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' 'ABSTRACT

In the Colorado Front Range Kobresia bellardli (All ) K. Koch

1s restricted to alpige meadows which are nelther extremely n
' wind—exposed nor“buried under snow'throughout the winter;'ﬁ
\ The kobresia meadow env1ronment is distinguished by’ephemeralf~

microdrifts in winter. Winds w1th1n the«tussock are strong
Year~round,‘averaging 0.4 m/sec in.summer; 1.2‘m/sec in.winter;“*
Summer soil surface temperature§’yary rapidly, especially at mid- day
when they may briefly ‘exceed. 35°C. Winter surface,temperatures

v.usually closely resemble air temperatures'above: 'éummer-vapoﬁd'.‘:"j,
pressure deficit proflles are generally uniform with low mean. . ‘i;’

_defic1ts of about 2.0 mb. :Soil water.potentials (W ) at 10 cm

depth average ~8 bars in summer.. Winter ¥ bil is frequently E%low

f30 bars,xbut'rises above‘-20 bars 3% of . readlngs.. During '
snring melting; Wsoilxrises to near 0 bars_for about 3 wks.;HSoil
at 2 cm'depth is usually drier than ~-20 bars excent in spring.
Among kobresia's adaptations‘to thisfenvironment is the'abilitv vl
to ‘use an extended season for development, approximately 1 April to
20 October Short green‘ieaves in wintervailow,aboyeground storage.
of carbohydrateSISO‘that;translocation.is not necessary for
. ' . . L
'elongation. Water stress is.tolerated by.efficient maintenance of
. 1eaf water potential (Wl f) even when pas51ve uptake from s011 is.
impossible and by .water uptake from soils at 0° and possibly muchs‘y
colder:_:. - . , s J » -' |
In contrast'to the‘kobresia meadow, a'fcllfield had much higher

winds and drier soils in all seasons. 'Temperaturé profiles were

iv
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jSimilar in the two microsites. Snow microdrifts were more shallow
.‘6" l .
dnd less durable., Moderate (70 cm) and deep (140 cm) snow accumulation

areas had lower summer winds and daily heating at the surface was
g i

3 to 6° higher than in the kobresia meadow. Summer ¥ soil at the deep

snow accumulation site was higher than the kobre51a meadow uhile
3

gopher‘disturbed soil in the,moderate snow accumulation area was

“ .

“usually drier. . In both snow accumulation sites, soil remained deeply
frozen and.W so0il below -20 bars through the minter until June. FSummer

vapor pressure deficits in at}_sites resembled those of the kobresia

‘ff( meadow.

Kobresia does not survive in the fellfield primarily because of

l;ﬂjir* mechanical damage from-wind- blown sand and proLonged low ¥ leading

soil
o to wilting Under deep and moderate snow, fall die-back is incomplete
% before snow accumulation starts, and ‘reezing destrovs carbohydrate .

eservespand'meristems'of-unhardened shoots. Spring elongation does

’;}Q&;not begin‘until snowmelt is complete. Shallow snow cover, with early

I
+

saturation in-April permits elongation and apparent loss of hardivess.
. A .

before the final hard freezes of spring “Under temporarilv deep snow,

| ' leaves elongate, but die back with loss of. carbohydrate reserves if
snow is 1nmovcd before spring thawing- Interspec1f1c competition is

J ‘ unimportant in kobre51a s absence from snow accumulation areas. . Alli.

habitat altcrations result in decreased productxon and carbohvdrate"

reserves.

. Crazing by elk, although heavy, had no.apparent.adverse cffect

'at these study leLS.j; | |
Seed.and flower producrion'arc reducted up to 99Z'hy'habitat

aIteration.‘\It'is questionable whether kobresia'presently.reproduces_



séiuaily iﬁ fhe_F;oht Range; .éeed of.uﬂdistgrbed plants'did noﬁl
ger?inété in field gnd labofﬁtory_tests. QYoung tPssockg ére absent
in most places.’

| Kobresia is well adap(ed to a particula; migroeﬁQirqhment, but

“intolerant of changes.. Its apparent inability to reproduce by seed

1

implies that its destruction may be irreversible.
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the adaptations that allow this species to be succes?PdI’§H\i§i.
normal habitat. - _ . |

)

1. . INTRODUCTION

Meadows.dominatedmby Kobresia ggllafdii c0mpri§e an important

/

portion of alpine vegﬁtatiqnuin the Colorado Front‘Range. Kobresia
dominatés the"plant cover iﬁ ﬁany sites which_afe neither extremely
Vind—exposed such as fellfields‘notbbﬁriedtundef snow throughout the
winter. The Xell—delineatéd microtopographic preferences of this

3 :

species raisexquestions concerniﬁg its adaptations to so specialized

an environment, or, conversely, reasons for its intolerance of

other microhabitats. This study was undertaken to identify those -
N &,x.'i' v .

7 o ' v : : /
aspects of the enviromment which prevent occurrence of kobresia :

under snow accumulations andvin fellfields .and to describe some of

Kobresia bellardii inhabits»relatively“snow—free sites

tbroughéut its’widg geogfaphical.distribﬁtion. " The speéies is fouﬁd_
in eastern bibgria, Japanese and.Chinese moUntains, ﬁountains of
50utheaétern‘Europe and the Alps the Urals, much of the &orth
Amgrican_;tétic.énd QeStern meuntein ranges (Hulten, 1968).v It is
associated with exposed tundra ;lopgs with degp tu;f in maﬁy afeég
includinéﬁthevAIps (Guyot, 1920; ‘Braun—Blahquet,VIQSA)} Norw;y
(N§rdenhagen 1936)? Yugos1évia-(GrgbenscﬁchikQQ,;l960), th? UraL; "*
(Igoshina, 1966), tﬁ; eastérn-éoagt'of Siberia (Tikhbmirov and
Gavriiyuk;~1966), thé'canadidn'Rockies (Hrapké, 1970; Trottier, 1972),

the southern Kocky Mountains (Cooper, 1908; Cox, 1933; Kiener, 1967; -

Osburn, 1958; Willard, 1963;, Eddlcman, 1967; ' Marr, 1967a), Iceland

!

. (Falk, 1940), and CréenlandA(Gelting, 19345 Bocher,.1954)."A‘few

, N



/

- water in which its dense but shallow. root system gave it an. ’

exceptions to this distribution are described' in the: Verkhoyansk

#

Mountains of Siberla, the species is associated with river banks

A -

and terraces (Kil'Dyushevskii, 1966); . in Iceland, with moderate snow

accumulations (Steindorsson, pers. comm.); and it occurs under deep

snow in the WhiteJMountainsvof California (Major and Bamberg, 1965)

and the Vind River Range of Wyoming (Major, pers. comm.). A few

authors describe Kobresia beﬂlardii as preferring calcareous soil
L /

" (Selander, 1950; B_cher, 1951; Gaerevoll, 1954). Others, however,

note no such preference (Osburn, 1958; -Willard, 1963; Eddleman, 1967;

Trottier, 1972). \ » _
"The role of kobresia in fthe alpine vegetation_ofﬂ‘he Colorado

»

Front Range has been especially‘nell—defined.' In 1933, Cox described
the specieslasbdominant in "climax" neadows.' Subsequent workefs have

recognised these meadows to be exceptionally stable and many of them

T

' quite ancient (Osburn, 1958; Willard,'l963). Osburn‘(195§} described ST

RN

a successional sequence after 'gopher distnrbance. Cushion plants are

replaced by forbs in a Ceum turbinatum dominated turf which eventually .-

,glves way.to dense kobre51a tussocks. Klener (1967), in a less

1

spec1a112ed case, described meadows of incre351ng age as becoming .:

,«more'strongly dominated by kobresia at the expense of species1

diversity; He suggested that this was the outcomé of competltion

r oo

advantage over other spec1es. Willard 11963) noted that young. kobre51a
S

" plants-were rarely found. and that some meadows may have taken as long

[

as 1000 years to develop to their present state. Even if kobresia
~

could not properly be con31dered a climax species, these meadows are
’ P

' extremely stable and long-lived.



» ™

The presence of kobre;ia often has a profound effect on meadow

.
structure and microclimate. Kobresia ferms up to 55Z of the
cover (Willard, 1963). Tussocks are dense  and closel; spaced. The
charaqter of the environment between and arbund the tussocks is
éontrolied by theif activities and shape.— Kiener (1967) hypothesizes
that kobresia is primarily responsible fﬁ; the.soil moisture regime
in dts meadoﬁs since_it is efficien# in removing soil water; The V
‘tussocks' influence on ihe ﬁiéroeﬁvironﬁent is mést élea%ly Qisiﬁle
'1n'wihter'vheh_microdrifts are usuallv presenf in the lee of each

“clump (Osburn, 1958).

From these earlier studies it appears that Kobresia bellardii

ié ﬁéil-adapted to a particuiar envircament and'ma§ Be incapablg-of

"groﬁiﬁg outsidé of it. This,investigatiOn atteopted to deiegmine

some of the.adaptive features. of the-speciés and the lijits t& its‘

tolerances that prevent its occurrence outside. ‘ts normal habitat.

Env1ronment may 11m1t developwant of a spec1es in- any‘part of its

life cycle. The 1mp11ed inportance of snow cover and a prellﬂlnarv

flndlng that kobresla has green léaveg in winter underllned the

desirability’of wlnter studies. Thus a year-round field study

. L 2 s

examining varlouq qtagee of kohre51a s life chlg Las uﬂdert“k“ﬁ. : %
’Mlcrocnvi(oﬁment was examincd in'four tundra microhabitats‘ .
1nc1uding.é-kobresia meadbw. 'Tranép}ant exberiments and usgyof .
snowfences permitfgd comparxsonq.of kobresia bghav;or fréﬂ snoviree

to snow accumulatlon habltats. ' ' o ' -



'ITI. 'STUDY SITES

Three areas on Trail Ridge (Fig: 15, Rocny Mountain National
Park, Colorado, were selectedyfor study areas-

In the study area near Tombstone Ridge four s:tes were chosen
representing a‘iariety of microhabitats: a fellfie{d, a kobresia

meadow with shallow ephemeral winter snow cover, a moderate snow
and a deep snow accumulation site. Despite considerable differeneés

in wind exposure and snow cover, the sites were separated by a

" maximum distance of 0 5 km and had 51milar elevation and slope angle .
) .

-

(Table 1). These representative ‘microhabitats were nsed for
_transplant studies. The fellfield transplant site was located in a
broad flat area on the ridge top where a slight dip in the ridgeline‘
tended to funnel w1nds The kobre51a.meadow at. the transplantv

~ control s1te-was about 50‘5y 15 m‘ tapering in-width'at its ends
with well—defined-edges. A meteorolog1ca1 statlon, transplants, and
control plants were located ‘near its center. The transplant'site with

moderate winter snow accumulation was placed near the inner edge of

v
f

‘a solifluction terrace where the riser of the'terrace above provided
avfgzkior snow accUmulation.: Thié*area was marked with oldvsoil
' disturbanees”caused by pocket gophers, but no acti?ity waslobserved
during the period of study: The foﬁrth transplant site was inba deep
snow_accumulation‘area formed in the 1ee’of ridgetop‘tors.

fhe éLndance study area was used’as a second control neadow-and
as the location for snowfence studies. ’Here the kebresia meadow
‘dceupied-the iower exposed‘edge of a broad snow accumulation Basin>on

:the‘sodtheaSt slopes of Sundance Mountain at about 3500 m. .Slope
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angle was 5-8°.

The Tundra Curves site was located at the lowest switchback on

!

this section of Trail Ridge Road. Here a large driftgforms in the f
lee of a roadtembankment. ‘The drift cuts across an extensive-stand‘
‘of kobresia. Elevation of the‘site is 3600 m, and it slopes to the.
NNE at 5-12°. | '

While detailed soil descriptions were not made,.soils in al;

three kobresia meadows appeared to resemble.closely those in kobresia

. stands described by Osburn (1958) and Eddleman (1967) Parentﬁmaterial

in all cases was metamorphic rock, prlmarily gneisses and’ schists on -

Trail Ridge, An,L horizon varied from 0 to 3 cm thick. - éﬁ horizons

. were as much as 20'cm thick. Depth of the organic horiyons was variable;
b

occasionallv it was completelv absent between uldely spaced tussocks.

The A horlzons were somewhat acdid (pH 5.5- 6 5) §_hori¢ons had'

a high fractlon of coarse fragments.

Plant'Communities.ofithe-Study Sites

The plant communltles of each were examlned using the 11ne
(’ T .
~"intercept method. S atlfied random sampllng was made with transects
¥

placed entlrely w1th1n the comnunit\ of tho qltc Five lines of

5 m. length were run at each site.h At the Tund a Curves site_iines were
Piaced parallel.to and one meter‘ontside;the snbwdrift area. dPlant" |
cover was determined by species;_ﬁand litter, rock, and minerall-
‘SOilmcoyer noted.. |

All three control meadows had similar kobresia cover’and‘
. . P

N

a relatively highAcover of'Carex drummondianal; Geunm Lurhluatum and

Nomenc]ature follows that of Parrlngton (1064) oxcept for Kobresia
. bellardii whichr¢ollows that of Hitchcdock et al. (1955- 1969).
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Trifolium dasyphyllum (Table 2).. Salix planifolia ‘was present only

at the Sundance meadow. Kobre51a meadows ‘described by Willard (1963)
Eddleman (1967), Kiener (1967), and Marr (1967a) vary con51derab1
in their associated specxes; those described here most closely

resemble meadows described by Willard (1963). Gentiana prostrata,

“ which Kiener (1967) suggests indicated<i;e$optimal.stage of .
development.of the'kobresia aésociation, is preaentvin all three -
. meadows; but only in ver; small numbers.

The fellfield comnunity is domlnated by cushlon plants

;“including Par)onvchla pplvinata, Sllene acaulls and Arenaria

,x\oEtusiloba.v Trifollum dasvphvllum, whlch Marr (10?7a) con51dered
.. restricted to areas of moderate snow aceumulatlon‘ is relatlvely
important despite the obv1ous exposure of . the’51te, Much of the
area is rock and mineral soil (56/)

The moderate snow accumulation‘area is dominated by Artemesia.!

norvegica, Geum turbinatun and Arenarla obtucxloba. Soil dxsturbance

by gophers has probably contrlbuted to the rather unusual group of

plants. The community is cu1te .dissimilar to Osburn s (1938)

gophcr gravel mulch". The closet llkeness to prewlously descrlbed

‘qtands is with' gophgr gardens (k:llard 1963) but the species present

i . - <

ir rhe moderate snow accumulatlon 51te are more”conmonlv found ‘in
ar: s of deeper snow: accumulatlon than in gopher dlsturbed locatlonq

Cover at the doep snow accumulation 51te is very hlgh : in places

the communlty h?s several 1ayerb. Ceum turbln“tum ‘and qlhhaldia
procumhens'werc dominant. Foum is falrl\ ublqu1tous in the slplne

: 7one, but Qibbaldia is reqtrlcted to snow accumulation areas, whero

it iq often dominant (Willard 1963 ~Edd1emqn, 1967; /harr; 1967a).

11
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I:T. ACLlMATE AND MICROCLIMATES OF A KOBRESIA MEADOW
- 2 ' :

- ' 'A‘:?lntroduction
A considerable body of data'has'been amassed describingvthe_
Front Range alpine climate. Barry (1973) compared the alpine zone.
' with lower elevationsr He found the alpine @;ea on Niwot Ridge, 65 km

'~ south of Trail Ridge, to be w1nd1er and colder than lower elevations;
| _
* %ﬂﬁbrecipitation was about 25% higher than in a subalpine forest; but

-solar radiation was comparable over the whole eastern slope. Marr
v (l967b) Marr et al. (l967a and b), and’ Barry (1973) have quantified

the climate at 3740 m on Niwot Ridge between 1952 ‘and 1970 jThe-kind

‘J

of climate they describe appears representative of the Front Range

-

'"'alpine zone since studles of shorter duration by Judson (1965) and Harr

and Wlllard (1970) found 51m11ar climates about 65 km north and

El

.south of NlWOt Ridge at Berthoud Pass and Trail Ridge. The climate
of a kobres1a meadow on Trail Ridge used in this study was examlned
so that thls site could be compared with Niwot Ridge and Berthoud Pass.,

u~:‘ In other alpine areas, profiles of env1ronmenta1 character at
. N .. %

Eﬁhe height of plants have 1nd£cated that ‘a different climate prevails

' shogﬁfthat a similar”phenomenon could be expected in the Front Range.

Previously climates surrounding alpine plants,have heen'described3in';

t

sunmer only. . Thus a second part of the study dealt with

env1ronmenta1 profiles through the year.

Methods BN

~ , - -

'f - The climate'andvmicroclimate‘of‘a kobresia meadov'wcre examined

\ 12
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4_ ‘The vents between slats in the floor of the shelter_were s

winter proved to be varlable over short periods and accurate estimates

. .. X j 'i .\\\\\ 13

using a combination of - recording instruments and frequent spot

readings. A station was maintained consisting of a standard

meteorological shelter housing a Belfort 31- day recording

a

hygrothermograph at 1.2 m, a standard 3=cup anemomgter at 2. m,’a Bel-
fort pyrheliometer, an unshielded Taylor maximum—minimum thermometer

8t 507 cm and in summer months an unshlelded Tru~chek rain ‘gauge at-- . >

Y

:50 cm. ube of problems with snow a6cumulation some modification

of the shelter was necessary ‘ Muslln (180 threads/inch) was placed

over the slats on the north and west sides and sealed around t©

‘edges{

ith’

~

'cold-resistant-tapei These changes did not appear to cause damping

or a noticeable lag in temperature or- humidity recordings .

Summer precipitation was measured daily Snow accumulatlon An

-

of snowfal vere impossible. Depth of snow surrounding‘kobresia

'—tussocks was measured at.intervals ranging from 2 hr to several.days.

Measurements were made at 5 points on each of the windward ‘and

leeward sides of tUSsocks Snow den51ty was measured u51ng a small -

can with 3'cm diameter and 33 ml volume Samples»were taken,in

triplicatcd for weighing 1ndoors. ~Use of.the small canABErmitted
VoL 3

o

“density measurements in' very Small~drifts; o o N 5
. N , o

.Solar radiation was - recorded with a Belfort pvrhellometer-

placed on. thc ground No attempt was made to keep it above the ‘snow o <

ﬂlevel but the sensor was never buried more than one day. The dome‘

had to be cleared of frost daily in winter.

-

Profiles of wind, temperature, and summer: vapor pressure def1c1t

| ‘were run with 5 replicates; repeating the sequence from lowest to R




S

by Hastings Raydlst (pers. comm. ) :

14

1

o

uppermost point. Wind profiles w..e read in 60 sec for eaeh sequence;
temperature, 90 sec;‘and wet and dry bulb temperatures at 2 to 3 min
: « . -

intervals.

+- Windspeeds were.ueasured at 2 cm (inside a‘kobresia tussock), 5 cm

(at the toﬁ _of the tussock), 20.cm and 2 m (the level of thef3;eup

anemometer) with a Hastings—RaYdist'khermopile anemometerlwith a

:directipnal probe.. Only rajeiy were winds- so- light or variable that

3
b

deterfizfgion.of direction beeame difficult. When direction wRs

uncerta¥n/or winds exceeded 30 m/sec, length of time between profile
readings was increaseu to 2 .min. Anemometer data were corrected from

instrument readings calibrated to sea level to that for air. pressure

\.

of 495 mm "Hg (3500 m altltude) using the follow1ng equatlon supp11ed

o L]

o Sk |
Corrected velocity = Measured-velocity —s—— (Eq. 1) 1 .
- D o T

where Py = actual atmospheric pressure at altitude, and Pg = 1 atm.

Temperature profiles were measuréd with.a 20 mil copper-

"

‘constantan thermocouple and a Honeywell portable poténtiometer Qith

an electronic reference junction. In summer, readings were taken at

N

::—1 cm, 5011 surface, in the plant tussock at 2 cm, 95 20, .and 120 cm_ '

N

above the surface. !1nter profiles omltted the readlng{below the soil

'_surface and added readlngs of 1 cm. below and at the snow surface

,whendappropriate. The thermocouple was hand held about 10 cu from the

?_ ; Wet and dny bulb temperatures ‘were measured at 2, 20 and 120 cm

1

- junctien:and_shielded from sun and wind by hand, Paired tests with

a 3 mil and'a 20 mil thermocouple gauebequivalent readings: Since :

the thlcker wire proved more durable in winter conditlons, it was used 7

- “,1'



V"

with and elecdtric psychromefer (Atkins).;-Vapor pressure deficit was

calculated directly from wet and dry bulb temperatures (Ty and T,).
'vSince - - L,

VPD = €0 - e . , . (Eq. 2)

and (after Slatyer, 1967)

e = 0 - ..._Pj_ (Tz\_ -1%1) ) ) (Eq. 3)
0.622 1 ) : : .
¢ :
where e = aptual vaéor_ppeésure, e® = saturation yapbr pressure-of the
wet bulb temperature; P = ﬁressﬁre;. cb = specificihéat of air; and
1 = latent heat of evéporatibn, then.b

P cp

, > _
VPD = (T, - Ty). - (Eq. 4)

0.622 1 . =
.At 3500 m, P = about 495 mm Hg? Slatver (1567) gives ép_;
‘0.242 éa1'g ‘1 deg ‘1, ana i = 590 cal gm~l. Thus with gltitdde‘
‘cbrrecci;nvb | | |
mb‘vp—be 0.433 (Taf- TW. . (Eq. 5)
Soil mo1sture at each site was measured with porous. cup
‘thermocouple psvchrometers (Wescor) and‘a mlcrovéltmeter (Keithley-
Wescor).' QO;I psychrometers were given a ono.p01nt ca11brat10n test
and placed at 2 and 10 cm dopths. In summer, 1970, graylmetric soil
'moisture samnles with 2 repllCates Wer taken from 7 toIIO‘cm depth;:
xstones ovéx about 2 cm at their gloatest dlmon sion wérc dlscarded,‘and
drying was done for &8 hr at 95°; ’
: Some additional pracrxces that aided in w1ntgr instrument usé

are discussed in Appendlx I and other dlfficultaoq in calrylng out

.uinter atudios in Appondi\ ‘I

15
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.

Results and Discussion

A. Precipitationvand.Snowi;SVer

3 ~;,jSummer'pr‘ecipitation is received fro; storms which may be
divided into two‘classes:4 convectional thunderstorms and frontal
storms. Convectional thunderstor?s‘tend_to occur regularly in early
efternoon. Precipitation from these is usually light and 1ocaliged,
often in the form of hail or graupel. Widespread.storms'associated
'with large scale frontel syvsitams account for the bulk of pricipitation
received in summer. Anvextended'dry period did occur;ove;%the,entire
month of June, 1971;‘but‘this was not observed at any other time.
"Maximum precipitation from convectional storms wa" 0.8 and averaged

0.06 cm; from frontal stormS\Z 3 and 0.6 cm respectively. This

-

,9

precipltatlon pattern is s;Bhlar to that described by Marr (19673)

Pt“iod3<of stormy weather described by Sallsbury et al (1968) in late

: May, early June and Late July did not occur in 1971 or 1972 'but'

N

large September storms occurred 1n both years.

[«Iotal prec1p1tat10n in July and August was 10. 0 ¢m in 1970,
. ‘ .
and\fiB in 1971. Th%s is less than theglz-year average of 14.6 cm at
3740 m on Niyot Ridge, but greater.than the minigoonf.6.l‘dqring
that period (Marr.gg_gl;, 19685). Barry (1973)‘points out;lthe

hecessity for gauge shieling-in windy alpine sites.- Unshielded gaoges

on Trail Ridge may have reduced the amount measured there.
Seasonal change in precipitation from snow to rain or rain to
‘snow is not abrupt. Although most pretipitation,in'May, 1972, was in

 the form of snow, 1. 3 cm of rain fell durlng a thunderstorm on 3 May. -

MaJor snowstorms occurred in June, 1969 September snow in 1970 was
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melted by rain. .

Méasurement'of winter precipitation is extfemely difficult since
snow islconsﬁantly being redistributed by wind. The amount of snow
actually félling probably. has littievbiological significéhce since it
ié'so fapidly drifted. :ACCumulation of snow, however, is of considérable
importance since it alfers the environmént beneath it.

Snowfalls in September were wet éhd_melted in 1 to 6 days without
ﬁuch drifting except into very sheltered areas.
| ..In mid—winter, 1ow'tempe;atures create dry snow coﬁdigions which *
combine with strong winds to produce a cbmplex pattern of snow
accum;fat on.v A typical’sequeﬁcé involves depdsition of deep:snow
(ﬁp to 50 cm) in a storm from the east followed by éxtensivé d;ifting
by strong Wina ffom thé'wegﬁ as the easterly storm subsides; ‘In
" kobresia meadows, winter wihé'ﬁeaf the érégnd;iSFUSUally not stréng
enough tQ femove_éll the'snbwapr»a.beriod.of éeveral days. A”gystemb
éf micfodrifps forms in thé 1ee’bf kobresia tussocks. - Snowféll'
'éssoéiéted with storms‘ffbm the west assumes microdrift:configurétibn
‘ddring depositién. _Microdriffs.had a hard erust of i to-2 cm
‘_thickneSS‘underlaiﬁ by gncqnsoiidated crystéls (deﬁsity 0.15 to 0.22 g.cm™3
~in drifts examined in January tﬁrqugh March. | |

In Aé;il-and May"bigher té@pér;tureS'and 1ighter_wipds.proauce5
iess'dtifting{ Snow formed micfddrifts,less freqﬁently in spring
. than in winter (Fig. 3). | |
,B;.Sélaf_Radiatioﬁ

‘Mean daily'radiation_totals Qaried'between a iqw‘of 252 lys day~1

~ in January to'a high of 704']ys‘day”] in June (Table 3). Summer



\ ,
) d.a.
100‘ «
Snowfree
80 1
Percent
. of
Hays . ' oL
el 60 - B : o
W _ ' ' ,
} N SN
. Microdrifts : \
. 40 7 i . ) ' . " o
g | .
20 A
4 Snow covered
0+ — — ~
* .~ February - March April May
Fig. 3. _DiStribuEion;df‘snow4c0vcr in a kobfgsia meadow,
February—May.‘,
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radiation means are comparable to those observed in summer at other

. alpine stations in Colorado, Wyomlng, and the Sierra Nevada Range in

- California (Bliss, 1966; Barry, - 1973), in contrast to summer means'

of 300 to 500 1ys day™ 1 in the cloudy Presidentlal Range (BllSS, 1966).

Heasured radiation compared to the potential maximum (derived from
‘.Frank‘and Lee 1966) was h1ghest in mid-winter and sprlng (Table 3).

The effects of cloudiness were least in January and Febrtary and

[}

' greatest in August. v
Diurnal patterns of radiation vary seaSOnallv (Fig. 4) Summer

/ .

days most frequently had clear mornings-and broken clouds in the

' afternoon. Passage of frontal storms was also char;cterlzed byvrapid
and” frequent fluctuations of rad1ation. These rapid changes’from
‘sun to cloudy condrtions have been.termed "radiation cycleS"vby
Salisbury‘gtjgl, (1968). Winter solar radiation tended to be less
dramatically,variable; dailv curves were’ more nearly smooth

Fall and sprlng tended to be 1ntermed1ate betueen winter and Surmer
~in the amount of rapid change (Table 3). Sallsbury et al. (1968)
concluded that total energy and the number of radiation cycles are‘
the most nean1ngful componcnts of radiatldn in an'alpine environment

.similar td that of Tra11 Rldge,u Incoming radiation is high in April

through September, and‘number of 'daily cycles is'greatest in May

o

' through August. Thus, four seasons are partially defined by radiation:

. » o L 9 . . L
a low, stable radiation winter; .constant, high radiation in spring

'_and.fallj and high variation .and total radiation in summer.

¢. Wind

Winter windspeeds considerably exceedod thosc‘of_summer (Tablc 3).

&

<
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Fig. 4. Typical diurnal radiation patterns ih;ﬁh@i%ds:ﬁég;hef o fﬂﬁ
. | o o S I e 4
~ conditions in four seasons. : : P ‘ 1,iy:E
v Winter : R ""A
A. 9 February 1971 Clear .. '
o : o
B. 18 February 1971 g ' Easterly storm
\:C. 23 February 1971 Westerly storm ‘ .
Spring L
D. 23 April 1972 ' . . Clear _ o '
E. 26 April 1972 ’ - Easterly storm
F. IO/April 1972 ’. S ~ Westerly storm
Summer
G. 11 July 1971 “© ‘Clear
H. 27 July 1970 p , - Afternoon thunderstorms
1. 23 July 1971 " . Frontal storm
Spring
J. 8 September 1970 . Clear
K. 3 September 1970 ' _  Afternoon thunderstorm
L. & Septembéf 1970 Frontal storm
¢



23

4 t ! : /JA.\\ t— + ——
0600 1800 0600 1800 0600 1800




)
B
"’u

Summer wind conditions prevail May through August with average speeds

between 3 and 4 m sec~l, Periods of high w1nds occur briefly in |

association with afternoon thunderstorms, reaching'8 m sec‘l, and

daily averages. as high as 5.6 m sec~l were recorded. In summef, brief

O

’periods of calm occur occasionally with wind as low as 0.2 m sec™1

-at 2 n for perlods of several minutes and 0, 7 m sec"1 over 1 hr. Wind

T

directlon was recorded only with spot readings. The strongest summer
. . ‘ - » .

winds were from- the west,.but easterly and northeasterly winds

accounted for 38% of readings inm 1970, and 487 in 1971.

Measured monthly winds in ﬁinter averages 9 to 14 m sec-1 (Table 3)

with daily averages between 1.8 and 17.5 m sec_l. Windspeeds as loﬁ

as 0.1 m sec™l and exceeding 45 m sec™! were measured for periods of ~

.24

1 min at 2 m above the surface. Winds frgm-the east were never measured

exceeding 16 m secflr The.strongest winds were always from the west
. . " - ) . . . B
or southwest; . : ‘ J

September and Apr11 w1nds were 1ntermed1ate between those of

summer and wlnter. ,

/

Average monthly w1ndspeeds on Trail Rldge in the kobresia meadow

follow the seasonal. varlatlon reported by Marr et al. (1967b) and
. A
Barry (1973) but are about 20/ lower than those they observed - Part

_of the dlscrepancy may be related to a sllghtly lower anemometer

»p031t10n (2 mys. 2. 4 m). on Tra11 Rldge and -part to the exposod

ridge—top position of the leot Ridge statlon.
Front Range summer alpine winds are comparable to or lighter

than those of other ranges. Bliss measured means’ of 4.4 m sec~l

on a ridge in the Med1c1ne Bow Mountalns of Wyoming (1956) and between

2. 4 and 5.4 m sec~l on a ridge on Mt. Washington in the Presidential



Range (1966). 1In the Siérra‘NFvada, ridge~top winds average about

!

3m sec"1 (Klikoff 1965) Means of summer spot readings in exposed

n

alpine sites in the Canadian Rockies were 5.5 m sec‘l (Hrapko; l970).
Wind-Profiles : ’ | ' ‘i . ~

Profile; tended to exhiblt'the typical J—shaped.cqrv;, which
approarigks a straight line when plotted on the loglo of height (Figs.

v - o ¥ . .

5 and fY. The shape of profile curves and their slopé Qaried. Summer’
curves had a more pronounced J-shape than those of - w1nter and
profiles at high windgepeds had a,gentler slope. The seasonal
variation in prof}le curves is not solely related to . chénge 1n v
windspeed at 2 m; a comparlson of proflles for s1m11ar windspeeds
in summer. and winter (Fig. 7) indicates‘the flattenidg and depresséﬂ
angle of curves regardless of windspeed. A transition froﬁ the
typical winter to summer curves océurs in May when the profile at low
speeds resembles qumner, at high spegd, winter; and at inlerﬁediate
Speeds assumes a'complex'curVebihat has the slopé oflwinter profjles
cdmblned with'the moré‘pronounced J of summer near'éhe surface (Fig. 6):
This Conditidn appeared only'in‘May.

In April (with w1ntcr proflle conditions prevalllng) wind uas
: mcaquod dlrectly over a tussock (the normal practice for othe; wind-
.profiles) andlat the edges‘of kobre;;a tussocks, the 2 cm readlﬂgq
being w1th1n the leaf canopv and the 5 cm at its top in all cases.
‘A small venturi effect appearod to be produced b\ the sl1ghtlv l’

raised Lussock,'qoon at the 2 cm p01nts but greatly lessenced at 5 cm
(Fig. 8). ‘In addition, the tussock acted'aS‘a windbreak, lowering

~ velocity on the leeward side. These effects increased with higher

' windSpcéds.'
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Fig. 5. Summer and fall wind profileé_in.a kobresia meadow;_
. S oo . v . .

Season -~ Curve : - Windspeed at 2 m Sample.size
’ o : m/sec. -

Summer . A ¢ 11 L s

B Tei 1.8-2.9 2

) ' > 3.8 18 -

‘Fall A - 38 g

B 38707 - g

o ¢ : 7.7-11.6 3

W



27

: «
\ .
- 3/\/
; . A
‘ Sumner ~#k\\
200 1
AN pw ]
Height (cn)) )
N
20 ;
*
5 d
2 ; . . o
D T 08 ' 1.6 - 2.4 j 3.2 . 4.0 Qﬁ’
Windspeed (m/sec)- o ’ R . o o

Fall
200 4

Height (cm)

e
~ 20"
»-‘v[;/ .
5 -
2
- -~ T —_— T T | T "
0. 2 4 6 8 10 12

S Wiadspecd (w/see)

~v



Iy

“Fig. 6. Winter and Spring,wind profiles in a kobresia meadow.

Curve

Windépeéd at 2 m

‘m/sec v Winter

Sample size
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'Fig 7. Comparlson of. wind profile curves at similar 2 m windspeeds

-in summer (July—August) and winter (January—March)

Curve Windspeed at 2 m - :; Sample size
' n/sec * Summer Winter
A < 3.8 R 41 | 5
B 3.8-7.7 1 | 5
.

I
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While’J—shaped curves .are usually considered the most common

forﬁﬁsf wind profile in both alpine areas (Bliss 1966 Courtin, 1968)vr

and elsewhere (Geiger , 1966) other curve shapes have Leen observed

Deacon (1953) suggested that profiles could be described by the

N

equation
du g . ¥ 3 o ‘
-—ﬁu—‘-—- = ¢z 8 ‘ (Eq. 6) \
dz D U ‘ o :
‘ where u is windspeed; zfis-height” aﬁd c‘a'constant determined by

. | ] ¥
von Karman's constant, a roughness parameter, and the. velocity of . \

A}

shear In such a description the -valu of¢8 determines the shape
‘ / ] ) » ’

of velocity profile curves; and a num er of - studies have been made

<

variables (Longley, 1954; Deacon, 1953) B was found to have a

of methods for determining 8 to relate it to other environmental \\
variety of values and to be unpredictable (Longley, 1954) . As Fig. 7 \

' suggests, temperature and wind velocity may have a role in determlning \

D)
8. Tussock roughness while it alters windspeeds at 2 cm appears to “‘

'.hawe little effect at 5 cm, at least in winter. Although the data’}: o i

»

'presented seem to offer’ these possible explanatlons for the value of

‘B it should. not be predicted on these bases because of the extreme
}accuracy of data required for this determinatlon (Longley, 1954 and
pers. comm.). Thus profile curve shape must be treated as an

o ¢ S '

independent variable,vand onlylsuch empirical»gencralizations as
_those above can be made.
D. \Temperature

Mean'monthly temperatures (Table 4) closely;resemble those on

»

~Niwot Ridge.leﬂrail Ridge temperaturebmeans were'usually'within-3° of

'thevmeans measured on Niwot Ridge by Marr et al. £1967b) and Barry’



s
Table 47' Monthly temperatures at 120 cm in a kébreéia_méaJow:
me%n daily ﬁdxima ind minima, monthly makimahund minima, aoad mean .
number of cyclic flucfuations greater than loC during midnight

‘to midnight. periods.

7
Month Temperature (°C) o Cycles/
Daily Daily iHfonthly Monthly day
naximum minimum maximum minimum

. February o -8 ‘<> ~-16 0 v —29 . ‘3.4
. March -7 : -15 » | 2 o ;267 2'4.
© April -2 10 7 -18 2.7
May | 2 -7 7 s 3.7
June - '.7»‘, -3 B L &.9~
HJuly 12 2 18 -3 6.8
August - 14 6 . 18 3 6.3
Septemﬁef ‘ 7. . S B ‘16 -11 ' .“3;7

October -3 - -10 » R -16 , 3.9




|

(1973). Bliss (1066) noted the similarity of summer alplne temperatures
fg the Rocky Mountains, Sierra Nevada and Presidential Ranges. N
‘Summer means of 7 to 9° have also been observed in the Qlymplc Mounteins
(Bliss, 1969) and in the Canadian Rockies (Hrapko, 1970). In New :
Zealand, summer alpine.tempefatures ace,a litcle 1ower.(4.4—6.2°) and -
night freezing occurs;more frequeﬁtly than in North Americae alpine. 4
: zopes (Bliss, 1966, 1969). | |
o Avetage temperatqfes alone do not indicete‘thebseverity 6£
the temperatpre fegime. 4In a'Coquado aipise-environmeﬁt,‘repid
changes 1n.solar'radiat;on produce'cyclic temperature variation witﬁ
vperieds{ofva‘feﬁ minutes (Salisb“fy gg_gi., 196?). This tempefacu;e
*1nseab11ity wés quite eoticeable on Trail Ridge. fhe~minimuﬁ perip&-‘
for cycles_that'could ee observed in daca recosded a£ 120 ¢m wasi
about 1 ﬁr. The frequency of sucﬁ cycles was hlghest in suemer

about twice that of winter (Table 4) . May,vSeptember, and October,

showed intermediate_cycle numbers.

‘Iemperature Profiles_ o

.Temperature_profiies'are the most variable of any environmencal-
profile‘examined because of‘the'amhy factors'determininé.temperatures.
Tﬂey are»partially an ihdependeet veriegle becaUSe'lerge—scale eirf
»ﬁasses set.ep basic tempefature”ranges. The detalls of proflles,"
however, are determlned by windspeed, solar rad:ation, evaporation

after a rainstorm, presence and depth‘ofAsnow cover, meltwater or

ice sheets, and the short-term history of the profile. Variations -
over profiles, especially near the soil surface, are so rapid and

great'thatbdescription_of’temperature pfbfiles_using means of
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readings from a number of days obscures the complexity of the temperature
regime around kobresia plants.
Summer temperatures present the fastest rate. of change and, as

a rule, the most highly differentiated profiles (Fig. 9). Night profiles

.are usuallquniform. Immediately after sunrise the air warms a

yooow
_ around the plant tussock'than in the air above.v By midmorning, however,

little more’ rapidly than the soil, setting up a cooler air mass

the profile is reversed: as the soil warms rapidly on clear days.

‘

Hid—day proﬁiles are . affected by cloud conditions.i Surface heating

is greater on clear days than during cloudy or partly cloudy periods.
This surface warming produced the highest temperature observed,
I \ 81,

40.3° at the soil surface. Profiles under partly cloudy conditions
jvith rapid 1n£§}§tion fluctuation often exhibited extremes typ1ca1 of
“profiles for cloudy and cléar weather within periods under 6 min.
vHell—develOped tqnp;rature layers persist into the afternoon under

: various cloud conditions,vand fade as the sun nears the horizon,

| affedts the‘thickness-andbdegree of warming of the

) ayer neéar the surface (Fig. 10). Whenvwindspeed at 2 m
is less than;aboutvﬁlm sec_}, wind velocity'hasrlittle’effect on the:
fOrmation(of.heated layers. The top of these layers is well
gestablished at 5 cm directly above the: top of the dense portion of

the kobresia tussock A windspeed of 7 m sec -1 at 2 m keeps the top
; . - :

of the tussock cool .This thinner heated layer is more clearly
. )
def1ned-* temperatures above the tussock are more uniform than at
} . .
" lower windSpeeds., As this 7 m sec -1 approaches'the summer maximum

it is probably rare that wind destroys the heated layer in the -

tussock during that season. -



Fig.'.9. Representative temperetﬁre‘profiles during suzmer in

a kobresia meadow,

Wind at 2 m

"Curve " Time Sky Date
m/sec- :
A “10310 Clear" 2.1 21 July 1970
B . 0535  Clear . 1.0 20 July 1970
C 0932 Clear 1.1 120 July 1970
D 1230 Partly cloudy 5.9 26 July 1911
E 1210 Clear 0.9 "16‘Juli 1971
F 1245 Clegdy 1.0 21 August 1971
G 1450  Clear 2.2 11 August 1970
B 1340  Cloudy 0.8 9 August 1971
I 1760'_ Clear 3.7 9 August 1971
' Cloudy 2.2 30 July 1971

1700
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Fig. 10. Effects of an afternoon thunderstorm and of windspeed on

summer temperature profiles in a kobresia meadow.

¥
Profile - Sky condition " Windspeed at 2 m Time Date

‘ S " "% ‘mfsec .

A Clear _ 1.4 '10:00 27 July 1970
B. Cloudy, rain " 1.6 12:10° 27 July 1970
C Overcast _ : 2.7 13:55 27 July 1970
D Partly cloudy . 2.2 15:30 27 July 1970
E Clear. - 1.6 10:00 10 Aug 1970
'F "Cleggy : N ’ 3.1 10:10. 19 Aug 1970
G . CYeatr ' - 7.3 09:45 13 Aug 1970

'{/
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The frequent afternoon thunderstorms also influence temperature
profiles. These are complex events involving changes in wind,
. ¢louds, and moisture at the soil surface. A sequence of temperadture

t

profiles during the course of such a stormy afternoon (Fig. 10) shows

that the advent ‘of the storm reduces the thickness of the heated

1ayer, and as stormy cond:! ons persist they diminish -the degree of

heating in this layer, making surface temperatures closer to those

of the air above. The passing of the storm allows partial restoration

FOf the warm air layer but it is rarely as well developed after the

storms as before they begin. : ' ' ' g‘. ‘ | %
Summer temperature profiles are sometimes subject to extremely

rapid and’ intense variation, especially under the partial cloudiness

that is common . in early afternoon. For periods of 1-'hr, temperaturez

K ’ ~'~4. »

profiles were recorded on every 2 min and variation among these

N “'. : : i
profiles descrfbe »%ﬁmlation of standard deviations Variation
‘was most rapid near d&eﬁs 'Vsurface and declined rapidly'withinbthe
kobresia tussock (Fig.lll)fﬁiMean temperaunre change over 5 hr in
enrly afternoons‘was 1.56 min‘; at the soil surface. Maximum change A.;}

N

' was_llo9 in 2 m1n when the sun was covered by cloud .Temperature
fluctuations less than 2 min in duratior evident hut:not'measured.
Winter'tempcrature profiles are gene1 ly mu"h'morebuniformithanr
those of summer (Fig. 12). While the soil surface and the air
immediately above it vary in temperature from the® air at 120 cm, the.
difference rarely exceeds l or 2°. In winter the soil becomes -
important as a heat source or sink determining temperatures near

plants. On clear days, temperatures rise in the morning near the
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" Fig. 12. Representative temperature profiles, winter, 1971.

" Profile .

Snow depth Wind at 2 m Time

16:35

Weather Date
Morning
A Clear 10:00 9 Feb
B Easterly storm 10:200 2 Feb
C Westerly storm 10:30 13 Mar”~
Noon
A Clear 12:00 12 Feb
B Easterly storm 12:15 .1 Mars -
.C. -Westerly storm 12:15 " }1 Mar
-Afternoon
A Clear 14:20 24 Feb
B Easterly storm 14:40" 1 Mar
c Westerly storm 14:30° 25 Mar
Evening
A -Clear 16:45 9 Feb -
B Easterly storm 17:15 19 Feb
C Westerly storm 25 Feb

2

"

Py
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surface, but the soil acts as a heat sink Temperatures at the snow '
surfa~: temain colder than those immediately above or below it. By
early afternoon maxlmum airltemperatures are reached‘and the soil

- surface 1is slightly warmed~‘ but by late afternoon the prof11e<

becomes uniform with rapid re—radlation from ‘both air and soil Storms

from the east, with" low winds and heavy clouds, show a morning profile

. development similar to that of clear days. By noon, the soil begins
.

B

_to act as a heat source, and cooling at the. snow surface is quite -
strong. In storms with strong winds: usually those from the west .‘_,’ 5
relatively little profile differentiation is observed especially.. ~
above the snow - surface.' High winds and cloudy conditions slow the
‘ heating of the soil surface and the wind accelerates'soil cooling
in the afternoon. ‘'The net effect of‘these windy storms is thus to -
reduce the total heating in the space near‘the 5011 surface and to‘
) shorten the period of relative warmth during the day. |
Three factors have considerable influence on vinter temperature . -
profiles- windspeed, snow depth and quality, and temperature of - |
- wide area air masses of dlfferent temperatures. High wlnds reduce
the thickness of layers that are warmed durlng ‘the day (Flg. 13)
In low winds, a layer of warmer air develops above the snow whlle at ‘@
Increased speeds more typical of winter, cool1ng from the air above :
affects points below the snow surface..h |
Snow cover has twovcffects on temperature' it is an 1nsulator-
and its surface is ‘often cooled, probablv by subllmatlon.' lhree ] N
temperature profiles measured after daily nax1ma had past 1llustrate

the effectiveness of snow as an insulator (Flgk 13) " With no snow, -

heat loss from soil and plants is rapidN and,»while the'soil may‘



"Fig. 13. Effects of snow cover, wind and temperatufe on temperature
& . ' .

v A .
avvﬁrofiles, winter, 1971. . o ‘»b

Curve Snow depth Wind at 2 m Time Date
cm m/sec

Snow cover variation

. Continﬁous cover A 22 1.5 11:20 22 Feb
" HMicrodrifts B 1-5 _ 6.6 12:50 25 Feb
Snowfree C 0 7.9 10:25 30 Jan
o ) . - L J
Windspeed variation .
Calm A 0-3 0.3 11:00 3 Feb
- Moderate » B 1-4 10.3 10:30 13 Mar
S;roﬁg ' : C _0f3 v - 27.6 12:15 11 Mar
T¢mper3£ure'variation .\\'
High A 0 2.2 11:00 1 Feb
Average , B S 0-2 ’ 4.7 11:30 19 Feb
Low C - 0-2 2.0 12:00 1 Mar
? | >
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act as a heat source, it cannot heaf‘adrrgsvhggh%%sz‘cm above it.
" The presence of as little as 3 cm of snom permits the louer‘portion
oof kobresia tussocﬂs to benefit from soil heating. Deeper snow permits
even -greater departure‘of plant—level‘temperatures from air
temperatures at 120 cm. The presence of crusts of snow or~ice near
the surface of the ground may'permit a significant warming beneath
.this layer,.‘Readings of temperature 0.5 cm above and below ice sheets
‘and_snow crusts_showed‘air temperature beneath the ice averaged 1.0°
higher -than above it‘and 0.7°'higher below snow crusts. . Although
the diFferences above and below are small they.are very highly’g
'significant_statisticﬂlly (p>99.92). As,temperature of the air
approached the melting point; however? differences above and below
snow_crusts became negligible while'thoSe aboVe and below.ice sheets
vcontinued to’average_l,d°' |

If other factors.are constant, the temperature of airvmasses
that'cover large regions may alter the role of'thedsoil in profile
| definition (Fig. 13):_ At‘unusually high temperatures afsociated uith"
chinook conditions, the soil acts as a -heat sink and maximum

temperatures are found in the air within the kobresia tussock. "In

exceptionally low tsiperatures, the soil acts as a heat source and

"‘.temperatures are highest at its surface throughout the day.

1

Spring temperature profiles frequently had greater variability 8
than*those of winter (Fig. 14) With diminished winds, a heated layer

developed daily near the soil surface when snow and meltwa}er were

lent. Soil surface temperatures were as much as 15° above those
. at 120 cm even under cloudy skies, and temperatures were frequently

vfar above the freezing point at plant level in April and Hay. The



Fig. 14. Representative spring temperature pfyf{ies in‘a @

kobresia meadow.

s -

S

R
Profile " Time Date Snow depth.(cm) Sky conditions
: &
Snowfree - B
A © 09:20 10 April 1972 0 zggg'o\rercas:
B 11:30 3 April 1971 0 Overcast
Cc 14:00 5 April 1971 0 Overcast
D 17:00 5 April 1971 0 Overcast
Microdrifts
A 08:15 29 April 1972 0-2 Overcast
B -11:50 21 April 1972 . 2-5 - Clear
c 13:30 17 April~1972 0-3 Partly cloudy.
D “15:50 28 April 1972 ©0-3 Clear
08:50 10 May 1972 20 . Fog
- 10:20 9 May 1972 20 Cloudy
13:00 8 May 1972 25 Clear
16:00 8 May 1972 25 Clear -
: ' O
- . . 8
Meltwater 1nundation-'
A 08:00 23 May.1972 0 Overcast
‘B 11:50 23 May 1972 0 - Overcast
C 13:55 . 24 May 1972 0 Cloudy. .
D 18:15 - 22 1972 0 Cloudy"

May
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presence of even slight snow cover, houever, held temperatures near
0°. Meltwater fron nearby snow flowing acrgss the meadow prevented
¥ formation of a heated surface layer. Since snow and meltwater are
common in late spring, surface heating occurs prlncipallp in early
- April and late May when headows are dry. |
Heating at and near the soil surface in summer is typical of ff
alpine enviromments. Bliss (1966) found surface temperatures on .
Mt Washington 4 to 8° warmer than 10 cm air temperatures.. Salisbury

and Spomer (1964) report 5 to 15° diffé%ences'on Mt. Evans in the

Front Range, and Peterson (1971) found similar condit1ons in the

| Olympic Mountains. Klikoff (1965) reports surface temperatures much-
higher than air temperature when Sierra hevada meadows are dry.
Winter temperature profiles have not been reported from other snowfree
'valpine sites. The slight insulation of snow cover is unusual. Gleger
(1966) reports that even 3 cm of snow can maintaln dlfferences of
several degrees durlng diurnal fluctuatlons. The high w1nds of Trall
Ridge appear to be respon51b1e for the lessened effect of snow .

cover. on temperature profiles.

E. fAtmospheric Hoisture |
Relative humidity recorded at 120 cm was high in February through
May and much lower in summer and early autumn' (Table 3). Marr.gt_al.
(1967b) observed a similar, if less abrupt, seasonal transition on
B Niwot Ridge._ June, 1970, had exceptionally llttle precipitatlon; and’
this drvness is reflected in a low relative humldlty. |

%

,Vapor Pressure Deficit_Profiles

Vapor pressure deficit (vpPD) profiles showed little variation'
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.betveen 2, 20 and 120 cm levels. FANerage differences between VPD'
at 2 and 20 cm and at 120 cm were, 0. 4 and 0.7 mb,urespectively;
Deficits were usually low, although under partly cloudy cogditions
in early afternoon maxima exceeded & ‘mb at 2 cm and 2. 6 mb at 120 cm
(Table 5). Representative VPD profiles (Fig. 15) illustrate this
uniformity. VPD is lowest near the soil surface through the night{ . ./’
early morning and late afternoon. ‘he gradient is reversed with the
highest VPD near the soil only with soil surface heating. VPD rises

to a peak;by mid-afternoon on clear days;. but under normal afternoon

thunderstorm conditions, rainmdecreases VPD and produces a uniform

: profile. After rain, evaporation and lowered soil and air temperatures
_tend to keep the 2 cm CPD lower than the air above. Wholly cloudy

' days often fail to exhibit gradient reversals. ' L A

Vapor pressure deficits on Trail Ridge were much less than*those:
’“scribed in other dry alpinevsites. Values of 8 to 11 mb have been
repo - "ed for the False Mummy Pass area of Rocky Mountain National Park
(Holw: nd Ward 1964);  about 9 mb for a ridgetop in the Mediciné
Bow in * voming (Bliss,.1966); andv10?to 20 mb in a dry meadow
in the S erra Nevada (Rlikoff i1965). Even the*relatively u:xo_ist.“~
Pres: de ¢ial Range has average ‘alpine VPD as high as 3 mb. The
app- - high atmospheric moisture levels on Trail Ridge result from
tk  ‘omputation method used to obtain VPD from wet and dry.bulb : :
temperatures.' D1rect caleulation allows for altltude correction. ) i

Methods used for deriv1ng values are not usually described by other

vinvestigators. Klikoff (1965) and Bliss (1966 by pers. comm.) first

converted wet and dry bulb temperatures to relative humidity, then

‘to VPD. One method for the l tter'conversionris described by'Williams



Table 5.

' 8
Means with standard error and ranges of vapor pressure

defiqits (mb) in 92 profile measurements in a kobresia meadow,

July and AuguSt, 1970 and 1971,

1
)

‘Height above soil surface

20ﬁ9m

120 cm

Mean

Maximum
Minimum - '&’

1.88+0.12
v Py -

. 6.52

10.00.

" 1.97+0.09

4.65
0.00

1.88:0.09

3.97
. .0.00

X
S S
1 Aks v

53
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Fig. 15. 'Represéptative summer vapof»pressure‘deficit.profileé. » ;
Time " Veather Date | Sy
A. Clear - 21 July 19
B. Clear o 2 July 1970
‘C. Clear - - 10 August 1970
D. . - Clear . 11 August 1970
. E.. T Partly clOudy ! '6 August 1971
F. “*. Clear : ' 11 August 1970
G. Clear, after sunset © 26 July 1970
H. Clear . e 27 July 1970
I. Cloudy, rain and hail 27 July 1970
J. Overcast .27 July 1970
K. U Partly cloudy 27 July 1970
"QB. ';" ti “?d8?fﬁm ' b Fug,apartly cloudy ' 23 July 1970 -
M. “fy:i'10:35 - Cloudy, rain 22 July 1970
N. T ¢ 14210 v'iCloudy,-f S 19 July 1970
0. % 7 18:00 Cloudy - " - - 24 August 1971

3
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and\Brochuf(IQBQ). Their ~method yields much higher values than

. B

\the direct calculation.; For Trail Ridge data

N L. e= 0.209 E- o - » (Eq..7)

where c-is VPD calculited directly; f is the VPD derived from °

-

relative humidity corrected for altitude“using the Williams and

. ﬂrochu nomogram' and T is dry bulb temperature ( c). Since

Williams and Brochu make no allowance for pressures other than 1 atm,

-

‘calculation with altitude correction is preferable or describing

VPD.in high mountain areas. Calculations\not corrected f
N >

altitude

: in this. fashion, honever yield Trail Ridge VPDs mo;t freq ntly

between 8 and 20 mb making this\site comparable to other southern

P

"Rocky Mountain areas. B , ,'_' G

F.- Soil Moisture ;\\\\\\" P
) Average gravimetric soil moisture on Trail Ridge during July

and August 1970 was 442. This is about 142 higher than on Niwot

‘Ridge, although minima in the two locations are comparable (Marr et al.

1967b) Measurements of soil water potentials (¥gp41) in 1971 (Fig 16)

showed great ‘variation at -2 cm where values below ~40 bars were common,

o4

‘but highs of 0 to -5 bars. occurred’after rain. At 10 cm depth Ysoil

&

~varied;between ~27 and —l.lvbars. ~sti1 was-above —20 bars only

AN o
occ351onally at 2 cm but fairly consistently at 10 cm depth during '

k3
P &

at least a portion of most days.
On a summer day W501l drops sharply during :the day, rises abruptly \
for a short period after a rainstorm, then drops again (Fig. 17).

During the n1ght, soil rises to levels very near those of early

morning,of the previous day;j Reasons‘for this rise.at'night‘are,not

N,
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1 July

llFig.16}a Soil water poténtiﬁis at 2

kobrésia{meadow; summer, 1971. All
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17,
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known, but 1t could result from movement of water along temperature

gradients (Taylor, 1962)
Low ‘soll moisture .on Trail Ridge is typlcal -of Rocky Mountain

alpine areas. Bliss (1966) and Johnson and B1111ngs (1962) report

f
soil moistures lower than -~15 bars in exposed sites. Soil drying is

euen‘more extreme in the Olympic Range where Peterson (1971) found
Ysoil minﬁma between -20 and —40 bars on a ridge—top. Klikoff (1965)
reports no soil moistures below -15 bars in an exposed 51te of the

Sierra Nevada. Mt Washington, with h1gh prec1pitation, also rafely-

.
ot g

-

drops below =15 atm (Bliss 1966).. Patterns of 1ntense diurnal

)

change in Vsoil have .not been reported elsewhere._ Daily changes .f’”h. .
. i, Ly
in other ranges reflect extended perlods without prec1p1tat10n as

. - 5,“. o
in the Sierra Nevada (Klikoff 1965) or COn51stently wet weather as T

1
.

in the Pre51dential Range (Bliss 1966) ST o “;?.lfj;{jf'fl

Winter soil water potential readingSf(Fxg. 18)1were calculated e
in the same manner as those of summer. Use of thts formula rests on

assumptions which are rather dubious- (l) thaﬁ the cooling cycIe ;3' A

of the Wescor—Keithley meter is actually producxng adgquate .
. o)
N - o . ; } g

condensation (more likely frost formatlon) on the psychrometric ’ :

thermocouple" (2) that at the conclusion of the cooling perlod the
rate of sublimation 1s rapid enough. to yield readings within a few

minuteS' (3) that the ceramic cup acts in frozen soil as ic does
. ) @ -
in non—frozen (Formation f an ice coat was seen’ on one sensor at

anothker location' though he ceramic appeared ice—free in the kobresia.
g

meadow ice within pores might not be visible. This would prevent

N

prOper equilibration with soil vapor gressures and readings could

indicate only . the vapor pressure over lce at the sensor temperature )
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(A)A that latent heat of fusion will not be reflected in meter

readings. : | S 4 ' | -}\55
. Given these reservations, the winter ‘and spring readings show - |
e, Some surprisingly credible values Those w1th_very‘low Wsoil_in
':pdeeply frozen soil are reasonable, although they may‘only reflect
linstrument failure. The readings at temperatures»approachingxthe
. freezing point could be accurately showing partial thawing of the
soil solution with some freezing point depression. Readlngs of 0 bars
‘during May were made in soil that was thawed and under water,‘aA
plausible measurement. Positive soil water potentials, however,
are.ouite suspect. Mr, Eric Campbell-of'Wescor, Inc.% has 5uggested
(pers. comm. ) that the§5result from re51stance heating of lead
wires during an extended cooling phase and should therefore be*
discarded. There remains a fairly large group oi readings taken at
temperatures considerably below 0° with Wsoil values between —5
and -25 bars. These readings, if accurate, are interesting in thatx*:
they may represent water (or vapor) available to plants from the :
soil.' Van-Haveran (paper presented to-the Symposium'on Thermocouplev
‘aPSychrometersrv Theory and Applications to Water Relations Research
~March, 1971 Logan, Utah) suggests that Eiermocouple psychrometers
of the kind used on Trail Ridge produce accurate measurements at
least to —5,5°. There were some indications that thermocouple
psychrometers'were working'normally during alpine-winter use. The
cooliﬁg period required was 30 to 60 sec, 3 to 6 times longer than

: that used in summer. “In addition, the sensor covered with ice gave

,’.7

readings much higher than others not so- coated -Nater potentials N -

of frozen soils have not,been reported for other alpine areas, so
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these measurement5 cannot be substantiated through comparisonsqwith.f e

o v _ o
other work. Coee ST T‘

8011 thaw1ng at the surface’ occurs occa31ona11y through the $.L-t:si

‘ winter. A comparison of Wb°1l at 2 cm. and 10 cm indicates that
'thaw1ng is probably relatively unimportant as a potential winter 1“:”, 'fpﬁ
water source for plants. At .2 cm, Wsoil.tended to remainvbelow'

-50 bars. The soil surface thawed on. 5 days between 26 January and

1

-

‘1 April 1971s  These were days with dry, windy chinook conditions.

“i

Even then, Yo ctlose to -50 bars. The con51stently higher v

m

. 10 em ¥ ., Jdespite low temperatures appreas to offer more readily o ﬁ,'i".
'available m01sture than the uppermost soil layers. o |
| Melting became important in early May, 1972 Duringvthe month;f!n
"high ?soil was measured under melting-snow. -The meadow remained :

1nundated with meltwater until about 17 June 1971 and 25 May 1972

.~

These saturated .meadows at about 0° had soil water potentials near

() bars.'

Conclusions

The environment of a kobresia meadow is characterized by rapid

»

change. Some of this variation is evident in parameters measured
on Niwot Ridge Berthoud Pass, and in this study. Instrument shelter'

',‘records however do not define the environment at plant levels. The‘

- description of the kobresia microenvironment obtained through repeated
efpot readings suggests that the following should be considered in an

attempt to draw conclusions about the plant environment from the
. . . e~ .
normal sorts of environmental recordings‘ e , ,Lt;?. N
1.1 Temperature, VPD, and windspeed‘at_plant level are not directly

v / o .
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Uiinteraction of these factors modify the tussock environment.

240 Rates of change over time are not the sameé over a distance of.

” ground.

-least near the soil surface and variaﬁility increases with incre351ng

““in summer. Rapidity of solar radiation cycles,.history of the .

’ fava _./"I:‘_"_\--n Con
temnprarnrn nv~

_relatcd to temperature, humidity and wind at 1l.or 2 m above the

’ground surface. Other factors such as radiation, "snow cover, and

f

2 vertical meters: In the case of temperature and VPD, changes occur

.,/“

most rapidly near . the soil surface' wind i's ‘most stable near the

Q«.

v;. While actual‘c6nditions around‘plants at any time may be difficult
"to predict their ranges and variability can perhaps be defined
_ Ind1v1dual parameters show the follow1ng characteristics:

h, Solar radiation.' Frequency of variation is: greatest in summer

with intermediate cycle frequency in fall and spring. Magnitude of

variation in summer is about 8 to 10 times greater than in w1nter.

.B. Hind Among profiles examined those of wind seem to be most

'predictable. Changes in profiles curves with the season have been

moted' ~and while factors which control the curve shape cannot be

¢

' positively identified, an empirical dlstinction between seasons has

been made. The presence of snow in winter must be considered in

relating surface winds to those above. Variati%g in windspeed is

b

LN

- . speed.

c. "Temperature.‘ At 120 cm frequency of cyclic \ariation is greater

" in summer than in vinter. éifferences within a profile from 1 ‘to o

'120 cm above the soil are greatest in summer. The most rapid '

A
temperature variation occurs at the soil surface in early afternoon 3

N 'J_‘
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BT BN : )
be considered in grEdicting summer temperature’' around plants, Winter

temperature profiles show less dlfferentlation and less rapid change

because of lower frequency and amplitude in solar radiation cycles,

frequent high winds m1x1ng the a1r, and the presence at, times of

)

snow cover. Spring profiles are‘less_variable/than thdse ofﬁsummer

because of the presence of shnow or meltwater.
. ) . S ) ’"

D. Vapor pressure deficit. Summer profiles tend'toibe relativelyvt
. i n T

uniform. Variation is greatest near the 5011 surface. Gradient
reversals- occur both Wlth a dirunal pattern and in short—tetm cycles
during periods of maximum radiation variation on‘partly cloudy summer

i/

afternoons. Frequency of snort—term cycles cannot be estimated from
data obtained, but their amplitude is slight,'rarely exceeding 1. 5 mb.
E.  Soil moisture._ At all, seasons, Wsoil variation has greater
~amp1itude at 2 cn than atrlecm._ Diurnal,fluctuations occur at both
levels, as vell as longer range ones determined by precipitation in
summer and precipi:ation and temperature in winter. Summer Q» 11'

at’ 2 cn frequently is- below -40 bars, vhile that at 10 cm tends to

remain between -S and -lS-bars. Hinter soil melting gives brief and”

2

”occa51ona11y high ?5011 at 2 cm,,but values otherwise are below —50

bars. At 10 cm,.some moisture~may be ‘available throughout muchﬂof

the vinter since ?soil values of lO to —25 ‘bars were measured

o »regularly.v During melting in spring, soil water potentials reﬁain
%constantcnear 0 bars.

REI-Y

6? Because‘of the varying_condition55 environmental extremes in .the

kobresia microenvironment-mav be-expected to be quite different from

‘those 1 or 2»m above; Some idea of these extremes, however, may

be derived from profiles measugfd under extreme conditions., E é

v

‘ c}’x;y-rﬂw

L

by
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o 16 to 18°, soil surface

temperatures ‘are much higher, often 35 to 40° On the other hand,
surface lows in w1nter do not tend to be ‘S0 far removed from low

‘air temperatures above.

The examination of the environment‘around a kobresia tussock '
suggests both features that are potentially harmful and others that
offer advantcages to plants.” In summer, temperatures around plants
are often'higner than_the air at l-or 2 m, but are only briefly: .
lower.i Rapid temperature fluctuations in iﬁmmer might be deleterious
if plant leaves have low heat transfer capacities. Movement of water
caused in part-by temperature gradients could result in excessive loss
trom leaves. Warm: temperatures near the soil may begin as earli.as
- the first of April allowing some extension of the growing season if
plants can tolerate later frosts.- When ‘meadows are inundated, plants
are not subjected-to-temperatures much belou 0° ; even when air
/temperature drops. On the other.hand, winter temperatures are low
because surface warming is minimal thus a high degree of frost
hardiness or bud’protection is advantageous.» Soil moisture is not
excessively low, and vapor pressure deficits are relativel; high.‘ Wind
at the level of the plants is usually light in summer much stronger
| in winter.‘ |

T

! Plant'adaptations to thelkobresia microenvironment may include
an ability to tolerate rapid temperature change in summer and low
winter temperatures. Plants should be able to function ‘normally in

0.3 to 0.4 m sec-1 wind in summer and be unharmed by gusts up to-

S m sec_1 in winter. They should-not be permanently injured by - summer

65



soil water potentials between —-15 and -25 bars, and ability to
phbtosynthesize under such conditioﬁs would be advéntageous. 'An

" ability to take up water in very cold soils céuld reduce the |

~ possibility pf winter drought damgge and permit early spring growth,
thereby lengthening the growing season. |

o | N



IV. BEHAVIOR OF UNDISTURBED KOBRESIA’

Introduction
Within tne microclimate of a kobresia meadow described above,
a number of factors appear to be potentially limiting to plant
growth. A plant living in such a habltat might be etpected to have -
‘a variety of adaptatlons to permit survival under some of the

‘extreme condltlons encountercd Previouslylkobresla bellardii has

received virtually no physiological,study which would permit an
assessment of its adaptations to its restricted habitat. Thus this
study included examination of aspects of normal kobre51a behavior so

that adaptive characteristlcs could*be identified.

Methods

Seedvgermination

Inflorescences weare collected w1thin 5 days after the beglnning
-of seed dispersal at collection sites adjacentfto the kobresia
-meadow transplant site and above Upper Hidden Valley. These were
air—dried under field conditions. Harvested seeds were placed in
small nylon bags ‘among kobresia tussocks in early. September, 1971
Samples were placed under small rocks to discourage marmot disturbance.
Seeds used for lahoratory examina&ions of gtrmination were stored
at —7 +5 and +25°C, Viabllity tests were made using 0.12 solutions
of 2 4 »5- triphenyltetrazolium chloride.‘ Gibberellic acid (GA3) solutions
of various strengths were used in an attempt to break dormancy.
Germination and viability tests were made with 25 seeds in tests
replicated once or twice.

= . o o 6t |
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- Leaf lengths '-.
Leaf lengths weré measured at' 1 to 3 wk’intervals beginning‘
.January, 1971, Length was'measured'between the top of tightly
packed deaévleaf sheathS'whichiforn‘a.well—defincd base in the tussock |
and the clearly;delineated top‘of'the green portion of the leaf.
Twenty leaves were measured on:bOth'the.windward_andvleeﬁard sides
of each tnSSOCR. ’ oo '.p , . "
Tetrazolium response
. Reaction time with 0;12*solutionsvof 2,4,S—triphenyltetrazolium
vchloride was measured at 2‘wk intervals in winter and spring and 3
' times each summer. ‘Tests had ler 2'rep1icates._ In winter, leaf '
-material had sufficiently little. pigmentation to allow a response to
be seen throughout the‘leaf, but roots hao to be'sectioned for’ reaction
color to be visible. In summer, root reactions could be:seenlin
young roots withont sectioning.‘ |
Leaf water potentials
Determinations of leaf water potentials vereﬁdone with 2 methods
-which yielded very similar results in simultaneous tests. In summer,
1970 and wiater 1971, the Schardakov dye method (Barrs, 1968) was done
with sucrose solutions. In summer, leaVes were placed in sucrose
solutions immediately after collection, and equilibration reached in .
4 to S}nr. Most»winter tests were made by packing leaveskin snow
‘at the time of collection and holding them frozen for about an hour
(occasionallp'as long as 3'hr). -They were taﬁen indoors, nipeo.free’

‘

"of snow and‘greenvleaf portions placed in solutions. As indoor.




temperatures were usually well below 0%, 1ittle warming‘oceurred
during these processes, hquilibratiOn in winter was exceedingly slow,
requiring 6 to 12 hrh thc longer times being used when solution '
temperatures were below -4°, Solution freezing point depression was
somet imes adequate to prevent iceaformation. jFrozen'samplea were.

discarded. Final solution density determd

tions were noqtly done

R

at -2 to +5°, Considerable care was™né# assure that test

and stéck solutions were not at diff

'turesAbecause of
handling.
In summer, 1971, and spring, 1972, leaf water potentials were
mégsured with a psychrometric sample chamber (Wescor) and Keithley— -
Wescor psychrometric microvoltmeter. In summer equilibration time
wag 30 min; at cooler spring temperature, up to 1.5 hr."During
lequilibration the chamber was kept in field conditions in an

insulated box.

In all cases, leaf water potential was determined using portions

of several leaves in each test. ‘Only green, or'in wi%ter yellow,
‘leaf tissue was used with approximately edual amounts‘%hken‘from
leaves developed in the current . year or previous summer and leaves
’ older than one year.
Leafjsurface temperature N

At thé‘time temperature profiles were measured) Jeaf surface
temperaturesvuere also determined with the aane 20 mil thermocouple.‘

A cluster of 12 to 15 leages was wrapped tightly around the

thermocouple and held by hand while temperature was read within 5 sec.

-
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Carbohydrate’determinations S,

Samples were taken of green shoot material and bf roots attached " «\

L

to these._ Leaves and roots were separated. and cleaned Samples \\\

-
~

collected in summer- 1970,vwere boiled. for lS min in 85% ethanol with a

L
?

small ambunt of NaCO3, then stored for anal&sis within 6 months. Those

collected after September, 1970, received similar treatment except

tw
r

that the boiling was»omitted' Determinations ‘of alcohol soluble
reduc1ng sugars were made with the method of Somogyi (1945)

Ollgosaccharides were measuted u51ng the same method follow1ng mild"
Wy .
ac1d hydrolysis, b01ling with 2N HC1 for 20 min, Starch concentration

Was determined by hydrolysis of, alcohol insoluble material with

: a-amylase followed by reducing sugar determinations with the
i ME*L

ﬁ?-ié\ modlfied Somogyi and Nelson tesq3V'Dry weight was determined using -
.'alcohol insolublefmaterials. e 4 L ‘.V'-: ‘ ' -f.'if" e
N oo L SR
v _ -_ Regults B
;f Seed'germination - !
-4g,{,  As in earlier studies (Sorensen, 1941 : Amen; pers.‘comm.)_ '

-

kobresia seeds showed a deep dormancy which has not Been’broken.

. \x
. &

.o Germination tests weré made within 2 wks of dollection. Seeds dig
')'.-'“' Qv'.f»d/ -

u s
. - ot germinate in"3 wks t field tem%eratures or at: 32° Later o 'I:“
‘ germination tests with seed subjected to scarification, leeching,
" removal of the seed coat, storage £or 1 yr at 5°, and a variety of k .'d‘i

’

temperatures during germination tests also failed Treatment with .: S :

13

gibberellic acid (3X10 SM) solutions had no. effect Seeds left
. W K . .
v;_ over winter in the Tombstone Ridge kobresia meadow in Septembet,
. , o)

1 . . o o o

3 . .. s . B N s . . o 3

5 . N o LT X N . L. : . .
w . . . \




. minimum of 4.3 hr and maximum coloration required 21 hr at toth

ST .

1971, did not germinnte iﬁ 1972.  Repeated searéhcsﬁfor germinating
seeds were made in ang around kgbresia tussocks on Trail Ridge and
a number of other:alnine ridges nearby.- About 200 seeds identified
- as. xobresua by the persistent split perlgynium were found, blﬁ néne
had gemlnated
A large fraction of seedfeollected'had apparcntiy incomﬁletely

«

' develop .enoryos. . In 1970 and 1971 respectlvely, 72 and SZA of
;\

o seeds had abnormally small embryos whlch delrguesced upon imbibltlon.

v

' The SL embryos ‘wére in seeds of normal size.;

1

Vlabiliby tests-were made uith a'0.1% 2 4,5- trlphenyltetrazolium
chlorlde solution. Seeds ylelded very faintly positive tests on the

'embryqs only after extended perlods of 1mmer51on in tetrazolium.

i

Neither the»degree oi:egiiration nor the speed of.. reaction were

affected.by'thesSame reatments used in germinationAtests. All -

13

treatments began - to‘yield the slightly positive tests only ther &

3 and 25 K (Avena embryos became prpknin_lQ min when placed ‘in the |

same sodution )

. « . v R P
. L - . LRI ‘. . . ° .

L e T PR \ :
inability appears related to weak viability. ;

3

" : I?e lack of g‘
The faintness o Aresponsetto tetrazoJium—nggests a very 1ow 5; j'
oxidatlve reduction rate, sufficiently low se that germination
mlght well- be unlikely. Failure to carry out’ respiration does not

f appear related to a gibberellin—regulated hormonal inhibition., A).

' hlgh frequency of clearly immature enbryos suggests that embryos in’

all seeds tested _may be 1mmature at dispersal and fail to after—ripeq.

Y
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Support for this hypothesis is secn In the failure of germination

under natural conditions.
P

~

Phenology

G-

Kobresia is a sadge having filiform leaves clustered in a dense

-

tussock. The leaves are sheathed at the base. After the death of

the leaf, its sheath remains intact and becomes a bart f the mass of

-

tightly pac&ed sheaths whlch partlally protects ‘the base of the

lleaves. Over the long lifespan of tussocks, this base accumulates

2

to thlcknesses up to 5 cm, and the bounda y with the soil under the

tussock becomes 1ncrea31ng1yvdiff1cult to d tinguish The gradual

}
accretlon of leaf sheaths often ralses the tussock sllghtly above'
4 ) .

. the" surrounding 5011, 1ncre351ng~exposure on the windward side and
protectlon of the-lee. L Sy

S
-

The pattern of development observed resembles that described by

Sérensen (1941) for Kobresia bellardil .in Greenland In Colorado,

k‘Qreater number of 1eaves are produced during the 1ife of an

’
Qa

?1ndividual tiller. For 3 yrs a typitalﬂtiller produces.Z new leaves

R <)

\each fiall.and 2.more in early summer.’ In the fourth summer, it
ral = A Rary

b s oL
' M g

produees one érw two néw'tillers°' dnly about 10/ produce two. ln;:l;.

- ~ ; 3
K . .

) the flfth and terminal year, a 51ngle inflorescence appears and the

K il +
.

tlller dies~at the end of the ‘summer. Leaves initiated in the fall
,onlyﬁpartially expand before the following summer . They survive
2 winters and die durlng their th1rd fall. LeaVLs initiateg in

summer live: through one winter and the’ following summer.-
- . »
While tillers have a limfted life-span, t ussocks_are very.

. .
- .

g

e
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. . | | ’\ .
long-lived. The'observafion‘that number of tillers in'a tussock
increased by about 3.3% annually permits approximate aginz. Tussocks
with about 300—506 tillers, or 200 tao 250 years old “are.fairly
common.- Many Lussocks are probabl; still older,’'but the death of
tillers at their cenfers makes thelr ages uncertaln.

The frost free period of the Front Range alplne area is short,
but kobre31a uses a much longer portion of tne )ear for development
(Table 6). Vegetative development proceeds from late "a\ intd October'

" floral develgpment'

the winter ofeen ﬁh e af, tissue above the protectlng leaf
—sheaths. Changes in lenglﬁsuof the- green po;tlon of leaves occur ;/
throughoutlthe winter. Both die-back, and*elongatlon were obserueq
in all months of winter fleld studles.f Thus:it.appears t?atikob;zsia
is actiVe in -all seasons;, ;1 o o e o e

- .
3 -

;A”more,quancitative aSSessmentﬁof vegetatlve phenology was .

derlved from measurements of leaf Jengths. Leaves on the windward -
r . . = .

I

.side were usually shorter chan those on @heﬂieeuard‘exeept in .

[ .
[y .
N .

mld—summarkwhen fhey were statist1cally 1ndlsthngu1shable (Flg 19)
. \ . , - 3 See ' ¢

3aXLmum’length uccurred 1n:late July, just be{ore development of fall

Lot - ‘
.. uV-‘ 4

eoloratidn.: Iengths fluctuated thrbughout wlnter .Changes. it the

_l.nt contrul meadow were hlghly 51gn1f1cant (Table AR The
e of changes on the 1eeward side: was usually greater than -

“¥n wfnd-exposed leaves. Leaf lengths varied between sites, but a
-a.'

hl‘.

£}

= i

;Aprl% to mld—Augusﬁ. Leaves that survive_

qg?g}son of the’ Sundance and Tombstone Ridge meadow plants skﬂws some

73
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s Fig. 19, Length of green leaves in und;??sturbed kobresia.
- [ ’
- Sprlng and summer, 1971 transplant control meadow
- LBl _._Wlnt:e_r, 1971\, and spring, 1972,, transplant conhtrol. mea%ow. '
. C: W1nter 1971 and spring, 197_7 Su‘ndance kobre51a meadow
P ey@hs in Lh,e transplant control meadow are means of 120 leaves ’
3 wid :
4
each, in the Sundance meadow of 200 leaves.
L,’:J‘ ) . ‘“ . - . X " . e '5
: T . N . S QNN ,
5 . A < . \ .
. 4 \ < .
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- Lenét‘,h" (mm)
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Leeward leaves
Windward leaves --------

T

T

T
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15 Feb 1 Mar 15
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Tab1e17i

'-neasuronbntb of grc;n leaf lcn’

.Signiffcancc of change "in leaf Tengen

ths of undlsturbed lobrbsla

in sequential winter

77

m-= 248,

Q

‘e

S :
‘.Ddté5 i‘>, : v_4h U Windward ieavcs  Leeward leaves :
‘ ",Chﬁnzé in mean t Chanye in mean ) t
';LQQf‘Lgngth (mnm) leat length (mm) -
R |
2vFeb. - 19'F§B;. +1.3 5.216%% +1.9 5.491**'
19 Feb. - 26 Feb. - =0.1 ~  0.565 | 2.3 7.289%%
26'%eb§ - 12 Mar. +1.2 | 5.775§%ff'¢¥3 -0.1 0.383
12 Mar. - 26 Mar. ~0.8 3.079%% +0.3 1.285
26 Mar. - 3 Aér;" +1.0 . v 3.013%% '+2.3 9.943%x
5 Apr.— 9'Apr. S -0.5 2.775** 20.6 2.143#’
‘>91Ap£;1f 16 . Apr. 1.2 6.910%* FL7 e 6.274%%
o v' ' ' | -'“, ' .
1972 \ ST
5, Apr. - 12 Apr. +1.3 3.215%% +1.1  2.2§7f*_j
12 Apff - 18 Apr. 40.3 _1.532 4135 ;f.@ot%},
- 18'Apr; - 27 Apt:. +0.3 1,502 ) ~0.1 0.4311
 27 APT. =4 May _ ;Z;i__:‘ 8.997** . ~2.1 16.54é*;
‘ 4»nay r,tzfnay \+1.2‘V },052** ) +1.1 ‘5;333%¥'
,iz~nay:— 18 May +0.9 85184 +2.5 10.384%%.
18 May - 25 May ~0:2 0.670 +l2, ’;,935*¥'
Slgé%fxcaucc at 950_1ﬁdLLatLd by *3 at 92.9% by #*, Férvéll testsﬂlv
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o o
" Inflorescence development

. . A N X '
to rates of infertility or 1nfect10n. Vor is a heavy smup

a

o s
5

1
,

: Kobresia normally produces great numbers of inflorescences on

each’ tussock buL not all are successful in pioduc1ng seeds. Some

fall to set seed because of the development oigghe smut Cintractia.

/
car1c1s] In others, appa&ently normal gyneciayﬁail to produce embryos

or endosperm for other,unldentlfied reasons. Numbers, fertility,

and 1nfeet10n differ among tussocks, between sites, and-frdm-year

S . e
2

to year. (Table 8) All these factors varied - between siﬁesvﬁn such

a way that it is apparent that inflorescence density is nﬁg_
R
it

s
always accompanied by increased failure in seed development from'

other causes.

Tetrazolium response time. * -

Leaf reactionrtime varied with the season.. In January and

"February, color first appeared at injuries in 16 hr and'over the

v

whole»leaf base in‘30 hr.: Reac¢tion times decreased until in April

‘and Iay, 1nJured and uninJured tissue yielded p051tive reactions in

1'and 4. hr respeetively;f Summer leat'reﬁtfion times'nére'betweenu

P

10 and 25 min, | BRI e

.. Leaf Qater potentials

. "+Root reactions’were much. $lower, averaging 2 hr in summer and

1 hr'in'September.,‘Roots gave no;resbonse\in winter untilxgid—Aprilj

-~

Leaf water potentials in undisturbed kobresia varied throughout

the year between 0 and —21 bars. Low potentials were observed in'
B : )

o

- )
1. ldentlfied by James Traquair; g

B

1
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é

both summer and mid-winter, minima in each being between —15 and
-21 bare. When plants were inundated in spring, ?ieaf rose to
-0 bars,‘the annual minimum.

Leaf water potentials were quite uniform within the Tombstone
Ridge meadow. Maximum variation between-8ﬂp1ants was 2 bars in
summer and 3 bars in\winter.. Water potentials in leaves from the

vl

Tombstone Ridge meadow a-’ the Sundance meadow were usually

within 2 bars. In July .and August, old leaves consistently had water

potentials 2 bars lower than young leaves.
-Seasonal tfends show that during snow melt in May and Jude,

Yleaf was quite high, falling gfaduafly toward the end of June

(Fig. 20). Through the remainder of the summer, large and §ometimes
fapid fluctuations wefe‘obsefved between minima of.about —éO bars
~vaﬁd maxima’of abeut -5. _Piurnal va;iation was usdallyVZ to élbars

(Fig..l7): Early fall Wlééf values wvere comparablebto those of
_sdmmer.| Wiater leaf’;ater pOtentials we;e loweet in Janpafy and
_‘February, when they reached ~18 to -20 bars. Potentials gradud&i}f‘
rose untli w1th snow melt in May, wleaf was 0 bars for 12 consecutive

days. Winter dlurnalichanges of Wleaf'were small, rising 2 birs

bn-4~days and }emainiﬁé eonéfan;;(within'1 bar) on three others. The

\\.*Tlse at midday in spring averaged 3 bars on 5 days.

’, “”‘g» : o . N
S C . N . -
N . - t

.d7uCaquﬁydtates

' ‘non—reducing, alcohol soluble sugars (presumably mostly -

- ollgosaccharides) (Fig. 21) In shoots, starch never accounts for

- ‘ ) I —

-
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Fig. 20. Seasonal chahges in ¥ Jeaf of ﬁndiSfd;bédv}obresig
‘ lea o

plants. All measurements were made before 11:00 in surmer and
-

between 12:00 and 16:00 in winter.

A. Summer, 1970, transplant antrol‘kobresia meadow'plants.

bR

B. Summer, 1971, transplant control kqbreSia readow plants.

C. VWinter, 1971, and.spring, 1972, transplant contrel énd,

Sundance kobresia meadow plants.
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Ec

;C.‘ rbohydrate levels'in kobresia"—;oots and shoots,

o-".i“ -

llQﬁﬁdgwinter, 1971.
-l L

{ Total Earbohydratés
. Oligosaccharides and

" Starch

Réghcing sugars .

B

S

2 .
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w1nter. The roots ha@e starch as an impoy

noon, relatively high. concentrations of sugars suggest rapid

_-photosynthesis and potential for translocation.- On a wholly sunny

4

more than 20% of the Eotal carbohydrate”COItenL in summer and 3% in

Lantncarbohydrate component

:

durlng summer, but not in winter.. Sugars were almost:glways a vetx
) . -

~small compcnent of dry welght' in most ‘cases the concentration was -

"y v
so low that it was not. detected by the test used. Total carbohydtﬁte

content was hlgh in shoots, and much lowe

.o

~in rootsQ “~In summe ¢ it

ranged betueen 15 and 257 of dry we1ght n shoots and 8 to 18% in

e

roots. The.rather woody character of th# roots suggests a high

fractlon of - their dry wefeht may be cellrlose,

Carbohydratevcontents appedr to be intermediate between theﬂlon

concentrations in other alpine monOcots,'Carex'biglowiiﬁ C. elynoides,
: o ; R .
and Luzula s 1cata, and the high concentratlons of various alpine‘

o

dicots of Mt. Washlngton (Fonda and.Bliss, 1966) .and the Medicine Bow

Range (Mooney and Billings, 1960). Kobresia differs from other
alpineg;pecies‘reported in-the relative importancezqs_shoots as-

storage organs and in a’ h1gh ollgosaccharide content, although it

f{is 31m11ar 1n the latter respeot to an arctic sedge,-Carex nardina

(Sv‘oboda,1972) o o S e

%\;kDiurnag'carbohydrate-changes were neasnred‘on two summer days

(T.hle |9),/ The first .of these (17 July 1?71) was a typical

s day with afternoon thunderstorms./‘Carbohydrates peaked in

both snoots and. roots at mld—day and declibed in the afternoon. Near

s -

day (21 July 1971) evening measurementi were\muc higher than those
\

in the morning in shoots. ‘Root carbohydrate eontent,'both

\ .
4 ‘ ; . . . | e
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in-31) between Wl af and b4

The 5011 was still warm and dry at 10 cm depth because the storm

'February and March. This high fraction reflects in part the relatsv

g

: A
w '
starch and oligosaccharides, dcclined possibly indicating use in R
root growth or transfer to ripenlng seeds. o o o Tﬁﬁiﬁﬁw B

"Analysis of Results

Leaf Water‘Potentials

N

Readlngs of Yleaf were frequently made 51multane0051y with

v RN

¥s50il measurements.' There was ‘a: hlgh positive correlatioJ (r—O 8367

soil 1n summer. If one assumes-that~when“ '

"b“¥5011 exceeds Wleaf passive uptake of water may occur, 1t is clear R

W,

that plants may usually obtain water (Fig. 22) ‘In summer‘passive f:
uptake was p0551ble dn 827 of measurements. One exception (Poiut A,

Fig 22) was a tranSient condition shortly after a thunderstorm.

°

1 s "" v -

had ‘been brief but the leaves were surrounded by rapidly melting

’ i
& y

graupel., All other exceptions Were 1n‘measurements made when

?soil was less than -20 bars. Théie may indiCate a system'for A e
b * : i o .
maintaining wleaf in extremely dry soil possiblyfvia‘stomatal ’

closure. A t—test indicates that there is a highly significant

>d1fference between Ysoil: wleaf ratios above and below 78011

- o

of 20 bars (p<992)
Winter ?leaf W501l relationships dare. similar to summer (Fig. 22)

When ?3011 was’ below -19. S bars,,?leaf was, less than vsoil- A

- o

condition’ of potential passive uptake was observed 1n 7 of 15

'simultaneous measurements of leaf and soil water potentials in

7.

/

ease of obtaining measurements during warmer weather, but still

LY



Y_leaf < ¥ sobibl_' ' .
‘ -16 . L . .
“Yeaf -124 - . S, ' . ‘ " ‘ ’ " -
,(b‘ars).‘ B - . B o ‘ ; . o oo ’
oo -84, : : ' - v - ST
. . : ‘ ' “leaf soil
0 —-a_ ‘. . / . !
o "-v T . ’, T - : 1 ] T - B T '
S0 = g g 12 -6 =20 - =24
e Ysogl bars o
Winter and ‘spring . . o
J B}
. x. - soil above 0° " :
- , .
Tieat ” ¥ son1

S 0 -8 a6 a4 -3 a0 g
soil - (bars) T

in simultancous
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: indicatesﬂthat passive uptake is possible during considerable'
':,?portions of mid—winter. ‘ S '=,;’~%:;; e f IR

R Y R

In sprin&, meltwater near O flows over thawing soil Leaf"

'Tand'soil’Water'kotentials both rise to near 0 bars. This contrasts SRR

T

hasharply w1th observations of arctic species in cold soil » Haag (1972)

'ffound that Carex rariflora and Eriophorum russeolum maintained leaf :;“

'1uwater potentials about 10 bars lower than soil potentials in saturated

a b4 =

_isoil slightly above 00 Unlike these arctic species, alpine kobresia Qie.,w;i

»appears well adapted to water uptake from cold 50115, possibly the ::r SRR

LEER ‘_‘,.

iresult of lower root resistance to water movement ’T:jff.x

- .;Leaf surface temperatures

,W;"cheaf rface temperatures closely resembled those of thei'CZ;Tie' e
adjacent air in all seasons. These tenperatures were measured with

./,'

Ca gO mil thermocouple, but the thermocouple did‘nnt"appear to ?f¢vt . .

¢
>

conduct heatL Twelve pairs of readings reveale' n

7"~

~differences in. measurements made with the 20 mil‘nhermocouple and

those with a. 3 mil sensor (t=0 241 in summer a*l t=1 022 in winter)

&

The*correlation of 1eaf surface temperature to- air temperature ;2;\l;;;;;l
at 2 cm was very. highly significant in summer (r=0 970 n=157),ﬂminter

(r—O 966; n=47), and spring (r=0 958 n‘49) Of 100 samples in summer, 1'5
| 75 were within 1°* of equality between leaf and air' maximum differencej e

s

"vwas 2. 8° When differences exceeded 1°, 1eaf temperature was almost o

'. as freQUently below as above ambient. R R ,;lf" -, .: '

¥

During periods of rapid air temperature change in summer afternoona, ; -

Tleaf .temperatures varied a little more than the adjacent air

(std deviation in 30 consecutive measurements at 2 min intervals
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pomer (1968), Courtin (1968), and Peterson (1971)

mperatures of leaves in alpinc plants exceeding

P S AR L -0

!Carex biglowii on Mt. Washington, but only whén wind exCeeded 5 m/sec

.u.‘\" "‘,l o, L0

despite the shortness of the plant, and have a low angle of solar

incidence at midday. All these may play a ‘role in preventing the

,warming of leaves observed inﬂother alpine species.
. ¥ .

- Carb?’(@:ﬂ\ : _ " A. '.‘ ’ . - v‘ S

‘Factors controlling carbohydrate levelsj/;e complex; ahd might:
::be expected to include solar - radiation}/femperature wind q)soil,
' and the developmental state af the plant. All exéeptlthe last can

bevd83cribed quantitatively.b A statistical comparison of environment

T

,characteristics with carbohydrate level changes revealed no
significant correlations in either summer ‘or winter. It appears,

therefore, that phenological conditions, which cannot be quantified



RTUON ,’should,also be considered. Such4an'analysio is somewhat subdective,
T : Ex . LI ’ R
. . , . . ‘

‘ but it does permit suggestions of mechanisms influencing

> L B >

: ;H\E'fcarbohydrate levels.
| : Carbohydrate concentrations generally rose 1n July, 1970 but
‘tell in'early August during a period of low solar radiation and seed
o ;‘.:f dispersal.) Following this, first shoot, then root, carbohydrate
..'”‘k levels rose as new shoots and roots developed in early fall. When

“;i E snow covered ‘the plants through most of the period\3 to 14 September,

“'5’ there was a slight increase in root carbohydrate content, but a

.wdecrease‘invthe;shootj;> A CQmparison of September and February
R &,

- .’ N \ -‘.. .. "; .
*. . carbohydrate levels s gests that fall die-back involves little

';ﬁ ﬁQa change in roots, but a strong concentration of carbohydrates in the

L ' N - . 14
A
2 Loy

<3

snow gave no indication of carrying out such processes in September.

Carbohydrate concentration must have occurred in late September and

ei)

early October. This corresponds well with the observation that
fall die-bacﬁ;gid not appear to be complete'until late October in
'1968. Thus, presence of a prolonged heavy snow cover in September

and Odtober appears deleterious by preventing proper. onset of

winter carbohydrate status. ' . 5 -

~

‘In winter, carbohydrate content declincd in leaves through the
period February throughxdid—March during which winds were strong

and temperatures low Amelioration of the environment in late March

1 . o

permitted a renewal of. reserves simultaneously with leaf elongation.
f . ST .

" The rise in root .carbohydrate levels after mid—March.occurred in

frozen soil.

'“4 portions of shoots which will remain green over. winter. 'Plants under

91
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. oligosaccharides, suggests that chelr levels maylbe associated with

Leaf.lengths-

windward 1eaves, -0.6643 for leeward; n=18). While correlation with

in vindward leaves by r= -0. 661 and —0 512 respectively for 3.5 day

' -

i
R

The'high winter conCentrations of carbohydrates, especially o -

~frost hardening. High concentrat_.ons of sugars, especially sucroae;

have been observed to be associatéd with frost hardiness in a large
number of species (Hazur 1?69' Levitt; 1972). Failure to bu11d up

adequate concentrations of sticrose, or some other low molecular weight
\

'saccharides, might be expected to prevent adequate hardening.

—
L4

Use of shoots as storage organs may fac1litate spring development
( .
by obv1ating the need. for translocation from roots in frozen soil.

Tieszen (1972) suggests that anyrsuch means of lengthening the growing

season has great advantage foy a_tundra plant species.

1

Winter and early spring leaf length5<appear determined by a

' complex of environmental conditions. The single most'important factor

'in determining change in leaf length is mean w1ndspeed (r= -0. 5218 for

temperature alone is insignificant, a comblnedvtemperature—wixd factor

yields a better correlation than wind alone. As an ‘example,

'c6rrelation with Siple's windchill index, a.factor based on rate of

heat loss as a function of both temperature and wind (Siple and
Passel, 1945) was -0. 7164 for windward leaves, -0. 6718 for leeward.
Leaf length changes were usually measured over weekly periods or
longer. Changes over 3. 5 days measured in April 1972 ,were not as.

well correlated with either wind or wind—temperature as were weekly

changes. For example vind and wind—temperature were related to changes



intervals. Weekly changes during thise period, howeVer could be

-

thesc factors about as well as in other uinter months,
that, while these factors are important‘in determining
\ %ﬁh more than 3 days are requ1red for leaves to come 1nto
‘ee01llbr1um with changes in the average enviro ent.

More difficult to assess is the role of Y5011 in 1nfluencing

leaf length Since yle af and Ys0il were measured 1ntermittently, no
means can reasonably be cialculated. Leaf lenOth change is, however,

falrly closely correlated with estlmated 7- da} mean noon Wl ca

(r 0.7855 for w1ndward leaves, 0.5198 for leewafd) v This ¥y
\ \ » B
has bee:ﬂ;;odn to be highly dependent onA?Sb il when\the latter cxceeds

-20 bard. When 33011 dropped below -20 bars and remained there, leaf

lengths decreased or remained unchanged (e. g. 1n earl} April 1971

S

- Fig. 20) Direct correlation is impossible becaUSL of lack of

v
N

continuous readlngs, but it may be reasonable to hypothesize that

ot

selongatlon occurs only when ?5011 rises above —20 bars at some time

‘Aduring a 7 day period. Rate and extent of elongation‘and die-back

.

would be determined by wind'and to a les: . :xtent by‘temperature;

. This model; developed by statistical'considerations, seems
plausible for blOlOglC“l reasons.( Nater uptake appears to ocrur
‘ even dn frozen s011 Periods of uptake cdmblned with efficient
:preventlon of transpiratlon might result in restoration and maintenance

"of turgor even through 5ubsequent periods of stress. ‘Strong winds )
E -~ ) . v .
would increase rate of water loss and lower respiration rates. All

o

metabolic and physical actions w0u1d be expected to be low in lower '~

‘T temperatures. Thus, some: uptake vould be necessary, but not’ shfficient
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A : T _ ‘ . h:¢'
é‘ : N . . e ‘
for elongation. By reducing heating near’the'surface; wind'wouid

\
affect rates of physical and biochemical activiLies. Mcan thickness

_of the tussock boundary layer might determine maximum potential
_ winter—green leaf length . The system would be dynamic and wopld

. require considerablq,controlled environment study for verification

‘of the modeﬂ i>3

. Summary
/

Undisturbed kobresia was examined both as'a control- for stu%ies R
/’ “. 1

of the species behavior in non-normal hablitats and for development

"~ of ‘a model of potentially llmitlng factors. The results suggest that

undlsturbed kobresia shows the following limitatrons “In its adaptations \\\_—

‘ &
to. itsfcustomary environment- o , . o

& “
1. The species-is physiologically active through the year, so that .-

‘environmental conditions could be deleterious at any season.

2.' Available soil moisture may be limiting at any season.. Soil *
water potentials”less than about -20 bars7con51stently appear
:'deleterious.' Plants maintain wleaf higher than ¥Ysoil during‘periods

’i."Of lOW»stil, possibly by closing stomates. Decreased stomatal

Extreme drougb [in winter may produce excessive- die-back,-damaging

~

N ed in spring elongation.

3. 'In sprfhg, leaf elongation occurs after an extended period during

which wsoil approaches 0 bars While it has not been proved that this -

>

‘1s necessary for elongation, it would seem reasonable to hypothesize

P

that high soil- moisture must precede spring growth

: 4 In winter leaf eloﬁgation and die-back provide somethihg of an



-y
v indicator of e; ironmcntal suitability. Soil water potentials/below

. —20 bars for extended periods of time, high w1nds and low temperatures

-

combine to cause"die—back. R

#5. A long snow-free period after early Septembpr appears to be -

* required for*proper onset of normal winter carbohydrate status in

shoots, a condition whlch may well be associated with proper

frost hardiness. vt
- v - "

6. Sexual reproduction may be reduced by failure to produce large
numbers of flowers, development of a smut infection, or failure of o

.. N R | ST
flowers to set seed. Only smut seems to affect seed production in '
p )

normal habitats, but: germlnation studies indlcate\that many seeds

which are dispersed are very immature and will not germinate.

3

33
]
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V. COMPARISON OF PLANT ENVIRONMENTS:IN FOUR.TUNDRA MICROSITES

- 2 C .‘o» A
. hntroduction —
o . [ A : : L' - #A‘ ,_/ '
Kobresia tends to be restricted to a 3ec1alized mlcroenvrfonment

A

characterized by the presence oﬂﬁmicrodrlfts through much; of the

b

‘ winter. Marr (l967b) has défonstrated differenges in w1nd

s

temperature, soil moisture and snow depth between a kobresia meadow N

l .

‘and otﬂ@r alpine sites on Niwot Ridge. He made no attempt to \.

distinguish the nature of the environment 1mmed1ately around plants.:

As was seen in the study of the kobresia env1ronment thls cannot

be completely predicted from the cllmate at 1 or 2 m helght.
Mid@gclimate sttdies were planned to prov1de a. descrlptlon of the

plant environment in four microsites used for transplant studies.

These were des1gned ta dist1ngu1sh the env1ronment of a kobre51a meadow

v

from other tundra micr031tes and to prov1de a basis fog examining plant

re§gpuses to these various environments.
. Y < . o v
é‘k o . ‘Methods . : s

7 -

i

Microclimate was examined in each of~4 siteS' a féllfield, ak
kobrecia meadow moderate (_g 7Q cm) and deep "(ca. 140_cm)isnow iy
accumulation sites. -Comparisons were based on sﬁot readings'of

temperature, w1nd vapor pressure deficits, soil moisture,

A}
v -

precipitation and snow depth .These were measured as-in the study of
" the kobresia meadow microclimate. Winter temperature profiles under

snow were: read using fixed thermocouples with 2 m’ of lead wire in

! ) he -

the snow to minimize heat conduction., oy
CA

96 - LT
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Results !
.Precipication and snow couer s ‘
Slighe differences appeared in ‘summer precipitation at
the 4 31tes (Table 10) ariations appeared related ‘to the»extreme

. L . T
_localization aof. thunderstorms and to. windspeed and direcgion. Frontal

.storms ylelded relatively uniforn precipltation. Storms .with strong

westerly wind .gave the heaviest raln to the kobresia meadow, easterly

1

storms, to the fellfield.: 0ver an entire- summer, total differences
+ |

a e . . ',)

between sites were abaut SZ but totals for .two Summers were similar

at all sites. o

Sites had been cho en to represent‘varyingvamounts of winter
snow cover} In the fellfield and kobre51a?meadow accumulations did
not’ last nore than 2 weeks ' and were only microdrifts through most
of the winter period of study.‘ The fellfield ¥Es snowfree. 38% of .

'February and March compared with ZZZ in the kobresia meadow. Periods

of complete cover were equivalent in the two sites. Microdrifts in

-,the fellfield site were very shallow, usually 1l to 3 cm less deep ‘than -

. 'in the meadow.' Snow in the moderate and deep accumulation areas

formed persistent drifts ‘ranging from 30 to 80cm and “90 to 175 cm
. : at
deep respectively (Table 10). Hoar developed at the bottom of both

drifts and remained until 14 April 1971 and 8 May 197 A har(

:wlnd crust (specific density 0.34 - 0 42) usually covered the Q.

\ -

"surfaces and 2 or 3 buried surfaces persisted In spring, the

snowbanks becameAsaturatedeith.meltWater“excep_ the: lowest 4 to 10. cm->

whiCh becameglayers'of\ice for abbut'& wks. Accumulations lasted
from late September to early July in the deeper snowbank . and

hY -
~
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Table 10, ‘Rain and snow accumulations at four tundra microsites.

“3
A. Summer (July and August) preciﬁ itation in four microsites

4 ) ) L ) ' )
Year o - Total precipitation (cm)
: . Fellfield Kobresia meadow . Moderate snow --Deep snow

1970 . % 7.85 9.98 SRR —— 8.94

X
1971 9.89 7.75 . 7.06 - 7.57
e

'B."Snow depth in four microsites, representative winter dates.

—

.Dagé ' o d B : Snow depth (cm) '
) . Fellfleld Kobresia meadow Moderatf/;;;;f#bﬁep snow
1Feb 1971 o o - 60 120
1 Mar 1971 0-2  1-5 60 . 120
1 apr 1971 °© o s | 175
.1 May 1972 P 8-12 “ | 4-14 B 45 . 110
1 June 1972 o ) R B

C. Dutation of snow cover in four micfosi;es.

.

-Winter ' o . Duration of snow cover e
: Fellfield Kobre51a meadow Moderate snow .Deep snow

1969-70 7 ' 7-28 June = 7-10 July
zﬁf1970¥71 - ephemeral - ephemeral’ - ?422’3une  21 SepthvJuiyf

4 1971-72 ~ ephemeral | ephemeral ?=10 June 14 Sépte23 June
g i N : . . N oo

98



height (Fig. 23 ). At all sites summer profiles had a J—shap%d curve

‘ number of gusts’. exceeding 7 m/sec were measured at 22cm. In

5 m/sec. These winds picked up quantit}es of sand and saltation )

1_often occurred

probably from early October to late June in the moderate bank.

Wind < : [
.InCreasing exposure from the deep snow accumulation area'éo the
fellfield was evident at all po&nts of wind profiles from 2 to/ 200 cm

which becane less pronounced with'increasing windspeed - Maxinum

winds at.2 cm, wlthln the plant canopy, ranged from 0 08 m/se

in the deep snow area to O. 50 in the fellfield : N

- - f

Windspeed Increased 'in the fall at all sites, but he. prhfile
curves lost some of their su;ner regularity. While w ndspeed in
the kobresza meadow and fellfleld approximately tripled it did not
quite double near the surface. Thus, the fall increase may have had
less effect on the plant environment than 1ater in the winter.

!

In’ mid—w1nter, profile curves were quite flat, especially in

[ -
the fellfield \Fellfleld winds were frequently above 35 m/sec,
the upper lxmit of accuracy for the Hastings—Raydist meter. Gusts
estlmated at about 50 m/sec (by" extrapolation with meter {eadings)

were not uncommon. Under ‘such conditions, winds near the surface

were also quﬁie strong, despite the flattened profile curves. A

N
v '

February and March 227 of readings at 2 cm showed wind faster than

v ¥

Calmer conditions returned in April and May in both the

fellfleld and the kobresia meadow. The presence\bf wet snow in

’

-
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; Fig. 23. WihdSpeed profiles, four tundra micrdsifes in four
seasons. Sample sizes: ’summer (July—Augusp), 84—96; fall (September),

14; winter (January-April), 42#65; spriﬂg (May);‘ZZ._ ,
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May was partially responsible for the rapid drop of average windspeed

near the surface in both the meadow and fellfield.

Temperature profiles

iemperature profiies in all four microsites. r-sembled those of

.

the kobresia meadow in being complex and unstable ifn summer. During
’ . . .\\\ N

summer the‘sites w’th less windieXposure experience the’greatest.
»ﬁeating'near theﬁsoiL surface and the’host stable temperatures‘ 3 o
~(Tablevli). Variation under partly cloudy'afternocn conditions was- .

greatest in the fellfiel&;vleast in theAdeeplsnow accumulatiod .

site. Plants in the deep and moderate snow accumulation areas

_had early afternoon temperatures averaging 3 to 6° higher than the‘h

other’sites. Heating in the morning and. cooling in late afternoon
were more rapid in the sheltered sites. Night profiles at all
-areas were uniform throdghout Thus, average dally temperatures

became slightly hlgher with decrea51ng wind exposurer The one .
exception was that at the warmest part of the day, soiljtemperature
was lowest in the kobresia meadow despite lower windspeed than
in- the fellfleld This suggests that kobresia meadow vegetation
sufflciently shades the soil to keep it cooler than the bare ground -
surface of the fellfield

- The presence of winter _snow prevented diurnal warming in the snow -
accumulation sites.(Table 12).‘ At_leastiz days with a change of -
10° from‘:heiprecedingvcays wereﬂreqdired‘to alterxthe temperathre
.at the'base of the moderate snowbank,’and 3_or‘4 days for'the deeper

dne;ﬁ Infthe kobresia meadow and the fellfield, temperatufe profiles
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Table 11, Means of summer temperature profiles at four tundra '

microsites.

102

Temperature, °C

15.1

'14.6

Time ‘N::zSEe:f Height above soil surface, cm '
- 21 0 2 5 20 120
Fellfield
0800-1000 9 14.4 16,0 15.8 14,9 149 13.7
'+ 1000-1200 - 15 1.8 19.7 17.3 16.8  16.6  15.3
120051500 24 224 a3 - 19.8  18.6  18.1 6.8
31130Q;18002 30 18.6  18.4 16.9 - _16.2  15.9 »15.0 g
Kobresia meadoy ' é 1 ;
0800-1000 . 22 1.2 20.1  17.2 15.7 15.3  13.9
1000—1200 19 ; - 20.0 f21ﬁ?-‘> 17.2 16.6 ~ 16.3  15.2
1200~1500 34 20.7  21.1 17.3 16.4  15.6 . 15.4
1500-1800 1‘@;19' 193 1903 7.2 16.3  16.2 15.1
_ Modéra;e snoQ accumhlatioﬁ area
0800~1000 9 2.2 216 21,9 19.1  1g.q 16.6
robq-lzbov  15 . 2.9 23 2 18.8  18.0  16.6
©1200-1500 |, 18 2709 276 2.2 18.6 177 163
~ 1500-1800/ * 27 1709 17.9 15;0., 14.6 -114;5' 13.9
Deep now;éccu~ulat1§n'aréé-
0800-10 6 7't\M E 20.0 ©21.5 181 17.2 ° 17.6 17.7
1doq-1 00 26  19.8- »éif7’ 18ﬂé '17.3 17.0° 16.1
‘1200- ' 19 © 24,0 26.6 " 22.4  20.2 9.1 17.4
1500-1800 = 29 | 17.7 18.1 “15.9 15.0

s
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Table I2. Meanghof winter tempérai;re profiles at foﬁr tuﬁdrg
micrositesi |
Time Number of | .‘k . _ Temﬁerature -9
samples = . . -Height above soil surface (cm)
0 2 5200 77 120
Fellfield - : g
(0800-1200 10 ﬁ/%¥6;7 -1 -s0 ‘-8;5 - -9.0
1200-1500 9. | -5;9_-3'_ 5.7 © 6.1 __6;3".:',L7;o
 1500-1800 10 -s.6 .38 6.2 . -6.3 "—6.6
Kobresia meadow ‘ A
0800-1200 19 . -4.4 -4.3 . -5.4 5.6 -6.2
1200-1500 10 - -5.8 -7.0 'j -7 -8 -84
-1500-1800 15 Cosa ~6.1  =6.7 -7.0 - 7.7
- Moderate snow accumulation éfea _ -
© 0800-1200 9 A5 b5 aas 4.7 . -6.1
1200-1500 8 4.6 ~4.6 4.6 4.9 13
' 1500-1800 9 a8 s .;4,7_;: 47 s
, B ‘ - , _ | .
Deép‘snow acéhmula;ion area » |
0800-1200 16 45 4.5 4.6 -4 -'*v—s.9’
-i500;15Qo % s 4 -4.6 -4.5'{ ,. 6.2
1500-1800 Y =55 s -5.5" 5.2 -5.2
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remained ncarly uniform except in periods of deep snow. Fellfield
profiles showed slightly less dally surface warming than the kobresia -
meadow. ‘ i

Spring temperature profile characteristics were primarily a .

function of snow conditions. ~When the’deep'snow accumulation became
saturated wlth meltwater temperature in the snow above 5 cm was 0
until snowmelt was complete. Below 5 cm, temperature during melting
was 1n1tially near -4° and gradually rose -to 0° over 24 days.
Temperatures in the moderate snow accumulation area were Similar Ny

except that a freeze in mid-May lowered temperature to -3° in the

Bl
P :

.whcle accumulation. Fellfield May snow accumulation was like that
“of the kobre51a meadow, and there were no slgnificant temperature

differences between these two sites.

- Vapor pressure‘dcficit profiles
At 120 cm height, summer. vapor pressure deficits were equal at

all sites (Table 13) Nearer the soil surface however, differences

AN

were apparent. At thqbylant level VPD was consistently lowest in ™
\

the deep snow accumulation area.“ Both VPD and temperature,profiLﬁs
v ‘suggest a more pgonounced diurna; atratification in the:relatively ‘
,still air of.thiS”site. The moderate énow accuAClation and kobresia
'tmeadow sites both had quite uniforgimean ‘VPD profiles, but the
moderate snov accumulation site never experiences the high VPD
occasionally observeovin‘the meadow. The fellfield often showed

a well developed profile with the air at 2 cm having a higher‘

[

‘mean VPD here than elsewhere. This high VPD may be related to the



¢

Table 13. Vapor pressure;deficit prdfiles at four tundra micrositeé,

July arnd August: means with stdndard errors and ranges.

105

" Vapor pressure deficit (mb)

‘ite Number of
~sdples Height above surface (cm)
2 20 120
J
Fellfield- ' 49 -

M . . i » . B
mean o 2.24%0.17 2.12%0.15 1.89+0.12
range 0.32-4.95 0.55-4.13 0.59-3.93

Kobresia meadow 92 -
mean 1.88+0.12 1.97%0.09 1:88+0.09
' range 0.00-6.52. 0.00-4.65 0.00-3.97
.Hoderété snow accumulation atéa ,
mean . 1.91+0.13 1.88+0.12 1.88+0.12
_Fange _ - 0.27—%.83 0.32-3.81 0.47-3.59
Deép sno&vaccumuiation area
: 48 . S
mean 1.77+0.16 2.03%0.16 1.96+0.15
range 0.00-3.91 - 0.00-4.00 . 0.00-3.96
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relative dryness of the soil surface at this site.

-

Mean VPD values did not exceed 2.3 mb- nor extremes 7.5 mb

at dny site. These small deficits are related to the method of.

c?}culating VPD'previously discussed.

- Soil Water Potentials

Summer soil moisture was lowest in tue.feilfield and the moderate
snow accumulation site (Table 14). . In these sites, the surfade was
‘primarily gravelg A horizons uere-lackiug. This appeared to allow
‘rapid percolation after rain and to reduce nightly upward water

- movement. D1urna1 drops in water potential became quite severe it

'
C e

»

in the fellfield uhere wsoil at 10 cm dropped below —50 bars on

- -

Lo

’i,
&

several occasions. After such extreme drylng, Wsoil,rose only Qﬁ’
. . . . ID‘“
after a heavy rain.v The deep snow éccumulation area ‘had relativengy v
S . - J ’
high ¥Ys0il throughout the summer . | ’

)

e
(Table '14). Unlike in snowfree areas, ¥Ygoi]l never rosa a&

-20 bars before the end of April in either the deepfoﬁ§'5

E snow accumulation, éites. Fellfield 5011 temperatures w' &
. .
to those of the‘kobresfa.meadow (r~-= 0.877;'

much lover.v Soil water potential exceeded 420 bars only half as:
' frequently as in the kobresia meadow, probably because high winds

dried'the&soil quickly.
v o ' N T ,
Spring snow melted simultaneously in the fellfield and kobresia

‘meadow, raisiug Ys0il to O bars. Under snow accumUlations Y501l

- rose only to_about -8 bars by late May, 1972. Meltwater inundated
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Table 14, . Comparison of‘soil water potential at 10 c: depth in
, ) , / ' .
four alpine microsites. o o

Mean soil water potential,(ﬁars)

Time ) : .
Fellfield Kobresia oderate . Deep
"meadow snow . snow
Summer , Sy ’
0800-1100 ' -15.1 ) -8.0 ‘> -9.6 -4.6
1100-1400 222 7.2 2.0 " 7.0
1400-1800 -17.1  -8.9 7.9 -6.3
Winter - . - --j". v
0800-1100 -66 . -23 .35 .78
1100-1400 - - 77 - -28 7 -35
\}5\00-1700 . tlag -31 -49 -26
' Percent of readings abovgl—ZO bars ¥)soil
‘Fellfield =~ Kobresia  Moderate Deep
- o meadow '~ snow snow
_ Suﬁmer (July- W .
August) o - 73 _ 90 . 76 . 100
Winter (Jan~ & S _'
April) - 17 3., o 0
‘Spring (May) .95 100 m 10
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the fellfield from mid- -May for 12 ays; the kobresia meadow at the

same tlmL for 17 to ZOQEbys the moderate snow accumulation area from

: . -
SR Sw

early June,for about 10 days; and the deep snow accumulation-i

area from early lbly for»4-to 6 days.

- Discussioci\\h T
~The plant environments afforded b

y"the four microsites'examined

offer a variety of conditions potentially deleterious to kobresia
(Table 15), S B | e
Both drought and wind may makeJthe fellfield:poor kobresia'
{ habitat. }A ‘ysoil above -20 bars appears necessary for stomatal
\\‘opening; andiﬁ’soil in thebfellfield’was often lower than this even
“in summer, down to —40;bars.. With increased wind andlvapor pressure‘
deficits at 2 cm, water loss might be severer 'Winter windlwas very
'strong;' and plants might therefore, be expected to have difficulty ' T
in maintaining normal w1nter leaf conditions. Temperatures in the"
.fellfield would probably not cause difflculties because in all seasons
.
they closely resemble those of the kobresia meadow. The- increased
rate of temperature variation in summer’could be tolerated because
-iqcreased‘wind would speed equilibration of leaf temperatures with
ambient. ) o |
In the moderate snow accumulation area, hobrésia_might be : \'
' expected to have problems associated with low soil moisture in
summer. Summer: maximum temperatures at the plant level are higher
‘than in Thq kobresia meadow but the effects of this cannot be

predicted from normal kobresia behavior. The date of the first

_persistent snow accumulation is unknown but it was likely before
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late: Octpber so fall die-back could be interrupted. Soil moisture

: ‘ ‘ | : o _ .
appears effectively unavailable unde. winter snow accumulations,
i : v ' )

and temperatures remain far below the maxima of snowfree areas,

;Thus the moderate snow accumulatlon area offers a combination of a

Sprlng soil: thaw was retarded by about 3 wks - under moderate snow

depth and temperatures near Q° persisted until late June when snow

was completely melted. Both_would'%robably delay spring elongations

. shortened growxng season and unfavorable conditions during_both

v

summéx\\j? w1nter. S _ . ’ h

The deep snow acrumulation produces a 31m11ar array of problems
for kobres1a except that summer soil uater potentials were consistently
above the crltlcalbpolnt of -20 bars. Snowmelt was incomplete until
early July. 8011 remalned cold and saturated uutil the end of
meltlng, so that spring leaf e ongation wduld probably be delayed :

by about 5 vks until early to mid-July. Snow accumulation beginning7?

in mld—September mlght halt fall d1e-back 6 wks earlyx
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VI. KOBRESIA BEHAVIOR IN ALTERED HABITATS
Incroduction
The study of undisturbed kobresia 1nd1cated a number of condltions
whlch appcar potentlally deleter10us._ Kobresia is normally absent

4
frow alplne habitats affordlng 5ome of the condltions such as
4

early snow cover or high winds, Toler/pze\for sevaral unfavorable
. ¥k kX

ehvironments was examlned by placina plantg-in a varlety of habltats
,not naturally occupled by the speC1es. Studies of these plants
paralleled observations of undlsturbed kobresia so that behavioral

alterations under. these abnormal mlcroenv1ronmedts could be

1den¢1f1ed. ’ o ‘ R »

Hethods

Three methods of environment alteration were used: . the
transplantlng of kobre31a tussocks to non—normal habltats " the
erection of snow fences ‘in a kgbIESia meadow and the long—term
alteration produced by the construCtion of an embankment along u
-Trail Rldge Road producing a deep drift across. a kobresia meadow

Flfteen tussocks from the transplant COntrol meadow were
_transplanted into each of four sites a fellfield, the control
kobresia meadow‘ a moderate and a éeep snow accumulation area. Nihe
were placed between 4 and 10 July 1970 and six more between 12 and 18

September 1970. Transplants were made with an intact soil block

“about 3 cm wider than the tu530ck and about 25 cm deep. ‘This ’

9’. S
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appeared to encompass the entire root mass of the tussock. Plants

were watered daily throughout the summer of 1970; September

~

transplants were watered only 2 or 3 times.
1spls ) \

Snowfences were erected in the Sundance Mountain site kobresia

Y.

meadow. Two,fenccs,'3.6 m long and 1.2 m high, were used. One was~
maintained in place the whole of the winters of 1970-71 and 1971- 72
The second was erected on 3 February 1971 and left in place for

six weeks. After its removal the snowbank behind it was difpersed'

in abqut two‘weeks.
‘ ’ ’ S o ;
Vegetation was described using the transect ‘method along
~five 5 m lines. L !
Productivity was compared . between transnlants, snow~buried plants

L - s N~

. and controls from each site.

Samples vere collected from 10 plantsv' -
4 : ' :
for each treatment'between ! and 13 September 1971. A ring 2 5 cm
in diameter was placed over each tussock and 411 shoot material
crlglnatlng in this area harvested The current year's production
‘was separated from the standlng dead, samples oven—dried at 85°

(o . _ S

and we;ghed.

4

L3

Other techniques employed were those used in the study\of

undisturbed kobresia.
‘ Results o o L .

Effect of Long—term‘Snow Accumulation'on Vegetatiou
S
A part of the kobresia meadow at the Tundra Curves site has

been burled by snow each winter since 1932 or 1933 when a switchback o

embankment was constructed Wlthin a very well- defined area plant

G



114

community changes are obvious (Fig. 24). These were examined
quantitacively using palred transects parallel to and one meter to
each side of the boundary of the changed tommunity The data\show

that kobresla was almost completely ellmlnated, and many of the dead

bases remain flmly in place and unlnvaded by . other speCLes (Iable 16)

Carex drumpmondiana, a co:moq\member of kobresia meadows, also suffered ’
~ . . . . .

a significant loss of eoyer; vhile Geun turbinatum and Artemisia‘
stopulorum'partially replaced‘tne cover lostvby the sedges.
Summer data are insufficient to explain the presence of the

sharp edge”of the dead kobresia area.‘ Three visits in wlnter however
revealed*;haf/the drift conSLStently has very'steep edges rising

from 20 cm to about 200 cm depth 1n a dlstance of 2 m, Snoy4-
was deeper along the edges, up to 75 cm, for'about 2 weeks in Map,
1972 but thls quickly melted and the port1on of the meadow hav1ng
‘normal appearance was snow—freexwithln 2 days of the remalnder of

the undamaged meadow.'

When the Tundra Curxes meadow was ehamlned in 1962 klllard (1963)

'concluded that it was not- changlng into a snow accumulatlon type of

’,,,

community. Nine ‘years later ~the. 1nerease of Ceum ttrblnatum and

Artemisia'scopulorum make thlS more like the distnrbtd moderate ‘snow J
accumulat1on transplant site of this study and o*her disturbed sites
described by Osburn (1964) : It.appears that ifzsnow accnmulatiou

;increases, kobres; tussocks die back from mlcroclimatic changes
. Ja,
rather than competxtion fro _ther Species. Dead kobresia and
N . S - ,,‘ .

mineral soxl may remain for‘songtr than ten years before being

- . , ».
< . - .

olonized by more snow tolerant species.'
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~ Fig. 24, -Vegetation changes under a- snowdriftg present for 40
winters at Tundra Curves, 29 May 1972. Surviving kobresia still
has light-colored dead leaf tops as in >win1.et., A well—defined
edge of the damaged area parallels the retreati-ng snowbank edge..

-
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Table 16. Signifisnnt changes 'in cover produced in a kobresia meadow
\\by winfer Snow cover forning in the lse of an embankment of Trail
Ridge Road,‘constrhcted 39 years prev1ously. Drift and control greas
g” - were compared u51ng t—tests.v Changes shown are 51gn1ficant at 95%; _ /~

’ changes in starrcd Species are significant at 99.9%

Percent Cover

* -Species _ : . .
s » Control Snovbank
5 2 ~
Kobresia bellardii - ' 54.8 : . 0.4%*
dead K. bellardii - 2.3 - 1g.s
“Whrex drummondiana 7.5 s 0.6
Silene acaulis- R = tv_.0.3"*j‘ S - 3.@:
Geum ﬁnrbinatum n = . .15.9 - . 26.7
Artemisia scopulorum - 3.9 : : 15.3*5 _. B
' Mineral'soil o “l 2,5 . "._, 9.7

TN
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Phenology
A comparison of phenologlcal events in transplanted and control

tussocks indicates that abnormal habitats exert a profound influence

over the t1m1ng of vegetative and floral development (Table 17)
"Transplantation pgg se appears to produce little change dates‘of
developmental processes in control transplants wereiusually‘within
_3 days of-control,plants.' Plants in the fellfield. Sl{L showed a
sllghtly shortened season of - spring—summer -fall development. Floral
bud and spring leaf expan31on were delayed about one Wweek and fall
die-back was about tenidays advanced. Where snow- dld not, melt‘untilv
: late June, leaf expan51on was 3 ueeks delayed -where snow persisted
until 9 July, spring development was 6 to 7 weeks late.‘ ‘The initial

phases of fall die-back were also delayed in snow accumulation sites,

to the extent that ‘snow cover began before d1e-back was complete. - gf

"Floral development and seed dispersal were only slightly modifiedpi
.1n the fellfleld but they were altered even more than vegetativem
development in snow accumulation sites. Floral bud expansion did not
begin until after snow release and so was up to 3.5 months late,
:Development.was rapld however and anthesis was onlv 2 to 3 veeka
late. Seed dispersal ‘was delayed, and. in the case of the deep snow
'accumulation site was only partially complete when the first lasting -
 snow came. ‘. _' _ l A ‘ : | f T . ‘ : ’)

& ‘ >

Leaf length measurements in ‘summer . also point up the" phenological
cffects of the experimental transplanting. Undisturbed plants and -
control transplants had no significant differences in leaf lengths. -

Fellfield plant leaves however,,lengthened slovly and remained
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short' Unlike’ control plants, differences in lea& 1engths on- windwa#d**t"'

add leeward sides persist through the summer in fe}lfield tussocks

% an o =
Elongation was delayed in snow accumulation transplaﬁts&FFig 25)

!.,‘ «

that leaves on the leeward sides were almost equal Vfi ontrols by

. F‘g‘.
late July. The failure to initiate die—back at the normal time

is especially obv1ous in transplants in the deep snow accumulation

. green leaves. During winter these leaves showed signs of very

site.
Plants in the moderate. and deep snou:accumulation sites, in

failing to complete die-back, were buried under snow with rather long'

severe frost damage. Leaves collected and thawed in winter hadflost 'i'
their turgor. When growth resumedbafter snowmelt, elongation began
from below the top of lﬁaf sheaths.

Plants in the fellfield maintained liue leaves in ninter, but

length of green leaves and rate and degree of change in length were

reduced (Fig. 26) Windward leaves often suffered from severe
erosioa by,windbloun particles.  Often no 1iving leaf extended above

the‘leaf sheaths.‘ Several tussocks were eroded to’ the level of

~ the roots, and one was partially bloun out of the soil. By late May

: of the second vinter in the fellfield 60Z of the surface area of

tussocks was’ eroded below the tops of the leaf sheaths (Fig.-27) Sandfl‘
accumulated up to. the top of the leaf sheaths on’ the leeward side.

The presence of a shallow drift permitted more normal vinter
plant‘Phenology. Leaf lengths under a 30 to. 50 cm deep artificial

drift closely resembled those of control plants but were dﬁie'stable o _ .
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a fellfield vinter, 1971 and spring, 1972
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Fig. 26. Leaf’ﬁengths of undisturbed kobresia and transplants into
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undisturbed

A.

Erosion of a fellfield:transplant';ussock

Fig. 27.

‘s

» 25'May 1972

fellfield transplant

VB-

kobresia meadow tussock

tussock, 27 May 1972.°
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until ‘snowmelt began (Fig. 28). When meltwater became available-

~at the base of the[drift, nowever,lleaf.lengths increased f%pidly

and leaves appeared somewhat etiolated. By late May 1eaves which _
3.

had elongated under snow appeared frost—damaged by spring freezing.

Protection under a shallow temporary drifte permitted leaves to

elongate 51gn1ficantly more than controls in’ Februagy."ﬁpeward 1eaves

responded to prOtection more quickly than windward. Leaves died back

to thellength 0fdcontrol leaves when the drift was dispersed.

f

Inflorescence Development: and Success

The production and success of flowers are severely decreased S

in altered envirgnments (Table 18) Transplantation had no effect

on either characteristic, but in all other treatments»inflorescence »
density and fertllity fei% Changes were greatest under deep snow,
but were only sllghtly lessgun other~non—normal habitats.

Qs7 In the flrst summer of transplantation, flowering was normal

‘in all experimental plants.’ Fertility, although not measured, was

uniformly_high. After one winter, floral density was reduced by at - Qj

“a ' . : . . _
least 50Z. Of these flowers, about half successfully produced seeds.

Following a second wintet, transplants outside the kobresia meadow
produced,almostbno flowers, but.the'percent fertility rose. This

3

suggests that floral initiation, which oceurs in autumn, is only

- partially reduced in reSponsekto su@ger and autumn conditions. The *~

ot

iollowing summet, there was dense flowering but ineomplete seed

’ s

_developmentr Floral bud initiation at the end of that summer was

almost completely-suppressed Efficicncy of seed production &mproved



(v

.Fig. 28. Wlnter, 1971, and spring, 1972, leaf iengths under shallow ‘

snow. Drifts of 35-60 cm were created behlnd snowfences, one of
which remalned in place through the whole w1nter in 1970 71 and’
1971 72; the other from 3 Feb to 17 Mar 1971. Points represenp

the mean ‘of 200 leaves.
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wrth dccreaetd flewering. The*short—duration snowdrift, allowing
proper fall and spring floral devclopment permitted normal flower

numborq, but fertility was reduced. .

Smut infection rates appcared uniform between natural and altered

environments in a particular year.

Tetrazolium Response

Variation in tétrazollum response rates between plonts in various
habltat; vere observed in w1uch ‘only. Rtspon tire of follflold
plants ‘was 10 to 207% 1onger than controls, January through April.
:In Hayl 1972 when plants wefe snowfree, reaction time' was 50/ longer
_than controls. Snoéw accumulatlon plaﬂt showed abnormally.rapldl

' tesponses, w1th a falrly strong reaction being v151b1e throughout

thawedvleaves in‘8-to'12 nrs in }ebruary and Harch, compared to 30

)

.

'hrsjfer a‘similar reaction in controls. This was comparable to
reaction rates in injured control tissaes." : | - | ;“’ .
The slow reaction rime 1n fellfleld plants suggcsts maintenance *
._of a slightly. lower rate of physxologlcal actlvity in these plants%
_in'winter.‘ The rapid respoﬁse’of snow'aceumulatiaq transplants

may he an indicator of freezing injury.

Leaf Hater.Potentials o

/(_ Leaf water potentlals in all treatments were w1thin the range
qnacrved'in coutrol plants. Transplant leaf water poteﬂtialb during
July and August the year after transplantlng avgraged 2 to3 bars‘“
ehlgher than controls or control transplauts. Tranbplants 1n snow

accumulatlon areas consistently had higher ?lléaf’than cdntrols;‘

~

-
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vhile thoso in<the follfiéld'were either above ornhelowgcontrolv

(Table 19). A'oonparison‘of Yle £ hud sorl under sun"or condlt;onb
showed that plantb in the fellfre]d behaved much aa d1d control plants‘
leaf wvater potpnrlals conslstcntly e;tetded soil water potentlals o
at V3011 below -20 barb and, ouly then (Fig.-29) . The frequency of
Ysoi1 below -20 bars was greater than in the control meadow; Thus,
while xleaf in fellfield transplants vas otten hléher than in U::
yndi§turbed plants, thiswprobably’reflects a oondition-oﬁ oioaed .
Stomata rather than ‘a more eff1c1ent water uptake Vhen.?sbil wao.
below —30 bars, ttllfleld plants malntAand leaf watcr ootentlals
of about -10 bars, suggosthg that thlolls the water potentlal of
wilted leaves. lllt]ng might not be obvious 51nce'the laanes are
quite stiffb In snow accnnulatlon areas the sunmar pattern of

Vleaf f5011 relatlonshlpo is: someuhat altered Soil water_‘potential~

rarely fell below -20 bars durlng summer, 1971‘ but leaf wanoften'

.hlgher than 18011 (Flg 29) “This undsual cond;tlonvﬂppeared on{y .

: after a w1nter of bur1al underhéﬁgﬁﬁland it suggeats fallurn of nornal
stomatal control mtchanlsms. In both fellfleld and’ snow accumulatlon-
area transplantsﬁbtomatal closure mlght be expected to: rcduce
productivity. | ‘ | - |
Other than 1n summer, foilfleld leaf water potentlala closclydv
_vresémbled thOSL of controls. In Septemberl thay rtnaxncd conatant{
under snow dropping gradually through the month ' Vxnter Wle,f off

fellfield plants was usuaIly wlthin l or 2 bars of koLre51a meadow

. ‘plants. Slrultaneous mcasurements of leaf and soil uater potcntlals
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Fig. 29, Relationship'of kobresia vy leaf t© ¥ goi3 in three.
'tranSplant sites, suﬁmer, 1971. The diagonal 1line sepafateg.
theiregioh of;potential paéSive uptake above from that of
impossible 'péssive uptake ‘below.
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in winter and spring showed passive uptake possnble when wsoil was
N ) ' ! :
@%0ve -20 bars and 1mp0551ble when it was below. In spring, Wsoil

and'Wieéf rose to 0 bars for a period of 17 days during the .slow

o
!

melting of a deep spring snow cover,
Kobre51a plants placed under snow accumulations tended to have -
more constant and higher winter leaf wdter potentials than controls. lﬁ
Leaf water potentials remained close to'—8 bars under fall _snow |
accunulations and through the winter, The significance of these‘

winter measurements is questionable since the leaves were melted from

132

ice at the base,of snowbanks. Although tests were made at temperatureS»

below 0 , this thawing may have altered ¥leaf- Further, thawed leaves.

d*appeared severely damaged and tetrazolium tests suggested extensive
injuries. While values are high they do not reflect real conditions
and are probably not comparable to leaf of undamaged plants.

Under shallow snow leaf water potentials tended to be similar
to those of normally exposed plants (Fig. 30) The high ?leaf
" associated with spring conditions was reached much earlier under

.~ Snowbanks and was accompanied by premature elongation.

Leaf Surface,Temperatures

t

Plant leaf temperature was generally coupled with ambient air

.in summer (Table 20). The only significant departures were in

fellfield transplants during the second summer, vhen leaf surface
' temperature was significantly lower than air temperature (p<99 9%).
This may represent cooling during periods when stomates were open and

"high winds enhanced transpiration rates. Winter.leaf surfaCe
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Table - 20. Kobresia .Summer leaf surface temperature differences

from 2 cm air temperatures in four transplant treatments.
swere transplanted and watered in 1970;

Differences of less than 1°C. ate treated as equalities.

=, leaf surface temp.

'bemp.;‘ < , leaf surface temp. < éir temp.

= air temp.;

Plants

not watered in 1971.

Symbols used:

>, leaf sprface temp. ? air

1971

73

Percent of occurrences Number of
Site Year : ~ samples

Control 1970 83 11 6 83
1971 76 12 12 33
 Fellfield 1970 78 17 s 58
‘ 1971 54 0 46 24
Moderate snow 1970 73 25 2 59
1971 n 12 17 24
Deep snow - 1970 74 24 2 53
14 22




temperatures wereAthe same as the surroundlng snow at 2 cm under
deep and moderate snow accumulations (p<957) and as ambient 2 cm
temperatures in the fellfleld (p<99Z). : ‘ 4

Carbohydrates
Some characteristics of carbohydrate budgets remained similar
in controls, transplants and snowfence treatments? - carbohydrate

S &)
levels were qu1te hlgh with the greatest concentrations in the shoots

rather than in roots;: and oligOSaccharides formed the principal

Storage product, especially in the shoots.

Changes inbcarbohydrate levels over the summer varied from

controls accordlng to the transplant treatment (Fig. 31). Control

) AN
transplants wvere 1n51gnif1cant1y dlfferent from undlstgrhed tussocks.

"

" Plants-in the fellfleld usually had sllghtly higher trations_

of carbohydrates, p0551bly assoc1ated with the fallure of 1eaves

to elongate normally The early d1e—back is 1nd1cated in thc “high

.carbohydrate levels attained by early September. Carbohydrate

concentrations of plants in snow accumulatlon areas dropped to
30 to 50 mg, -1 durlng early “leaf elong atlon, comnared w1th a low of

lOO“mg'gfl Ain controls at the same stage of developmtnt In all sites

'tﬁtptcwber carbohydrate levels were low., It,was suggested. earlier

that in undlsturbed plants a long snow—fret period Jn Septemb(r or.
October would be necessary for the conccntration of ollgosaccharldes’
assntlated with fall d1e—bacP Th1s concentration failed- to develop
in plants under both moderate and . decp srow accumulatlons, SlnCL

hlgh ollyosaccharlde ]evels may be associat d with frost hardiness .

135
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Mazur; 1969; Levite, 1972), failure to attain normal oligosacchafide
{

levels may cause the extensive frost kill observed in'these transplants
'1n w1nter and spring. Thls.may also delay elongation after snowmelt.
@n eirly September however, carbohydrate concentratlons in snow
accumulation area transplants nearly equalled those of control plants,
1nd1cat1ng at least partial recovery.
PlantvProduction X

_Shoot production dropped in all treatments, including control

transplants the year after transplantatlon and erection of snowfences

(Table 21) * Variation between tussocks, especially in undisturbed

plants was great Samples of 10 tussocks were inadequate for

-3
statlstlcally 51gn1ficant distlnctlons between transplants and controls.

except in the case of fellfield transplants. Those had production

‘Teduced by 702, standlng dead by 40%. Transplants in' snow accumulation

‘

-areas and plants under snowfence drifts showed lower production than

controls (p<802), except under deep snow where reduction was only o
0.7 gm 2. Long—term effects of deep snow, however were obvious at
Tundra Curves where annual shoot producrion of plants under snow’for
40 winters was about 15% of adjacent controls. Standing dead was i
sllghtly lower in snow accumulation transplants ~but this was quite
1nsignificant (p>402) - In the fellfield and at Tundra Curves,
however, standing dead was reduced by about 301.

Carbohydrate contents on a ueight basis were determined for -

standing shoot material less than l year old and a carbohydrate n2

'factor derived. Shoot carbohydrate w2 was low 1n a11 treatments
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' Table.21; fAnnuallshéotbpfoduétioﬁ, standing deca¥, and carbohydfate/mz
in kobres;a under Qario;s treatmenté. ‘Mcasurements were made in
‘September,.1971; Carbohyérate/mz‘was based upon 2 déterminations '

of carbohyérate 1evel§ in s ots producedvduriqg the_previous year

times mean shoot production. Standard errors are indicated for

production ahd“standfng dead for 6 to 10 tussocks per treatment.

!

Treatment - o Shooﬁ‘préductidn _ Standlng dead v Carbohydrate}
B g/m2 _ : g/m , . g/m2 basal area
Tfénsplants s
Undlsturbeddﬁ,, 7 . 8u4x1.1  45.0%7.1 1.82

Control :ransR%E

5%@@,0:1.3 T 46.0%8.2 1.76
,'9 y ’ ) ’ - '

) o ;'..%94 H - | i
Fellfield ' o4 l.4 128.225.4 0.82° .
Moderate snow : ‘ - 41.911.8‘: | E 1-36
Deep snow 7.7:0.5 % 37,9450 | 1.55
* Snowfence - , _
Undisturbed ~  9.2s1.2 35.0t4.7 1.76
Short-tern drift 6.7¢1.2 33.3:3.6 =
Long-terﬁvdfift  7.0:0.6 ; © 4l.126.1 0.8
- Tuﬁdré.CurVes o '-; e ¥
40 winters under : | ' ' “ ' o | | 3

smow . & 1.,3:0.5 - . 27.425.3 =
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ercept control transplants, being greatest in the fellfield

These measurements of production, st ,ding dead -and

cafbohydrate m‘zsuggest that kobresia performs most poorly under

. u )
@

rellflﬁld condltions. The effect of abrasion is qu1te ev1dent in the

redud@ion of standing dead ‘Over a number of year the presence of

' snow cover u1ll also be deleterious. Plants in snow accumulation

e

areas recovered from the 1n1t1al winter damage and achieved
near-normal levels of production, but this is at the expense of
carbohygrate reserves which are critical for the next summer's

growth and probably for frost hardiness.

-Effect of glk Grazing K l ‘ -

. Durlng the wlnter from 15 to 32 elk used the alpine area of

L

Trail Ridge.u Bite counts indicated that ahout 7SZ of their diet is

_kobresla. Host kobre51a meadows showed signs of heavy grazing by early

Aptll 1971, and 2)1972. Of several hundred tussocks examined however, .

" none were grazed below about 2.5 cm above the basal leaf sheaths.

s -~ \1

Thus, green leaf tissue was not taken. Comparisons of green leaf
\ et

'lengths in grazed and nngrazed tuSSOCkS at the transplant control

meadow in April and Hay, 1972 showed no significant effe ) of

¢

grazing on either 1 ‘f«length or rates of chanoe in length - Seven -

hcomparison of leaf and 2 of the late winte arbohydrate contents

shoued no differences associated vith grazing._;Inflorescence

'production and seed set were,the same in both groups'of'plants-in'

'1972.4 Therefore, it appears that wiuter grazing by elk has no

deleterious effects. ' ‘_ !
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'Discussion and'Summary

Cutside of kobresia's usual habitat modifications in its.

behav1or vary according to the character of the enviroﬁmentf‘/ﬁ;;:—

‘

most conspicuous changes are related t0-abridgement of the growing'

season. Factors triggering the initiation and end of the growing

season for kobresia canfiot be defined one the basis of this study,

‘butlsome hypotheses can be made. Soil moisture- appears to determine

the beginning of rapid spring activity, but under field conditions
i

this is 1nextr1cably related to 3011 temperature. Variations in

. the initiation of die-back suggest that its .timing may also be"“,~'un:

GO T

'regulated by soil moisture. Low soil moisturewlevels have been

Shown to speed the onset of dormancy in Geum turbinatum (Billings and

-

Bliss, 1959; Holway and Ward, 1965) Kobresia cannot be considered

completely analogous since no dormant bud develops* but from the data

’ available lack of soil. moisture may trigger fall d&e—back Its onset

,is advanced in the fellfield and started in control plants after a

period of drought in late July in both 1970 and l97l ‘Die-back

was most delayed in the moist deep snow area. If drought does

trigger die—back, this would explain the absence of kobresia in

: relatively snowfree but poorly drained sites. : - /ﬁf

' Shortening of the growing season is not the. only cause of

difficulties associated with timing of development Under shallow

' snow, spring leaf elongation began before the final hard freezes._

This appeared to be a response to high soil moisture produced by

April melting“ The partial loss of hardening permitted frost damage

I

Sl
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during freezing periods in late April and May.

-

- Leaf tissue -and carbohydrate reserves were reduced outside normal
habitatsr In-the fellfield, leaves and the protective'leaf-sheaths
were lost through wind.erosion;lgFailure‘to counleteﬂfall.transfer ‘
of carbohydrates and*frostekilling'in'leaves under snowvaccumulations -

,reduced‘carbohydrate:reserves available for future leaf production.
Water balance'regulation was altered in both fellfieldland“snow

K

accumulatlon sites so that stomates often appeared closed again d -
suggesting a reduction in the amount of photosynthe31s possible. Only
in fellfleld transplants were-leaf surface temperatures_lower,than

the adjacent air 'probably because,of transpirational cooling.b

Water loss from these nlants thus may be qu1te rapid while stomates

are open. More 1mportantly, fellfield plants were often forced to

b . 7 !~

- close’ stomates because of lowgsoil water potentials. Below soil

3'of about -30 bars, leaves’ appeared to be wilted«because Wleaf became

1ndependentvof ¥ soil and‘remained-near —lOAbars.

/4,7 B ¥ : N
G i '

2ol While s011 vater potentials below -20 bars were rare in .the snow

..

;

faccumulation 51tes,‘ leaf frequently eXceeded ¥ soilv indicating

*:fstomatal closure. This suggests that regulation of;stomates may be

"

somewhat abnormal in these plants Let‘us assume, onothe basis of- .

| hthe ev1dence of control .and. fellfield plants, that wilted leaves have

: /‘

fa< wleaf of about -10 bans and that when turgor pressure approaches_._ sf
ﬁff‘O bars stomatal closure ensues. . Stomatal closure appears to be
e 'Uassoc1ated vith much higher Y leaf “in plants in snow accumulation areas.

l'It may be that wilting Yleaf is ‘much higher for these plants than

jlf‘in controls' SuCh a condition is not unlikely because the period of ‘/_,
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ta

. rapid elongation is’associated with extremely low carbohydrate

- conei.acrations. These low solute concentrations would raise the
B
minimal osmotic potential Then when' turgor pressure approaches O,

4

“leaf w111 be relatively high and stomateg Will be closed at a high
3 b '
water potential Lou carbohydrate concentrations occur during a

period of minimal water stress 1n control plants.’ 1In snow accumulation

R -

areas, however, rapld elongatlon is 1ncomplete before early August.\,
Prior to this, le £ often exceeds % soilv espec1ally in the drier
moderate snow accumulation area. Increased stomatal closing might [ ' E%

s :u‘."

be expected to reduce photosynthe31s, reducing carbohydrate reserves
and the effect would tend to increase with each year under snow

All these changes and perhaps others,'could be expected to
reduce photosynthesis more or less directly. ‘Reduced production did
occur’ in the first year after env1ronmental alteration, although ’
apparently there were. some compensations for changes. -The extremely )
_yrapid leaf expansion in moderate and deep snow accumulation areas
‘permitted use’ of a large portion of the snow-free period by a large ,
. total leaf surface area. -The relatively low expenditure of energy
on seed production permitted a’ more nearly normal'leaf production.
High soil moisture in the deep snow‘accumulation site ‘may have i ,h.,d :§§
aided elongation and increased the frequency of stomatal opening."
But despite these, net photosynthe51s appears to have declined in
altered environments since production declined and carbohydrate

o

reserves were low at the end of the summer.

.

One result,of this may be the'rcduced flowe; and seedgproduction _



- seen in these environmeuts. Both proved very sensitive to any change

1
Ed
7

in haﬁitat. The only other chardcteristlc which is so consistently

altered is carbohydrate m 2. Mark (1969) and Hadley Fnd Bliss (1964).

ofﬁer evidence that floral production in some alplne grasses and

sedges may be related to photosynthe51s and so by implication to

!
i

carbohydrate reserves. Jumbers of flowers, especially in the second -

R4

éummer-after treatment, and success of seed set both appear

dependent upon a high level of carbohydrate reserves in kobresia.

S
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- Limitations to'WegetatiVe Development

» » ’
o fﬁ?’ ’ t
W, 7
VII. CONCLUSIONS

R

Reasons for the failure of kobresia to occur outside its
- o : - . . .
customary habitat .are complex. Hany conditions may be deleterious

(Fig. 32). 'In particular habitats a number of factors are damaging,

and often these interact synerglstically. Factors detering kobresia s

vegetative devclopment in habitats out51de its normal distribution

are as follows:

Fellfield; Surv1va1 is most stringently reduced here, primarily )

because of the abrasive effects of w1nter w1nds and low summer 5011

moisture, Other problems are related to apparently high summer

‘ transpiration rates; ‘early fall die—back, p0551b1y 1nit1ated in

R ""Sv ‘7‘

e

_response to low soil waterlpq@ ﬂtial v and ‘the limitations on winter

-leaf lgngth by strong winds.

Shallow snow.J Development is normal except in early spring when

3 ’

~elongation begins too early in the wet env1ronment during early

snowmelt : This is apparently accompanied by some reduction in

frost hardiness since subsequent freezing in the snowbank damages

the elongating leaves.

Moderate and_deep snow. Snow accumulating in September or early
October prevents completion of die—back and hardening. Later as
temperatures drop, unhardened leaves are’ frozen and killed Spring

elongation does not begin until after snow’ release, shortening the

" time available for photosynthesis; Low leaf carbohydrate levels

associated with early summer growth raise the wilting leaf water

144
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‘Figw 32. A model of factors implicated in faliufes‘of Kobresia 
to caryry out maximal vegetétive érqwth and sexual reproduction.
Factors are associated with particﬁlap micrbenvirbnments'as

"~ follows:. F, fellfield; M,v kobrésia ;;édbw; S,‘ali s#oﬁ lVﬁg
accumulation condition%; Ss, shallow'sﬁow éccumulétion;‘ Sm,.
moderate snowlacCumulatiop;. Sd, deep snﬁw accumulétioﬁ; st,

tempbréryvsnow accumulation dispersing before spring.
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potent1a1 furthey reduc1n3, pllOtObyn%lGC]C @‘ pn?w

L)

3

factors and perhaps others‘%hlch affect kobre51a dlrectly ar&
, g )

respon31ble for 1ts absence from snow accumulatlon arcas rather

rthan any effects ;of LnterSpec1f1c competition

s

wr ot

Poorlv drawned soil or meltwater drainage area%hy ‘Low soil morsture ’ .

F

1evels may be the trlgger for fall dle—back If dle—back is delayed
@
the result may be 1nadequate frost harden;ng This may contribute

to preventlng growth in snow accumul ion areas. which remain saturated
. .

unt11 late July or later. ' A
Temporarlly deep Snow. Protection may pPermit considerable leaf

. " «,,(‘

elongation in winter.. If snow cover is removed d1e—back ensues with
o ‘ _

an apparent loss of carbohydrate reserve, :

cYose grazing. While-elk’grazing has little effect, any extremely

close grazing such as that of domestic sheep in late summer could
Tremove a large fractlon of carbohydrate reserves since much- of this
is stored in shdots. In addltiQ? toedisturbing energy balance this

mlght affect frost hardening.

¢

/ o .
Limitations to Sexual Reproduction

Although restrlctlons to the growth or mature kobresia plants
are numerous, 1t seems reasonable to expect that germlnation and
seedllng survival requirements would also affect local distribution
of the ,species, But these requirements are not known since" neither
. germination nor seedlings have been observed o -
The. evidence avaLlabli?suggests‘that at present 1n the Front

Rang kobresia does not teproduce sexually.~ No seedlings or young

LN
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) '
plants can be found 1n the areas -examined on Trail Ridge and

adgacent areas in Rocky Mountain National Park‘ and Osburn (1958)
has.bbserved the same d#, Niwot Ridge. .Seeds placed in various
microsites on the tundra failed to germinate. Clearly, however,
.‘kobresia must have reproduced by seeds in the past. Osburn (1958)
reports the presence of a kobresia stand in a timberline area that
burned between 1890—1900 on the north side of Niwot Ridge. Since
g# kobresia is never found vnder trees in thexFront Range, OSburn
: s

concludes that this stand developed after the fire. In certain

vstands described and photographed by Kiener (1967, based.on research

done in 1935—39) young kobresia plants were common. An-
‘ examination of several areas on Long's Peak ic August, 1972; revealed
kobresia plants in several areas'pictured by Kiener. These plants
‘were relatively young but did have well’ developed basal leaf- sheath
" mats, suggesting that these too are many years old.
Their prec}se age is difficult to determine. Based upon the
observation that there is about a 10Z increase in number of tillers
in a tussock ovev/three years, the age of these Longs Peak tussocks
.was’ es*imated to be between 72 and 84 years. 1t is interesting to note
" that this approximate aging technique dates the establishment of .
these plants near the time of the stand Hhich Osburn was able to
age.‘ It may be possible that prior to this’ﬂate germinable seed was
produced but that some climatic change at that t1me has since
F‘prevented development of germinable seeds. The large number of_f“;l
. S , ‘
tussocks about 200 years old may be associated with thevGannet Peak \\g
Stade of Neoglaciation between 1650 and 1859 (Benedict; 1968). rhe
. ‘ . * : '

-
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most receant esldbllsnment of kobrbs1a in the late nineteenth century
con1nc1des with a world—w1de cool peried between aLout 188} and 1895
(Callendar 1961' Lamb, 1966) The relat1vely warm cllmltt° since
1900 could be preventlng seed maturation in th1s century.v «

It is clear that wh°n kobresia is placed in an unfavorlble

énvironment, the flrst normal functlons to be impaired are those

assoeiated‘w1th seed production. Presently, plints usually disperse

)

Seeds with extremely 1mmature embryos, and those in unsuitable

env1ronments show still more‘mmcomplete seed dcvelopment cven
the largest embryos show only a very low level of phy51ological
activ1ty. ' Seed dispersal appears to be regulated by factors other
thkan seed maturityr In three summers, 1n1tia1 seed dispersal
occurred 10 days after the first day with a’ temperature maximum of
'7°. ngh temperature therefore mlght play a role in triggering

serq - spersal. If thls proves to be the case, then only in a

Summer . -=q temperature maxlma were below. some crit1ca1 point at least,

well intc xugust would kobresia produce germ]nable seed A very
slightly :ooler c11mate might then restore seed reproductlon in the
specics. | |

tobre51a cannot now seed in an area after disturbance or
in ~ _ course of succe551on 1ts role as a climatic climax species

. hlstorlcal rather than current. Plants live for very long gerlods

I

.80 large kobresia meadows can be expected to’ per31st for hurdreds of

_years should present condltions continue. During this period, if

climatic fluctuatlons produced a more favorable environment, seed

reproduction could be resumed Willard (1963) has suggested that both

(‘_
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»kobre51a and Carex e lyn01des form climaA associations, and that

-

v be a relict climax. ~While lack of sexual reproduction seems
te  Jpport Willard's hypothesis: w1th kobre51a assuming the position

of a relict two factors argue against this de51gmatlon. The relict

status of kobre51a would have per51sted for ‘a relatively brlef time

in terms of the hundreds of years required for alpine succe551ona1

sequences as suggested by Willard (196@) In addition, winter

2

observations suggested that Carex elvn01des may require a somewhat

less exposed habltat than kobresia : since tussocks were damaged and

'leaves died back whenever snow was completelv absent from- around them

‘(Bell, 1974) whereas. kobresia was - quite tolerant of this condition.

Regardless of whethernthese hypotheses concerning reasons for
lack of 'seedl] ngs aré true, it seems apparent that present dlstribution

of kobresia is at least partr?iw%:independent of germination and

seedling establishment requirements.

LAY

,{w;. -

e
I3 P

Adaptations to the Preferred Habitat ’ f;?aw‘

o

Although ﬁobre51a is unable to maintain itself outSide a narrowiy
defined raile of environmentalfconditions, it has a number of
adaptations which make it qu1te efficient in its use of suitable
habigﬁgl Its competitive advantage over ot er spec1es 1s suggested
bf the high degree to which it dominates meadows, often forming SOZ
6§ cover.‘ Its suggested role as a climax specxes indicates its
stability even in the presence of other species. Tussock life—spans
of several hundted years are indicative of kobresia s ability to

1

The phenology of kobresia offers opportunity for utilization‘

e
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of an unusually long season for devg&opment. Mainténance of winter-
green leaves allows spring developmenﬁ with minimal energy expenditure.
Above—ground storage of carbohydrate reserves used in spring leaf

- ’ .
expansion make translocation from roots in frozen soil unnecessary.

W
Die-back in late September and October allows some increase in

'carbohydrate reserves after seed dispersal Slight increases.in

=

carbphydrates during leaf expansion in winter even offer the

o

possibility that there may be a low rate of photosynthesis then, but
‘this would probably be most difficult to demonstrate in field

measurements.

Growth outside the frost free period extends the growing season in
_many alpine species; especially those in relatively snow—free

habitats (Behl ‘?ﬁ]&) Kobre51a however -has one of the longest
-annual periods “of" development.h‘Two .other species, Arenaria obtusiloba

qp g ‘ - L
.and Sedum stenopﬁtalum are also agtive to a sllght extent in winter’

( “\-\

but kobresia s‘yinter leaf expan51on is unique. Tieszen (1972) ‘ . \\\/?
; g S ’

axgues that ability to lengthen the growing 'season gives a tundra

ffﬁplant spec1es considerable competitive advantage. Thus, the long

' growing season for kobre51a may partially exp}ain its dominance in

'areas where it can survive. o f § ‘@
The short tussock may also form an adaptation“to the normal
Akobresia habitat. Survival is- reduced in the windy fellfield as

j'tussocks are. eroded to a cushion shape with loss of wintergreen :

‘tissue.. Wintergreen species occurring in the fellfield are either
<

~ cushion plants (e.g. Arenaria obtusiloba) d! are found behind rocks




- cover, as a food source for natdral animal populations, and for
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or in small depressions (e.g. Festuca ovina). In the kobresia

meadow, however, “the low tussock form holds microdrifts reducing -

‘ abra51on and probably water loss.in winter. The cushion plants of

the fellfield do not hold such drifts-: in the meadow. While the

tussock for is deleterious under extreme w1nd e\posuref it may be

advantageous .in less exposed sites. :

Kobre51a also %ppears well adapted to use the xeric env1ronments
in which it is found Its efficiency in preserv1ng high water
potentials under condltions of 1ow§$011 m01sture allow it to tolerate

periods of drought in a11 seasons. It is able .to recover from some’
wilting throughout the year. Roots are effectiVe in uptake even _
from very cold or frozen soils. Effic1ency in uptake combined with

an extensive root' mass beneath tussocks produces the success of

kobresia in competing for water postulated by Cox (1933) and Kiener
. F R

'(1967)

-

Management Implicatiodb

Some management applications can clearly be drawn from this

vbehavioral description. The species is \ell—adapted to its particular

~ habitat. Kobresia is a spec1es with con51derable potential value as

n

aesthetic reasons in an area of great-beauty.. It is,.however,'

fextremely susceptible to damage or death" from environmental

: alteration. An increase in snow cover, even for,a-brief period, may

seriously reduce normal growth Close grazing could Temove critical’

carbohydrate reserves. In fall or Spring, when this grazing damage

would be’ most severe kobresia might be heavily grazed because of lts

/
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snowfree habltat.. hvcn recreatloual use can destroy kobresia,

. - =

although it appears to be damaged by trampllng more slowly than many |

alplne spec1es (Wlllard and Marr 1971) Once it has . been injured,

4' "/"-‘ .

\
X

IS

perlods up to 1000 years could be required.

-

The most - serlous problem, however, is not that of recouery, but

of a source of plants in areas denuded of kobre31a. If, as suggested

: here kobre31a is not presently capable of. reproduction by seeds
natural recovery kould be imposs1ble.. Even extremely low levels of
germlnable seed production would present essentlaIly insuruountable
d1ff1cu1t1es 1n natural replacement. Transplantf would be’feasible

}? but vegetative development 1s-uery slow and effects on vegetation ' @

at the source of transplants would also be long lasting. For these

reasons, it seems prud to consider pPresent kobresia meadows

effectivel} irreplaceable and to preserve them intact. -

.
o

\1ts recovery would be very slow. W1llard and Marr- (1971) suggest that -
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APPENDIX I. - INSTRUMENT USE IN WINTER’ALPINE CONDIIIONS,JQ'JJH -
Many instruments were dlf{lcult to use under a1p1ne wlnter ”‘:v

‘cond1t10ns. Both blowlng snow .and cold presented problems. Nindrdrivé$ “n

o

Snow penetrates even tiny openlngs, so that 1nstrument cases had tq

be‘tboroughly sealed with tape. Spot—readlng instruncnts that
required'repeated exposure for use (e.g., the Honeywell pottntloneter)

'were also. Placed in a deep clear plastlc sack thlough uhlch dlals

-

' A
could be read and control knobs turned Thls sack proved useful as‘%‘t;

L

a sort of‘EEZfz tegg}gg which readings could be made when blowing
snow reduced v131bf1£¥§ even at very close range. Despite'Suehp’
'precautions, it was necessary to remove snow from the”inside‘of* b; N :d
almost all imnstruments once or twiee.daily. Blow1ng'sn0w made w1nter
use’of tbe sample chamher psyehrometer outdoors impossible. |
Temperature tolerance llmlts for _some 1nstruments used were ,
,frequen*]y hlgher than ‘ambient temperatures. It was‘neeessary to
warm all spot—readlng 1nstruments at . least twlce a day.untrl mid Aprll
: and on sone days after that A Grant recorder dralned large 6V dry
cells in a few_days.with low temperatures'iess than —lSOC."Contactsi
in the range switches failed below about -g° , and some plugs from

3

thermlstor sensors hﬂd ‘erratic contact below -lO Thevc fal]urc

N

‘;comblncu vwith snow filling the 1nstrument box during. perlod chechs, o

‘made usé of thls machine 1mpract1c31 _Use of other'equipment was
fac1l1tated in the’ followlng ways:

_1; HOne) zell portable potentlomcter The liquid'invthe reference

cell is very cold-sens itive (Fig 3J) Ue attempted to kccp this

O
_cell warn by taplng a 11t handvarmer 1n51d the instrum(nt body)ncar

R ) . . X
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the reference cell and insulating the machine with about 5 cmjof‘
crumpled,newspaper‘inside a box. At about --15o with a wind between
10 and 20 m/sec,Athe instrument could be used for about 45 min _
over a .period of 3.5 to 4 hr. Alkaline cells were moregreliable” o 5

- than other power sources.

i

2. WeScor—Keithley psychrometric'microvoltmetér. Van Haveran (pers.~1

comm. ) determined this meter to be accurate to about —5 5 Heavy g
. Y v ~ia
_newspaper’ packing, a handwarmer beneath the machine and short periods’

of use made the 1nstrument credible for somewhat longer than the -
Honeywell meter during/any one day. - b

3. Thermocouples.- Thermocouples frequently broke while being handled

at temperatures below about -12°. Heavy gauge (20 mil) wires proved
con51derably,more durable than 3 mil.‘ Even so, it was helpful

to have a 1arge supply of thermocouples constantly with the potentiometer
since thermocouple Tepair is difficult under winter conditionsé;Duplicate'
_porous cup psychrometers for each point to be measured proved

valuable not only because they provided a check of values obtained ;
W] s .
but also because chey compensated for losses when psychrometric S B

'/thermocouples broke. -

4.l Belfort hygrothermograph The clock tended to freeze below

o o’ .

‘ vabout —15 and required warming to a much higher temperature before v

‘v

it again operated



‘(JINTER ALPINE FIELD STUDIES

Living and working cdnditions on Trail Ridge durlng late January
through March 1971 were' rigorous. During this period, Emlly Dixon
my'assistant, and I 11ved in one of the stone huts of the Rock Cabin

Ranger Station. The cabin was equipped with a Norge fuel oil furnace

;-
/

and a butane kitchen range, but lacked electricity. Adeduate snow for

‘water was available:hearby. The hut was located at 3500 m in a pass

exposed to wlnd off the Contlnental Divide, an ideal location to keep

it from belng burled by snow. Heating the cabin was a difficult task,

and 1pdoor’teqperatures qere_often well_ofloe freezing.

»‘Outdoor temperatures‘and‘vinde‘were also chilling (Fig. 34).
atcempted to work outsioe a m%nimud of two 3-4 hr periods dafly~for
11 or 12 days followed by 2 or»3 daye at Estes Park. in retrospect,
’ " this was far too much. Four day weeks and fewer hours out51oe would

have been less detrimental to our health

Hountaineerlug and arctic literature abound with recommendations

'concerning cold weather clothiug. Hhilermost choice’of apparel_underr

our uorLing conditions could be based on personal preferences, we
found a number of 1tems particularly helpful _An outer windproof
~layer, a parka hood with a'deep tunnel and ruff; and boots ﬁith '

~ good traction on‘inppery snow surfaces were essential. My typlcal

dress for -15°C with wind about 15,m sec™1 gusting to 45 m sec -1 o

i
¢

N

inclnded two knit shirts, a;ﬁool shirt, 2 or 3 pairs of 1ong,underwear, T

jeans or wool slacks, wind pants,’3 Pr of socks,{snowmobile boots

with 2 Pr of extra insoles balaclava, a scatf for addltional

- face protection, doubled wool inner mitts, leather and nylon uindproof '

162



i/ 163
1800
- (AR
b |
e-Y
m L)
g .
& 1200 -
n .
N m N
o 1
—~ 1100 ; U
o ’ ) -,
[+]
v o
= 1000 7|

L ——Tr T LA BER ST L

 1Feb 15 1 Mar 15 - "1 Apr 15

~Fig. 34. Mean windchills on Trail Ridge, winter, 1971. Windchill
factor was derived after Siple and PaSsel (1945) dSing mean wind and

temperature for da11y perlods or groups of days. The broken line

A}at 1400 Cal/m /hr represents the approximate lower limit for frostbfte

\-

) - L7
: danger to exposed flesh. Siple and Passel describe 1100 Cal/mzlhr i% o
o A
as "bitterly cold" in cloudy conditions.v %ﬁ
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mittens, and an expedition-type down parka with tunnel and fur ruff,
We rarely needed snowshoes because the tundra was either snowfree or
covered with hard;packed snow.

<

Apart from maintaining general body warmth, the most critical

‘problems lay in the use of hands._ Doqn,mittens are warm, but their
bulk makes only clumsy manipulatioﬁ poséible. Wool ihner mittehé with
w1ndproof covers were not quite as. warm but with practlce we did -
'such delicate tasks as. taklng fleld notes, attachlng lead wlres to a
potentiometer,‘and'opening plastic sacks without removing the mittens.
It was usually futile to plan work requiring use.of silk gloves.or
'insulated ski gloves before late March. ;Removlng outer mittens was
. not wise either, since hehds numbed within a minute_or two and.snow‘
blew into the eopty mitteneopenings.x It Qés helpfulvto carr; a’ pair
of thin gloves'ln aisnowfree pocket, but we rarely used them exeept
ln relatirely good weether. ,.

Frost-covered glasses also caused major problems, and these

-

‘remained unsolved. Emily was dependent on glasses, and she. was .
unable to- deep them cleared. 1 had difflculty u51ng sung‘asses. Their
protection from both light and painful blow1ng Snow was offset in
mid-winter by their tendency to ice up.. A solid,steam—deterent
prodoct helped:somewhat,‘bot wes:unrcompletely satlsfectory{

- A few other items of'eouipoent were most helpful ~ Soft ‘lead
.penclls wrote beet at low teoperatures. When paper tended to ice up;
soft—sotfaced note‘cards could be scratched and read later. A heavy

dandelion digger was (to a limited extent) effective in removiné

roots from frozen soil. Electricalitepe‘(espeeihlly Scotch Brand  300)



165

held better'than other sorts, but even that had to be replaced
frequently. An ensolite foam pad prov1ded protection while we were
kneeling or lying, but 1t tended to blow away. The high winds
demanded that we lower our packsacks on the frame 'so that they were
at shoulder 1evel |

An approprlate d1et proved 4s necessary as adequate clothing. -

' Although we more than doubled our calor1c intake over our normal diet,

I

we both lost con51derab1e weight A very high proportion of fats and

carbohydrates helped us stay warmer. Hedbloom (no date)\recommends

“

'~ a cold weather diet of 40%Z fat' 40% carbohydrate, and ZOZ protein. I

estimated ours to have about 357 fat and a little extra carbohydrate.

“and proteln. We should have used vitamin supplements._»After a large

- meal, we tended to Chlll more quickly than usual; Dr.kJulla Martin

suggested numerous small meals during the day instead of a large

lunch so that c1rcu1at10n in peripheral body areas would not be

:reduced during digestion.< This proved beneficial It became necessary_

to carry nibbling food (peanuts, raisins, small candies)high in
A

" glucose) in our parka pockets against sudden fatigue during outdoor

work. Flnally, our fluid intake was h gh,’approaching 4 liters daily.

Sweet warm drinks had obvious.physi ogical as well as psychological

"benefits.

The psychological environment was almost as stressful as the

physical The greatest problems were with ‘boredom and motivation.

.'Trail Ridge in winter offered steady strong winds, cold and blowing

snow. Glimpses of snow—plumed peaks only occasionally broke the

¢

‘monotony of ground blizzard and ‘roaring wind Cold inside aed
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out'demanded’heavy clothinnghich ‘lunted the sense of touchr Our-

- work was fepetitive; and sinceﬁonv\ simple tasks could be carried z
out in the cold,-it offered little mental stimulation. Only the sense
_of taste remained a source of pleasant novel experience and the

difficulty of cooking in temperatures below free21ng made us

frequently avoid the effort. necessgn pcoct tasty dishes. ‘My
% ’ Yoo ;

then 1ncrea51ngly =

59

<

through daydreams as turning pages with gloved hands demanded too much

motivation. . Civ1lization" became difficult to.deal with and short

g :
weekends twice a month did not force me to come completely out of

this mental retreat Emily wisely dealt with the problems she'.

1 faced by taking a 10 day break in March Thus at EHE erld of thev:
\three month period I became heavily dependent on her to make almost
‘all decisions. —

: DeSpite the often unpleasant—surroundings, my drive to achieve
certain goals was almost ‘always strong enough to. keep me working. I
was - motivated both by curiosity and by a de31re to prove that I could
work under any’ conditiOns. This probably was necessary to accomplish
‘research objectives. On the other hand, such a high level of
motivation clouded my judgement and I tended to put field'work“
ahead of both comfort and safety. If T knew that 20 min more work
would give me some data I wanted 1 let my toes get frostbbitten. ‘

. Emily, with somewhat less at stake in the research was‘not motivated
to work ‘this way. Her reluctance often helped to balance my

fanaticism.' » s

o
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. The. winter months oa Trail Ridge were not unrewarding. The \

location is spectacular, and-winter storms have their own beauty.
. . . - . : . °

Emily and'I'shaféd many jokés‘aud many prayers, and our friendship

was warm. “Both of us developed in sélf—confidence and in faith in g:hp:
. 0 v . - . . ) S~

x ~

And some of my curiosity about ﬁhat alpine plants do in winter was

satisfied.

»



