W. increase | /
in water contgnt_f}pmiuarchrto Apﬁil {F;g,iZQb). Ih:ougho;t the winter '
- there were no significant differences‘bgtvgen nhe tvd.sites, except
in January, when the buds“on the south-facing sit;:shqﬁed a'34%

0.D.W. increase in Qaté: content. At the same time, water,contént‘of”
buds on the north-facing site remained almost unchanged from December.
Buds on this site had reh;zzated to pre-December values by March. These
diffe:encgs parallel the pattern of maximum temperatures on the two |
| sites (see Fig. 18a). It appears that when temperatures of ;5,t0w10fc
occur, the tissues thaw sufficiently to aliow bhd\rehydration ébnsistent
with their hardened state. - ) ‘ ‘ o«

Notwithsfanding the exceptions Just men;iéned, water content of
thé dissected buds remained relatively constant thrOughoun the winter

months. On both sites, buds show a trend of water loss from October

through December or January decreasing from 142 - 1362 to 108 - 100%

0 D»W - In the late winter (March) buds from trees at both sites
rehydrate to 137~ 143% 0.D. W before rapid expansion and water uptake'*

begins in early sﬁring (April) (Fig. 20b). ‘While these small changes

in water content'afe proceeding, Y and Y%+T are undergq}hg large change;.
Using the Van't Hoffvrela;ion (Eq..3), an apptoximatioﬁ of the expected
osmotic pressure (Hs) chhﬁge dﬁe to the concentrétién effect of the -

\ méésured dehydr;tion can be caléulated (Nobel 1974).

. .HS-RTcs' | o =
where R = gas constant (8.3141 x 10_3 l-HPé-mole_1'°K-1
" o . ’ /
T = temperature (°K)

cg = total’solute~conéentratiqn (molesokg-l).

r“” =
- Y :
L T
L .
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From Eq. 3 it can be seen that the osmotic pressures of states i and .

j;fﬂs _and I[8 » respectively, are related to-the concentrations, cs'

1 3 ' : 8y
and'cs » by Eq. 4 (assuming conatant,temperature):
5 ) . ,
I c_
s, ° 8
. P (4)
Hs' cg
J h

The ratio of solute concentrations can be calculated from water content
data by making an assumption about the portion of dry matter that is

osmotically active, Assuming 1002, which will overestimate the differ-

-
, ence, o
I
c
s X2 0.D.W
L . ] (5)
J X 0.D.W..
8 i .
k|
k
Substitutlng,
N AN} .
nsi y 4 O.D.W.j B
- | - (6)
It . X 0.D.W.
Bj i

Bud water content declined from 142 tolllOZ O.D;W. on the north-
faclng site and from 136 to 100Z 0.D.W. on the south—facing site from
October to December. Using thege values October W values as esti-

mates of . ﬂ (-3.87 MPa and -3. 4 MPa, horth— and south-facing, ‘respec-
84

\
tively) and Eq. 6, predicted December H values can be calculated

5
Thus, estimated December ? values for the north- and south—facing

sites are —4 98 MPa and ~4. 69 MPa, respectively. These estimates would

be ~ 0. 60 MPa less negative if only 502 of the dry matter was osmot-

—

ically lnactive. Hatric potential effects and solute interactions are

—

not included in the estimates (see Nobel 1974) Nevertheless, the esti—-

~ mated values are much less negative than measured December ¥ T for

» : S~
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~ the north- and south-faeing sites, -6:61 MPa and -7,00 MPa, respec-
‘tiyely} | .

These differences~and the parallel rise in Wﬂ+T on both sites in
January, when water contenta fell slightly on the north-facing site,
but rose on the south~facing site, support the conclusion that the _

observed changes in water potential are not due entirely to dehydration

of the buds. The pattern of watey potential changes is probably related

.

to the cold hardiness and dormancy of the tissue. It thus may be underh
/

physiological rather than direct environmental control,
Total and osmotic plus matric potentials and water contents were

determined for buds of small L. lvallii trees in the same manner as for

the saplings, and in all cases the values obtained were not different

(p-0.0S) than the corresponding values for’sapling buds. This corre-

spondence further supports the conclusion that the buds of larcglare,

relatively indifferent to environmental conditions during winter.

s

Xylem pressure potential of the needleless twigs of larch showed

a pattern very different from that of the bud water potentials.- The

lowest.? ‘ was reached in March and was much higher than the lowest
xylem
pbtentials obtained from the buds (Fig. 20c). Data from 1975—76 and

1976-77 confirm this pattern of xylem pressure potential through the I
winter season. The lowest b4 measured for well extablished trees

. - ' ,‘pxylem ' - '
was -3.60 MPa in 1976-77 on a very exposed, north-facing site at -‘Highwood

- Pass, Alberta.
.'Xylem Pressure potential was consistently-IOWer on the”north—facing'

site, although only statistically so in September March, April and May.

A possible explanation for the lower potentials is shown by the lower

98
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shrinkage of the bole on that site (Fig. 20d) Perhaps due to less
4

thawing of exposed- branches ‘and  twigs, water atored in the bole above’
.

.the snowpack and 'available' (Latcher 1963; Jarvis 1975; Waring and

Running 1976, 1978) could not move to thebranch tips. Thus ¥

xylem
fell to lower levels there; A simple diagrammatic model relating bole

storage,%) and bud ¥ will be given in the discusaion (see Fig. 24).
xylem
The low xylem pressure potentials seen in late winter or early

spring, and differ&nces between sites suggest,that this parameter is -

an indicator of cumulative, winter season, net water losses.; It appears
o be influenced directly by envinepmcital rather than physiological

cbnditions. Also, ¥ ., 1s not cfosely 11nked to bud water potential
A xylem
. The rat}o of'bud water potential to twig xylem pressure potential

(from the same samples) is shown in Fig 21. This indicateg,clearly

the very high resistance that must exist between the short shoot buds

¢ . J "

and the xylem. The resistance forms rapidly in early October and

probably remains quite high until_February’or March,-by”vhich time the

two potentials are again in equilibrium. Small variations:around the

1/1 ratio in June, July, and August (included for comparison) and in

February through May are probably the result of experimental errors,
s :::.-ﬂ*-
diurnal variations and non-edﬁ&librium conditions._
On the north-facing sitg twigs below the snowpack have the same

or higher xylem pressure potentiat than twigs on the same trees, but

I3

99

.above the snowpack (Fig. 22a) Onﬁiﬁe sonth-facing site, however, twigs ‘

* :
below the snowpack have lower b 4 than twigs above the snow.‘\A%f
pxylm B -

though.these trends are apparent, statistically there‘are\no differenceo

(p-O 05) between ¥ above and belov t!ﬁ snowplck. Xylem pressure
: xylem’
potentials from 1975-76 and 1976—77 follow the same trends. These

q



-]

V)

>

&

MOVEMENT TOWARD BUD

/1

oy
"%W'mrmv

- Figure 21.

November and January turgor (‘l’ ) from ‘i’ determined in
_ December (See Eq. 1). :
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MONTH

'.l'he ratio of leaf or dissected bud total water potential

(¥), as determined by chamber psychrometry, to. the xylem
), as dete ed by the pressure

xylem r(nin

hamber technique, varies si.milarly in trees from both the

north-facing (o) and the south-facing sites (®). Y values

for December were estimated by subtracting the average of

(44
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Figure 22, Monthly, midday (1100-1300) xylem pressure potentials of: )
- a) twigs of sapling Larix lyall both north-facing (N) ' o
and south-~facing (S) sites, and collected either above '
(SE given in Fig. 20c) or below the snowpack; b) twigs from
above and below the snowpack dpd wintergreen needled branch
tips from below the snowpack, of small L. lyallii on the
south~facing site; ¢) branch tips of Abies lasiocarpa (fir,s),
Picea engelmannii (spruce,s) and Pinus contorta (pine,s) on -
_the south~facing site, and A, lagiocarpa’ (fir,s) on the north-
facing site, all -collected above the snowpack. Mean t SE,
n=7," ' ) - ’ o

\“\




XYLEM PRESSURE fPO'fENTlALS (MPo) OF:

—

<

-

SMALL TREE TWIG AND WINTERGREEN

SHOOTS

<

SYMPATRIC EVERGREEN CONIFERS: |

PINE (S5), SPRUCE (8), FIR (NAS)

4

NEEDLED

ABOVE AND BELOW SNOWPACK

SAPLING TWIGS ABOVE AND BELOW

SNOWPACK

-

u :

i ——~ T p—— v -

. ,. 1977|1978
S 0 N D J F M
05 T T Y T T T LRI | O.?
- N ~TT ) -
“ -
N LAaovr:” % NBELOW%
-1.8 [ 4 ‘\i

[
»
o

RED, SEVERE DAMAGE
L

A

S 0 N D

1977

|

= MONTH

J .

1978

g -

102



— e AN

: . 103

o

data also show that‘tbere'was no detectsble diurnal change in sapling -

twig ¥ - U -
0 Paylem | | :
The water potentials and water content of L. lyallii sapling buds

»

-from above and below the snowpack (Table 11) also show no statistical
differences (p=0.05). .These data (except the January water contents)
show the same trends as the ¥ .measurements from above and below

- "~ Txylem
- the snowpack on the two sites.

: Small larch tree twigs on the south-facing slope show much lower

xylem pressure potentials, -3.5 MP@ ‘than do twigs from larger trees,

~2.5 MPa, on the same site (Fig, 22a and b). Twigs and wintergreen
; ¢ -~ .
needled shoots protected by the snow have much higher ¥ . than

- Xylem
exposed twigs (Fig. 22b). This: again contrasts with the results from

iz ki T R

saplings, where there are no above - below snow pack differences. » ¥

v

Only a small volume of water can be stored in the stems- of these

small trees, Therefore; even with thawiné, little water can be supplied .

.to the twigs. Continued water loss causes the ¥ of'exposed twigs
xylem
to-fall, while snow protected twigs lose little water. Thus, they have

_higher Y  values,
. xylem : T
Figure 22c shows the xylem pressure potentiale of the evergreen o 2

conifers sympatric with L. 1lyallii on: both study sites. . Ables lasio-

‘carpa, Picea quglmannii and a few Pinus contorta occur on the south-

facing site, while only A. 1asiocarpa occurs oo\the north~fac1ng site

Pinus contortashowaiapparent visible damage, and appeared chlorotic

" in January when at only ~1.80 MPa. After this initial.damage had oc--

curred, ¥ ) dropped sharply and severe damage was apparent A
Pyylem

number of exposed brauch tips were killed while on othets 50 - 80Za/;

the needles -were killed Windward shoots of Picea e engelmannii yere
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" Table 11. Water potential (¥) and water content of'bg,cls of Larix lyallii j
‘ ngs collected from above and below the snowpack. No -
‘abbve-below comparisons are significant (p> .05). t-statis-
tic and df are given in parentheses. : .
MONTH (1978) .y (MPa) . WATER CONTENT -(%0.D.W.)
AND STTE ABOVE 'BELOW . (t df)  ABOVE- BELOW (t df)
"\. - -
“January . .o ‘ '
- North-facing ~4.0  -3.4 (1.3 3) 108 100 .(0.8 3)
. February L | \- . C - '
South-facing . -1.7  -2.00 (2.0 6) 130 120 (2.2 6),
Mgrch_ ' | o o . ..

. South-facing -2.6  =2.6 (0.2 4) 143 127 .(0.7 4)
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damaged in anuafy and had»WP = -2,56MPa. Leeward branches showed
xylem '
no visible damage when examined with a hand lens and had Wp, .= =2,30
. xylem
MPa.  The ¥ - values were not ststistically'different (t=1.69, df=6).
' ~ Pxylem .
There continued to be both damaged agﬂ\hndamaged shoots (and needles)on ' e

P.’ eng#imannii for the rest of the winter, but no significant differences

\ were found in Yp. of the-two types. Of the evergreen conifers,
: ' xylem - ‘ - .
o° the seasonal 5sttern of . spruce b4 was most similar to that of L.
. xydem : .
lzallii (Fig 22a and c¢).

'

“ ,
The sampled A 1asiocarpa showed no apparent damage on either site \ 5

during the .1977-78 :winter @&ven though Y ‘fell to -3.00 or -3.20 , ;

p 1 ° N LN

. Xylem . : . !

HPa in February (Fig 22¢c). . - ¢ e
| The ¥- : of subalpine fir was nearly identical on both sitesc

pxylem ‘

frdm December to Harch In April however, when the needles were notice-

ably greener and more flexible than previously, the sough-facing site
‘s

fir trees dropped to their lowest seasonal potentials. Trées on the

: north-gacing_site remained at their March levels. /This difference is
o , v o 2

r; probahiy due to the more severe rsdiational.conditions:on the south~' o ' ;
';facing.site, csusinéﬂneedle over temperatures &ndnincreased water 1oss
rates. Uptake rates on both sites were probably similar since soil tem- S
peratures wefe nearly identical and the snow~insulated boles-were probably ) Df

. at least partislly frozen.’ It is also possible that some stomatal

activity was involved in the rapid.prYIém decline qf fir since/neither-
pine nor spruce on. the same site showed a corresponding drop. B

‘ From September to November, fir Tp 1;m chsnged little on the south—yw
fscing site.'. ing this period 50 cm soil temperatures on the south~

fac g site de ined froi 4""to o°c.. * Soil misture vssprobab‘ly high -

Begause of nelted fall snows . These-conditions allowed fir on the -

N -+ . . X . .
. ¥, - .
2 - ' . ’ . ' N o - o
b . v, ' . - . . s
. - . T ) . - N . . . .
. ‘ . . . . B "‘ . . .ot P '.' ’ .
” a . - . . . - . ‘ . 4 . o H rs
. . . . : . - . Toa
. . v M N
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south~facing site to replace water 1d§§és. thus preventing any decline .
dn ¥ - -, On the north-facing site, however, less water uptake occurred
© Pyvlem : . =
- Xylem : v . .
because of the colder, drier soil and W dropped. .In December and

AN " . xyleln
January water.losses of fir were greater on the south-facing site than

on the north-facing site due to differing radiational climates, but sim~

11ar soil temperatures /ﬁL\\\ - | o .ot
: The water uptake and loss\;;ttérngmofvfir shown by V , and 1n

‘ xylem
many ways those of spruce and pine, paraiifl*the patterns of larch. This

supports the conclupion that th water 4 tus of the ssues, as measured

by the Scholander pressure chambe » 1s gontrolled hy egiironmental con-
ditions.. In contrast, the water status of the larch buds, which behave

as a relatively isolated system, is cued by environdental conditiona,
N b
\\

-but is under physiological control.

Limits of Tolerance to Desiccation‘

When small L. lzalli trees in pots were dried to low Xylem pressure
potentials (<4§.50 MPa) in a growth cnamber, all’ wintergreen needles were
cast. The trees recovered after watering and warming, at the‘same pace
as that of the control trees, and bud burst and needle elongation were

similar. After one season's growth in a greenhouse, twenty (8X)

!
.of the streSSed trees had produced full sets of needles, showed high

Y and appeared healthy. Eleven (92%) of the Jcontrol trees had
pxylem .
survived. Survival was independent (X =0.46, dfal) of the drying treat—

ment, even after the damage to roots caused by potting This.experiment

' shows that small alpine larch. trees are tolerant of ¥ lower than

Xylem
any measured in naturally growing trees, whether protected or exposed

The wtntergreen needles, however, do notjfolerate sufh drying, and if

killed represent a major carbon ioss, and'replacemant cost for these trees.

~
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Results of the snow fence experiment are given in Fig. 23. Osmotic

plus matric potential of protected (control). wintergreen needles reached

a minimum of -2.90 MPa in December, while that of the exposed needles - lfk

fell to ~-6.20 MPa in January (Fig 23a). The wintergreen needles appeared i
burned, but were not cast until February. Only those needles (~ lOZ)

——

closest to the main stem and protected by the numerous short branches |

survived. Water content declined significantly_(Fig. 23b) and t;ﬁﬁor R

'fell to zero (Fig: 23a) as the needles suffered damage and died The ; e

‘snow protected needles remained hydratéd (Fig. 23b), maintained turgor

(Fig. 23a), and were healthy through the following (1978) - growing season.
Although most wintergreen needles on the exposed trees were killed

the short shoot buds on those.same branches were undamaged . After rehy- T

dration” in spring, 1978 as shown by the recovery of branch T (Fig.

xylem
23c), they produced a full complement of new needles. The ¥ : of

P

wintergreen needled shoots on control trees rose sharply to —gyigmMPa
in November, after the~development of a protective snowpack. Water uptake
from the soil probably accounts for this rise as soil temperatures at
-56 cm andibelom mere >0‘¢. Protectedlshootiwp '1;@ then remained above
-1.,0 MPa throughout the'winter,ffig. 23c5. i

TheSe'data‘support:the.conclusions reached from the growth chamber
experiment. tWintergreen~need1es of youngﬂlarcharetun:tolerant of ex~
- posure to winter conditions, and suffer severe dehydration and eventual . i {
mortality when not protected by snow. This damage apparently can occur 'g
»after only one month's exposure. The buds andbxunches,hOWever do survive- ;
undamaged after prolonged.exposure and dehydration to low (-4.00 to . o "-é
'~6.50 MPa) Wp - . This level of dehydration or exposure‘is not common :

xylem . : . -

—




Figure '

554

/

o

‘W,.a.ter relations parameters of small Larix lyallii trees which

were protected by the snow pack (controls) or experimentally

‘maintained in an exposed condition. a) total (¥), osmotic

plus matric (v, + ) and turgor (Y¥:) potentials of winter—

‘green needles ( mean + SE, n=4); bf water ‘content of winter-

green needles (mean + SE, n=4); c) xylem pressure potential

,(‘l’i) . ) of ‘wintergreen needled shoots (mean + SE, n=7(5)).

xylem

po—
¢ e
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under field conditions.
It is also apparent that W'of'wintergreeh,needles is not equivalent - :
" to the WV '~ of the branches which bear them
< »pxylem \ ,
is true over a wide range of potentials when the branches and needles are

(Fig. 23a and c). This

in winter condition, Thése-data.impli fhat a largemtésistancetto water
movement forms befveen the xylem and the wint;rgré;;'ﬁéedle in a manner
analagoﬁs to that seen with the ovefwintering Buds (see Fig. 21). The
fesultrof this istthat the.needles behave'as ; system relatively independ-
ent of the ﬁylem. When protected/by snow, little if any water is lost,

and @ and-‘l’ﬂ;_T vary in relation to the state of ha;diness or dormancy on
theﬁeedles. Without snow cover protection needle loss is much more rapid
than uptake from the xyigm, and both wgtef content and ﬁgﬁentig} fa1{:
Lethal levels of'deSiéca;ion are rapidly reached. Thisxsugge;ts-that the'.:
stomateféuticié system of wintergréén{larch n;edIéS‘is less effective than |

o~ 4 . S

that of the evergreen conifers. The importance of snow cover for éscabe:' [{//
. lishment is also suggested, and will be discussed in the context of the
‘carbon cost of loosing'overW1hter1ng needles, and concommitant reduction

; in carbon gain the following season (see Ch. VI). .

.

Comparison of Damage to Larch and Fir

Comparisén3of the améune-df damage caused ﬁy wiﬁfét desiccaiiﬁn and/or
'abtasion to fiflaﬁdrlatch gives some inditgtiohAof the relativgléanntaggs
_of béing evefgreen or déciduous unde; winter conditions at timberliﬁe.

The ag;éay_an&.lateral budﬁ of iagch‘suffe;ed one third as mﬁch ?éﬁage-

,'as those of paired subalpine fir during the 1976-77 winter. Also, the
foliageproducing short shoot buds of larch were damaged oue-half as mich
as the foligge of fir.(Table 12). ‘These data show that theﬁhigh toieranée .




-

Winter damage to subalpine -larch and fir on two exposed sites

Table 12.
during the low snow winter of 1976-77. Paired trees, 0.35 -
2.0Cm tall, were sampled during the 1977 gtowing season.
Mean percent dead is given. .
‘ APICAL & LATERAL nﬁns FOLIAGE OR
SITE  SPECIES AND / OR BRANCHES * SHORT SHOOTS
(X dead) (Z\ggfd)
South~-facing Larch -  13.2 . _‘ 16.6
Fir 40.3 ~ 34.8
(One-tailed, =~ T=-2 .  T=-3.5
Wilcoxon's . ' ) : o o
signed rgnks test) p=.005 - S p =01
Krummholz band  Larch. | 33.8 - 16.8
- o y I T _ :
Fir : C 50.5 o 40.8
» "+ (n=4; too small for

" Wilcoxon's test)

e s st T VR
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of alpine larch to desiccation, shown previously, results in less damage
to not only its foliage producing buds, but also to its growing points
_This is especially important in allowing L lzallii to maintain an up-

- right growth form under more rigorous conditions than fir, and probably
accounts for its oocurrence in a band ahove-the subalpine fir—spruce

~ forest. Much reduced damage to apical, lateral, and short'shoot buds

is a major‘advantage L. lxallii_obtains by being deciduous.
= - ‘ -

Role of Tomeptum and Water Loss Rates

The growing shoots Pf'L. liallii are covered by a dense,_white_
tomentum which usually lasts through one winter. Two hypotheses that
explain its presence. can be tested during the winter.f The first sug- -
gests'that’tomentum oanﬁalter the radiation balance of the twig surface,
hence reducing twig temperatures. The second hypothesis’states that
the tomentum'decreases thevrate of water loss by.increasing the thick-

- ness of the'boundarp layer. - ) | |

Aocording to the first hypothesis,-loweﬁed twig temperaturesvwould )
reduce the water vapor pressure gradient, effectively reducing water’

loss. Measurement of. tomentose ‘1 yr twig temperatures, simultaneously

" with measurement of non—tomentose-3-4 yr twig temperatures was done,to

L

test'this hypothesis. Results showed tomentose twigs to be 0.4 + 0.2% o

-to l 0 + 0.3° C lower in temperature than non-tomentose twigs. Is this

[

small reduction in twig temperature ecologically significant?

112

The change in the vapor pressure gradient (due to twig temperature

reduction) is directly proportional to the change 4in the rate of water

Y

loss by Ohm's ‘law analogy (Slatyer 19610 Conditions similar to late !

vinter or early spring were: assumed and the vapor pressure gradients



, . . e
: .- o : '
calculated for twig temperatures 1 C over or equal to air temperature.

Assuming: twig saturation (100% relative humidity), air temperature of
>5°C, and reiative‘hunidityrof 4bi}”a ibéhreduction'in twig.tenperature>
would only reduce evaporative losses by 10%. It is problematic whether
such a reduction would.substantially decrease shoot mortality, and thus
be'cOnsidere; ecologica11y~significant Considering the great tolerance

of alpine larch.to winter dehydration due to the ‘isolation of the buds from
the main volume of twig tissue, as shown above, it is doubtful whether this

\.

is the case.

Measurement‘of actual‘rates of water: loss under'controlled envi- =

ronmental conditions allowed calculation of the conductivity to water

vapor, and .an estimation of the effect of the tomentum on it. This

_ approach was taken to test the second hypothesis for tOmentum preSence.i

The flux of water vapor from the twigs (J)-was calculated from the

weight loss'rates and twig_areas;"Then, assumming a constant vapor
wdensity gradient (p wig surface —:pair),_the conduotivity (K) to water

vapor loss was calculated"from the integratéd'form of Fickfs‘law (Eq. 7):

Vg . (Prvig: surface “Pag) @
: T . ""4 L . ;
- where r = resistanCe = %
' W ) v.c e 1 T ..
Mean conductl;ity for tomentose 1 yr twigs was 0 0046 cm:s ~, for . -

“stripped 1 yr twigs was 0. 0059 cm- s 1, and for non-tomentose 3 - 4 yr

‘ . =]

',‘twigs was 0.0051 w8 1I Resistances were 217, 169, and 196 s-cm *,”
. ) / . ) h - . ) ) R . . . ! . B :

respectively._. ' E

. Analysis of variance of the conductivity datg}(Table 13) showed that

'-»'there were no significant differences in the condugiivity to water vapor

‘bbetween the three twig types. The tomentum did not affect the water vapor -

loss,rate enough to be-detectedOin this”experiment._
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. . . . c. — ' o
Table 13, Nested ANOVA for differences in conductance tovwater'vapor
" of three twig types under four vapor’ density gradient treat-

ments.

- o

., SOURCE ~  .df M§ F p
_Replicates = | 4 45.007 x 107 1.88  'n.s.
* Vapor dénéity gradients . .3 59.535 x 10"6 25;87 -0.01

’Ef:or' s o ‘. 12 - 2.136-x110-§ R .-.:—.

; \ — :
‘Subtotal - 1 :

Twig type 2 7.989 x 107° 1.44 - n.s.
 ‘ Twig type X Vapor density - T -6 .
gradients . .6 - 5,561 x 10 ' 4.99 0.01

- Error, ¢ - - 3 113 x 1008 ¢ - -

Total - R 59
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.Conductivities were significantly different at différej:/zﬂpor,den-
sity gradients (Table 13) Mean conductivitics of all twig ypes were

higher in the 1ow vapor density gradient treatments than in the high

\

,gradient treatments (Table 14) This differfnce is caused by the up

to ten times greater amount of water lost by\the twigs in the higher
3

- -vapor density gradient treatments. ‘The amount of water in th twigs
- o -
affects the vapor density there (p'wig surface) and thus affects the
vapor density gradient; Xylem pressure potentials of all twigs were -
>-2 35 + 25 MPa at the beginning of the experiment, and, based on other
twig drying experiments, had fallen to ~ -6.50 MPa after eight hours in
the driest treatment. This change, although large biologically, is not
great enough to explain the 507 reduction in rate of water loss.

.. “  The amount of water in the twigs’probably also affects the physical -
E properties of the bark, causing the -conductance to decrease as the twigs
; o , . ,

! become drier.: This may»be the cause-of the-difference shown in Table

4, It may also: explain the significant interaction between twig type

and, vapor pressure gradient (Table 13) The interaction suggests that

the physical ‘changes in the bark are not identical in the three twig

‘types. - . o . y L o

‘DISCUSSION . . ;’ :

-
x\t

y

3 Well established L lxallii suffered far less winter desicca\ion

‘.damage than the dominant, sympatric, evergreen oonifer, Abies lasiocarpa.

Relatively.. light damage to apical and lateral buds (Table 12) explains
how alpine larch maintains an up?ight growth form, while nearby ever-

'greens are forced into krummholz forms (Arno ahd Habeck 1972). Greater

o

..damage at the krummholz site than on the south—facing site agrees with
. i

Y . ‘
s

e ) .
BN .

s
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Table 14. Non-significant ranges (p = 0.01) by Duncan's Multiple Range
B Test for mean conductance of all twig types at four vapor
density gradients. : : ’

'->Vapor density gradient - - . 37.4. - 22.5 = 7.1 3.9
. 0‘8 . cm"3) : )
A '\ )

.« o

1

K@m-sh  0.003  0.0035 .  0.0074  0.0063

\
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the results of Michaelis (19368) Wdrdle (1968), Holtmeier (1971),
Lindsay (1971) Baig et al. (1974). and Platter (1976, in Tranquillini
1979) However, even at*Lhis same site L lzallii generally main-

t s upright growth and isolated individuals occur at higher eleva-
tions. The occurrence of.upright trees of;the damage-resistant

L.. lxalli above sympatric evergreens is ‘common throughout its range
(Arno and Habeck 1972) DrOught—resistance pines, Pinus flexilis .“;

\
and Pinus ariatata, can also occur, upright aﬁove krummholz of

other sympatric evergreens (Wardle 1965).

The damage data for L. lzallii do not contradict the hypothesis
of Wardle (1971) and Tranquillini (1979) that winter desiccation "
damage determines the upper'limit of timberline trees. These data
show,.houever, that this deciduous speciesris at a considerable advanb.
' tage over synpatric evergreens, and must reachfits 1imit’at a higner
elevation.i co | g ’ . | 15*

Alpine larch obtains the advantage of superior winter desiccation

Vstress tolerance by a combination of physiological—developmental and

¥ .anatomical features. A simplified model of water movement in the

v

SOil-larch—atmospherevsystem‘in winter is illustrated in Figure 24.

The most striking result, and the one that differs most from prée-

< e

vious Winter water relations studies, is the apparent isolation of the bud

) from’the'xylem (Fig.. 21 and 2&); Romberger (1963) he occur-

rence of a 'peculiar ‘anatomical feature ~- the crown" in. eight genera

of gymnosperms, including Larix. In L. occidentalis this structure, ;'

A

a plate of thick walled, pectic cells, begins to form betweeu the bud

“and stem pith in late August., Deveiopment is completed Jjust before J
dormancy in mid—October (Owens and Molder 1977). This~sequenee corres—
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xylem

Variable resistanee to.
water movement depends
on air temperature,’

irradiance and exposure

) Relatively large volume

of. water stored in bole N
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ing tension -until bole
base resistance decreases
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High irradiance in late winter
. and early spring -

loss from:
thrqugh bark

Bud becomes relatively
/" isolated system in Octo-
ber... Resistance to
water uptake declines
in March allowing 100%

\ _water content increase
~~-— — 1-2 mo. ‘before bud
bursts

Minimal watepr loss to snowpack atmosphere -

\ Generally very high resist-—

/' ances until - -early spring,
EW \ /)ﬁ‘\lmil%; then melting allows bole
v .}// " sapwood and branch xylem

recharge

. Water uptake from the soil. is,
slow, but possible all winter -

as' some water remaing unfrozen
at 25+ ¢m depths

- K

Simplified diagramatic modeI\of Larix 1yallii in

winter showing pathways’ for and resistances to
water movement, - . -



~ gradient develops by mid-October (Fig. 21).

‘ lasioeagga (Lindsay 1971) show minima in mid~winter (December or Jan- \

, urary) when temperatures are lowest. This is sinilar to the pattern

Y

ponds with what would be expected for L, lyallii. Senescence 5egins

in late August (Fi81 15) and-a.very'large bnd~§y1em water'potenti%i

H

"The crown‘could serve as the isolating strucrﬁ?@?‘frﬁ is, however,

penetrated by procambial strands (Owens, pers. comm.; Romberger 1963)

These may conduct water, eveﬁ/though experiments have shown t dye'
{ i

dOes not move past the baa§ of the crown (Lewis and Dowding 1924

A

Romberger 1963). The present study suggests that in L. lxalli there

is a very high resistance to water movement béﬁﬁ@en the bud and the.

‘ xylem, as a very substantial water potential gradient 15 maintained

ftom-October through January (Fig. 21)

~

/The isolation of the bud from the xylem has several consequences

which contribute to the great stress tolerance of'alpine larch Water .
N
lost directly from the xylem through the bark (Fig 24) does not affect

the water content of the buds. Even in the absence df de iccation )
o>

’ tolerant buds, this would ex la the tolerance of young, potted larch

'trees to very low xylem pressure potentials (se p. 106)-. . f e

The bud tissues are, ho‘ever; tolerant of very low‘(sté"to.—l.Q

MPa) water potentials (Fig. 20). Pigea'aties showed damage Vhen“osmoticﬁg>

) potentials'ranged.frOm'»4.2 to —6 4 MPa (Michaelis 1934b, Muller-Stoll .

1954). Minimud\osmotic potentials for a variety of species, compiled

J . .
by Wilkinson (1977),range from -1.6 to -6.1 ‘MPa. A o

v

The low water potentials of the immature,(ynnrvacuolate bud cellst

~ may be more closely related to freezing tolerance (Levitt 1972) than '

to. actual~desiccation. The seasonal pattern ‘of water potential of

:;Lgdum groenlandicum (Wilkinson 1977) and of Picea engelmanii and Abiee

. . _ . : N . e . A N
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_shown by L. Lyallii buds. Y

A final-&onsequence of¥ the high xylem—bud resistance is that

low water potentials can,be maintained in the buds, without water

o

influx from the xylem Xylem pressure potentials in December and

4 January were only -1.8 to =2.6 MPa in the presumably'non-cavitating

stems of L. lzalli » While bud potentials were ~-5.0 MPa. X
~ . In the buds high turghr potentials ()»1 0 MPa) are maintained
throughout the winter.' This 1s quite surprising and contrasts

sharply with the near‘;ero'to negative wintertime turgor potentials

of Ledumggroenlandicum~(Wilkinsonhl977). The buds also.had quite

.S

high water contents,‘higher than the wintergreen needles (Fig. 21 .

- and 23) and as high or higher than water contents reported through

‘winter by Platter (1976 in Tranquillini 1979) for Pinus cembra

(needles), Picea abies (ngedles and shoots),, and Larix decidua
(shoots).» Ce . . . . &
The winter séasonal'pattern,of xylem pressure potential is very’

different thanzhhat of bud water potential. It follows the pattern-/

‘*reported for many- timberline trees (Goldsmith and Smith 1926 Michaelis,'

1934b, Tranquillini 1957 Platter 1976 in Tranquillini 1979) and other -
conifers (vsn Zinderen Bakher 1974) ..

-

- Referring’again-to Figu 24, it can be seen that  the portionlof

v.the tree above the snowpack is isolated from the»snow covered branches '

e 7~ ¢
and belowground system by the frozen, well—insulated bole base. ‘Water

losses from the xylem through the bark are dependent on surface tem-

- peratures, which affect the water vapor denaity gradient to the air. )

When branches thaw due to above freezing air temperatures or high

)
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.SﬂOWPéCk (Fig. 22), because bole water storage is much lesss . Simi-

. banksiana occurs only at {~3. 0 to -3. 5 MPa (Mayo, pers. comm.)

121

e

“irfa%iaﬂCe;'water movement from the bole sapwood to branch xylem

can occur. This phenomernon appears to occur more often on the.

‘SOuth- than on the north-facing[site,'wbere'xylem pressnre poten-

P
tials are lower and bole shrinkage less (Fig. 20). In small trees

very low xylcm'pressure potenfials develop in branches above the

lar data and interpretation are given by Tranquillini (1957, 1979)
and Larcher (19635 for small individuals of_timberline evergreens:
The seasonal pattern of xylem pressure potential, and the site

and tree type differences'just mentioned all supnort the interpre-

; tatiqn of cumumlative water loss through the winter. It will reach

'lower véiues where any recharge of branch tips is prevented by lack

of thawing of'bole~andibranch xylem, or by lack of stored, "available",

water; as in smallitrees. Soil temperatures and snowpack depth will
@ : ¥y -
also be very}émportant in determining the level of stress developed

-

-by late winter (Tranquillini 1979)

The data preseﬁted in this study suggest that’ L. lzallii does not
experience xylem pressure{potentials that would be damaging, even on
v@a ;
the most severe sites

-

tolerance limits ((-6 5 MPa) and only moderately 1ow field xylem .

This results from a combination of very great

pressure potcntials (see p. 98).

" Xylem pressure potentials of sympatric evergreens correspond

well with those of larEh saplings, and with'the previously cited

“

,studies of evergreen timbérline trees. Damage to Pinus contorta

"(see p-. 103) at =1 8 MPa is somewhat surprising as damage to Pinus

.
.-\ .
A Co o -
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Also the sympatric‘spruce and fir, which are generally less desic-
’cation'resistant;'wereieithen not apparentlyidamaged:(fir)'or did

not 'show any visibly reddened needles until xylem pressure potentials
were -2.3 to -ZLS MPa. The damage to the pine can probably_be.under-
stood by considering tie size and.growth form of the sampled trees.
Both were severely deformed krummholz type "trees", and only 1 -'l.SIm
“high. Their resistance to deSiccation might be expected to be very low
because of poor overall vigor and repeated losses of foliage in winter..
This would support .the general timberline hypothesis (Wardle 1971,
Tranquillini l979),.in that these individuals are unable to develOp
their maximum potential desiccation resistance because of poor growing
season conditions.

All of the tree species showed large increases in xylem pressure
potential "and larch buds increased significantly in water content, in,
'March or April (Fig. 20 and 22). Small L.'lzallii trees on the south-,
facing site had a very 1arge increase of . xylem pressure potential from -
February to March (Fig. 23). These increases all occur as the snowpack |
begins to melt, and the bole base resistance declines (Fig. 24) On the
_south—facing site where the small trees were sampled the snow was not
as deep as in other areas. Thus it*;s conceivable that additional soilx
water (from melted snowlzﬁ%came available and was taken up by the roots
during March. It must be remembered that because of the leaflessness of
the larch branches the volume of water required to increase the xylem
pressure potential a certain amount would ‘be much less than the volume
required ‘for a similar 1ncrease in an evergreen tree. |

..The snow-fence experimenti(p. 107) demonstrates clearly that the

-
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wintergreen needles of young alpine larch are not tolerant of-

" exposure to winter conditions. It suggests that maximum leaf
,resistances are far less_than those of needles of evergreen
‘trees. It‘also.implies that alpine larch reQuires snow cover
protection for establishment. Because the wintergreen needles
are always born near the ground, this condition‘is‘not‘diffic“lt
to satisfy; in the habitats where alpine larch is found. éhese-
- ‘needles’ provide small larch trees with a potentially much longe
growing season as they could be photosynthetically active immedia-
“tely after.snowmelt in the spring and could continue to fix, 02
late into the fall. This will be discussed further in Ch.
underxr controlled environmental conditions provided estim tes of ’
169 - 217 secm (p 113) for diffusive resistance Ma chand and

' Chabot (1978) report calculated wintertime leaf resis ances of

' 316 - 346 sscm 1 for Picea mariana-in'the dark. The slightly lower

_vresistances of L. lxallii bark as compared to spru ; needles agree
with the transpiration data of Ivanoff (1924 a b) (see p. 14).
Apparently L. lyallii does not obtain its wintertime advantage by
,having greater resistance to desiccation, but by superior tolerance,
as discussed above. Also, since the tomentum was shown, to have no

detectable effect on the diffusive conduqtance, it must be concluded

that an explanation other than that based on winter conditions (see

p. 112) must be SOught. The tomentum may effectively protect the young.

long shoot twigs from herbivory by small, sucking insects, such as
|

aphids,

[E—— L L
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In.summary’it is apparent that L. 1za1li 1 obtains a\signficant
advantage over sympatric evergreens because of its growth habit and -
physiological tolerance.' Although alpine larch desiccates during the |
winter, often to potentials lower than’ those of the evergreens, its
limits of tolerance are 50 great in winter that it suffers less damage.
The great tolerance of theaspecies results from anatomical and physio—
logical features that might also be found in other deciduous, timberline
species This advantage should be greatest where winter conditions are
' most desiccating. N |

The low levels of winter desiccation damage to L. lxalli explain .
.how it maintains an upright growth form and how it is able to grow up into
dthe alpine in sites where summer . conditions are favorable. “These sites -
must also be snow covered in winter since exposure of wintergreen needles:
rapidly causes damage or death gzhe leafless winter condition also rer
» duces wind and snowload damage, snow creep and avalance damage and sus-

ceptibility to attack by snow fungi in deep snowpack areas.

w
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CHAPTER )

. +.-" THE SUMMER ENVIRONMENT PHOTOSYNTHETIC CAPACITY AND
- ' "WATER RELATIONS OF LARIX LYALLII

INTRODUCTION

Comparative studies of evergreen and deciduous trees have shown

o *//> that high CO fixation rates allow deciduous~trees to at least partially

compensate for their shorter growing period (Tranquillini 1962, 1964
Sweet and Waring 1968; Schulze et al. 1977). Climatic conditions at
timberline ,make this prospect particularly‘difficult. Cool air'and
soil temperatures, increased cloudiness, wind and drought all could
] further limit the total amodnt of carbon fixed in the short timberline |
growing season (Tranquillini and Turner 1961; Tranqqillini 1963, 1969;
Maruyama 1971; Vowinckel et al. 1973; Auger 1974;,Havranek and Benecke '
1978). - | | .
' =
Although evergreen trees seldom suffer either atmospheric or’ soil
qdrought stress (Tranquillini 1979), these factors could be more important ’;
Iimits for deciduous trees at- timberlines. For C3 plants, including . -
, deciduous trees, high net photosynthetic rates are closely linked to low
leaf. diffusion resistances. Any increase in leaf resistance due to atmo—
.Cspheric or-soil drought, especially during midday periods when temperature
. ‘and light conditions are most favorable, would be. expected to cause large
vreductions in total carbon uptake. This might limit growth and maturation
of new shoots and overwintering buds, or constitute a limit in itself.
| The prediction that drought is an important 1imiting factor for '

"‘deciduous trees at’ timberline appears to apply especially to Larix lyallii.-

This is because its distribution, only at timberline areas affected by

EIE—— e L e
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A

Pacific summer storms (see Ch. III), correlates>well with moist; rainy
\ N . A

environments.‘

" The general objective of" this section was to evaluate the-
hypothesis that there is a summer disadvantage to being deciduous in
timberline habitats The degree of this. disadvantage in re]ation to
sympatric evergreens, and its causes, was algo sough.. Thic was’
approached by simultaneously; studying the photosynthetic capacity . i
of alpine"iarch;'characterizing its:environment, andnintensively
-studying its water relations; | |

Objectives of the photosynthetic studies, which were carried Out
in the-lahoratory,‘were,. l) to determine the maximum rates of. net assimi—
lation at several‘phenological stages; 2) to determine light and temper—*
'aturelresponse curves of net assimilation over the range of conditions _ )
-found ‘in the field;. 3) and to determine the effects of atmospheric and
"soil drought on photosynthetic capacity. o g h ' - N .
Quantitative description of the environment on the study sites
"provided the data necessary to integrate the photosynthetic measurements
over a‘growing season. Such an integration vorks well'with factors such
as lighg and'temperaturé§ but'does:not:provide accurate-results fot,ﬁaé
‘responses.to.atmospheric>and_soil drought,’especially when these arehr ‘_ .f
: ;complicated‘by.low soilvtemperatures: Tolbetter understand'thesexresponseSd
_under-field:conditions and because of thevpred.:‘l' importance.of drought,
- the water relations'of alpine larchdvere Qtﬁdiedhintensively in the.fieldn
“:f B ’gpecific objectives were. 1) to describe»the seasonal and diurnal

variation of -a suite of water relations parameters- 2) to correlate the o
\ : .

"_'responses of these parameters, with a functional model to the prevailing :

' environmental conditions' 3) to experimentally determine the effects of

. : i
v o . K . ‘ . . S




both atmospheric and soil moisture stress on alpine larch and; 4) to

“use these’ and the descriptive data to evaluate the degree of drought '

" stress experienced by this deciduOus tree and the limitation this
causes. |
METHODS AND MATERIALS = /

Environmental Measurements . o ‘ .
. . . x . ! ' .

During the'summer months of41976 and 1977 meteorological sta-

' tions recording temperature, humidity, short-wave irradiance (350 -
3500 nm), precipitation, end total wind run were maint- ined‘on both
‘the north- and south-facing study sites. | During per “nds of intensive
'physiological sampling .the following parameters vere also recorded |

J '
short—wave irradiance (280 - 2800 nm), photon flux density of photo-

A synthetically active radiation (400 - 700 nm, PhAR), leaf, air and .

.soil temperatures, humidity of free and canopy air; and soil moisture.

fObservations of c10ud cover, ‘type and height were made each day the

‘.site was visited. - ‘ - - RER

.

Extensive meteorological data, including temperature humidity,

several radiation fluxes, precipitation, and wind from nearby stations

were. available in the Compilation of the Hydrometeorological Record,

';'Marmot Creek Basin, Vol. 4 = 14 (Environment ‘Canada 1968 - 1978) . - One

station, Twin 1, was only 40 m east of the krummholz study site.7 In 1978

J

o oW
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'temperature and humidity data were proyided by Dan Ludwig, Biology Depart-‘ ’

' ment, University of- Calgary.l ‘His hygrothermograph was enclosed in a

‘standard Stevenson screen about 100 m northwest of the north-facing

’ study site, and calibration was by procedures similar to those outlined

. below.

. .
' - o
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. » -
Instrumentation T _ ' : . -

1

Hygrothermographs (Belfort Instrument Co., Baltimore,th:
MModel 5-594) continuously recorded air- temperature and humidity; The S
: instruments were enclosed in aluminum louvered shelters (Vogel and John-
v.iv//' "~ son 1965) placed 15 cm above the ground (or snow) surface duZing 1976 or
| " An standard Stevenson screens 1 ’5 m above the ground in 1977. .
An aspirated psychrometer (Bendix«Frieze, Baltimore, MD' Psychron
AModel 566) and psychrometer tables appropriate for ambient barometric
pressure (Marvinad94l) were used to obtain temperature and humidity
calibration points twice weekly. Temperature and humidity indicated
by the hygrothermograph at the time of . calibration were recorded but

no adjustment was made. Rather, regression of - the indicated versus

calibration values was used to’ correct hourly values determined from

the continuous recording Sy , :
iy . 7 - .
Maximum—minimum thermometers (T'ylor Instrument Co., Arden, NC

.dModel 5458)\mounted in hygrothermograph shelters provided a check on

_ ‘the maximum and minimum temperatures determined from the hourly values. | ‘
An accurate Hg~glass thermometer was used to calibrate the. maximum- - ;3)

-'minimum thermometers. o 'r>VH_ ﬁ-a,“ . ': o .;;/é. | .
i Two cross-calibrated thermographs (C F Casella and Co. Ltd ‘ ‘,

| 'London, England Model M—760) were used to determine regressions between‘
temperature measured‘!n the small aluminum shelters and temperature at

. screen height Hourly temperatures from 1976 were corrected to screen
height’ temperature using these regressions before calculation of daily '

fmean, daytime mean, nightime mean, and maximum and minimum temperatures.»

;j”The thermographs were also used to determine how much air temperature

'
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" was increased under experimental drought shelters (described on p. 114)

Daily short-wave irradiance (350 - 3500 nm) was recorded on,

both the north- and south-facing sites in 1976 with Robitzch-type
_pyrariographs (Belfort Instrument Co., Baltimore, MD: Model 518350) /

, mounted horizontally on top of the hygrothermograph aheltera. In

1977 only the south-facing site had a pyranograph. These instruments
were calibrated side—by-side for'aeveral days at the beginning of each
seasqn with a Kipp pyranometer (Kipp and Zonen, Delft The Nétherlands;

Mode® CM—S)
Precipitation was measured with cylindrical rain gauges (Taylor

Instrument Co., Arden, NC: "Clear-Vu") mounted invthe open, with . .the

- orifice at 35 cm. A little mineral oil in each one prevented evaporation

between'regdings.'
Totalizing anemometers (R W. Munro Lu.} London, England; Cup-
counter MK II) mounted at 1. 25 m measured winds above 0.25 m. s-l and
allowed calculation of average wind speed between readings. |
| During intensive physiological sampling short—wave irradiance
(280 - 2800 nm) and PhAR vere. recorded on a portable strip chart
recorder (Esterline—Angus Instrument Co.,. Indianapolis, IN; Model

.»4,.‘

T-171-B) alternately connected to the Kipp pyranometer or to-a cosine

'quantum sensor (Li~Cor Inc., Lincoln, NE Model LI-lQOS) Leaf

air and soil tqnperatures were measured with Cu—Con thermocouples-

(0.076 0. 076 and 0. 800 mm dia, respectively) read on the DVM-

£

>=‘ »reference junction system described previously (see p. 77) : The‘
‘:DVM was also used to read the voltage output from a Brady array

: humidity sensor (Thunder Scientific Corp., Albuquerque, NM. Model -

PC-ZOOO) ~held either in free air or within the tree canopy.

-« - . R } -
. . N - : . . 1
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The Brady array sensor, although responding rapidly- and
accurately to humidity changes. is temperature sensitive and sub—
» ject to contamination.\ %hus it was calibrated at 5, 15, ;nd 25°
C over saturated salt solutions which provided humidities of: 12,
23, 33, 45, 55, 72, 80, and 85% (Winston and Bates 1960). Regression
of relative humidity on log transformed output at each calibration
Semperature and linear regression of‘the slopes and intercepts against
temperature allowed calculation of humidity from yoltage output.and.
sensor temperature. Calibration checks at 25°'C at the beginning
and end of each season showed that no significant gensor deterioration
or drift had occurred Also, vapor pressure deficits determined with
a dew point hygrometer (EG&G International Inc., Waltham, MA Model
880) were in close agreement with those determined from humidities cal-
culated from the Brady'array output. R ‘

Soil moisturelwas.determined gr<'imetrically.on samples (n-s)*
taken with. .a hand cOrer from 5-15 cm denth. . : “' ' ’ s

| Wind, temperature, and humidity profiles (0. iO 0 25, 0 50, 1.00,
2. 00 m) within the canopy and in free air were meaSured with the psychro—!
meter and with a hot-wire anemometer with omni—airectional probe (Teledyne
Inc., Hastings—Raydist Div., Hampton, VA; Model. AB~27) Wind readings
.were taken every, 10 sec. up and down the profile for 10 min, all readin;s
at each height were averaged. Three to five readings of.temperature and
| humidity were taken at each.height and averaged. ! :

During meltout in 1976 aoil. snow-soil interface, and air temperature
.mere recorded hourly ®n both study sites with multipoint recorders (Grant
&Inst.; (Camhridge) Led., England; Mbdei D). . When aboveground Ehe thermistor

w

" densors werecindividualiy-shielded’by‘self-aspirating_aluminum shields.

el
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Photosynthetic Measurements

T

Plant materials AR , . )
. 7 . L -

. T : — ) A
Nearly all photosynt}fésis)measurements were made on .

excised.branches, which had_beeﬁ clipped under water in the field\and

‘immediately cdvered*with plastic bags for transport to the laboratory,

This took abOut 11/2 hr. 1In the laboratory the branches ‘were k?pt in

a controlled environment chamber (Sherer Div g Marshall, MI; Model

| CEC 37- 14) at 10° ¢ with‘;tendard fluorescent and incandescent lighting
ring a 7 hr dark period the temperature wasg 5 C. Photosynthetic

mea rements were made on the first and second days following collec—

ftion., Before enclosing the branch in the cuvette, it was recut under

water and the’ cut end attached to a distilled water-filled potometer.

.The potometer consisted.of a serum stopper, a short length of tygon.

tubing; and a 1 ml pipette;_ No air bubbles were allowed to enter the

potometer when the branch was attached Terostat VIII. (Terosan,

' 3

Heidelberg) sealed the. branch and serum stopper into a cutout in the °
cuvette base. - ‘f = o

Attached branches of potted small trees were used in a drying
experiment - The - four healthiest small trees which had been used as
..controls in the winter drying experiments (see p. 81) were g’own in
the greenhouse until the needles were fully expanded - They were then

, placed in-a controlled environment chamber (Environmental GrOwth

Chamhers, Chagrin Falls, ou) with 16 hr, 1240.5%; 85257 relative

:_humidity days. Lighting was by standard fluorescent and incandescenti.‘e

lamps, 10Z of the wattag; being incandescent. Air temperature ‘was

131
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6£0.5°C and‘humidity‘§0152-at night. The potted;trees'were_watered with

distilled vater and covered vith plastic bags for three 'days, after
S SRR TR RS . : S e
which 'the bags were removed and water withheld. - : ’

Gab-exchange systems

~

Two separate open—type gas~ exchange systems were used
for net assimilation measurements. The system used during the 1976
a
and 1977 sumdgrs employed an URAS II (Hartman and Braun, Federal

Republic of Ger%any) infra-red gas analyzer (IRGA) and a Koch-Siemens g,

/
(Koch et'al. ;471) cuvette with the water vapor control bypass loop

,/

removed. The cuvette was’ enclosed in a high light intensity controlled
environment chamber (Environmental Growth Chambers, Chagrin-Falls, OH).
. In this chamber Lucolux and Multivapor lamps provided nearly fu11 sun

intensities. Spectra taken with&n the cuvette are given in Appendix
!

B.. A mass flow meter (Matheson Gas Products, Foxit Rutherford NJ; -
Model 8116) measured flow, while dew point hygrometers (E G. and G.
International Inc., Waltham, MA; Model 880) measured thé dew point of

cuvette inlet and outlet air. Outputs of these inatruments, the IRGA,

©

a PhAR sensor inside the cuvette, and a leaf temperature thermocouple

yere recorded on_a sig-channel ‘Rikadenki, KAlseries strip chart recorder
. -. : . o .
(supplied by Soltec Corp., Encind CA). This gas~ exchange system is_

/2; described in detail by Amundson (1978), and was used unmodified except
that the SO2 generation and detection subsystems were prassed.' ‘

The other gas—exchange system was used during the summer of 1978

»

and for the drying experiment on potted small trees, A flow diagram

is given in Appendix c. It employed a Beckman 865 IRGA (Fullerton, CA)

e -
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DVM described nreviously or with an EG&G dew point hygrometer, or both.

is shown in Appendix D. . t-" « fi

S _ - | 1133

and a simple mini-cuvette. The cuvette was atplexiglass'cylinder,

Fs >

.5 cm dia and 15 cm long,' capped with plexiglass on one end end'with“”

inlet and outlet tubes on opposite sides (see Appendix C). Smoke

tests showed that adequate mixing occurred without g fan, and the

~ flow rates used assured high "wind" speeds yithin the cuvette.

A

This cuvette just fit over the branch to be measured and was sealed
with Terostat VIII .and a slit -rubber stopper fitted around the branch
base.- |

~  Leaf temperature was controlled by adjusting the temperature in"

| . ‘
the conttolled environment chamber in which thé cuvette was’ mounted A

\ ) i

1000 W quartz-halogen lamp filtered through/S cm of water supplemented the

the chamber lights. Spectral analyses of these lamp,txpes are given by
wilkinson (1977). C S

N

Humidity was controlied‘hy‘manuelly adjusting the fraction of

the air streem passing through -a bubbler-at’chember temuerature. Humidity

-

of the cuvette outlet air was determined with the Brady array sensor and
7.,

A blank chamber 1in the referemce air stream with volume equal

R

to that of the cuvette and humidity sensor. chamber in the sample stream

removed the effects of short-term fluctuations in the C02 concentration:.f'

~

of the putside air: ”Ambient CO2 conqentratiom was mbnitored-by comparisonr

to stendard‘gabes;'and COé’depletion inethe euﬁette’was ad;ng;gd SO.that

;in the. Cuvette the concentration was in the. 305 to 320‘u1 171 range.

'

_ Reaponse of net assimilation of larch te different CO2 concentrqtions
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Flow rates ere measured with dual range rotameters (Matheson N
v Gas Products, East’éutherford NJ; Model 602) with the needle valves
removed to reduce back pressure. Once installed in the gas-exchange '

system these were calibrated with a bubble calibrator (Levy 1964) hnd

' the readings corrected to standard temperature and pressure (sTP).

. -~ )

- A multi—channel strip ‘chart recorder (Honeywell Inc., Fort

Washington, PA; Eleckrtonik 16) was used to record output from. the
IRGA a Li—Cor quantum sensor; ‘and air, leaf, ~Brady array sensor, and; | %%ZE?
sample flow meter temperatures. Flow rates, dew point, Brady array
output, and potometér readings were written on the strip chart.
Both the URAS II and the Beckman 865 IRGAs ‘were' spanned at

45 pl 1"1 full scale and calibrated twice daily with standard gases. ,; ;5.'
‘.Q;' The 002 concentration in these gases had been previously determined
by comparing them to gases of known CO2 concentration produced by
WHstoff pumps (Bate et al. 1969) ,“ T o .

_ Calculation.of ‘net aasimilation rates followed Sestak et al.
(1971) and included corrections for temperature and- barametric pressure

p

- at the time of - the observation when the flow rate had been measured by

e v
the rotamgter rather than the mass flow meter.: Dry weight of leaf f\
1 tissue wasbused in th calculations, and no corrections were made . . \&
S S5 . . o . . \\
for the amount of szgs: included in ‘the cuvette. : :

v . [ 2

.. o
Leaf dry weight was chosen as the basis for expressing net assim—

@
ilation because of the uncertainty of the leaf area determinations. The

glass bead technique (Thompson and Leyton 1971) could not be used with

larch because'. 1) vhen left on the braneh the flexible needles stuci? . Q-
| . ﬁ e
# * % - |
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. under high light conditions ( Nl&OO uEim‘2~s‘1 PhAR) These data

' were supplemented with data from 1977 and 1978 when measurement

135

together pregenting complete coverage by glass beads, and %) indivi— )
dual needles proved too fragile to be handled by forceps in the
coating, weighing,.coating, reweighing process. 'For these reasons a .

geometric techniquedwas used to determine leaf area. It is described

under water relations procedures below, while approximate dry weight

°

to leaf area conversion factors are given in Results. .
~ B | i " .
-lExperiments' ' S

Excised branches were used inal976 to determine: light

responﬁe curves of deciduous needles at 4.0, 9. 5 17.5 and 24 0° ¢

and of wintergreen needles at 15° C. Temperature responses of expandingu
, | » . | ‘

and mature deciduous needles and of wintergreen needles were determined "

»

-

’

conditions aéé’plant materials were similar

" In 1977 net assimilation and dark respiration of branches from

saplings and small trees that had been subjected to shade and drought

s&ress treatments (described under water relations experiments, below) =
v_were méasured at 18. 00 c, 1400 uE m‘z-s‘IPhAR or dark, and water vapor
concentration difference (Ac 26 ug cm‘3) The response of net assimi-
’lation to humidity at 17 5° C and SOOuE m 1PhAR was: determined in 1978.

P Attached branches were used for gas—exchange measurements during

- the drying experiment in February 1977. The potted small trees were

allowed to dehydrate. Net assimilation, dark respiration, leaf water

[ e

potential and components, and water content were measured simultaneously )

and repeatedly at dawn and midday until net assimilation fell to 5% of

4

lmaximum. Heasurement conditions were: 18.0° C, 1100un -s’lPhAR,

/
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and Ac «8.5 ug-cm” S .

"Water Relations Measuremen 8

Sampling schedule and parameters

' In both 1976 and 1977 water relations .parameters were -
sampled before dawn approximately every two weeks:'except during periods
of very bad weather._ Xylem pressure potentials were sampled'most in-

+

tensively, but leaf water content, water otential and components, and,
ﬁchange in bole radius (1977 only) were also measured. ‘Plant materials,
numbers oif replicgtes, and procedures are given under Procedures: below.- :
‘ Midday gampling was occasional on clear, warm‘days. This. supplemented
midday readings obtained during the diurnal sampling periods.
» Intensive,vdiurnal samplings were completed in June, July, and
August in 1976 and 1977. The duration of these sampling pegiods ranged

from 24-48 hr, excigt when they- had to be aborted because of: rain or

snow, instrqment breakdown or operator failure. During an intensire

sampling period water relations and environmental parameters were recorded. .

j at each site at intervals ranging from 1-4 hr. The schedule wss:' to
sample at the south~facing site, move the portable equipment to the‘J
north—facing site, sample, and then move to the krummholz site. Samp-
ling at -the krummholz site was comple;edlless often than at the other
two sites“'.fause of the.long travel-time required. .

- Environmental paraneters recotded included. irradiance, PhAR,

R air and leaf temperatures, canopy and free air humidities, and soil

temperatures and moisture. Instrumentation is described on p. 129. =

_.Samples for determination of. xylem pressure potential leaf water )
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S

content; water potential and components, and diffusive condutfance
were taken. Bole shrink—swell and transpiration readings were ;e;
corded. Plant materials, number of-replicates and_procedures, are -
givegdpsig;E\\__ o o . | * {

A sampling schedule similar to that of .the diurnal ‘runs was
used to monitor the responses of both saplings and small trees to
experimentally induced.drOught. Sampling was initiated in August
1977, but most was done in 19’8.

| Proceduresi B | /'_.; o ~
The technigues_used to obtain xylem pressure potentials,.

water potential ‘and components, leaf water content and change in bole
,.tadius'are'described<on pp.'78éﬂl. Differences caused by the use of
ﬁdeciduous leaves are described below. 4

Xylem pressure potential o

~ Twigs of uniform size (10-12 cm) were clipped from each

of seven saplings, immediately sealed in plastic bags, and kept cool -
until readings'could be made. For’ intensive sampling periods the
Scholander pressure chamber and half—size nitrpgen/cylinders were
‘carried into Middle Creek cirque so readings could be made within
1/2 -'1 hr. For pre—dawn and midday sampling the samples were carrried a
to the laboratory for reading, this took 3—6 hr.‘ — | '

Repeated trials, where the same twigs were read several times,
from a few-minutes after clipping until up to 12 hr later,_showed no.
bsignificant differences in theg#ptyi;; determined immediately, or
':later;. It was thus concluded that’ for this species,,samples could, if

'_ﬂkept cool. be held in plgstfb bags for aeVeral hours before making
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Additionally,:comparisons vere made betveen'extensive.samples
(one‘twig from seven saplings) and intensive samples (seven twigs from
one sapling). No differences in mean valueslwere found, and variance
was only slightly higher in the extensive samples. . Because of the need |
for repeatedly sampling these relatively small trees,’ Wp xylen was deter-

mined from extensive samples. Evergreens were also sampled extensively.
‘ -

Water potential and components : s '
o ‘U‘ .
e At selected: sampling times, four chamber psychrometers

”were filled w th needles, deciduous or wintergreen, cut into 5 mm lengths. .

' Thqiﬁineedles 11 came from an individual sapling. The chambers were

'immediately‘sealed'and kept cool untilsthey.couldﬂbg/;ransported to the h

laboratory.,.Equilibration.began from the_momentpthey”were sealed, and

for summer'conditionlleaves:took'4-6 hr;A'Because of"the‘constraintsbof

:psychrometer numbers (20-25 were available) and time from loading to. first

\

-'f reading,w and Wn + T could not. be obtained at each sampling t e,

Leaf water content i\‘

When water contents of the psychrometer samples were

-determined high variability was found and each sampling period wvas

' not r.presented. \Thus, extensive samples of 0 5-1 g (0 D W ) of de-

”-ciduous needles vere collected at each sampling :ime These were imme—

: vial weight allowed calculatign of ZO D w. by Eq. 2. (p. 81)

: diately sealed into screw cap vials. The fresh weight, dry weight, and

N s
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Diffusive conductance‘
T o diffusion resistance porometers, both of vhich were
baspirated and used LiCl-gel'sensors, verebused in this study. In 1976'}
a TurneraParlange’type porometer nas~used, It was calibrated by Drs.
'R.fAmundson and R. Walker, University of Washington, Seattle, WA accord-'
ing to the specifications of Turner, and Parlange (1970) - In 1977 and
1978 a porometer designed and calibrated according to the specifications-
of Gresham et al.. (1975) was employed. These éorometers vere- mounted on
‘a tripod and fitted with a sun shade for field use.

Calculation of leaf resistance, and its inverse,conductance,
\ followed Kanemasu et al. (1969), Turner and Parlange (1970), and Gresham
et al. (1975) Means and variance were calculated only after. conversion

to conductance, as it is this value which is included in a linear manner

in the cal‘lations of flux rates (see Eq. 7).

Heaaurements were made on five excised needles, held in the poro—l; —

! 4 .
meter vith Terostat VIII. Less than 30 s elapsed from excison to the

beginning of the first reading. and only sunlit needles were used. Needle'
. area (both aurfaces) was estimated frOm measurements of 1ength (1), base
-_width (w ) and width at the widest point (w ) using Eq. 8, which is

”based on a trapezoidal model.»

A =aqe l(w + wz) (8)
where A = total ared of needles.
' " in the porometer ‘

n= number of needles

ST e :
I, w 1, V2 are mean length‘
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Transpiratibn.rates

'-—Tfahsv,;ifman ‘rates of cut branches were méasured with
.‘potometers.. Seven to nine vere used on each>site.- Branches were cut
under water and immediately attached to a small potometer (see p. ‘131 -

and Appendix C) The potometers .and their branches were hung in alpine

"elarch saplings 80 that the branches were oriented naturally. This,y
'“~however, contributed to the variability of the results because of aif-
ferences in’ shading. ”

| Calculation of transpiration rates was straightforward from ml )

of H20 lost between two readings at known- times, and leaf ‘area. Leaf

area was determined by the same technique as described above and Eq 8.

Y

o In this case, however, total number of needles was éstimated by counting

.'_short shoots and subsampling to determine number per short shoot. Long

shoot needles were counted and measured separately, and their area added

to the area of short shoot needles. These procedures were also employed to
determine the leaf areas. of branhhes used for photosynthesis.; Dry weight- .

-'leaf area ratio was determined for all. branches used for photosynthesis and

transpiration measurements.: These data were combined for analysis. P_.n

Experiments y ) | ; o ‘

. The descriptive study of water relations completed for this
research was an attempt to use the experiments provided daily by nature.:'
_lAnalysis of the 19?6 descriptive field data suggested that drought and |
,shade stresses were important limits for alpine larch. For this reason'

Tseveral drought and shade stress shelters were installed at the field o

: site in 1977. These shelters subjected alpine larch saplings and small o

LA
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'trees to long term stress without inducing the artifacts caused by
-“laboratory and growth chamber growing conditions, nor causing‘root“
- B » . . ce ) ’ , ’ /
. ‘damage. L.
) —_— .

were installed parallel to the ground surface and 260 cm above it.

‘randomly to drought or control treatments.‘ Saplings were ‘not. shade

Clear polyethylene sheets were mounted on wooden frames

(2m. x 2m for small trees and’ 3m X 3m for saplings) These frames'

For saplings the frames ﬁere constructed 80 that the trunk of the

tree passed through the sheet. Some branches were under the shelter,

!

.and others were above it.

Shade shelters were: smaller (Ii?x 1m) and consisted of 3

,layers of blackened cheesecloth supported by lath strips. Shadeaplus ’

wdrought stress shelters were of hybrid design, with lath and cheesecloth

over the polyethylene.'

Five pairs of saplings were chosen and one of each assigned

v"stressed' A split plot design was, used for ‘the. small trees, with

'five in each of the four treatments.' control drought stressed,

shade stressed, and shade plus drought stressed.~.-

: Branches or needles from these trees were removed ‘as needed

o e

for water relations or photosynthetic measurements. With the saplings o

o comparisona,were also made between branches low and high in the canopy. '

‘ . %
% x.

ffDuring the final sampling period, a shelter removal experiment was

.done to examine the response of diffusive conductance to a reduced

water vapor density graaient. During this sampIing period a Campbell _—

.CR-S Data Logger (Campbell Scientific Inc., Logan, UT USA),was used
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. for logging environmental"data. With the. exception of ‘that sampling

- period all- data, except the light parameters, were: recorded d_by hand:

~ RESULTS

®

vy .

| ThesSummer%EnvirOnment

‘Summer environmentalkdata?are'given in-Figs, 25 andl26 for 1976
vapd 1977,/réepecci&e1y;l‘1ﬁ bothfyears‘mean daiiyiirradiance on the
'south-facing”site'for JuneeJuly'waa'Zl 51-9 Md3m-?,~and.for August~-
early September 14 9 9 HJ m 2.‘ The north-facing site received 132 less

‘{radiation in June-July and 372 less in August-early September. This dif— -
ference was mainly due to: shading of the aite by the large L, lzallii |

kand Abies lasiocarpa trees on. the slope above it. Differential grawth -

:rates between saplings on.the two. sites (Table 5 and 6) are partially

1

Vexplained by this- difference in available light. ‘:

o Air temperatures near the ground vere. much'louervon the north~ -
{‘facing‘site in the spring, before meltout (Fig. 25b) ' When corrected

1'ito screen height,vhowever, there is less difference, and the 1977 data

confirm this. Indeed, at 1 5 m, the difference in air temperature at

j}the two sites ‘was less than the error of the hygrothermographs uaed.

' Thus, for saplings, growth processes would not be different.' Small treeslgt'
: would be expected to grow more slowly in the cool, near-surfhce, environ- l
<mgnt~gn_the north-facing site.} This was shown in Fig. 13.. - A '

: ;

: 1976 and 1977 show contrasting seasonal patterns of air tempera— :

_-ture (Figs ZSb and 26b) 1977 was much warmer early in the growing

. 'season, (meltout occurred 2 1/2 - 3 weeks earlier) but generally cooler T

ﬂ}in Auguat and September. The longest period between frosts was only 14 d, g”'

| ﬁ?



'Figure'ZSJ

s0il moigture values (f.) -ate: shown.- Approximate Wsoil
-levels, taken from Fig. 7 are. also indicated 1n v

_Summer'environﬁental‘date_fromfthc nofph- and south—

facing study sites for 1976. Five day running means

‘of: a.) daily irradiance, b.) air temperature at:-15 ° . - .
"..cm (dotted lines, above and below the lines for the ..«
~ ‘north- and southg acing sites, respectively, show ' :
. temperature corrected to 1.5 m ), and c.) vapor pres- .
 sure deficit at 15 cm.  The frost-free period is

shown by the solid bar in b. Individual precipitation
events (d.); mean snow depchs (¢.); and mean (+°SE)—

f-‘.
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Figure 26.

[}

Summer environmental data from the north- and south-
facing study sites for 1977. Five day rumning means’
of: a.) daily irradiance (south-facing only), b.) air

'Vtempetgggre‘at:laS m‘(thete were no differences greater

than 1.0° C between the two sites), and c.) vapor pres~

 gure deficit at .1.5.m. Frost~free periods are shown by

the solid bars-ih b, . See Fig. 25.for descriptions °
Of (d:)' (é-‘)y and (‘fo)o i 4
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which 1s in sharp coﬁtrast to the 68 d frost free period in 1976

-

J Vapor pressure ‘deficits, which are generally quite low, parallel

. the temperature*differences. When ne&rusurface peratures were used
7,3 ) 5o

in the calculation, there, were large differences between the two sites
(Fig. 25¢). When screen~height temperatures were used, however, no

significant differences were found (Fig 26c) .

Total summer precipitation was. slightly higher in 1976 than in
A

1977 but the pattern was quite different (Table 15) ‘June 1977 was ;/////y

much drier than normal, snd-August 1977 much wetter. Both'years~*and

- Wy

1978 had above average aummer precipitation. The precipitation totals
|

for 1976 and 1977 in Tablq 15, which are from Environment Canada (1968-78).
agree almost exactly with the data gathered by the author on the study
sites.’ It is important to note that during the summer it was a rare

week in which 1ess than 15 mm of- precipitation fell (Figs. 25d- and 26d)

On. both sites soil water content remained high throughout the

‘growing season, as a result of the regularly occurring precipitation (Figs.

v

25f and 26f) Soil water potential,yas-’at or above ~0.03 MPa on the

‘ north~facing site. both years' at or above -0. 10 MPa on the south—facing
" site 1n ﬂwa but_ fell to a minimum of -0.30 Mpa several times’ in 4977/
'Considering the shallow.depth at which the soil water content samples |
.1were taken and the deep rooting habit of L.- lzallii, it can be concluded

. that these trees experienced no soil moieture deficits in either. growing
‘geasoﬂ- . K “ o y - : . . &4":' _
fo; L Mean wind speed was: higher (1 4 ] ~s 2 on the south-facing than

“' lg—

on the north—facing site (0 3 m's ), but both values)are quite low, .

. 0’11' . .‘.’"qo' - o . P P SR
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’ “’TaﬁIEfxs:“fSumme: -énvironmental data for- 1976; 1977 cand 1978 “and 10(9)
' yr means from ‘meteorological stations in Marmot Creek Basin.
-"Radiation data are from Twin 12 (1750 m) in the subalpine
~ forest 3 km east of the study sites. Temperature, humidity,

VPD and precipitat:lon are from Twin 1, 0.5 km west.of the
"north-facing study a:lte. Datd are from Environment Canada |

i (1968-1978).

PSTSEICHP P RN VDI DU

.

[
. : ; . V] :
" .~ "PARAMETER - "MONTH - 1976 1977 Vo 1978 10(9) YR
: - C e . MEAN
. ~ ! . ¢ \ v 1,

' Mean daily globa)  May . 20.8 16,7 115 19.1
", radiation (MJem *) "June - . 19.8 22.5 - 21.6 21.2 .

s - U July 20.1. ° 19.0 17.6 20.8

_ August. - . 14.7 © 143 15.5 17.0

September - 13.4 10,8 11.3 </ 12.3

TR RO IR TE IR T DT TR AL TR VIV TS SR S NP SNPe Ty

. May 2.9 2.0 1?5, 2.0
3, , ~ Juné : - A 8.3 . 7.3 6.1
FEGe s July . . 9.3 9.0 9.6 - 9.5
ARG T August 8.8 ' 6.9 8.8 9.4
) el - . ' 'September 8.5 -3.1 . 5.9 4.1 3
59 64 69 63
65 58 . 61 63 - .
62 66 - 70 63 i
67 72 . 66 62 . 3
59 74 67 64 Co
‘0.62  0.50  0.46 " 0.50 E
0.62 ~ 1.03 - 0.88 0.73. o
© 0.98 ' 0.94 Q82 . 0.95 "i
- °0.73 0.62 782 0.93 R
0.73 0.44  .0.66 . 0.60 R A
L8145 " 94 83 ;
100 63 7% 68 o
.12 168. - 89 .93 .«
LI zg% - 72716 257 © 244 5
,’ o3 / .

c;lpulated from nonthly megn mimnn temperatures andtmn minimum
'according to Hillms an’d Brochu’ (1969) S, L
s ’_"., " -{‘ . ) . E » o @

N
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especially for a timherline site. Differential:stress due to-site.
wind exposure probably does not occur during the summer months." h
- N . . - - t .
e oo P . : - : )
s~ . -Soil temperatures, at all depths >1 cm, were always higher on

. N . . . N . "
-

[
the south- than .on the north-facing site (Fig. 27). The ‘largest dif-
. - on e ac \ | }- e
ference ('\'10o C) OCcurred~just before .the north-facing site melted .

o . .

out. Of course, there were larger ﬂifferences when comparing soil

Y.

‘surface temperatures, but these*do not affect the -roots of L. lyallii.
B Seasonal maximum soil temperatures in the rooting zone of this species

(see p. 63) is not much greater than 12° 0.

. P .
L - © . I~

usite are in a very cool (1. e.-<16v C) environment. They may penetrate

,less deepiy, however, because of adequate water availability and better

) o
. ! o

-uthermal regime. at shallow depths.‘JSome evidence for this was found
A

K x 1vuhile examining soil profiles (see p- 30). This rodylng pattern lessens

’ ‘ . w , - ¥ . A
the otherwise large differemnce in root environment temperature between

k)

A

- the .two sites.’
. Ta

§o£1 tenperature, negertheless, is. one of the major differengesl3‘

.vtygﬁh*S?& two sites.' Irradiancé? and 1eﬂ8th °f the growing. Seadbnr

L. lzallii flushes whi&e,still

Qrv

s 5
completéiy snowed in. This habit considerab}y reduces the{difference

f th of the growing season, for trees projecting,above the sSnow - \'

- v

. surface. Differ‘qces in the atmospheric environment (temperature and ‘

e . & ‘
5bumidity) were;iess than Expected. Indeed ‘the sites are nearly identi— N
SR cal “in this~respect. oL _i,_ ; V; R e T
. - . ) ) e o B \‘,; \‘ | .. e
3 i b ..
e B a ol ) .:'4-'1.;'~ N ‘
Vil
. .; '&” i : 9 ) : z's

For most of the growing season tree -roots on the n rth—facing 3? /
o

x4

- .

N
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ESS Figué‘e 27.@ Hid-.fteﬁnoon snil ‘lemperatute profiles from t:he north-
: . facing (O) and soith-facing (@) study’ ‘sites during
I _,. : 1977, with a conpd’uiaon at meltout to 1976 prof:lles.
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‘piration at tempiratures above 15—20 c.

. The effect of the L lxallii ‘sapling canopies on the atmosphebic o
hupidity within them was investigated betause of the predicted importance
of atmosphe!i% drought stress to these t -~ .. No significant increase e MRk
was found within the canopies on.either sitef(Fig. 2é).‘ These data
suggest that the humidity of the free air at 1-2 m is a good indicator of "
the ambient humidity around the leaves of larch saplings. Small trees |

¥ .

on the north-facing site experience slightly higher humidities. ” .

-

Compariseon of 1976-1978 data with 10 yr means (Table 15) shows

”that,June 1977vwas an exceptionally sunny, warm and dry month, while: - R

August of that year was clou%y,'cool and wet. Although Julydl§76 had much ";iiﬁl

more precipitation than average, it was near normal in radiation, temper-

ature, and humidity.‘ The summer of 1978 most closely matched average o B

conditions in the meteorological parameters considered.

~

"j’hofbslyn'thetic capacicj of Larix Lyallii

o~

Maximum net assimilation rate (NAR) of detached»!:tndhes of L.-

lzallii increased from IS ng CO2 g 1'hr : (5 9 mg Cozodm 2* ,_, sqélp..154)

- in June to 20 mg COz'g 1.. (6 9 mg CO -dm hr ‘) in Julyﬁiﬂigo 29)

-1

.Wintergreen needles showed much lower maximum rates, 8 mg. Cozog l-h_r " in

{.
June. The temperature Optimum for deciduous needles in both June and Jdly

[}

was 17- 18 C. This figure~must be taken with some caution, however, because

e

the branches were held in a growth cahmber for 1-2 d before the measurements

.'were taken, and some acclimation may have occurred during this time. ol

~

. In June net assimilation was still positive at -3° c and it temp- f

eratures above 20 € it showed ‘a more rapid decline, than ih July. The

y-'»..

-

',latter effect results fromfthé great reduction in the rate of dark res-

! «,ng ,

. "‘r‘-*
~ .

ﬂ»;_f_,

2 4 “ R
o ‘;‘ ]
. : ) - - . ) s :‘ . = . ‘
L . ) S « - , L >
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Light responae curves for deciduous needles show that above 9 C ‘ ‘

 wery high light levels are requir,gd to approach saturation (Fig. -30) .
 The: light compenaation point’ alao appears to rise rapidly with increaa-—b

‘ing temperature. Data compiled from all of the photosynthetic studies
show that the 1ight compensation point of deciduous needlea is ao uE-m -2, 8 -1

at 15 c, but increases rapidly, and is 175 MEem -2 8. -1 at 25 c (Fig. ,31)

Wintergreen needles show an even higher light compenaation point,

160 uEm %s L at15° ¢ (Fig. 32). o F T
: j = - . .

Net assimilati:on‘rat.es have been presented on a dry weight basis _
because of problems w‘ith leaf ‘area determination (see p. 134). 'Leaf area '.
was estiméted geometrically' for each branch. used for photosYnthetic- measure-

ment, and for those used in field transpiration measurements. - Leaf area
2

'to dry weight ratios averaged 2. 75 dm™ gor alg branches. There was
3
‘a slight increase from June to July. and needlea fr‘i’ the north-facing site
. had higher ratios (Table 16) SR . - " S ~. ) ‘i_ 3

Using the mean ,monthly are weight ratio. maximnn_NA‘.R are reduced
9

2

numerically, to 5 9 and_' 6 9 mg 002- dm for June and Ju'ly, respective- ~ e

: ly, values that ‘are in the lower half of the range for evergreen conifers.

% . M e

Some of the vﬂriability in the photosynthetic data is explained by
results of measurements made .on detached branches during 1978 (Fig. 33).

, Regression (Bq 9) of X of "maximum" NAR . on" the leaf to air water vapor _

.\

concentration gradient (Ac"v) ahowh the highly aignificant negative corre- .

S ‘i“lation of . these two #variablea. ? | o |
B R S zNARmax'?-&"Acwvi'lﬂl T (O8N
L o o

5{'
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'iTabléll6. Ratios of estimated leaf area to dry weight for
' deciduous needles from the north- and south-facing
. -study sites. Monthly data from 1976, 1977, and
1978 were combined. i o R

'Leaf Acea/Dry Welght:idnZ+g™)).

..Month* . North-Facing __ South-Facing

A _ ™ =
June _ 256 - .
July . 305 2.75

August - L 2.92 L ‘
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During the early photosynthetic measurements adequate control of

,At:‘,,v was not possible, 50 some measurements were undoubtedlquade énl

.branches which had 1ower than maximum rates of CO2 intake. Equation 9

suggests that maximum NAR might be 60Z higher than the measured maxima, 1f -
measurements could be made at very low Acwv . |
The negative correlation of NAR and Ac, 18 due to a similar

correlation between diffusive conductance and Ac,,., (Fig. 33). During

‘this series of _measurements a study of the time required for complete

response to humidity changes was conducted Response to stepwise drops

in humidity. (increases in Acwv) was complete within 25—40 minutes
Response to increasing humidity was initially rapid but required up

€ , n
to three hours for- return to pretreatmentxlevels.A - Co <

In addition to reduced NAR at low humidity (high Acw), L. 1181111 )
) .

shows reduced rates’ in response to low leaf water’ potentials caused by/" \
soil drOught. Small potted trees, which had suffered root damage during

(Q
potting, were unable to maintain positive net’ assimilation when ¥ < -l S MPa

. (Fig.,34) Much of the variability of these data are explained by the .

'_Qroot damage.‘ This may also account for relatively low levels of water ."., .

W

wﬂ.stresa causing complete cessation of CO2 uptake.f

f‘ ,An Hofler diagram of leaf water potential and water content data

l

‘frﬁa thts gkperiment shows the remarkable turgor stability of deciduous

alpine larch needies (Fig.g35) Although turgor was unchanged through~_“

out the drying expériment. the large reduction in NAR suggests that the e

stomata were nevertheless closed Stress hormones (ABA), or sensitivity

of the guard cells to them, as a result of the\damaged roots, may be i

“responsibleafor the poor performance of these trees.
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_Responae of net assinilation of attached branches of potted

. swall Larix 1131111 trees to decreasing leaf water potential.

j_l’.ach point represents the mean of 3-4 determinations on. each

.0f &4 trees.

N ,_""

ueaauruents were made under the tenperature“
light, and hundidit.y ;onditionl 1nd1¢ated. o _

a
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shown, Note that: leaf vater content 1s used hére, rather

relative water coutent.
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o ' lyallii trees -_-detgmige_d*@_hx;i,ﬂg .drying experiment. - Turgor,
’ k (@), and negdtive osmotic plus matric, Vipr (O), g
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4 Another result that _supports this is that upon revatering. mnet

assimilation ‘had recovered to bnly 251 of NARmax after 1 5d. The . -
s . W w - ‘~ .
*NAR rema;l.ned at that level, or l,ower, despite adequate water, for S, e

Fr

A - ten more days, at which timd the Experiment was terminated. Durid
£y the fir’st few days ;ollwing rewatering, leaf water potential and
"’@ conten:: recovered to pre-stress levels. L , .

: % . '» ' The drying experiment suggests that sﬂ&ll larch. trees are .

subject to large reductions in photosynthetic capscity in respoue

N g | @ o

' 'J W‘}, to soil moisture stress, and that these redustions might be long- -

.

\ ‘ . 1asting- Tm thdroughly examine these possiﬁilities Qw:i.thout th_e .

_\‘ ‘ . comglﬁations of r:t damage would require fi'eld gas e"ch;nff ‘:t“d 1“.; e ,
.‘:ﬁ\» .1;,__ In thi‘: 3tudy it was not possiblea to make fielf. ‘gag ex6hange :easut-e- -
/J(\,/ ., ments. However iphotosynthetic measurements of excis‘ed.bra;fches of of‘ ’
field stressedftrees were made. j’4 . - ST g
.1;‘-v ’ - L Thes'é’:neasurements were made on ’-anches vhich had hgd their

cut ends ""in distilled water for 1-2 days. Thus the branches we’ not .
- : under water stress at the time of measuremént. The results indic&te :
‘ that soil moisture stress causes a long-term reduction in the photo-

' synthetic capacity of drought-stressed small L. lzallii trees (Fig 36)

The' reduction is less in smsll t'rees which vére also shaded. Shade

S alone caused no - reduction in !{AR

s

In. contrast to the small trees,' saplings of L. lzallii showed _

no reduction in. NAR due to the applied drought treatment. This is

..) a because the treatnent was ineffective (sée Re,ponse to drought stress)
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) predawn “,px?lem "as betv.zeen -1%; and -1 S‘ MPa, while in 197& i't rarely

¥
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w. LA - s : » . .
_ . Summer Water Relations . . . . S T o T

' The seasonal Jatter@ S

-

.' predawn V’nyﬁm of thxilii r'iae3 sharply in the spring,
reaching maximum yearly valuoa of -0.2.to -O‘ Q«P around May 15 (Figs

371 and 3Ba)r In 1976, when Qs}tout was 1ate“'

e ,gq

lie Inte spring and ¢

’ ' el : - R
dawn "nylem remained high f@‘f several wee Pk Jg’.ining to v -1.0

: % T VIR >
( a
«

HPa “by 20 June. In cotgtrast, dn!"ing 1977, *nylem declined *itkly.y

% . “:"
reaching -lsQ MPa b}' 31 May, as a result ‘of ea'ﬁy snow melt, a"warm, ~ *
B S

- 3. 3
spg;ing, mdoenglf flué&\ing For the durq:tion of the%r. “{n 1977 @5
oy 63 '
fell to -1,,0 MPa and rose to a MPa by the time of abscission. ‘_‘%The
) seasbnal pattern pf predawn "’Px'.em is similar in both years even thO‘ugh
g the’ values wene genernlly lover during 1977. g DI

‘ N l

&ahe dh!tnal r'“'
37a and 38a)‘ Hidday \fe‘lues generally do not fall below -l 7 to -1 8

: of *nylem 1s great 8t

ﬂl’a, except on unusually varm, sunny days (i e. July 26 1976 Fig 37a)

Aswith predawn *nylem values, midday ulues were generally lower in 1977
F

T,
M

..

R Predawn J.eaf water contenc of deciduous 1’.‘ lzallii needles increa&

& - 4

from midwinter lq:e’le (100—1700 2) to pre-flushing levels (200—250 Z) in

April (see l?ig. 20) Leaf water content showa another large increase, E

’ t:o a nax‘ of 380 2 by 20-25 June (Figs. 37b and 38b) This increase

*_ content data are not frequent enouzh to ucertain this Leaf nter content

{»1
e

dee‘lined dnring July to -»275 ‘

' '5-_ a ﬁeema to be ’Ioosely correlated with leaf expansion.‘ However, the 1976 watl ’

-

'.It wu llightly lover during hg hte '-;:;'{
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o e zalli and sympag; 1c

. described in Fig.

S

the 1977 growing season

37%- except that chat n
dius was measureJ'Un both sites in: 1977 (d )
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aummer in 1977 than in 1976 - e Y

. ,_'____. — . =

' Consistent-nith the low Hay turgor (\':p) snown%,the winter
: vater relations atudy (see Fig. 20)‘ determinations of predawn ¥p in
the spring of 1976 and 1977 gave low values (Figs. 37c and 38c) High
vvalues were obtained for this parametsr aftqpvwater content reached
‘ V_ il'. m!ximum. Osmotic plus matric mtials (w,ﬁ. 1) and total leaf
‘potentials (w) appear lower in June 1976 than in 1977. This is the
'opposite of the relationship ahown by prylem £or June of the two years. : ;
A.direct correlation ‘was not . found between ¢ and *nylem Ratesuv

;'5 CE Q, — [ 4 . e v.a
- D Of 4! ’pl’xylem determined on th

Vto 1 1 (see Fig- 21) The d,iscr ~ :

: SO S a puzzling and vexing o1:»1'01;a1em.. Diffic\ﬂ.tﬁ‘ with *the techniques does not seefnp."i" ( a

el T 'a,.

- to, be adequate ?xplana&bn. - In the winter atudiea Large differences be—-t“i .

tween "'ny}em and 'l’ were found and a large resistance in the water con-\" .‘
¥» o ""'duction system linking bud ‘to’ the al_ready developed xylem was postulated¢

(see p. 99) 'l‘he differences in these parameteﬁr in summer do not ahow

’auch a clear pattern thus further res '};c’h will be needed to solve the

__,:-problem. : @
Site differe

' "significant. ,'l'he difference& that do occur appear to be. related to o

| "‘V.‘"'jdifferences in soii ;emperature or at“"’s?heric demand or to develop-' o
L '_mental differences-.= .4 BOEE w | |

BT & »:,-_‘. ,"' N ol ‘v" o R -
. ot

‘ _f BN SR At least one period of wood growth appears to ocgur aimultaneous— oo ;

17 from "'20 J“ly t° 25 A“B“ta on both sites (Figx 38d) I.esS\overall .
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V,mf;_;m_m‘“radius was measured on only two trees on eéch site. ,The reversal may
thus be explained by'the sampling bias. A f-‘ o ' :
’ e -
Predawn xylem pressure potentials of the gergreen trees

shich occur with alpine larch on the‘study aites shov a-seasonal
pattern that is distihctly different than that of the deciduous~ »‘h | »Eé&%
species (Figs. 37d and 38e)- The everygreens are much drier in the o :

spring and early summer and have higher *pxylem during the later o .

P “, pa€¥ of’the aummer. The first difference is explained by the p,
ek :

™ '*; small fﬁaf area of ‘L. lzallii in ‘the s ing and early summer, and
h
thqﬂsecond suégests that the deciduous needles, when developed have @

\‘ \5, v
S L u
LT highap-minimum diffusive conductances “than the needles of the ever—
greens. ’]"_-‘«'J’ ) R » » . . - - . :,“_ . -. o

Based on ‘soil. water content data and rooting patterns it was

o R dsuggested that L. lzallii did not experience soil moisthre stress at pl'v -
‘{".7 vih ﬁny time during the summer (see Pe 47) Support for this comes from h
| ’Fig. 39 In July and August and for t_h_e 197&"3‘\;;’6;1' as’ a whole. vp' tew « -
' f' ‘f.‘ of saplings (when eradiance was 370 Wﬁm ) "39 significantly (p>. 01) | :

o negatiVely correlated (r- -0 92 -0 67 and =0. 72, respectively) with

aj/Ang 1977 data show similar eorrelations. These correlations and

~

?.:ufthe lack of much variation in the soil water content show that - atmo-'-
EEEAE 4 SR
" ,spheric demand waa the factor most important in determiﬁing the water “y '

3 status of L Htllii afplings in July and August. : This is not true in
fﬁJune uhen lﬂh aoil temperatures on the north—facing site and amount&cs

of leaf area develnped, are probably more important. o
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‘o40-60 ug+cem % min (Fig. 40 and see Appendix E).

'thnces renged‘from O‘% mmes ( 20 s-cm ) to 0 17 mm-s -1

:f obtained.

. . ' " .
. Diurmal patterns

The correlation of waylem to Acwv, shown above, was ‘apparent

173

in the data.from each intensive sampling period (Fig. 40c and e) uData

(=%
" from two other intensive samplings are given in Appendix E.

»

The small changes, when considered in the light of Fig

v c

_piration from dawn to 1600 h: dn 20 July 1976 did not psrol’kl t

w-

35, in -
}Aleaf water content during a diurnal cycle are ‘also shovn in: Fig 40f.
"Transpiration rates of L. lxallii needled branches reach a maximum of ;. ;ﬁ

e ée in trans~ﬁ‘

lm‘

he incérease

‘larch needled;%ms 4, 45 mm-s ( 2. 25 g*cm i)(Fig.AOh) Minimum conduc—-

’{ Scomatal opening in response to light is slower in June‘yhen the

2 ’ ‘

f-;,deciduOus leaves are’ still immature.’ During this period also,

. . ‘ R
: . N ) . D . - .
LA . 13

4

maximum

The midday stomatal closure shown in Fig. 40h suggests that sto-"

‘mata are responding tb. decteased leaf wnter potential of'to increased_fi

-,
LY

Y . ' -.l

v :
. H’?f. : !katmospheric demand. Compilation of diffusive conductance data

[

v . e . .
_V_ N Lol R
. ¢«

from

v

o atmospheric demand (Fis--42) These ¢°Ff°1"1°““ d° “°t excl“de the

-

i: L allii saplings showed highly significent negative correlations to i“' L



4

. Figure 40.

"~content (n*7), ‘8. )i transpira ‘
" (o=7);-h.) leaf diffusive condiidtance ‘(& ‘resistance scale

- (x)

' . ' ., .o : :
' v : Le T
*

LR

Toa

lEnvironmental and Larix 1yallit sapling.w&ﬁer relations
-data from an:intensive sampling period, 19-20 July 1976¢
_Environmental parameters: a. ) 1rrad&ance on ‘the squth- v

g oot

facing site (arrows indicate sunset® “and dﬁa;ise. and
cloud cover:- is shown-by: standard métearological syubols)!

b.)- iir temperatures at 15 cm: c.) approximate (because

good leaf _température, ‘data were not avallable)Xic,g, and

an indication of precipitatioﬂ periods; d.) mean’soil ’

moisture at ~10 cm (n=4) . Mean. tSE is shown for all. water

ralations parametérs: e.) Vpitvlem (o= 7); £.) leaf water
txou of excised branches

is ‘also shown) (n-S) Note' data from the\krummh z site
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" vapor concentration differences in July are due to leaf

Composite of ‘all diffusive cpnductance (resistance) data,
for deciduous Larix lyallii needles, showing the highly

significant negative correlation to the water vapor con-
centration difference throughout the summer. High water

over temperatures.
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possibility that the stomata are also responding to leaf water status,
however. This possibility was investigated in the stress experiments.

Responses to drought stress

AN
Saplings

Data from intensive sampling of stressed ar.i rontrnl
saplings iﬁ July and August 1978 (Figs. 43 and 44) were examined for v

patterns in the response of stomata to environmental factors and to leaf

water stZtus. In July declduous féaQes on tﬁe spressed trees sampled

above and below the polyethylene shelters, had similar wbxylem and lgaf i . ..
Qacer congént. Also contrary to expectat%gn, needles from control trees
had I"JEr water conéénts than those of stressed treeé (Fig. 43e and f).
The uppe canopy needles of stréssed trees had diffusive conductances i

nea:uy:jibntical with those of control trees (Fig. 43d). At the same

time the needles under the stress shelter had much lower diffusive con-

Sllmee#gn aTer e

ductance. . _

-

These patterns are similar to those found in August (Fig. 44). The

importance of automatic data logging (and good weather) are clearly demon-

strated by thése data. Because of the clear sky on 8 August 1978, ra-

diation loads on leaves under the stress shelters caused leaf temperatufes

RSN R RN

to rise up to llo ? above air temperatures (Fig. 44b). This caused a much‘
increased Acyy. Dﬁfiné this period diffusive conductances were much reduced

-

in both control and stress trees. Although water potentials and contents

s S LA

of the needles on these treeg were not significantly different, diffusive i

—

'ponductanceé were'quite different. The diurnal pattern of response is >
/ A S ! . s

- ghown in Fig. 45.




Figufe 43.

N
0

Environmental and water relations data from intensive
sampling of deciduous needles on gcontaol and stressed
sapling Larix lyallii on 13 July 1978, Envirommental
parameters: a.) irradiance and cloud cover and type;
b.) air temperature in the open (®), and leaf temper-
ature in the open (O) and under the drought. stress
shelters (O); c.) calculated Acyy in the open (O)
and under the shelters(0O). Mean *SE are shown for
all water relations parameters: d.) diffusive conduc-
tance (n=4); e.) leaf water content (n=5); and xylem

pressure potential (n=5). Symbols are labeled in d.
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Figure 44. Environmental and water relations data from intensive
sampling of deciduous needles on control and stressed
sapling Larix lyallii on 7-8 August 1978. Environmental
parameters are as in Fig. 43, but because data was
recorded every 5 min no points are shown. The arrow i
indicates the time of removal of the drought stress ;

, shelter. Water relations parameters are as in Fig. 43
- with diffusive conductance sample size Increased to
n=5. In addition, needles from the lower canopy of
control trees were sampled. Symbols are labeled in
d. and e. '
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Figure 45. Diunal patterns of diffusive conductance illustrating \
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duous needles on control (O) and stressed (above shelter,
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Deciduous leaves of stressed trees, both above and below the

shelters responded to ihgregging Acy,,, in a.simi}ar ménnér, by rapidly
reduciné stomatal conductance when'Acwv>14 g-m-3. This response occurre
several hours iater in the upper canopy leaves than it did in those from
the lower canopy, in concert with the different rate of increase in Acwv
Control deciduoud leaves also segan to have reduced conductance when
bcyy>1b g m'3 . At ;nyvievel of atomspheric demand, however, they had

higher conductance than did stressed leaves. The response patterns.to

increasing or decreasing light are smaller in the three leaf types (Fig.

43).
Reﬁoval of the experimentally induced high Acyy caused a rapid
opening response of the stomata of lower canopy stressed leaves. The

time course of this response is similar to that found in the gas-exchang

3

studies (p. 160).

leaves éppears to control the potential maximum diffusivé conductance.
Stomata of both stressed and control leaves then respond similarly to

high atmospherfE demand, which causes decreased diffusive conductance.
o
The response to light also appears to be similar.

1
~a—

Stall trees

Leaf water contents of stressed deciduous and winter-

green needles of small L. lyallii trees were always thé same or higher

Ed

than similar control needles (Fig. 46). The wintergreen leaves also
had higher water éontents and usually lower diffusive conductances than

deciduous leaves. On 8 August.the diffusive conductance of the winter-

184
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To summarize, these data show that the stress history of deciduous




Figure 46. Water relations parameters of deciduous and wintergreen
needles from control and drought stressed small Larix
lyallii. Data are from the two. sampling periods illus-
trated in Figs. 44 and 45. Environmental data and sample
sizes are given ‘there. Within each group of four bars,
the arrangement of treatment and leaf type remains as

-1t is labeled in the upper boxes. Times and dates are
indicated for each group. ) '
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green needles decreased more rapidly than that of deciduous needles

[

as Ac,, increased (Fig. 46). This type of response may Rave contributed
t? the higher watet contents of the winte?E{een needles. .

Although the data have high vatiability, it appesrs that deciduous i
needles on small L. lyallii haee drought ‘stress responses that are sim- |
ilar to those enlsaplingsv,rWintergreen leaves appear te‘reduce their
dlffusive condectances more quickly, thes maintaining‘hiéher water con-
tents, and perhepS'potentlal maximum conductances (Fig. ée).

t

It is surprising that such small differences were caused in
‘ \ ,

" water status of gtréssed and control small trees. The differences were

even smaller in the saplings. This.guggests that the drought stress
, . : : B

shelters were not large enough to reduce the"soil moisture in‘tbe root-

4,

ing‘zone of these'trees; Soil water contents at 10 cm depth. were lower .
under the drought stress shelters (1.4%) than in the open (9 82), Hﬁ{ .?
the 'difference is not large. The deeply penetrating roots, especially \4
of the saplings, were probably able to obtain water Tom lateral flow

into the area under'the shelters. The drought stress shelters, while

not very effective in reducing soil moisture, did effectively imcrease

t pheric demand experienced by the stressed trees. .

DISSCUSSION
The general objective of‘this chapter was to investigate the

disadvantages of the deciduous<habit in summertime timberline environments

- The results of the photosynthetic and water relations studies have shown

-~

Y . . )
R WL VDL APV R

Py




\ differing habitats (Auger 1974, Arno 1970)
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two environmental factors, light and %tmospheric moisture demand, to be
most important in limiting L. lyallii to timberline habitats

o f-_The light compensation point (m160 pEem-2.g5-1) of winteifreen leaves
on small trees (Fig. 32) 1s extremely high compared with light compensation
,points of other timberline trees: . 10;35 pE-m-2.g-1 for blach spruce
(Vowinckel et al. 1975, Black 1977), 130 lux = 30 pE+m-2.s8-! for ‘cembran
pine (Tranquillini .1979), and .0.03-0.08 cal cm‘z-min‘l~80 150 pE-m~2.g-1
for tamarack (Auger 1974).

tight.leVels measured within the.subalpine'forest at Marmot Creek

: ; - - J ,
. Basin were 155-175 pE-m=2-s-! under clear skies, At the same.time PhAR

in dense stands of larch saplings was 280v450 uﬁ-m:2-8‘1 Thus,’ the high
light compensation point of wintergreen leaves, whicH constitute the
majority of leaf biomass for the first five years of an alpine-J/;ch
seedling 8 life (see Fig. 14), explains the lack of young 1arch trees on

the floor of the subalpine forest The open woodland stands which L.

lzallii forms are probably also related to_its. poor shade tolerance when

‘young.

Light compensation points‘of’mature deciduous neddles of'L. 1zallii
(see Fig. 31) include:the range given by Auger kl974) for L, laricina (see
above). Maximum photosynthetic rates for these two_species are also
similar, 20-22 mg Goz-g“l-hr‘L, and again demonStrate the similarity of

“the ecology q& these two Noxth American species, despite their widely

Maximum\diffusive conductances of deciduous alpine larch needles are‘

high (4 45 mme g~ 1) They agree with maximum conductances of deciduousl

broad-leaved trees (Davies and Kozlowski 1974, Federer and Gee 1976), but

are much higher than those of timberline evergreen trees (Kaufman 1976
.

' Slatyer 1976). Even relatively low atmospheric evaporative demands cause

o
-~ -
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i i

3 ' )
shagp reductions” in this high maximum conductance. Both field and

t('

laboratory squdies have demonstrated this response (Figs. 33, 42, and
45). | .

Manv‘othersfhave,shown‘similar linear decreases in stomatal
condoetanoe in response to inCreasiné atmosphé!ic demand (Lange et al.
R 1971, échg;ggfgi al 1972, Federer and Gee 1976, Kaufmann 1976, and
:} iﬁsqhﬁ&977, among others) or analyzed'the importance of this response
in oontrolling plant water status (Hall et al, 1976, Cowan 1977, and
it | Farduhar 1978). - For L;}lzallii the importance of the reduced stomatal
conductances caused hy-inoreased atmospheric demands is, as with all
: -land plants,“b reduced ‘carbon gain (Raschke 1975). Reduction in carbon
gain causeﬁ by high atmospheric demands is the second main reason that

g

'“x}\ &ipine larch is limited to the timberline region, where atmospheric

t

: demands are usually low (Tranquillini 1979)

2
S

v -

. , Temperature and humidity data from Environment Canada (1968- 1978)

R

u

&!
show that tn Marmot Creek Basin the vapor pressure deficit averages

.

66Z higﬂer at 1700 m than.at 2300 m at thé timberline. Using this

informationhagngig hz'it'is possible to estimateffhat total carbon

(AR S

G uptake by alpine laxch in July would be reduced 407 from timberline L -
# to 17qg1m Ain: ;he Subalpine forest, by humidity responses alone. The

slightly higher temperatures,at the lower elevation ‘would not make any

.;- o ~ ALY
- - decrease. ' - e Y v v .
N 2o ! W e g .
- -

The high light compensation point of needles on young trees,
tggether with theasensitivity of .the species to low atmospheric moisture,

makes L. lzallii a poor competitor with‘the subalpine forest evergreens.
. 4 \/’
Tbese factors explain to a large extent the restriction of alpine larch to

the timbe;line 2bne where open habitats are common and atmospheric demands

4
» : %

AN * - ‘,
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low. They also explain the extremely patchy occurrence of alpine larch
in the southern portion of its range, where it is found on cool, north-

facing slopes at very high elevations, and only on talus or avalanche

slopes or boulder piles at lower elevations (Arno 1970). These are sites
where competihg evergreen trees grow poorly, if at all, and atmospheric

moisture demands are low, while soil moisture availability would be
reliably high. (T

In ecological studies, such-as the present one, it is neafly
impossible to eliminate all other poséiﬁie explana;ibns for an observed

—
’

phenomenon or pattern (Caldwell pers. comm.). Rather reasonable
explanations must be tenatively accepted until déta which better
supports altegnate explanations, or clearly réf;tes fhe proposed
hypothesis(es), is put forward. Thus, the use of the twoasiﬁple
responses of L. lyallii to environmental conditions as explanation
for its altitgdinal zonation séeﬁs justified.

, L. lyallidi is ;lso very sensitive to soil moisture deficits,
and more importantly shows long-term photosynthétic reductions in
response to drought stress. _These reductions petsist after ieaf water
BtatusAimprqves, suggesting that internai control, perhaps by ABA
L(Raschke 1975), prevents stomatal Qpening following sfress.evgﬂts. fhe
eéological significance of thesé resﬁogses is that alpine larch ié
restriced to regions or sites where regular suﬁmer rains dr.edabhic ey

i .

conditions keep soil moisture high. Regular precipitation also helps
maintain high humidity, which is important for the maintenance of high

diffusive conductances and rapid CO uptake rates. - - .

2
The diSCribution of L. lzallii in the region affected by Pacific«—

summer storms in northwestern USA and southwestern Canada .(Arno and Habeck

N
P
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1972) supports the idea that regular summer rainfall is important for

L. lyallii. 1If this is the case, thé absence of alpine larchlfrom timber-
lines in the drier southern- Rocky Mountains and the Sierra Nevada is
understandable. %here this species is found in regions with only 2-3
ctn-mont:h“1 summer rglnfall, it 1s restricted to sites where edaphic
conditions main;ain high levels of soil moisture.

The fe tuies of L. 1lyallii physiology discussed above put this
v

-species at a dlsadvantage to timberline evergreens, bylresﬁricting larch

to reéions,and sites where the requirements for reliable summer moisture
are met. Hiéh moisture requirements are bnderstandable'wﬁen one considers
the correlation_of high'phétpsynthecic rates ;nd low diffusivé résistances
in this C-3 speciés; .
L. 1yallii has a much higﬁer photosynthetic capacity, based on dry
weight; than mbst other gonifers; which are evergreen. Other species of
Larix hhye similar high photosynphetic capacities (Auger 1974, Tranquillini
1579). On a leaf area basis, however, alpine larch and the other Larix species
have net assimilation rates §1milar to the rates of evergreen conifers (Sestak
et al 1974). This suggestsitﬁat’mesophyll resistances-in Larix species are
similar to other conifer§, The high d;y weight basis net assimilation fates
are due to lowigpécific mass leaves. Low specific mass leaves were found in
L. ixaliii (see Tﬁble 16) and ﬁa&e been reported for other Larix speci;s'
(Tranquill?ni 1979). Leayes with,lgw sp;bific mass, ?nd high (Qeight basié)
photosynthetic capacity p;gvide the l;rgest‘possibieocarbgn gain pgr invested
carbon of any short—livedvleaf. Apparentli alpine larch makes up for its yearly
carbon losseé (by ieaf fall, etc.) and short growing season by this adaptive
strategy. The deep rooting habit and eariy, rapid leaf ‘and shoot expansion are

/ .
also important adaptations that allow L, lzallii to exist in the severe timber-

- line habitats to which it is restricted. ' o '

“
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.CHAPTER VI

INTEGRATION

A\
P 4

All of the factors shown to belimportant to the growth and
»

dominance of Larix lyallii at timberline are interrelated, and result

from its deciduous habit. Great resistance to, and tolerance of, winter

desiccation results from alpine larch's lack of leaves in winter. This
morphological characteristic makes the area.oﬁ cuticle which must be thick- -
ened fat less ‘than the area that wole have to be thickened were leaves
.Pnesent as with evergreens. Thus; avdeciduous tree should have .to expend

less energy to, and be able to more quickly develop, high desiccation
resistance. The lack of leaves also means that the area susceptible to
radiational heating and evaporative .water loss, especially in spring, is

less than for evergreens. Thereéfore, deciduous.species are subjected to.

1o;er potential oater losses in winter: Tolerance of the immature tissues

of overwintering L. lyallii buds to winter desciccation is great. | Due to
their isolation from the xylem during winter, they also strongly resist

. desiccation. Because of itslfesistance and tolerance to winter desiccation,‘
L. 1131111 suffers 30—642 less winter desiccation damage than sympatric ever-
green trees. |

A Aumber of other featurés/}esultiog from the deciduous habit contri-

bute to less winter damage. These include lower wind and‘sﬁow loaqs,‘and

afimdie s wLa il LT

less susceptibility to avalanche breakage or fungal attack.
‘Since all of the e wintef"advantages derive from the deciduous habit,
it 1s hypothesized that other ‘typical timberline deciduous.trees (see Ch I). %

should .show similar advantages to those of L. 1lyallii. For tﬂE}e“aovaotages

4
2
g
k
3

A
3

-

/
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quillini 1979)

.contribute to reliable so0il moisture and cool air. In its habitat, L. 1231111 p
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to be realized, especially the difference in desiccation damage, a desicca~ ) ‘[*f

/

»

ting winter environment is required
Another result of the deciduous habit is the need to make rapid carbon » \

gains for the duration of the short growing season.. Alpine larch is able to

accomplish this by the combination of a number of characteristics. Alpine.

larch produces leayes withvhigh leaf area‘to weight ratiosvthat are advanta-

geous because low carbon fhwestment is necessary for high subsequen rbon

gain. This is reflected in the high' day weight basis net assimilation rates, n

Low carbon. investment requirements mean that a large photosynthetic surface ' ~

can be produced very quickly in the spring. ﬁlpine larch e;pands‘shoots and

leaves simultaneously and early in the season. Leat expansion is accompanied

by large increases in water content, suégesting that during expansion as

little carbon as possible is being invested in the leaves. . j

>

Early initiation of shoot expansion and its completion before the end
of July means that at least one full month is available for thickening the
cuticle on the current year's twigs. This is ektremely important for the

development of winter desiccation resistance discussed above (see also Tran~ -

The high.diffusive conductances assoclated with the requirement.of _ s
C-3 deciduous species for high photosynthetic capacity Tean that water use is’ >7 o
high throughout the summer. Restrictions on water avaiiability or high evapo-
rative demands cause ‘these conductances to decline, significantly reducing
carbon gain. These interactions appear“to restrict L. 1lyallil to areas where

summer precipitation is high and regular, or to sites where edaphic factors
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is not subjected to great soil or atmospheric drought. Thus conductances
and potential photosynthetic carbon gains remain high

Photosynthetic ‘rates of deciduous alpine larch needles continue to
increase at very high light intensities. Light compensation of these
needles is high, and that of wintergreen needles is extremely high. 1In the
" open habitats where alpine larch occurs it is seldom shaded by other trees.
Thus the 1imitations imposed by shade are not ‘felt, These limitations,
however, are important in preventingvthe growth of-young trees within the
spruce~fir subalpine forest. Furthermore, ‘the reductions .In carbon uptake
due to high atmospheric demands impose an additional limitation to the growth
of L. lyallii at lower elevations, in_the subalpine forest, where atmospheric
moisture levels are lower. | ' f

~Young alpine larch have wintergreen needles, which‘are very susceptible
to’ winter and Spring desiccation damage Since these trees are so small,
however, they are usually covered by snow in winter and the probability of
having the damage-susceptible wintergreen needles exposed i1s minimal." The
adnantage, on the‘other hand, is that the wintergreen leaves appear to be 1ess
susceptible than deciduous needles due to drought stress in the summer. This
is because their more rapid stomatal closure respohse to low atmospheric humid—
ity allows them to maintain higher leaf water contents, This response reduces

photosynthetic capacity during\periods of stress, however, as having wintergreen

needles also effectively lengthens the period during which photosynthetic CO2
\

uptake -can occur. y -

"mﬁintergreen leaves have higher light‘compensation‘points‘than deciduous
needles, but are held in fewer numbers by small trees on shady sites than by

those on open sites. On open sites approximately 28% of the total needle bio-

mass is held in wintergreen needles until the trees are 20-25 yr. It is at
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this‘age that rapid height growth of L. 1ya1lii begins. Concomitant with
the rapid height growth is ihcreased production of deciduous needles. It
appears that the change to deciduous néedlee may be initiated when the root
system becomes sufficiently develdped to aesure au~adequate supply of water
all summer. At that point the deed for the drought stress resistance of the
wintergreen needles is less important and more deciduous needles, of higher
photosynthetic capacity, will allow more rapid height growth. The changing
importance of the two types of needles is an extremely interesting problem,
and it emphasizes again the relatiVe advantages of deciduous versus evergreen
habits for timberline trees. Since the'wintergreen leaves are usually protected
from desiccation by snow, no'advantage would be gained by the young tree being
deciduous. Also the summervadvahtages of evergreen type needles are n ded
for establishueﬁt, when drought stresses are greatest.

That.emall alpine larch maintain a substantial commi ent to winter-
green heedles until rapid height growth begins and the treé is exposed to
damaging winter conditions, supports the hypothesis for a desiccating winter

environment as a precondition for the occurrence of the deciduous habit. Be-

'cause‘of eimilar'vegetational zonation, and the apparent'need for wintergreen

needles during establishment,‘it is hypothesized that constraints similar to
those opetating of L. lzallii in summer are also important for other deciduous
trees at timberline. Specifically it is hypothesized that typical deciduous

timberline trees will show large decreases in otherwise high leaf diffusion

conductances in response to high atmospheric demands or soil moisture deficits.:

; Thehe'two hypotheses, for summer and winter, pust be ‘taken together
as a eingle hypothesis explaining the.correlation of deciduous treeg at timber-

BRI O Gt e L e et s




lines to areas where climates show the following features. Decdduous
timberline tfees-should be restricted to areas where regular sunmer nains
or edaphic conditions maintain soil moisture and;feduce§atmospheric demands,
and where severely desiccating winter conditions occur allowing the deci-
ducus trees an advantage over evergreens, which are always either sympatric
or occur in the subalpine forests just below.

Verification of such general h&potheses ag these will require many
years and study by many pedple, A number of approaches need to be pursued.
The distrihucioﬁ of'tiubenlﬁne species needs to be carefuily documented and
climatic data'compiled from timberiine areas (both deciduuus and evergfeen .

dominafed) of the-world Ecophysiolog‘gal studies,‘concentrating on di@fusive

conductance and its response to environmental conditions and winter water

.relations, need to be done on a number of typical deciduous timberline species.’

Finally, careful field photosynthetic studies and carbon budget modelling need -

to be undertaken. The resul;s of these studies will greatly increase our:

understanding of the variety of causes of evergreen and deciduous timberlines.
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s | AEPENDIX A
- : !
Typical time course of equilibration of dissected buds and winter-
‘green needles sampled in winter and typical chamber psychrometer cali-
bration curves, : . .
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VJ  APPENDIX B
Spectra fréh\xhé field sites, ‘under experimental shelters
and within the large gas-exchange .cuvette. - Data were taken with

an*ISCO SR spectroradiometer with direct or remote heads. Cali-
bration was done with an ISCO SRC spectroradiometer calibrator.’
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Figure 49, Comparison of light quality under various laboratory
and field conditions. Note scale differences. ‘a.)
Within Siemens cuvette inside high light intensity |,
growth chamber, when PhAR = 1500 jiE - m~2 . s-1 (@)
and when PhAR = 700 pE:m~2. s~} (©O). b.) At the field
site at 1230 MST under clear sky on 17 July 1976 (@),

" and under an overcast sky on 19 July 1976 (0O). .
c.) On 27 August 1977 with stratocumulus overcast:
in the open, PhAR = 630 uE-w~2. g~1 | 1420 MST (0O);
in the sp;uce-—fir-l rch subalpine forest, PhAR =
195 pE.m™2. g7 |, 1300 MST (m), and 110 pE.m-2 . -1,
1330 MST (A); under experimental shade strass shel-
ter, PhAR = 25 uE.m~2. g-1 (open PhAR = 630 uE.m—2 --sfl)_,
1530 MST (A). ' : : .o
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APPENDIX C | v
~

*——N\\ Flow diagram of mini-cuvette gas—exchange system.
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» Figure 50,

Flow diagram of mini-cuvette gas-exchange
system. Tubing is shown by solid lines, -
and electrical connections by dashed iines.
Valves 1 and 2 were used to adjust the

“humidity of the inlet air, and valves' 3 and

5 were used to balance flow rates of -the
sample and reference airstreams. Valves 4
and 6 were closed when making measurements.
While zeroing the IRGA, however, they were
opened and valve 5 was closed. ‘
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APPENDIX D

- Net assimilation of L. lyallii deciduous needles in
response to changing CO, concentration, determined on an
automated gas-exchange system designed and built by D.W.A.
Whitfield, Botany Department, Un;x;rsity of Alberta, Edmonton,

v

Alberta. - .



” Figure 51.

o

Net assimilation of alpine larch deciduous
needles as a function of CO, concentration
under the| conditions indicated. - CO2 compensa-
tion point is ~35 ul - 11 . Simultaneous
determinations of leaf resistance are also
shown (O). - o o
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APPENDIX E

Environment:al and water relations data from diurnal

sampling periods in June and August 1976. .
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Figure 52.

Environmental and Larix lyallii sapling water relations
data from an intepsive diurnal sampling period, 19-20 June

- 1976. Environmental parametérs are as described for EFtg.

40, with the addition of soil temperatures at the indica-
ted depths (d.), and excluding soil moisture on the north-
facing site, which could not be sampled because of snow.

‘Water relations data are also shown as in Fié. 40; except

that ¢ﬂ ' (Mean +*SE, n§3) of deciduous needles on both sites »
is shown with y_. in f. : T
{' ;
/ N\ . '
N S . .
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 Figure\53.

ihtensive diurnal sampling period, 2-4
Environmental parameters are as in Figs.
ater relations data are as in Figs. 40
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