@)

: B ] '

E] 2y, National Library  Biblioth2que nationale CAMADIAN THESES =, THESES CANADIENN:S *
5% of Canada ¢4 Canada ON MICROFICHE SUR MICROFICHE

T - L O 35-/759517)

- - ' *

NAME OF AUTHOR/NOM DE LAUTEUR Darwyn S. Coxson

IrTLE o THESZZ”DEM THESE The Ecophysiology of Surface Cryptogams from Alpine

. Tundra and Semi-arid Grassland of Southwéstern

Albercta'

UNIVERSITY/UNI VERSITE McMaster .t

DEGREE FOR WHICH THESIS WAS PRESENTED/ . Ph.D
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE et

YEAR THIS DEGREE CONFERRED/ANNEE D'O8TENTION DE CE DECRE, 1983

Dr. K.A. Kershaw

"NAME OF SUPERVISOA/NOM DU DIREC TEUR DE THESE

Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, par Ia présente, accordde 3 /2 BIRLIOT::

CANADA to microfilm this thesis and to lend or seil copies QUE NATIONALE DU CANADA de microf ifmer cetta r;’-:és:_- .

of the film. de préter ou de vendre des exemplaires du film,

The 2uthor reserves other publication rights, and neither the L auteu? se réserve [es autres droits de publication: r:

thesis nor extensive extracts from it may be printed or other- théseni d2 longs extraits de celle-ci ne doivant étre immpri-

wise raproduced without the author’s written permission,

-

ou sutrament reproduits sans I'autorisation derite de ['sur.. -

£l / .
DATED/QATé_ May 25, 1983, SIGNED/SIGNE D é{fﬂlz/—\_d__,
’ A}
PEAMANENT ADDRESS/RESIDENCE FIXE 00. IDa 1t et n-'f 8 fO_{g_gfg o
) L"nruimrﬁ,f( ;j. (u/a cﬂ)(.

N

_ Cigoey _ Athetd
. s

[ AN LAY XT)



THE ECOR{YSIOLOGY OF SURFACE
CRYPTOGAMS FROM ALPINE TUNDRA AND SEMI-ARID

. GRASSLAND COF SOUT!'HESTERN' ALBERTA

By
) - - DARWYN STANLEY COXSON, B.S5c
A thesis

Submitted to the School of Graduate Studies
In Partial Fulfilment of the Requirements
for the [egree

Doctor of Philosophy

N

' " McMaster thiversity

* . R %. HaY- 1983

3



-
. ../
'
[
f
L4
N

3
-
-
[
.

.

~g



. -
- DOCTOR OF PHII.OQEFHY (1983) - : . . McMASTER UNIVERSITY

-

""" Hamilton, ,Cntarib

Nr
"\ -.. N
v R —~—
A -
4
TITLE: . The ecophysiology of surface
cryptogams fram alpine tundra and sémi—arid
grassland of Southwestern Alberta -
AUTHOR: Darwyn Stanley Coxson, B.S. (Lethbri}gﬂ.
SUPERVISOR:~ Professor K.A. Kershaw ~
NUMBER F PAGES: xvi, 165 , o
v

L (i)



i ABSTRACT @. '
-

~

The seasonal response patterns of net photosynthesis and .
respiration (and nitrogenase activity in Nostoc) are described within a
nultivariate framewrk of temperature, moi_‘stw’-e and .light for the alpine

and grassland crustaceous lichens Fhimcarpon superficiale and Caloplaca

trachy‘phylla respectively and for the grassland surface cy'anophyte Nostoc

commune, These physiological resnonses are discussed in context of eagh
A\

species' boundary layer enviroment.-with particular emphasis placed on
interaction: between envirommental constancy and adoptioﬁ of agglimation

atrategies.

For R.superficiale the high frequency of thermal fluctuations

experienced by hydrated thalli, sometimes on an holFyy basis, precluled

—-

any strategjr'of seasonal acclimation. Instead, photosynthetic rates

exhibited a broad temperature response, remaining near 1 mg CO, h'1 g”!
. il ‘

from 1 up to 21 "C, with no changes evident between seasonal responses,

In marked contrast C.trachyp'hylla shows 'a- distinct winte‘rfﬁsmmer pattern
of photosynthetic acclimation. In winter months rates are optimal near 7
“c, while in summer the temperature optima ;f‘ net photosynthesis shift to
21 "C. . These changes correlate welll with predictable seasonal
microclimate event:;. particularly those associated with Hir;ter thinook
snownelt periods, flthird pattérn of response was‘seen in N.commune,
where no_seas;anal ¢hanges in response ‘patter'n's were evident and both
nitrogenase activity and net photosynthesis were maximal near 35 °C.

This response pattern allows maximum carbon gain and nitrogen fixation
. d

(1ii)



during spring and summer periods following precipitation events, vbile

its more sheltered aspect reduces the importance of winter snowmelt
periods. -
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Section 1.

INTRODUCTION

(1.1) The q:er.ating Mviroment

The study of interactions hetween plants and their enviromment is
c_entrai to the field of plant ecclogy. Early lnvestigators considered
assemblages of plant species as holistie entiﬁies. which like organisms
_ were born, grow, reproduce, and die (Clements 1 6_. 128). Change in
vegeté'.\tion with time (successicn) was compared to develommental stages of
organisms, having a characteristic sequence and tending towards a fixed
_endﬁ)int or climax type. TénAsley (1320) minted out‘ the rigidity of this
approach to the study of vegetation, noting that while some species were
indeed always fownd in the company of certain others (ie. an organismic
approach) , many exceptions existed. These Inconaistencies led Gleason
(1926) to propose 'a more individualistic concept of plant cammwnity
development. Gleason suggested that :.;)lant commnities were merely

fortuituous assemblages of species, the existence of each being

determined by individual interactions with envirommental parameters. The
absence of diScrete boundaries between plant conmwnities was clted in
support of this concept, eaph species responding to envirommental
gradients independently in. time and space. This 1ndiviqlmlistic concept

bf-physiologicql-enviromen_ta}l interactions subsequently led to'a muzh



greater emphasis on documentation of actual physical parameters
expe:iex)ced by plant species. As a means of copmg mth the increasing .

- fload of mfonnatmn Mason and Langmhenn (1957) pmposed that the term

cpe:atmg enviromment be used to denote those physical attrlbutes of the

plants envn:orment which are actually interacting w1th physmloglcal
processes. 'Ihese mtneractlons could EIJEI.' .be direct, as in the case of
teméeratﬁre dependent blochsmcal reactlons, or indirect, as in the case
of seasoaal cues .'tri'g-gerﬁig sx:iasequent physiological events. This o
‘ definitien -vas.basled.onr the presunption that considered physical
phenomena'uere aétually experienced (by the organism) on the same spatial
arxi temporal scales as .that measured by the researcher. While this may
seen a redundant statanmt of fact,. the critical examination of spacial \5
gradients under field eortiitions has oniy recently becane widespread
practice. The review of boundary layer microclimate corcepts by Geiger
(1965) in particular, was especially ‘instnmental to this increased
awareness. | -
The two habitats studied in the presentYwork, alpine tundra and

semi-arid grassland, are each charactemzed by a predaminance of plant
species whose pr:mary ecophyslologlc;al strategy 1s one of stress o
tolerance (Grime, 1979). Competltlve interactions in these habitats

should thus be minimal, while adaptatlons of physiology to enviromental
- extremes ccmnonplace {Grime, 1979}. Bophasis was therefore placed on
exanining the magmtude and nature of envirormental extremes faced by

su::fac:e cryptoga-ns of alpine and grassland habitats, and thelr '

physmlogm_al reactions to these extremes. This 1is not to say that no

L.
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other parameters are interacting with their physiology (for instance

ionic status), merely that microcl imatic parameters, because of their
»

overiding importance in controlling the rate of of physiological

proce'sses, are a particularl‘y important area of investigation.

Due to the canplexities introduced in work with highér plants by

) stomatal, root, and specialized r_epiqductive structures, many workers

have adopted poikilohydrous cryptogams as expéz imental organisms for

"defin_ition of 'operating envirorments (Kappen, 1973; Kershaw, 1984). The
‘current research‘progran also utilized surface cryptogams as experimental

ofgahis:ns'. More specifical]:y, the responses of net photosynthesis,

respiration, and for one'species nitrogenase activity, were examined

within the framework of temperature, moisture and light comditions

established under in-situ field conditions. --The resul_ting: synthesis of

physiological and microclimatic.data were used to determine the operating

enviromment of each species.

(1.1.1) The Alpine - Grassland Contrast

The mysiological response of surface cryptogams to their

envirorment was followed in twd contrasting habitats: alpine tundra and’

2

semi-arid grassland. ' N ’

In alpine areas ‘the 1_ichén genus fmizocarmn is 5 part_:icx.{lérly
';ridespread sur face cryptogam, charactei:istically'growing closely -
adpressed to exposed rock surfaces (Flock, 1978). ‘It is a genus !nhi'c!j is

widely used for 1ichencmetr ic dating (Porter, 198l), vet little is known

N ._ ' )



of its habitat or metabol ic adaptatlons. ’Ihls lack of 1nfonnat10n on the
ecology of Fhi ar@n reflects a gmeral absence of mrk on crustaceow./\
spec1es kil very recently {See Kappen et al., 1981 Pentecost, 1980,
Roux 1979) , largely due to the dlfflcultles mhere-nt in workmg mth
matenal adhermg t:o a rock surf-ace. Beqamse of the importance of
Rhizocarpon in alpme.areas lt,was ‘felt that a member of this genus would
~

be ideal for studying the :esponses of alpine surface cryptogams.

Accordmgly the seasonal rat:es of net photosynthesis and respiration were

detemlnei for a populatlon of R.superficiale (Schaer.) Vain.,_goncurrent
..with an examination of 1ts boundarg} layer envirormment. The choice of the
sttﬁy. area wag largely dictated by substrate requirements as removal of
intact crustaceous lichen colonies for laboratory examination required .
thinly bedded rock formations fram which amall sheets (with lichens
 intact on-their upper surface) could be removed. The mdespzead
Precambrian sed:mentary rock of the Lewis overthrust fault in the
.South\nestern Alberta Rock:.es proved 1deal in thlS respect, with abundant

‘R.super:f1c1ale colonies widespread on hlgher elevatlon crestal rldges

{2100 m) .

This study area ahlso proved amenable to tt';e dual inter.{est -in bo*t.:h
-alpine and desert surface cryptogams, as the topography breaks abruptly
to cool-steppe grassland only kilanete;:s,fran the chosen alpin; study -
site. Unfortunately there was no one specieé cammon to both habitats in

sufficient number for compar itive ecophysiological investigation.

Ho‘wever, the crustaceous lichen Caleoplaca trachyphyla (Tuck.) A.Zahlbr.

was quite abundant at the grassland site, where it is typically found on



sed:mentary rock slabs, mther exposed glacial erratlcs, or on ercded-

bedrock formatlons. Its hlghly exposed habitat was ra-nmlscent of that

of R.superfm:al\)e, both Spec:Les predcmmatmg on slightly elevated rocky

ridges surrounded by low sedge and grass cammunities. ‘C. trachyphylla was

- thus chosen "as the secorﬂ main spec1es for exammatlon of

_.ecophyslolcglcal responses. Pgain, easy acctess and substrate
‘requirements played a role in chosing the specific study areas (See Fig.

At the grassland site surface colonies of terrestial blue—qreeri
algae (Cyanobacteria) were.very cammon on open soil surfaces. While the

role of of diazotrophic blue-green algae and lichens symbionts in the

fixation of atmospheric nitrogen is well known (Paul, et a'l., 197I1;

Clark, 1977; Reuss and Innis, 1977; Woodmansee, 1978), critical
exanmatlon of this physiological act1v1ty in context of microclimatic

parameters wWas largely lacking for Canadian grasslands. 'I_he development

of the acetylene reduction assay for nitrogenase activity (Dilworth,

}966; Crittenden and Kershaw, 1979)- provides an ideal methed for
exper imental stuiies,. which in combination with 002 gas éxchaﬁge
measurements allqws an even more camprehensive documentation of
physiolqgical strategies. Terrestrial colonies of N.cammune Vau:hér weré .
thus chosen as the third study or_ganisn of the thesis research. 2Again
boundary layer effects were followed over sea_so_nal periods under field
corditions. Recent work by Sheriden (1983) 'allows a cangafison of

physiclogical strategies between alpine and grassland cyanophytes, while

field microclimate work with R.superficiale allows an ap?réciation of



‘bowmdary layer effects in the alpine enviromment. . ERRA o o

-
- -

*» " (1.1.2) The Pysical Enviroment

.~ -

) 4 T
In both laboratory and fleld /s_tuiies particular emphasis was-

-

placed on thermaL parameters, controlling as they do the rate of many
) physiological processes Lboth directly and thrmgh secondary interactions
with water status. Standard meteorological data are usually measured
_mder uell ventilated diffuse radiation conditions, at approximately 1
meter above the gromd . These meaaurenents often have little relevance_
to the actual temperature experienced by surface cryptogans of” open
'habitats. altbough they may reflect the thallus temperatures of finely
pendulous arboreal lichens (Coxaon et al ., _1983) To appreciate the
thermal envirorment of a, surface cryptogan it is instructive to exanine
the energy exchange procesaes at the soil surface. , By day, temperatures

over a vertical prof‘ile are often highest at the soil surface with net

rad.lant abaorption lead ing to energy accunul ation. By contrast at night

the s0il sur,face_ may ex-perience the lowest temperatures, with net rad iant

emi‘ssion leading to energy depletion. The amplitude of the diurnal
temperature changes is thus greatest at the soil air interface often
resulting in very steep vertical temperature profiles du'ing high radiant
mission periods. "Energy transfer from the soil sur face is impeded by the
;resence of a thin layer of air, the laminar bomdary layer. which
.adheres to the aoil air interface and in which only laninar flow is

possi'b/le. This allows only radiative and non-convective mglecular

-
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diffusion transfers éf_en,ergy fram the surface plane, a factor of extreme
importance to many crustaceous and even same folioée--.aﬁc‘l »frlitic;ise
cryptogams which grow largely within the laminar boundary layer. Under
'still air comditicns surface temperatures wiil be higher than under windy
conc'lltlons, but surface albec]o, the m@m;uﬂe of incaming rad1at£n and

| Jlaten{/sensible enerqgy balance will all mo:hfy the actual boundary layer

: tenperaturgs'achiéve:_i_ in a given situation.+ A crustaceous surface
c_:ryptgga;i may thus éxhil;it tittle specialized adaptation to mean air :
tex\pératu;eg at.two mete-l:s, éarticulai-'lir in qrctic and alpine habitats.
Gates and Janke (1966) s for exanple, found bemperature extremes of up to

- 57 *C on open alpine tundra soils, while Rouse (1976) documented ' /
‘tenpe:atqres_approacmngf:soﬂ C on opgn subarctic soil surfaces. Present
research thus i?lcorpg-;:atéd Egct_eﬁ_sive documentation of the thermal

er_w.irom\eﬁts of §ﬁ£face 'ci:yptbgans_ over a range of hydration and light

corditiong. ~

~ (1.1.3) _Physiological ‘Responses

. H‘xysiéiogica}lfx:eépo_nses of poikilohydrous surface cryptogams to

envirormehtal parameters can be broadly divided into two general

- Lol

c_ata*g'oriesﬂl._ First, during périods of dehydration, even though no N
physiclogical activity may be detectable (ie. gas exchange), scme surface

cryptogans respond- to embient enviromental comditions, as reflected by
“patterns of metabolic act1v1ty on subsequent rehydratlon. In particular,

hlgh tissue tanperatures while dessmated, in some surface cryptogams can



result in a severe decline of subsequent thotosynthetic activity. In
addition, photosynthetic temperaturé optima (on rehydration)- in same
species of surface cryptogams reflect mean tissue temper atnires
axper ienced during previous gessicatién periods. The seconj broad
category of responées is that of surface cryptogams ‘duringperiods of
thallus hydration, ie while metabolically active. Main, the process of
photosynthetic acclimation provides a major potential avenue of
interaction. Other- possible responses of h\ydrated ‘surface c ans
include various changes in ghotosynthetic guantum effiéienéy, as well as
changes in rates of respiratory and nitrogenase activity.

' The first of these factors, the response of sﬁrface cryptogams to

Wenvirormental extremes while dry, has been regardé:'! for many years as
unimportant. Many‘g.uthors have expressed view that dry surface

.7 .
cryptogams are immune to extremes of temperature based on the evidence

-

presented by Lange (1953). Using the temp ure at which respirétion
- . ’ .

rates decreased by half in air dry stressed lichen’thalli as an index of

heat resistance, lange found values ranginé fram 70 'C in Alectdria
aAlectoria

sarmentosa to 101 °C in Cladonia pyxidata. More recent studies however

f
(Lage et al., 1970, 1975), using net photosynthesis as a mote senSttive

indicator of heat stress, have established that for the desert lichen

Ramalina maciformis even short exposures' to temperatures above 65 °C c&

be deleterious. MacFarlané and Kershaw (1978, 1980) have re-examined the
sensitivity of lichens in an air-dry state to heat stress and for a

o .
number of northern boreal species‘have found extreme sensitivity to

temperatures a?s_hl-ow as 25 "C. They also reported that differential

. -
T .

RN
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levels of thermmal tolerance between species correlated closely with

e
extremes of heat stress nomally encountered in respective habitats. -
-

. In" addltlon to the changed concepts of thermal stress sensitivity

-

in. surface cryptogams, mul ti factorial expermmts have shown that =~
seasonal accllmatmn of net Ehotsynthesm can be an important Strategy
for maximizing yearly carbon gain (Kershaw, 1977a, b; Larson and Kershaw,

1975a, d ). Prosser (1955} (see also Larson, 1980) refers to acclimation

‘as a process by vﬁ"rctr'i'nmeostasis of photosynthetic capacity is

maintained at maximal rate desgite seasonal or other envirommental

{

changes. Acclimation in  this 'sense has been reported for the arctic

species Alectoria odfrroleuca, Cetraria nivalis and Bryoria nitidula

‘ -
(Larson and Kershawy,1975a, 4) ‘and for the temperate species Peltigera

canina and P.polydactyla (Kershaw, 1977a). However recent work with

Cladonia rangiferina, €armelia disjuncta (Tegler and Kershaw, 1980;

Kershaw and Watson, 1983) and several Umbilicaria species (Larsorn, 1980),
shows no evidence aof seasonal acclimation, but rather points to a range
k]
of alternate strategies adopted in various habitats.
r-\

H

P

(1.2) The Factorial Framework
.

A critical element in the ‘Qetermination of ecophysiolegical

strategies is th? docunentatlon of gas exchange paraneters within a full

¥

factorial fraework of temperature, moisture, and light. For example,
'

the correlation of latitude with photosynthetic temperature optimum stems -

largely from work of Lange (1965), whose results were based on net

ey



_ 10

photosynth.;tic rates measured at full thallus saturation only, rather
than over the int;egral of the drying curve. As gas exchange at |
saturation is daminated, in many spa;:ies, by respirat-:ory xesbonses_,
interpretation of net photosynthetic results is confounded by the
‘temperature dependence of respiration. Thus the use of net .
photosynthetic rates measured only a;t saturation can impart marked bi:a;s' -
on subsequent data interpretation. \ ’

J;\ further example of i te experimental design is seen in .
-studies of Turk (198l), who attempted to ollow seasonal chénges-in.' -
' photosynthetic temperature optima of subalpine lichens.- 'Pbi-e;.rer, most- of
i his sea:fsonal Cl’)2 exchange assays were below light saturating intensities
(at 260 uE m 2 s™' PAR). Kershaw E_q_]._; (1983), Pho_E‘arl-_al"l‘e et al.
(1983), Prezelin (1981) and Badger et al. (1982) all emphasize that
photoéynthetic temperature acclimation can only be fully documented above -
light satuwration (See Section 4.2). Thus the capacity changes found by
Turk cannnot be clearly interpreted, despite multi'facborial_ doct,meutaéion
in other dimensions. These criticisms apply equally to much of the
earlier work on surface cryptogams examining seasonal accl imationl
patterns (Larson and Kershaw, 1975a, d; Kershaw 1977a, b).

Full definition of temperature limits is also crucial to
mul tivariate analysis. In this respect Lechowicz {1982) used as an
example the stuldy of Lechowicz and Adams (1973), where n'et photosynthesis
was followed only at 22 °C in experiments examining sun/shade iaopulatioz
differences. ‘SJbsequent work (Lechowicz and Adams, 1974) showed this

temperature range was inappropriate for examination of optimal
., -
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temperature responses. Care must also be taken that cuvette temperatures
are carefully monitered, preferably with thermocouples inserted within

-

plant tissue. The study of Jones (1981) for instance, found a marked

depression of gas exchange (C.H, reduction) at midday in field )
incubations under full éolar insblétion. }bwever; no measures were taken '

"_tt')_ ptevei_t cuvette ‘overh.eafincj. nor was thi's momitored. Al though Jones
interpreted the:midd.ay 'depression‘of -gas exchange as physiological, it
probébly stemmed from _cve:r’l':eat‘ing‘ within the experimehtal cuv.ettés. In
‘current wrk in-situ field cuvette tanperattﬁes showed marked e-levation

| under full radiation comditions unless submerged in a water bath.

Repeated 'sar_npling on a time scale éorresponding to the

‘envirormental‘_paraneter under consideration is also frequently’overlopked
. in’ envirommental stulies. larson (1981) , for example discussed at length
{:TE séasonai acciimatofy pattern Umbilicaria species, yet his data

: ?ontains only a single winter-summer camparison. Kershaw and Webber

-{1983) documented almost weekly changes in photosynthetic response curves
|

 for the lichen Peltigera praetextata, while MacFarlane et al. (1983) and -

Kershaw et al. (1983) both showed clear monthly changes in Cladonia

rangiferina and C.stellaris respectively. Data interpretation‘ from only

limited seasonal sampling ‘can be quite misleading; particularly in
habitats with marked intra-seasonal dhanges.

A final factor, often overlooked aftaer other criteria of the
mul tifactorial protocol are satisfied, is the provision of adequate
pretreatment and storage conditions. '[echowicz (1978) for instance,

fully documented the photosynthetic response of Cladonia lichens over
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aimensions; of te:nper'a"cixe,‘ moisturé an:illght. Yet ms ‘experir-nental

- replicates were stored air dry at 0 °C in the dark ."un‘_bil used in
‘e:gperiments“ .- MacFarlane et al. (1983) and Rershaw et al. (1983) have
shown that storaga temperature regime and ghotoperiodl c_ondiﬁioﬁs_.play ‘a
critical role in inducing se'asadal capaqity -changes in these same ‘
Cladonia lichens. The storage corﬂltlons used by Lechowicz would’

pr:obably have caused a marked decli ine in photosyntl'etlc capac1ty with

tme, a hctor for which no contr:ols were establlshed 'Ihe phys:ologlcal

labllgty of surface c‘qptogans ‘while in an air dry state has recently

been. enphasmed by several authors, some -even su;gestmg that

* photosynthetic tenperature optima can. track amblent corﬂltlons wh1le
thalli are dehydrated (Kershaw, 1977a, b; Kershaw and Webber, 71983,

. Larson, 1980; Ker shaw and MacFaflane} 1980} .  Clearly, interpretation of

- physiological strategies adopted by surface cryptogams in the contéxt of

their physical en-\\riz:orment requires not only strict éontrol and .

) s:.multaneous exanmatlon of temperature, mmstm:e and light corditlons, .

/
but also an appreciation of tanpox:al varlatlon, both under fleld and '

labox:ator:y conrhtlons. - C e
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.Figu;é 1 T '
The -locai:i;:m of the study site in South\estef-n Albertz.' ;\) 3 a
~ Tdble b'olmtaln Alpme Callectlon Site (2150 m; 49 degrees, 22-
mnutes N' 114 degrees 16 mmutes W) By Pralrze Bluff Alpme Field
' Mlcroclnnate Site (2133m, 49 degrees, 18 mmutes N; ll4 degrees, 12 -
mmutes W ; C) Pearce Grassland Site (945 m, 49 degrees, 47 minutes .’
N; 113 degrees, 16 mmutes W . The approxmate pos1t10n of the
. 3000 ft (1044 m) » 4000 ft (1392 m) and 6000 £t (2088 m), contours is

1nd1cated on map, although local topography may d1ffer cons:Lderably

fram these general trends. ' ,' ' ) ) '
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igure 2 .o

A) Top: View east across the le Mountain Collectién Site;

December 27, 19803 B) Bottdm: View south across Prairie Bluff

Field Site, July 8, 1980. _ Co
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Section 2.

(2.1) The Stuly Sites ' ' o

(2_.l.i) The Alpine Enviromment

In the frontal ranges of»Sout.hu-astern. Alberta surfi'cial relie.f is
7. datinated by numerous glac:.al carved features, datmg frcm the last major'
-W15consm glac1at10n. Hanging valleys, steep walled c1rques and sharp |
‘rldges all contrlbute to fozm very steep topographlc rel 1ef Older rock .
: fo:matlons are usually encountered with mcreasmg elevatlon in the
frontal. ranges die to the r.-ems overthrust fault, a daminant geologmal
feature of the region. Basmally older Precanbnan rocks have been
th::ust eastward over younger Mesozoic formations along the low angled
Lewjis fault, followed by uplift of the region and subsequent erosion and
~‘ alpine glaciation (Dept. Mines énd Res. Canada, 1943). 'mis unique
relief was ideally 'suited for the purposes of the present §t1ﬂy, as these
older Precambrian rock fomations at elev.ation largely consist of finely
.bed'ded mar ine sedimentary deposits, typically reddish argiiites; physical

properties of which are very near to those of fine slates. Surface

- colonies of R.superficiale could thus be removed intact on discrete rock

sheets for subsequent laboratory exaninat_;.ion.- Two si tes with abundant

15.
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R.suwperficiale populations were chosen for study (See Figs. 1 and 2). -

The first site on.Table Mtn. (2160m) ' ‘n extensive ridge crest area of
alpine timdra,'wa_s the main collection area for labdratory replicates,
‘while a secord site en Prairie Bluff (2133m) was the focus Jf field

access. The R.superficiale populations in both sites are restricted to

the exposed ridge crests, where wind exposure is maximal and which are
usually blown clear of s;'iow,in winter months (See Fig. 2a). .

The nearest meteorological station with complete long temm
recérdg 1s at Beaver Mines {1282 m), same 6 km morth of T‘a;ble Men. e
the nearest station aL; similar elevation is 60 km morth at Livingston
Lookout i2128 m) , -hcme{ra:, orly s;nmer records are kept here. Long term
data fram these two sites are given in Table 1.

In the frontal ranges of southwestern Alberta snowmelt periods
occur frecquently in the winter months. Characteristically “the thinook
.wind occurs as a strong westerly flow of Maritime air subsiding east of
_ the frontal mountain ranges. This air i; cooled adiabatically at the
saturated lapse rate as it rises over the mountains and in its descent to
the plains is warmed diabagically at the dry lapse rate, which is twice
the cooling rate during the ascent (Sﬁaw, 1976) . Meteorological data
frolm Beaver Mines (Table 1) reflects the influence of élternating periods
in cold continental and warmer Pacific airmasses, with temperature
extremes for December ranging from +21 to -4 "C. longley (1967) notes
that .ém average temperatures above 4 'C are recorded on over 28 days over

the period from December through February (at Waterton Lakes Townsite ca.

§

25 km southeast of Prairie Bluff). Collections of R.supeffiéiale at. 'I‘abl!\

S



. cdrﬂitionally unstable air and orographic wplift with subsequent heavy

. P 4 : '
Mtn. in December 1979, January, February and April 1980 were all made

- under Chinook comditidns. Snowmelt was evident at midday during these

_collections, although because of inversion corditions the valley floor

remained cold. Snowfall periods are frequent well into June at both’ -
alpine sites and infrequently occur during July and August. Major summer
precipitation periods usually result from easterly circulation of-

'

precipitation on the eastern slopes of the Rockies (Reinelt, 19%7). -

. Daring fair weather periods thundershower activity often sweeps oveér the

alpine stuly sites, having developed- along the continental divide 15 km

wastward.

]
P
ces ccmmdhivied deta®
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/ {2.1.2) 'I'be Gr:assland' Enviroment b

I—’E{e grassland study site was located in an area of Stipa
4 R
ccxin -Bouteloa gracilis daminated grassland near Lethbridge, Alberta
N

(Fig.l). Ceneral topographic relief is minimal, 1 to 2 meters, with deep
deposits of glacial till from late Wls\clonson glaciation overlald by wind ~
deposited silts (Dept Mmes and 'I‘ec;nncal Surveys Canada, 1962)5\ The -
study site is at the edge the Oldman rlvef uhere: erosional features have
expo e areas of Cretaceous sandstcﬁes, on which populationé; of
Cméme cammon. When wet, the thalli of C.tr_a::typhLlla can be

scraped off the sandstorie by c‘:a.pefull insertion of a blade under the

. i ‘ :
margins, leaving only a momolayer of sand grains attached to the thalli
undersur fices. 1This contrasts with the alpine popul ations of

R. superf:.cn.ale, whlch fragmented seve.rfly on attempted removal. Soils at

thls grassland site were almost canpletely covered by a mosaic of
cryptogamic species, including lichens, mosses and terrestial algae.. Only
discrete colonies of N.cammune free on the soil surface were used for
physiological research Other crusts in intimate contact with the soil
colimn and suxface lichens were not/used in current work. &
Thé climate at this site is semi-arid, yearly precipitaztion .
totals ranging from ca. 25 to 50 an. BAbout a third oE the total
p;ecipifatic;p falls as snow between October and 2pril, while the-beaviest

monthly rainfall cccurs in May and June. Monthly mean temperatures” range

%, ’ \

4 1
— .
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from over 18 "C in July, to below -15 'C in January (Enviroment Canada,
1971). [ong term climatic data fram the ‘neare's‘t meteorolegical station_
is given in Table 2. The Eninook snowmel t phenomena describefi above for
the alpine enwirorment is eq"ually marked at the grassland site. It is
st striking when it follows the passage 6‘f arctic frontal systems
:hgh the area, W skies clearing abruptly a'nd temperatures rising as
much as 30 °C in a 24 hour ‘mriod (Shaw, 1976);‘ Recorde:] temperatwre

extremes at Lethbridge, Alberta in January reflect the magnitule of these

- potential changes, covéring the range of -43 to +21 "C (Envirorment

PR N

Canada; 1971). In an average winter alternating predaminance of arctic
continental and Pacific maritime air‘masses provide Chincok snowmelt |
sequences éa. every 14 days, typically accampanied by strong dry westerly
winds (Beaty, 1972). In summer months rainfall pe-riods are infrequent,
beiné largely sporadic evening thundershower activity, with occasional

major precipitation periods.

(2.2) CO, Gas Exchange \ /\_ﬁ
» , r.

T (2.2.1) surement and Control

Net photosynthesis and respiration wer&menitored using a Beckman
a L.

. Model 865 Infra-Red Gas Analysis (IRGA) system modified to allow the

simul taneous handling of up to 25 ex er imental g_@gchange cuvettes,
following the "discrete" mMm of Larson and Kersha\w/(lB'/Sc) .

An open-flow IRGA system was used, where the experimental curvette,

7 »
P, - o } . .\....-
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nomally on-line with the gas stream, is replaced with a injection port.
Samples of air from replicate "discrete" incubation cuvét‘:f’é“s' hel&'inde: )
controlled corditions can then be injected into the IRA air stream for
determination of o, content. Calibration is readily achieved. by
injection of known standards into the air stream. These "discrete”
incubations are analagous tq the closed-loop IRGA system, but instead of
a continuous record of cuvette C:O2 corncentration, only spot measuramnents
at regular tirr_ne intervals are usgd. This approach has the advantage that
large numbers of replicates can be handled on a continwous basis, -
allowing good experimental control and critical examination of
photosynthetic changes on a seasonal -basis.

There are two pobentialil prrobléms in.volved in the use of closed
incubation dishes; the absence of any gas mixing within cuvettes and
declining levels of 002 over.‘ the course of experimmtél incubations.
Jarvis (1971) has stressaed the importance of well ventilated cuvettes to
minimize boundary layer co, resistance (ra) ¢ ie. the finite resistance to
the diffusion of gas under still air cqrﬁi’cions.

Green and Snelc'gar.'(l%la, b) have examined the problem in detail

.and have corcluded that boundary layer resistance_&fa) represents only a

small proportion of the wnusually high total diffusive resistance ( r)

reported for lichens. 'Ihus‘ Snelgar et al. {198la) report a value for r
of S0 to 300 s am L and Collins and Farrar (1978) 136 s an *. Green and
Snelgar {198la) suggest a value of r, for still air conditions of 7.0 s

am ~,. correspording to a boundary layer depth of 1.03 an. However their

values of T, were derived for a lichen of 5 am diamei:er, a size much
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larger than that of current species. Usually experimental replicates are
considerably smaller and the estimates of T, given by Green and Snelgar
should be considered as extreme values. #ccordingly, the boundary layer

internal diffusive term and the lack of ventilation in clo

resistance to carbon dioxide diffusion becames a small proportion of the
Q—dishes is

rarely a concern.
' —~— ‘
The restriction of net photosynthesis by low ambient levels of —

CO2 presents a much more serious problem. Larson and Kershaw (1975c)

-

show that in Alectoria ochroleuca, Cefraria nivalis and Pa:meliai
caperata, gas exchange rates determined with the "discrets" sampl ing
technique are constant down to CO2 corcentrations of between 200 and 250
pmn. Although their results can not bé’interpreted as a direct measure
of g'hotosynthetic CO2 dependence due to the potent.ially large drop in
their 'cuvettes 002 levels (from 350 'pgn down to final CO2 measure)
between gas sampling, it does provide a confirmation of the val idity of
their technique for those particular species, a point reaffirmed recently
by Link, et al. (1983). Larson and Kershaw (1975c) emphasized that the

‘ response patterns found could not be assumed present in all sp;ecies and
that each species studied required separate consideration. Thus the
effects of low partj.ai Pressures o 002 were examined for each of the
three species under consideration both at full thallus s?aturation and
near the optimal level of thallus moisture content for net -
photosynthesis,

The C02 dependency of net photosynthesis in C.trachyphvlla at 7

"C and optimal thallus moisture content was further plotted ag@st uM
-
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CD2 concentration for experimental temperature and pressure conditions.

The kinetic constants for ribulose 1, 5-biphoaphate {RuBP) carboxylase

were then determined by construction of a dowble reciprocal plot, with

1/mg CO, h~! g~ as_the ordinate, and 1/(uM CO,)-r (shere r equals the
S - -

002 compensation point) as the abacissa., A first order regression was

.then used to calculate the kinetic parameters Kc'. and Voo (following

Monson et al, 1982). This treatment assumes low physical transport /

resistance to CO,, minimal respiratory effects, and that RiBP carboxylase

2'
is both rate limiting at low §02 concentrations and follows Michaelis-

B

Menten kinetics. While these limitations are unlikely to be significant
wnder present conditions used, they preclude analysis of CO2 dependency
curves at both higher temperatures and at saturating molsture contents.
The critical examination of photosynthetic 002 dependenc; poses

T\
‘particular problems in those sirface cryptogams where the response of net

~

L 4
photosynthesis is maximal at intermediate water contents, QLye those of

»

R.superficiale and C.trachyphylla. Maintaining thalli at these optimal

moisture values was difficult, as even slight condensation of thallus
moisture on cuvette walls drasticélly biases the results. Experimental
series examining CO, dependencies were thus started by allowing thalli to
slowly dry down to their optimal moisture content as determined by
repeated sequentiizl "discrete®™ incubations, between which thalli were
exposed to a low %unidity alr stream. Upon reaching their optimal
wmoisture conter;t,_ wet filter paper discs were put in the cuvettes, which

were then kept sealed. Under these conditions of saturating water vapour

pressure in the cuvettes, no further changes in thallus molsture content
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cccurred., The contreol of cuvette CO2 levels can then be achieved by

repeated small injections of .21\(:02 (for upward ad justment), or by

allowing continued photosynthetic uptake (for downward adjusi:ment) of 002

within the sealed cuvettes., Small samples of air removed from the

cuvettes at 1to 5 minute intervals (after a 15 ppm CO, change within the

2

cuvette) allowed determination of photosynthetic-CO, interactions. This

2

experimental system allows maintenance of near constant thallus moisture
context for several hours. after which the repeated
injections/withdrauals for CO2 -mea¥urement will usually allow some

evaporative flux from thalli. While not an instantaneous measure of CO2

uptake (d C02/dt). the same errors are also inherent'in open flow systems

(Lange, et al., -1970).‘\-here a larger air volume has a finite mixing

.
response. '

N

{(2.2.2) The Seasonal Response of CO

~

Gas Exchange

2

to Uight, Moisture and Temperature

\

A

R.superficiale was collected*monthly from the summit of Table

Mowntaln and shipped immediately (usually within 24 hours) to McMaster
University where it was stored under growth chamber conditions of
daylength, temperature and light approximating to seasonal normals, As

outlined above, the crustaceocus morphology of R.superficlale required

collections on large slabs of argillitic substrate, whi—ch on return to

laboratory conditions could be chiselled into small chips of ca. 2 am
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diameter, amenable to .incubf.ltion in discrete 200 cc. IRGA cuvettes. As
total control over fracture planes in the argillite substrate was r;ot
pors\sible,'sane rock chips varied in their proportion of younger to older
thalli portions, a factor previously implicated in dirfe;ential rates of
;:ho‘tosynthetic activity in other surface cryptogims {Kershaw, 1977a; -
Nash, et al., 1980) and which is occasionally evident in the response
matrix (Fig. 9). ) '

The seasonal gas exchange response matrix in R.superficiale was

established for December, pril, May and July collections at 1, 7, 14,
21, 28 and 35 °C and over 0, 300, 600, 900 and 1200 uE m 2 st
Photosynthetically Active Radiationy (PAR) ovér the 400 to 700 mm
wavelengths for all levels of thallus saturation. Methods for thallus
mo_iséure coﬁtent determination are outlined further in Section 2.2.3
Prior’ to assay of net phdwosynthesis or respiration, replicat';es were
misted with distilled water for 12 hours under seasorlual storage
corditions to eliminate resaturation effects, except for winter
collections which were rehydrated at +1 °C. 'IEnperature‘ control was
achieved in ‘reach~in growth chambers, while thallus temperature was

s

monitored with 46 um Qi-Cn thermopiles enfedded within the tissue. Light

levels were measured with a Li-Cor quantum sensor.

Each cell of the response matr ix for R.superficiale was derived
from between 3 to 5 different replicates for éach seasonal collections
and gas exchange rates are expressed as the‘mean values for each 20%
relative moisture class (‘See also Section 2.2.3). lSt-f;nd'ard errors of ' -

these within exper im@ntal mean values were less than 0.08 mg CO'2 nt gd],'.
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C.trachyphylla wds also collected on a monthly basis and stored

under growth chamber comditions approximating seasonal nomals (See Tabl_e
l). This response matrix of CX)2 gas exchange was defined for January,
 March, July;n_a October, over 7, 14, 21, 28 and 35 "C and and 0, 300,

| _660, 900 and 1200 @ m 2 s™! PAR. Pretreatment of material was as for

R.superficiale.

In addition, March collected material of C.trachyphylla was

: storéd mder both winter and summer conditions (See Table 4} to determine
if photosynthetic capacity changes observed seasonally could be induced
by expex:j;pemzl manipulation. Gas exchange in these experiments was

‘ 2 S—l

followed at 7 and 21 °C and 0 and 600 uE m_ PAR across the full

molsture respone curve. Summer corﬁ)tions were defined as 30/20 °C
day/night respectively and 300 uE m2 5™ PAR under a 14 hour
-photo'period, while winter storage corditions were 5/1 "C day/night and
300 uE m 2 s~ AR under a 8 hour photoperiod. Photosynthetic respdnse
was' assayed aftef_storage of "dry thalli under defined winter or sumer
conditions for one week, with a rehydration period Qf 12 hours at 5 or 20
"C preceeding IRGA measurements for respective winter and summer stored
material. 'Ihe‘se storage manipulation exper iments were repeated a third
time in ;January (1983), with €0, exchange again followed at 7 and 21 °C,
| but over 0, 25, 50, 75, l00, 150, 200,_;09, 400, 500, 600, 700, 1000,
1200 and 1400 uE m—2 s_l PAR. The magnitude of gas exct;ange in these
replicates was plotted both in mg CO, pt g_':L and in mg CO, ot mg Chl
.a—l follcﬁing procedures outlined in Ker shaw et al. (1983).

The seasonal responses of net photosynthesis and respiration in
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N.cammne were measwred in January, March, July and October, storage and

Pretreatment again following that ocutlined above for R.superficiale. Due
- ‘-‘-"- :

to the constancy of the moisture response curve in N.cammune, most of
these assays were comducted at thallus saturation . CO2 exchange was
followed at 7, 14, 21, 28 and 35 °C ard at 0 300, 600, 900 and 1200 uE

rn-2 st PAR. Reh}dratlon responses in N.camume were followed at 7, 14~

and 21 *Cat 0 and 600 uE m 2 -1 PAR. In addition, the rehydration-
response of N.cammne at 21 “C was followed for material previously dried
under’ CO, free air to determine the nature of intially released COZ. .
The pobent‘:ial activation of photosynthesis and resgiration by
exposure b:J high hunidities was followed in N.cammune by hglding thalli
over salt solutions of known molarity for 12 hours (following Brock,
1975), after which time assays of C02 gas exchange and Czl-l2 raduction
were cdrﬁuct:ed without opening the sealed cuvettes. As only small
samples of gas were exchanged for IRR determinations, the moisture‘
equi_libriun eseéblished in the curvettes réma‘ined und i sturbed fer several

sequential incubations.

(2.2.3) Determination of Thallus Water Content
#

L. 4
dur ing IRGA Experimental Incubations

Net rhotosynthesis and respiration data for each cell of the

responses matr ices were measured through a full drying cycle for each

experunmtal repl icata. In both C.trachyphvlla and N.cammune thls simply
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entailed gravimetric weighing of thallus t_epi icates between exper’imental

" incubations. However, in R.superficiale, the gas exchange rates were

. measured with thalli intact on small rock chips, each ca.~3 cn diameter
by 1 cu thick. The weights obtained during-experiments thus included
both lichen thalli and rock subgtraté and were not immediately
interpretable as to' thallus moisture content;. To overcame this problem a
regression equation was developed which allowed actual thallus moisture

content to be predicted from total moisture content of experimental i

-

repl icates, ie. R.sxpe:fici;ale thalli and rock uaighﬁ. Repl icate rock
chips with lichen intaét on their upper surface were dried under

. controlled laminar flow wind tunnel corditions (Larsen, 1979), with

we ight determinations being takén every 5 minutes. After determination
of their oven dry weights the lichen thalli were removed from upper
replicate surfaces and a secomd drying curve under ‘the sane_corxii:cq‘/cﬂs
was carried out. This allowed the weight differences between rock chips
with and without thalli attached to be accurately determined at the same
po.int of relative moisture loss (ie. at the same time from start of
drying curve). These two drying curves are shown in Figs. 3a and 3b.

The results of Fig. 4, showing the thallus drying curve, are thus derived
from the dif.ferences between Figs. 3a and 3b. Wwhen the data pairs of

- replicate weight, wit}} gnd without thalli on their Lpg;;r .surface, were
campiled, the regression equation allowing calculaticon of thallus
saturation (y) from total replicate percent moisture contet?t '(x) could be
calculated for any point of an IRG# run. The regression equation

y=66.3%x-7.4 (r=0.98,n=20) was thus obtained (Fig. 3d). HRmually the
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relation of thallus to substrate moisture conten€ could be derived (Fig.
3c). ‘The chipges in- thallus moisture content seen in Fig. 3a parallel
the results of Pentecost (1980) for lichen-covered rhyolite surfaces.

This equation expressing thallus saturation against total

)

replicate saturation was used subsequently for all exberimental runs with

R.superficiale. Destructive sampling of some replicates confimmed the

basic relationship, however there still remained same small ssatter
between the moisture responseé curves of replicate thalli (Fig. Sc). Thi
stems from minor variations in drying rates shown by each uniquely sha

rock chip. 2Accordingly the thallus moisture content for R.superficiale

was expressed on a relative basis, which allowed a reasonable estimate-of
net rhotsynthetic or respiratory rates within specific moisture classes.
The absolute and relative moisture response curves shown for four

R.superficiale replicates in Fig. 54 illustrates this transfommation.

(2.2.4) Examinaticn of 0, Gas Exchange in
- ]
Relation to Thermal Stress

Heat tolerance was examined for R.superficiale collected in

X\\ December and July. Control replicates were stored air dry at 5 °C,

\ “while éxpe_rimental repl icates were exposed to a 3 hour midday ténperatur-e
maxnmm of either 35 or 45 C Tﬁanperéture was incremented at 30 minute
intervals from the night time storagé temperature of 5 "C up to midday -
extremes. Net motc;synthetic and respiratory-responses to ;continued heat

.
ey
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exposure of ai'r dry thalli were examined after 1, 2, 7, 14 ard 21 aays
treatment. 0, gas exchange was followed at 14 "C, 0 and 600 uE m 2 s-l_—
PAR after rehydration pretreatment of 12 hours at 5 "C.

' The response of C.trachyphylla and N.cammne to heat stress

treatments was also examined over a 21 day period. I;xir dry thalli were
held at 60 "C for five hours each midday, changing from a 25 degree C
" night temperature by 10 “C per hour. Oofxtrol replicates were held at 25

"C and both groups were assayed for CO, gas exchange after 1, 7, 14 and

71 days treatment. 0, fluxes were measured at 21 *C and 600 uE m 2 s -

PAR after a 6 hour reliydration pericd under these same corditions.



'E‘igureB".--L .

Changes in the kater content of ca. 30 g arglllltlc rock '

léft), B) R. superf1c1ale tha111 raucved fran upper surface (lﬂuer ‘

left) 'lhe mm_stu:.e content’ for (A) thus mcluies that held mr

R. sqaerfic’iale thalli. - Drying corﬂltlons ir the wmd tunnel were'3 "

m s ! wind speed at 22 °C and 30% relative hunldlty. Standard

- .error for 10 repllcates mdlcated for each data pomt. " Above data T

. 1s also transfor:med to express R.superf1c1ale percmt thallus -

moisture content against:-C) total rock s:;ntm:atmn only (uppen
right}, ie. only that moisture ‘neld within the argilj.itic substrate
and; D) total replicate saturation (lower right), ie. iﬁcluﬂing
both lichen and rock held moisture. ;'Ihe— least squ;ares 1st order

regression equation for (D) is given in Section 2.2.3.

32

. chips mth A) R. superf:.c:Lale thalll mtact an q_::per surface (uppe:

t./—x
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Changes in thallus mmsture content by wmght for -

R superficiale thalli held under wind tunnel con:htmns outlmed m

Fig. 3. ‘JZe mean value and assoc1atted -SE is pu:esented for 10

replicate mcd)atmns .
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. Net photosynthetic -rates- in ‘R.super ficiale as a function
of: A) CO2 corcentration at 60% relative thallus moisture content ;
B) CO, concentration at 100% relative thallus moisture content ; C)
®  Percent absolute thallus moisture content by weight and; D)
Percent relative thallus water content by weight. Each \symbol in
. ' {C) and .(D). denotes- a seperate replicate followed over the course
- + of the drying run. .
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(2.3)' The Nitrogenase Assay

- v :
L . A

{2.3.1) Mpasurement and Control -

Nitrogenase activity in N.ccrmune was, monitored usmg the .
acetyle.ne- (C,H,) reduction technique of Dilworth .(1966i as rnod'i’r'ied by i
‘Crittenden and Kershaw (1979). Marginal lobes of about 0.75 g wet weight’
were incubated in-30 an’ gas exchsnge cuve.tt.es.[nﬂ,er a 10% C2H4
atmosghere for 30 minutes. A'0.5 ml ‘ga‘s sample was -then analysed for
ethylene (C2H4) content usmg a Hewlett—Packard 5710A gas chromatogragh |
with a- Poropak-R colu'nn and - flame 1on17at10n detector. Results were
‘expressed in rmol C2H4 l'h_]_', except for selected data Setﬁ expressed
"per g, Chl—-a. Qmulatxve ra'oes of. nltrogenase act_w1ty (Flg 48) are
expressed both in uE m -2 s -1 PAR and inmg N m 2, the latt_.r through use
of the theoretlcal corrversmn ratio 3:1 acetylene reduced ue} nltrogen
: flxed and ,measured dens1t1es {g m 2')._ MtMrgh Mlllbank‘(l‘981)
‘_critit:ims the 3:1 c:om;ersion ratio as being mrealisticaliy_loQ, his‘oikn'

caﬁpariti\;te data bia'ses-the ratio 'L:pwérd thro'dgh equa'ting 1ong term '
ctmtinuous 15N2 uptake rates wlth mldday short term CZHZ reductlon rates. :
'Horstmann, et al. (].982) su;gest that ccmparatwe short term assays will
y;.eld ratios qulte close to theoretlcal . 'I‘he present conversmn also :
allows ccmparlson of n1trogenase act1v1ty mth older llterature,
) expressed only in mg N m 2'., _'I\anperature and_llght control’ within

"exper imental cwettes Wwas as outline3 -above (_Secticl)n‘ 2.2.2).
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(2.3.2) Seasonal Fesponse to Temperature, rblsture, -'

and nght in N.cammne A

The seaSOnal response of nlt:ogenase Q:tnuty to t:emperatu:e,
llght and m01sture in N. ccxrmune vas determmed for the same factorlal
mt.eractmns as was 002 exchange »(Sectmn 2.2, 2)‘ tbwever, as the

m1t1al x:esponse of nlt:ogenase act1v1ty to thallus moisture content was

n ® const:ant at all temperatm:e ‘and’ mo1sture condltlons exanmed most
subseq;ent experlments were conducted wi th l:epllcates held at thallus
saturatlon..' The mteractlon of nltrogenase act1v1ty w1tb llght 1ntens:.ty

Cwas followed in two dlffermt ways. In’one method md1v1dual repllcates '
were secpentlally exposed to dlfferent llght conﬂltlons, w1th acetylt—me .

) reductlon assays belng repeated for the same rnater 1al. Controls for tlme
dependent acetylene exposure effects mcluied keepmg one set of control
repllcates under constant 1lght corr.htlons and | exposmg others to a.
reverse order of 11ght t.reatment. 'lhe advantage of contmued use of the

) same materlal was that effects of. mter-repl 1caté var 1ab111ty could be
m:,mmmed over ccmplex exper:mental. manlpulatmns.; !-bv;ever\, acetylene
'exposure ¢an 1tself 1nduce g.reater rates of ethylene productlon (Scherer, -

: et al. 1980) and pr:oper cont:ol treatments must dlstlngmsh these
effects. E:xpex::ments where each set’ of acet:ylene reductmn assays uses
newly selected mater1al, ie. dest::uctlve tr:eatmmt, do not suffer from '

. such marked time’ demndent interactlons. ’Iht:s a second set- of

‘ .',- exper:ments utlllzmg destructlve sampl ing was corxiucted over a full



: '_expemmmts whlch were. conducted at thallus saturation followed

—_

range of llght corrhtxons.' Standard pretreatment of N. ccmmme thalh

prior to C reduc:tmn assays 1nvolved m1stmg of repl1cates for 12 -
2 B

hours vnth dlstllled water at 21 ‘c and 200 uE m 2 -l PAR. 'Ihls

. J
contrasted mth ;_:hotosynthetlc exper:ments where aterla]'. was rehydrated

-

. under storage (1e amblent seasonal) llght and temperature cord1tlons.

C However, experunental series defining -the rehydratlon response of

mtrogenase act_wz.ty suggested that any seasonal changes in act1v1ty

would be masked 1f pretreatment was var iable (See Sectlons 3.2.3 and

,'.',3.2.4)._.

-5
.. '

'.'(2.3.3) Pretreatment Effects of 'I‘enperatore, e

A .Light and Moisture on Nitrogenase®

" Activity in N.cammme . . . . S

The rehydratlon response of n1trpgenase act1v1ty in N. ccmnune wa's

‘flrst followed at 25 degree c for mate:lal ove:: the ful]. thallus molsture

~2 -

' response curve. Mater ial held at 200 uE m s = PAR was exanmed— for
‘nltrogenase act1v1ty at 0 25 0. 5 2 3 6, 10, 14, 24 and 42 hours after
.-1n-1t1a1 hydratlon.-' Destructlve samplmg of six repl 1cate thalll at each

tnme pomt precluded the above noted C2H2 pretreatment effects. E\thher '

-

. rehydratlon responses over o dlurnal llght/da:k periods at 7, 14 and 21._' ’

"Q.- Pgam destru:twe sampl ing of 8 repl 1cates at each t1me pomt

—_

. mmnnlzed C2H2 mteractlons.' Pcetylme reductwn assays for these

exper:ments were corducted at 28 'C and 200 uE m -2 s -1 PAR, all_owmg SR



determination of maximal potential activity after rehydration.

5

1 “ -
(2.3.4) Laboratory Freeze-Thaw Interactions
-

~-

* L
.

The pattern of nitrogenase activity in N.commune over freeze thaw
corﬁitions following snowmelt was §ﬂnﬁ;\be<fﬂzhroxagh temperature
manipulation in experimental growtl':_chambers. For this experiment __.(\
replicates w;e-firs‘s given a s_tandard rehydration pretreatent of .‘misting N

with distilled water at 5 "CSfor 48 hours wunder a 350/0 wE @ > s - PAR

v

12/12 hour day/night photoperiod. A¢ the end of the secord Might period
repl icates were dividec‘! into 3 groups and transferred to the growth
_c_hamb.gzt conditions outl.ined in Table 3=':for 14 days. This material was
maintained at thallus é.atm:at}ion. A thin icé film covered the material
held at subzero ten;peratm:es, as 15 camonly observed under winter fleld”—
corr:'ﬁtlons The rate of mormng.and. nightime freeze-thaw tangeratgre'
trar151t10n WBS held to 2.5 °C h At 2400 hours on Day 14 all materlal
was put under growth &amber corﬁltlons outlmed for Group 4, ie. .
~-nightime subzero temperatures and dayt:me meltlng under a 350 uE m 2 s-l
PAR (Table.l). ’I‘ne course of mtr.ogenase act1v1ty was then momtored..
over the follomng 4. days. E‘or Group A this furthur 4 day perlod was .

: merely a contmuatmn of the same storage reg:me, whlle for Groups B and '

¢it smulated snowmel t emergedce. CZHZ reductlon assays were caxrled

ut at 20 °C and 200 uE n% 57 PAR. S )
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Table 3.

-

Gr

i periocd

i

M L

chamber conditlons over 14 day *rsatment

tor laboratory simulated snowmeit aad

freeza[fhaw 5@8qUences.

LENGTH OF

GROUP  STORAGE TEMPERATURE  LIGHT INTENSITY LIGHT PERIOD

. A

-2 =1
°C (UEE m 25 PAR) HOURS
NI1GHT DAY NIGHT DAY
A -5 +5 Q 350 12
B -5 =5 0 v aQ
- C =5 -5 0 350 . 12
. . . . s
’
. . * . '
. . M
- - -_‘ v ] 4
] . .
. -
’ ~
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(2.3.5) Field Nitrogenase Activity

Field rates of nitrogenase activity by N.cammne in

Stipa-Bouteloa grassland were monitored both over winter snowmelt pericds

and under niidsmmer corditions uwsing the CZHZ reduction assay outlined
above (Secﬁion 2.3.1). -However, gas samples from experimental cuvettes
were stored in pre-evacuated rubber stoppered tubes for analysis at a
later date in the l_abor.:atory. This allowed incubation of thalli in glass
cuvettes at field sites, requiring only a source of purified CZHZ' .
Briefly, under field corditions intact lobes of N.cammune freshly ranwéd
from the soil surface were placed in 30 an’ incubation cuvettes and held
under a 10% C.H, atmosphere for 1 hour. During low radiatio{; conditions
incubation bottles‘wex:e placed directly on the soil surface, but during .
direct radiation periods the incubation bottles were placed in a
temperature controlled water bath, which allowed maintenance of thallus
temperature inside the cuvettes to within 2 °C of thalli undisturbed on
nearby soil surfaces. A continuous readout of the differential between
thallus tetpergt;ufe inside the incubation bottles and thosé undisturbed
on nearby soil surfaces was obtained by placing the sensing tips of fine
wire tbermopiles in thalli within the cuvettes and the ice-peint tips in

+» thalli on soil surfaces. Light intensity was only slightly reduced by

- submersion of cuvettes in the water bath (about 10 uE rn"2 s_l PAR)-. For
some experiments thalli freshly g‘novai fram field corditions were

incubated under ‘C,H, at 20 'C and 200 uE m 2 s - PAR. Thalli of



4
N.cammﬁié verehdestruct;'.vely saﬁp;ed at houdrly intervals during field -
runs for gravimetric moisture determination. l‘.hfortlmately a nunber of -
attempts to follow thallus moisture content ranotély, including. l;se of
micro-psychrameter probes, dewpoint hyt‘g'raneterls and canpar-ison- with dummy
dry thallus references (following Larson, 1877) all fa'iledjdue to gros.5 ’
data distortion under high solar insolation corditions. - |

The da;;i—ht;\c—)f N.canmmine at this grassland study site was .‘h-
- determmined in June throwgh randam placement of 41 1 m2 quadr.ats_s within a
1 ha area. All N.commune color.*nies $isible within these quadrats were
" removed for weighing. These estimates will tend to be conservative, as
some thalli always eluded detection among the densely tufted Bouteloa -
- gracilis clumps. Surface mixed algal crusts in intimate contact with the

soil were not ramoved, nor were surface cyanophilic lichens (eg. Collema

tenax) . I

—r—

N

(2.4) Field Microclimate Instrumentation \_\
: AN , -

Thallus t rature measurcments were made with fine wire_eléfb/
thermcr.@_l;.ez:cei against Omega TRC Ice Refegence Cells (Tanner, .

1963). Air temperature measurements were‘ﬁ(adé/wi‘h Qu/Cn thermocouples

LN Lo
kept in shielded aspirated tubes at 15, 100 and 200 cm above the ground

sur face, while wind velocity measurements were made with cup anemameters hd

at 200 cm. Temperature data is mainly presented as a sequence of

measuraments throughout an experimental period, each representing an

#

average of 5 spot measurements over a 15 minute period from 40 individual -




—\ T Y
- thermocouple taps (grouped into 8 thermop11es) | ' The exceptlon to thls
- are. the data frcm snounelt perlods and mr;d screen exper]ments where . B
= '1nd1v1dual thermoplles were usﬁ Varlatlon between repl:.cate
‘ thermoplles urxier constant fu.ll radlatlon condltlons over the open SOll.
SIJ;faces was low (less than 5 C} ’ reﬂectlng snall dlfferences in _ﬂ
I'mlcmtopographlc rellef. e ‘ ‘_ —
A te‘rrperature prof:Lle uas measurei at depths of 2,74 and 8 an .

into the arglllltlc bedrock under surface R. superfm1ale colomes. '

. Horlzontal boles, 2 mm in’ dlameter and 30 an deep, were drllled into the i

sides of two large rock slabs._ 30-gage Cu/Ch thergmoplles were inserted

. /‘“—J .
\_/\/ : _1nto these tnles, which were then fllled w1th 511 o%e sealant. W1re‘ .

v
G
leads at the edge of the rock slab remamed well below the 5011 surface

_for an addltlonal 1 m. to minimi t.hermal COl"ﬂUCthlty along the leads.
- rian (L)

-

Inccmmg short wave radiation (0 3 to 3. 0 u m) was measured

mth an Eppley radlcxneter and: is expressed in most flgures as E‘nergy Flux

Den51 ty in sz. Ehotosynthetlcally Active Radiation was measw:ed with a

' LI-Cor quantun sensor and is expressed in, uE m > s PAR.

(4
(1) The ST unit of radiant flux densu:y is the watt (W). There is' no SI’
unit .of ghoton flux.- The einstein is cammonly used to designate
Avogadro's number of photons, and it has been gested that this
quantlty be called a mole of photons (6.022x10 photons) since the mole

is an ST unit. Wwhen this definition of einstein is used, t quantity of

- photons in a mole is equal the quantity of photons in an einstein (1
einstein = 1 mole = 6.022x10°” photons). The einstein has also been used
in radiation physics as the quantity of radiant energy in Avogadro's
number of photons. This definition in not used in physiological studies.
"(Fram Li-cor Tecmlcal Note, 1979)

s
<

-
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- ’mabout 85 prm. At full thallus satuz:’ca:g>on there 1s an, 1dent1cal pattern

- ; ~‘ : - - /
J__"*. R
Section 3. - - 7 v

!

(3.1.1) Interactlon of Net Photosynthes15

' mth Cﬁ\Concentratmn o ) S

N ; , N
“The l:rnltatlon of net photosyntresz.s by decllnmg corr:ent:tatlon

of a'me.ent C:O2 in R.superf1c1ale 1s shown in’ E—‘J.gs Sa, and b. At optlmal

thallus uater content whlch is apm:ox:.matelv 60% -:elatlve m01sture ,’
content by we:.ght,_net photosynthesm remamed constant to just be_low 200

p[:m, after v.hlch it declmed rapldly to the CO ccmpensatlon pomt of

%]

of response, but w1th maxumm rates of/net photosynthesm reduced to ca.
__.f*'\ .
0.2 mg co, h -1 l from the optlmal value of ca. 0.5 mg CO h 1 ‘g 1_a.t‘l4

C arg_GOO WE m 2 st par 1lle1nation. |

By contrast, rates of net photosynthes1s in C trachyphylla at-

- optnnal thallus mmsture content (75%) showed a strong dependence on

amblent cuvette CO2 comentratlon to over 800 pgn, although the slope of
response is steepest below 300 ppom CO2 (Figs. 6a and b). At full thallus‘
saturatlon a blphasm response curve J.S seen, w1 th an initially steep

slope at low CO4 concentrations followed by a lesser response at
2 .

. - . . R + b
- - . R
. . o R .
. - o - . . !
~ /—\ . s .. .
. . Lt ! ] ., PN -
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mtermeiiate C’O2 concentratlons and a. steeper response slope agam at C!O2
corr:entratmus approachmg 1000 pgn (F1gs. 6c ‘and d) 'Ih:Ls response -
ttern uas eva.de'lt at both 7. and 21 . C, -although Iower absolute rates

were seen ovew: lower CO concentratlons at 21 C. In hg. 'F the

2-
[.hotosynthetic CO deperﬂency regresswn 11ne of summer collected =~

C.trachyphylla is plotted alon;s:.de that of winter collected materlal

_'; ‘assayed);ader the ‘same - corﬁltmns. ‘Ihe d:Lffermces m rates of net

: phot:osynthesm ev1dent near anb1ent CDZ concentratzons (19 uM) are even

‘more promunced ar hlgher C:O2 concentratlons._ Eurther, the slope of the
s T e o
respcnse curves at lm 002 concentrations show mar ked dlfferences._ When

thlS data 1s presented as a dovble rer:lprocal plot these differences are
evenz:re a\ﬁrmt, the wmter storé\materlal showmg a V and Kc of
“\

4.1 17.2 respectlvely, whlle for 8 :

_stored material corresponding -
i , .

i values of 3. 4 and 24 8 were calculated

-

. - f_ . The ghotosynthetlc CO deperriency curves . for R. superflcmle ang-

T

C trachyphylla conflrm the va11d1ty of usmg the dlscrete samplmg IRGA 4]
tecbmque to measure net l:i-xotosynthe51§¢ At most, rates of net -
photosynthes1s will deviate by up to .03 and .09 mg CO h -1 g -1 for

_RJ..superf1c1a]re\an:i C.trachyphyl'la respectwely when canpared to

"mstantaneous" rates derlv /J:om 3rd-order regressmr}_,plots through

data of Sﬁs\ 5 and 6 (See AppendleA for calcul ations) .

' n N 'comnune there lxs a very gradual decline of net _
- o

motosynthetlc response from 800 pp-n CO2 down to ca. 200 ppm, below whi

" a very abrupt declme ddwn to the CO.2 ccmpensatlon pomt of.-ca. 10 p];m is

" seen (Fig. 8). & £

~
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(3.1.2) The Seasonal Response Matrices of

Net Photosynthesis and Respiration

S The seasonal net photosynthetic and reWn& matrix
+ for R.superficiale is g_iven in Fig. 9. Maximgn rates of net ‘

photosynthesis of ca. 1.2 mg CO, nt g—‘l were generated over a

te-nperatuce range from 1 to 14/ °C under high levels of illumination

(900-1200 (1}3 m 2 g7t PAR). At 1 °C, -rates of net photosynthesis were

maximal with a gradual decline of rates down to ca. 0.75 mt;‘;:’C(D'2 nt g"l
at 21 "C. Above 21 °C net photosynthetic rates declined rapidlir and at
28 and 35 °C respiration completely daminated gas excharige. The
difficulties inhererdt in working witt) a crustaceous species and the
problems of adequate morphologlcal control are evident mtl'un some cells

of the seasonal response m.!trlx for R.super ficiale, particularly in

canpar ing max imal rates of/uet photosynthesis (ie. at optimal mmstm:e
content) in the 14 C@h light cells. The data of July 1980 within
these cells was derived from experimental runs conducted near the end-of
the sumer series which utilize;3 a hig‘né’r oportion of- tepliciate chips
with older senescent colony centers. The 4 [ferences between optimal

rates of net photosynthesis in the remainder of the matrix cells,

incll.ﬁing the remaining r July, fall within the range of within
experimental SEM and it P ded that there is no significant

seasonal photosynthetic capecity changes in R.superficiale. Aalso evident

5

“ﬂt.he data of Fig. 9-is differences in the apparent optimal moisture
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conte#;: for net muthems, for instance between and May

data in the 1 Cand900uEm2's_l

PAR matrlxﬁ:ell. ese differences

 reflect gethodolegical difficulties outlined above (Section 2.2.3) in

-determining R.superficiale -thallus moisture content without detructive

- . b

sampling“during IR sﬁlpé: iments.

Light saturation in R.superficiale occurred at approximately 900

uE m~2 st PAR, reflecting the very exposed nature of this species

.habitat. The response of net photosynthesis to thallus hydration showed

an optimum betweeﬁ 50 to BO% relative Ehallus sétur.ation, with a
considerable decrease of rates at full thallus saturation and very low
rates/of gas exchange below 20% relative water contents Resp'ir:ato):y
-ates were .fairly low up to 14 “c, thereafter incfeasirnDsubsj:antiaily at
\':e higher térrrperatmes. Rates decline more or less _1:mearly with

dacreasmg thallus moisture:

.+ The seasonal response matrix for C.ﬁrachyphylla is given in Fig._
10. The response of net photosynthesis to thallus hydration. again showed
a fairly sharp optimum at mid-saturation values near 75 to 100% .thallus-
moisture content. ’I‘ne sprmg and summer collectlons showed a bread
tanperature optimum centered near 21 °C, with rates reaching nearly 3.0
mg GO, ht -1 at light saturation. Rate’s of net photosynthesis declined
sharply across all light levels at 35 °C. The winter collection, while
showing a similar responsé to higher temperatures, is markedly. differg‘lt
from the spring and summer collections in the 7 °C cells of the matrix..
At light saturation rates reach nearly 3.0 mg CO, ht 'g_l, a marked

increase campared to summer net photosynthetic rates of 2.0 mg CO pl

2
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v _g—l. ~ However, no significant reSpiratbry changes were evident between ,

seasorial collections, althdugh a sligh‘é.trer’ri ‘to lower -r‘ates may be . |
present ir_) the winter collection. The seasonal changes shlown_in Fig. 10

_ were furthe‘r confirmed .by a March collection, lwhich alsc had higher
rates, at 7 "C, than summer collections (Table 4).- When air dry thalli l
from the March golledtiqn were stored under summer grﬁwth_chamber
égarﬁitions for 1 week, the te:néerature response curve mdved baci_c to a
sumer pattern, ie. rates of net moﬁosyntraesis fell back to near 2.0 mg
co, h-l g-'l at 7 °C, while control material under winter storage

. corditions maintained higher rates. at 7 'C.(Table 4). When this
experimental sequence was repeated in July .'\('I'-able 4) these changes could
ot be induced, poinj_:ing to an intrir_xsic szasonal cocmponent in the .
t:iggerihg mechanigns involved. Laboratory induction of t;_hese capacity
changes was again attempted in the following January, successfully |
repeating the March experiments (E‘ig. 11). The January .experimmtal
series closely examined the quantum efficiency of winter/summer stored
material at both 7 .':_md 14 °C, (h;;acity changes at 7 “C were fpund ot to
invoive changing quargtun efficiency, but merely an wpwards shi ft along
-the same response slope. Hpually, expériments at 21 °"C showed no changes ’
in quantun efficiency between winter and summer storagé groups, although
- the slope seen was lower tl::an that at 7 "C. The point of light
saturation, (outlined by a third order polynomial curve) ramains near

1000 uE m 2 s~ PAR in all exper iments, except for the §1mnér stored

material run at 7 degrees, where light saturation falls to nearly 600 uE
m_'2 s_1 PAR. The same data set expressed per mg Chl-a is also given in
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-"Figs. n ‘ah& 12;_ “No major differences are seen, with capacity changes e

still eviderit for ‘summer stored material in net photosynthetic assays at
7 "C.

. The response of C02 gas exchange in N.commwne to changing thallua

- hydration levels 1is shom in Fig. 13. Full thallus saturation, taken as
the point at which a thin water film still covered experimental material
after light blotting, occurred between 2000 to 25001 moisture content by
weight for N.commune. Rates of net photosynthesis and respiretion
remained largely const:.ant from this point down to nearly 500% moisiu:_-'e'
content, falling off very rapidly below 108% moisture content. _’Ihis-

‘.pattern of response was very similar at all temperature and light levels

examined, although only the.results at 25 "C are preSented here. /\

Material of N.cammwne held at full thallus saturatioy showed maximal

“rates of net photosynthesis between 600 amd 900 uE m"'?

L} AR, although

the variatjon between replicates can be quite high (
The response of net bhotesynthesis a'nd‘ reseiration to‘ _t,empera;we'.is
examined in Fig. 16. No marked seasonal ehanges }h’éle pattern of
response were eviderit.'with respiration and net photosynthemoth
rising almost linearly up to 35 "C., The higher magnitude of both net’
photosynthesis and nitrogenase activity seen in May collections of
N.commwne was reduced hl-‘?eh results were exmressed on a chlorophyll-a
basis, folloﬂi?fg—e\traction with acetone (Table 6).

The rehydration response of net photosynthesis and respiration in

N.cammwne differed considerably betmén replicates spaked up at 7 *C and.

those rehydrated at 21 *C (Fig. 17). At 21 °C net photosynthesis showed

'
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h _dryed in a CO free airstream this burst was el:mmated (Fig. 18). The

- 49

.'full reccvery after 80 mnutes, while at. 7 C almost 6 hours are needd

for full recovery. kspiratory dlfferences, although not as’ marked, were

also ev:Ldmt between the 7 and. 21 °‘C experments. At 21- e a .basal level

,of respiration was achleved in approxnnately 80- minutes, while at 7°'c .
, nearly 180 minutes: were required An initial burst of COI was seen upon,.'

1n1t1a1 rehydration at both temperatures, however whe;J replicates were

LY \

%
rapid recovery of rates, seen in the first hour after rehydration in E‘igs.

17 and 18 was confirmed over a further 12 hours in E‘ig. 31 for repllcates '

held at 21 *C and 0 and 600 uE m -2 g7t PAR.

'.

(3.1.3) Responsesto Heat Stress

9

~The re’sponse of summer collected R.sggerfic-ial'e thalli to heét :

stress treatments whlle air dry 1s~€1ven in Flg. 19. Eb:posure to a 3

L]

hour mlddayftress period ‘of 45 °C over a 7 day period reduces net

photosyntnesm to below ccmpensation and after 21 days heat exposm:e very

,llttle photosynthetlc capac1ty remained m the. exper imental repllcates. |

At 35 ‘C however there is very 11ttle ev1dence of stress until day 21

when maximun rates of net photosynthesis had declmed to ca. 0.15 mg C02

h™ g‘?. Respiration rates however, remained Lmaffeeted ‘throughout the

: ehtire 3 week stress period. " In the January repl icatés a broadly similar

'pattern was evident (Flg. 20) At 45 °C there was an mmedlat., snall

decline of photosynthesm after two days exposure and by day 14 little

activity was found. However thalll exposed dally to a 35 °C m1_dday_
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.tanperature max ima showed a contmuous declme of ghobosynthetlc capac1ty

3 over’ the 21 day penod. . R

An: dry tha].%of both C., trachyphylla and N.caummne exposed daxly

,-to temperature maxima .of - 60 C showed no marked changes in ;i'lotosynthetlc

“or: resplratory responses 1nduced by the heat treatment con:ht:.ons (Table
5, and E‘1g.. 21 respectively). . o . . ' . ' . N
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. Hdmv_n_a. Gas exchange vr++oﬂsm In Caloplaca trachyphylia, Haﬂ non:l_ma_v.
oo . Storage - - Assay : . oow Gas m‘u.zu_..m_._me.._v.v o .
- ) Condltlons ’ oo:a_+_o=mﬁmv . rlr!tﬂﬂro_m+:ﬂm Class Intervals
Ho. of qmauoﬂr+=1o Day , r~mr+nnu. r_m:+~nv Temperaturae .
i Days sﬁ . - Length ‘tavg) : Level R - 0- 25- 50- 75- ._ocu
d) 71 . - 8 300 o 1. -2 Z.25  -.31 -3 -.40
1 7 A 300 600 7 1,10 2.20 3,70, 3,60 2,70
7 7T . 8 300 S0 7 -2 -.26 =32 =39 -.41
7 ‘1, oY 8 300 6000~ T . 0.90 - 2.40  3.50 3,20 2.30
R L R T 30 - . 0 7 S 18 =320 -.32 =34 =37
T . 25 14 300 600 7 0.60 0.90 1.37 1.10  0%.42
o oeoafek 25 . 14 300 0 . 7 ~20 =25 =29 -.35  -.36
- e 25 14 300 600 R Y W Y 1.30 - 1.76 1,73 1.62
B 2 T S N 11 B 7. -6 -.20 -.27 =30 =33
T S 25 1a 7 300 600 . 9 . T0.79 . 1.12 1,70 1,64 1.55
1 R 8 300 .. 0 _ 7 : L .23 =35 -.37
. SRS - 300 - 600 7 o ¢ 1,50 1,52 L041
ey T o : . : ,
. . 7+ Repllcates held alr dry u der storage condltliens 'until 12 hours prlor to assay at which time thalll
- lﬂwu,xaﬂo.a_m+oaa then ﬂm+:1:rn o\storhge conditlons, . . o ) : ._ _ h

. 2

[
i

Each-value Is a mean of 4 re

.\\\ wolght. ' , . : . . . .
. o -2 -7 : : . . ) . 3 e

e w¥sTTeaR. o : : . : | ;
- ..auznﬂn: collacted material. " Held previously at '7°C and uoo.:manmml_v>z. 8 hour daylength. . )
T “hau uc_m.no_;bn+oa material. Held proviously w+ 25°C and 300 =m3lmu|_m>z. 14 hour daylepgth.
- . R . ’ ~ . - - = .
- N ) ) . . - ‘ . . - ~ . . -
. \\f: . . ) s
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JL¥eate Incubations, the SE of whlch laess than Or_u.am CO_N g dry



' Tal:gle 5.

gghxl la to heaf sfress.

The rasponse of CO gas exchange (mg co

zh g Jin aloglaca

.

14-}]

' -1
CN - Control group held at 25'0 600 NEm s

HS = Heat strass group held for 5 hours mi dday at 60°C, changlng by
Ch,

10*

KEm

-1 =

3

-1

down to o n[gh? femerafure of 23 *C.
' par.

"Days of ' Treatment Gas ) n=4 Light ‘.Ternperafure
, Treatment Group Exchange *] SE.~  Level ©o
O < 1 -~ R { Y3 .
—~o CN .0.73" 0.059 o . 28
I - 1.76° 0.103 £ 600", 28 -
R} " ON -0.85. ©  0.087 0 28
T CN 1,85- 0.076 T 500 28
7. JHS . <0.77, 0.058 0 28
70 HS - . 2,01 0,086 600 . 28
14 oN- | —0.74 ° .0.066 a 28
14 o 192 0,087 600 28
14, HS -0,78 " 0.105 0 .
14 HS 1.70 0.091 . 600 28
tay,, ' N

PAR, and 14 hour daly.
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-
Mmha e md e e



Figure 6

The response of net photosynthetic response to CC)-2

corncentration in summer collected C.trachyphylla at: a) 7 °C and

125% thallus moisture content (r=.90); b} 21 *C and 125% thallus
moisture content (r=.96); ¢) 7 ‘C and 75% thallus moisture content
(r=.95); d) 21 °C and 75% thallus moisture content (r=.97). Lines

were fitted with a 3rd order polynomial regression.

.- i
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Figure 7

. A) The respense of net photosynthesis to CO2 co'r:e'xtratron

'ior both winter -and sumer collected C. trachyphylla at 7 C and 600

uE m 2 -1 'PAR. nly the 3rd order polynom:Lal ‘regression fit to .

data 1s presented The summer raw data scatter:gran is shown in

Fig. 6c. (r=.96) while the winter raw data scatter gram is not

_pres'.énted (r=.97). ‘B)' Double -rec;ipr:ocal plot of (A), includincj the

kinetic parameters Kc_'a.nd vmax derﬁed from lst order regression’

Cfit.
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Figure 8

. ' . The relationship between net photosynthesis and Co,
corcentration in N.commune at full thallus saturation, 25 "C ahd

2 -1

600 uEm “ s~ PAR. The CO, range from 300 to. 250 ppm is outlined

-~ by vertical bars, while t\‘é linset plot enlarges the pattern of

points near the origin.- .
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14, 21, 28 and 35 "C and 0, 300, 600, 900 and 1200 uE m 2 s~ PAR

56

° Figure 9

The gas exchange response matrix in R.superficiale at 1, 7,

-

I

in December 1979, Ppril, May and July 1980 across all levels of
thallus hydration (expressed in percent relative terms with full

thallus saturation equal to 100 percent, See Section 2.2.3)., SEM of
each 20% relative moisture ¢lass less than 0.08 mg coz‘ h_l g"l for

4
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Figure 10

The gas exclange response matrix in C.trachyphylla

C
expressed as mg CO nL g"1 (each y-axis) plotted against percent
2

thallus moisture content by weight (each x-axis) over 25% moisture
- -

class intervals at 7, 14, 21, 28, and 35 "C and at 0, 300, €00,

900, and 1200 uE m > s~ PAR. Collections were made in May

" July 1981, and January 1982. The SEM of each 25% moisture class

was less than 0.15 mg CO, ht g1 for 6 replicates.
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Fig}zre 11

Y

The dependence of net photosynthetic rates on illumination _ X o

 levels (uE m2 s.-_l FAR) in C.trachyphylla collected in March, 1982.-

Repl icatés fere\ stored air dry under ;anter storage corﬂitiops_ .of.
1/5 °C day/night tenperatu.fe and 0/300 uE m % }1 PAR over a 16/8
hour motoperlod (Plots a,»b, e, and f) and Sumer storage : _
corditions of 20730 °C day/mght temperatm:e and 0/300 vEm ﬁ *

" PAR over a 8/16 hour photopemod (Plots Cr, d, g, and h). 'Ihe

~

response of C_OZ gas exchange (mg Coz,h ‘ g ) was followecj at 7 °C G}
(Plots a to d) and 21 "C (Plots e t:o(.h) after 7 days storage of dry '
thalli mder both winter and summer storage corditions.

Rehydration gretreatment consisted of 12 hours at 5 and 20 °C for

winter and summer stored replicates respectively. A lst order g

- . »
regression line through data points below 100 uE n% s AR (slope
-: ayr correlétion coefficient = rl) intersects the line drawn | -7 -
thrhigh the mean of ight satirated ratas-of net photosynthesis,
whizga 3rd order regression line\\ is fitted to the entire data set

(s

{correlation coefficient = r

collected replicates.

o« -
. _ &
> , o + .

)

2) . ALl experiments with @nuary, 1983
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Figure 12

The plot of regression slopes of light 1imited

) photosynthetic rates in C.tiéch)phylla (from Fig. 11), expressed
both on a dry weight (top) and chl-a (bottom) basis.‘lbplicate |
~ groups as follows: Aj anter stored 7 °C a.ssay: B) Sm:mer. stored 7
_"CaSsay; C) Winter stored 21 ‘C assay and D} Summer stored 21 "C

-

assay.




A
D
c
B
c
)
A
B
A

-~
~
~
~
Y

/
/

1200 ~/

i,
L2
800
LIGHT INTENSITY pE,m"* s-' PAR

4
12"

o ©w

1 . p—
‘whip By @/ME 14D Bw .y 209 Bw r) .

{ E . T e

‘ 7
SISIHLINASOLOHd 13N X <



st - . - . 3
* ‘ . =
! N
<
' ) : Figure 13
) The effects of thallus hydration on gaf exchange (mg CO,
nt g_l) at 25°C and 0 uEm ° s © pAR (open symbols) and 600 uE m 2
s PAR (closed qmlols) in N.commme.
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Figure 14 ,

The response o{net photosynthesis (mg C‘02 n”
N.comme to 0 (0), 300 (@) and 600 {O) WEm 2 s
over 500% thallus moisture content class intervals.

for each mean of 8 replicate incubations.

<

e

g 61
1 -1, . .
g ) in
PAR at 25 °C

SEM bars given
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Figure 15 : -
'The response of net photosynthesis (mg co, nt g—l) in
N.cammme to 50, 100, 300, 600, 900 and 1200 uE m 2 s T

‘Cand full thallus saturation. Each symbol refers to an

individual replicate.
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PAR at 21
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Figure 16
The seasonal respon.;-.e of net momsmthesm, respu:atmn
and nit:ogenase actw:.ty in N. ccrrmune. mtenal was collected in
January (Q), March (O). My (4), July (m) ard chobe.r ()

1981' and assayed at 7 14, 21, 28 and 35 C A light intensity of

200 uE m 2_ l PAR was used dur ing mtrogmase assays, while 002 e

exchange measureaments followed rehydration pretreatment of 12 hours

under seasonal tznperature levels. Each point is a mean of_ 6 to 1_0
replicate determinations, SEM below 0.5 fmol CH, mtj-l n! and 0.4
I’mg co, nl gL,
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- Figure 17

The rehydration response of net rhotosynthesis-at 600 uE
m2 s! mar (O) and re'sp"iration_at 0 uE m 2 s~ PAR (®) in

4

N.commune. Gas exchange (mg CO, h~t g-l) was followed at both 7

and 21 °C following a 12 hour hydration pericd. The previous
wetting/ drying cycié for this material incorporated a 5 hqut ‘
"slow" dry after 48 hours h}dr_ation."
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Pigure 18 ST g
' _ The time course of f:02 evolution (mg <0, o -g_l) fol,louing
o :ehydratmn of N.ctmm.me at 2 ¢ am 600 uE m2 s par. '. o

" Immediate pretreat:nent con51sted of a 12 hbur hydr‘at;on permd,

while the previous wetting/ drymg c.ycle mcorpotabed a 5 hour
slow" dry under both normal (0O} and CO2 free (@) air after 48
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Pigure 19 .

" The respoﬁse'of net photosynthesis and respiration in July

1980 collected R.superficiale to continyed heat exposure. Air dry’

repl icates were exposed to midday temperatures of 35 and 45 °C for:

three hours daily over a 21 day experimmt;al period and a'ssayed' for

' gas exchange folldWing a 12 hour"hy_ar_atior1 period at days 2, 7, 14
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B Figt.'lf_e 20 ;

Heat stress experiment as per I-"lg'._\19., oniy f‘:or' material of

R.superfiélale _é‘oll_ec.teh in January 1980.
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‘Figure 21

[P ; ' . ,3

The response df N. ccnmme to coqtmuots heat stress vtulst

dry over a 2l day penod. md;_lay‘tauperatures were held at 60 C

for S5 hours each day, charn;mq by 10 °C bt from a 25 *C night tme

temperature regime. Both mt:ogenase a::twnty {rmol c2H4 1 h )-

and (:02 excrange (mg CO n” l ) were assayed at l 7, 14 and 21
days after mltlatmn of hlgh {tqsperatur.e storage (@), with
addltz.onal assays of control repllcabes (O) held at 25 °C

- copducted smultaneously ASsay condxtmns were 21 C and 600 uE
-2\ -1

m PAR after 6 hours rehydratmn pretreatment under these sane L

‘corﬂltlons. SEM as in E'1g. 16. -'_“-" - 8

At
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{3.2) Nitrogenase Activitjr

r »

(3.2.1) Temperature, Light and

- . Moisture Interactions

The short term response of nitrogenase activity to temperature in
N.cammme is give:: in E‘ﬂg 16. There were no marked seasbnal differences
S =_in the réspon_se pattern, all four collections showing steady increases in

7ac'giv'ity with increasing temperature.. Althouxgh the magnitude of response
was higher for the Ma'y collection, this differénce was reduced when

© results were expressed in mg Chl a "L b7l (Table 6). Fig. 16 illustrates
| short term Czl:iz reduction assays only. Continued exposure to high
temperature (Fig. 22} showed that 28 'C is actually the lorg term
temperature ogtimun fof nitrogenase activity, as rates declined very
rapidly at 40 "C. The respqnse of nitrogenase activity to declining
“thallus moisture contént pa:allel; that seen for CtO2 gas exchan?e {Fig.
23y, with constant rates from ZSQO down to 500% thallus moisture content;
fall ing very quickly below 100% moisture contant.

' Light aturation of niti:ogenase adtivity in N.cammne occurs at

éppfoximately 900 uE n}—'z s—1 PAR. Cestructive sampling and incubation of
"repl icates at Vérious' light levels gave gienerally} higher rates of
f;i'troi;mase activity at‘higher light intensities, however,
inter-replicate yariaﬁi__lity tended to obscure any definitive interaction

b

of nitrogenase activity with light intensity (Fig. 24). A more clear cut
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-

light dependency was seen when individ wal repl icates were followed

sequentially through changing light levels (Fig. 25). Although rates of

nitrogenase activity were higher at the 100 uE m"‘.2 3'1 PAR a_f‘)br 5 hous

acetylene exposure, there were still marked light interactions of even

hgreat.er magnitude in material transferred up to 900 uE :n-2 5-1 PAR and

-1

then back to 100 uE m"2 s PAR, These values are exessed in relative

.

terms for each r-eplicate, 30 that inter-replicate variability does not
hide the individual response patterns to light.

The rate with btiich nitrogenase activity declined on transfer of
Léxper-i:ru:ntal replicates into darimess is shown at 5, 15 and 25 "C in Fig.
26. Replicates were pretr‘eaﬁed at 200 ukE m"2 3'1 PAR and 25 "C-for 12

hours. A strong temperature dependehce_ was noted, with most rapid
elevation of C2H2 reduction rates occurring a; the highest temperatures,
The pattern of nitrogenase activity after .addition of 10 uM DCMU at 2 and
12 hours into the daily photoperiod is shown in Flgs. 27 and 28

respectively. These results are expessed in both mmol CZHH mg:l h and

L

in nmol C,H, mg thl-a h™'.

(3.2.2) Response to Thermal Xress

when dry, N.commine showed extrﬁe resistance to extended
desiccation and heat exposure. After 21 days exposure to 60 degree C
temperatures midday, no significant changes ir; nitregenase activilty were
evident follosd\ng a standard 6 hours pretreatment period (Fig. 21). This

contrasted markedly with the sensitivity to thermal extremes shown when

s

. Q‘ ' 70-
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" .

f

= "Tl r(.c o , V [y '
rep"h::ates \ere-hydrabed (F1g 22) . rgt_e;:'bcve in Section 3.2.1.

'44'. -
TwS b
L

o

v (3.»2.'2})- Re@nse to Freeze-Thaw Periods

) ., N
. . - ~ o
hld K o

L S - Ll

. Materzal of N.cammune exposed to growth chamber freeze—thaw

-

cycles showed rapld recovery of nitrogenase activity on morning faelting,
.im__ agreement mthrfleld acetylene reduction rates in winter (Sectioh
3. 3'-"2)' Repllcates of N. ccmmne held previously under a growth chamber
‘ freeze/thaw env1rorma1t for 14 ‘days showed substantlal daily mtrogenase ‘7
‘ act1v1ty, rates r151ng from 0.8 rmol C2H4 -1 ‘h_1 on thawing to near 6.0
‘ -rmol 'CIZH4 1‘ after 8 hours (Group A replicates, Fig. 29a). C;‘roug B
T, '_, and C repl1cates pretreabed at -5 °"C for 14 days showed a dlfferent | ‘
L -_-;..‘responses_mttern, taking nearly 3 days before full recovery aof
mtrogenase act1v1ty to’ the 1evels shown by Group A was reached (Flg. :
.29a) . Ekposure to hlgher bemperatures upon initial meltmg greatly
N raccelerated the- ‘Tecovery rate of Group B and by 12 hours at 20 co
.r.!; recovery wWas _ccmplebe (Flg._ 29b) . A marked interaction of hlgher

- ‘temperature with the pattern of light recovery was -also seen.

o . 7 {3.2.4) Pretreatment Interaction Between

. ' Temperature, Light.and Photoperiod

e A strong interaction was noted between the rehydration_response"

of nitrogenase activity and experimental temperature in N.commme. ' At 25
" . . . M — ..

LT "C, nitrogenase activity -shows almost full. recovery after 6 hours
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'rehy,dra"tion and by-l4 hoﬁs rates had reached maximal values (Fig.‘ 30).
'Ihls .recovery response hBS similar across the full rmge of thallus
‘moisture contents. E\thher interactions of nztrogenase rehydratlon

. response with tauperature and mobopermd are given in Flgs. 31 to 33,
‘where material after rehydration was maintained under a 12/12 hour
motopefiod at differen;t temperatures, At él "C the response ixrmediately:
follcwing rehyd-ration in the morning ~(Line Cl Fig. 31) confirms the
prevmus tune saquence data (Flg 30). After 24 hours prior hydratlon
under a 12/12 hour ‘photoperiod mtrogenase act1v1ty was mmedlately
detectable and mcreaseq rapidly over follwing ligh_t; periods. {(Line A,
Fig. 31). when rep]l.licatzas were illuminated after only being hydrated for
-the previous 12 hours dark period (Liné'B, Fig. 31}, their response is -
intermediate between: the other two groups.. This last reh}dratio;a
sequence (Line B, Fig. ‘l31) is especial},y"c;cr_rmbn under summer field :
corditions, where after late evening thmﬁ_ex:sl’{overs; material remains wet
well into the following day (Section 3.3.2). ' Concurrently at 21 °C there
was a viréually immediate recovery of respi;:;atory and photosynthetic
activity, confimming previocus resulté J(Sec'tion 3.1.2; Figs. 17 and 18).
"The same pattex:n of gfbtoperiod réhydration recovery was seen at 14 °C
(fig. 32). _In d1rect contrast however, at 7 °C very little recovery of
mtrogenase act1v1ty was e:uden't after even 36 hours hydratlon. The
aboye recqvery__pattern_s are evident both for nitrogenase actlvit}-r

expressed in mmol CH, mg ™ 7L, or ;in mmol CH,, mg chi-at pt ('Fig.._

. - - \

/
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Tabis 6 Seasonal dleﬁges in mg Chl per g owen #ry weight
: L . B ‘ _

-

of Nostoc commune (Pf-ﬁ) and comparison of Csz. -

Reduction rates wxpressed on btoth & dry weight and

chlorophy!! basis. > ’

\

Season mg (:1'|1mg|-1 SE nmols C_H pér nmols CH per . -

24 24
. S -1 -1
. mg N mg Chi b
January 0.85 ' 0.,03% 4.6 5.4
March 0.78 0.015 5.1 s 6.5
May !.64 C 0,047 ‘11,9 7.2
July 0.54 0,042 S.1 6.0

- October 0.90 Q.027 5.9 6.5

(ay .52 =1
Assayed at 28°C and 600 UEm s PAR,

byt



Figure 22 R

' Y 2

'I'he time course of mtrogmase act1v1ty {rmol C21-14
) in N.cammune over an 8 hour period in repllcates held at 28"

{a), 35 (O) and 40 (@) "C. Material was pretreated for 14 hours

at 28 "C and 200 uE m 2 S 1 ear and assayed at 28 C and 200 uE m -2

—l . . - ¥

5 =~ PAR. All replicates were maintained at fall tl"lall.ps‘sattxratlgn':‘ :

over course of experiments. FEach value plotted is the mean of 6
repllcate mcubat:.ons, the sm of which fell under 0.5 rmmol C:_,H4

mg Lt

Fa,

Iy

. A1
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Figure 24

The f:esponse of ‘nit':roga-xase activity to light in‘tensi'ty .
‘quer the .full range of thallus moisture ;:ont'aént.. Activity was
 assayed at 0 (a), 100 (&), 300 (@) and 600 (O) wEm 2 5™ PAR
in N.caumm;. Each value plotted is the mean of 6 replicate
incubations (d‘estfuctive sampl ing) within 500% r;moisture class
interval, with the  SM indicated by bar. biai:terial was rehydrated
12 ‘hours at 21 °C gnd' 200 .uE “;-2 gt PAR prior to experimental

rms.

re
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E‘igure 25
'l‘he llght saturatlon response of nltrogenase activity {mmol
CzH4 _)_;n_N.camme. - The maXimun rates of Czﬁz reduction
for e'ach‘repl z.c:ai:e over the experimental run was regarded as 100%
rel_altive,ac_t;.i;\r_it‘y and other rates scaled accordingly. Standard
error of the mearn', denobea by bars for-each group of six -
‘repllcates, was calc.zlated from relative values. Two éroq:s of

st

‘e:éper 1menta1 repl 1cat:e5 were glven standard 14 hour light '

: pretreatnents (Sectlon 2.3. l) Group A material was run through 10

sequent:.al 30 minute mcubatlons from 100 o 900 uE: m -2 “1 PAR 'ahd
back to 100 uE m 2 -1 PAR, wmle Group B x:epllcates v.ere

_sequentmlly exposed to the reverse c‘:der of llght treatment. :

~
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Figure 26’

The time course of'nig:ogenase activity in- N.canmne carmuxie 'aftér -

t:ansfer to darkness (at t1me zero} for mater:.al held at 5 (A,A) v

«-15 (0,®) and 25 (B,l) '_C. 'htes are expx:essed m both absolute',. .

. terms’ (open s;mbols) and relatlve ‘terms (closed symbols) . CZHZ

reductlon assays were corﬂucted at each storage bemperatu:re and

“1ight level (200 uE m -2 1 PAR at: time o;. Standard errors of.the .

1

mean for 8 repl 1cate 1ncubat10ns did mt exceed 0 5 rmol Czl-[4 -
wl, Material was held at the 1nd1cated tenperature and 200 uE m 2\'

g -1 PAR for 14 hours prlor to the start of the nitr.ogenase assays. 7
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.

material tra,\réfered to darkness (m)
-

‘under a 12/12 hour 0,200 uE m 2 s % PAR\light regime.

Figqure 27 /

The respo.nse of nitrogenase activity iz:x N.canmune to
Cessation of net photosynthetic uptake caused by add_i‘;ion of 10 uM
3-(3,4dichlorophenyl)-1, l-dimethylurea (DCMU) or transfer to
darkness. Exper imental t:r:eatn'xents were initiated at ‘2 hours into
the daily .photoperiod (denoted by arroﬁ) for mat;erial gt 21 C

ts are

expressed in both rmol CH, rnr:_;-1 h Y and mol CH, mg thi-a~t pt

for control replicates { &4 and a respectively) and for DCMU o

Lo

treated replicates (.0 ad ® respectively). The above groups wer e
assayed at 21 ;C and 200 uE m % s~ par. Mitrogenase assays for -
re at 21 “C and 0 uE G 5_1_'

PAR and are expressed in m\.o_l." C2H4 og L1, as are rates for

do i

material transfered to darknmss, but put into 1% glucose solution.

5 D Y
( %). Aall sampling was destructive and(é- or - 1 SEM bar is shq‘mu e
Tt . L2

for the mean of 8 incubations. ‘ ' . A Y
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e . 'Figuré:ZB - .
The time response of mtrogexase actixrlty (rmol C:zl-l4
) in N.commne to addition of DCMU after: 14 hours in the llght
(O) . transfer of materlal to darkness (a) and contmued light

exposure in water (e@). Assay and treatmmt condltmns otlaerw1_5é

-
K

" as in Fig. 27. - : : . .
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Figure 29
Top: The pattern of nitrogenase activity in N.cammme . (rmol
C2H4 -mg_l h-l) over laboratory simulated chinook snowmelt s%quence.

All replicates were stored during the four ‘day ex];;eri;nmtal period ."
under a -5/+5 'C thermoperiod and a 350/0 uE m 2 s! PAR 12/12 hour -
photoper iod. _CZHZ' reduction assays u;ere. carried out at éO "C and
200 uE m % s~L paRr for destructively sa:nélai repl i_cates:' The-

L. , !
various pretreatment storage corditions are outlined -in Table 3.

Bottam: The recovery of nitrogenase activity in N.commune after 2

.weeks pretreatment as per Table 2, but for material then Yransfered

-2 -l
s

- A . ;
to a 20 "Cand 200 uE m PAR storage regime, CH, reduction

assays under these same corditions. -SIM as in Fig. l6.
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R " 'Pigure 30
The 'rehy't.'].rati'on're'sponsé of nltrogenase a;:tiviéyr in
_ N:cc;rmne (rﬁqu'CZJié g
'moist:in:e content. Activity at 0.25 (——), 0"5' (+orenes ) ,
(- -—): 3 (————)u 6 (--—-—); 10 (a—a), 14 (O--O)p‘ 24 (H)
: and 42 (a—a) hours after mltlal h}dratlon for maténal ‘1eld at

200 uE m -2 s =1 PAR is glven. SEM bars for 6 rephcatle mcubatmns

?

w1th1n each 300% mmsi:ure class mterval are glven. 'Ihe f1rst

.class mterv‘al exclu:ies tha111 below 400% moisture content.

*

“1, at 25 °C over the full :aiﬁge of th.al_lus'

aw
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Pigure 31- .

X The tune course of nztrogenase actw1ty, net photosynthesm
.and resp1rat10n for N.commne rehy:lrated at 21 C. Nltrogenase N

act.w:.ty was momtoreﬂ over the fmal 12 hour perlod of the

o

following dlurnal llght cycles. A 12/12/12 hrs 11ght/dark/11ght .
(A), B) 12/12 hrs dark/ls.ght (g0); and C) 12 hours 11ght (0)‘ |

. Rehydrartlon in all cases was at start of dm:nal permds C.‘O2

l PAR at 28

°C, while nltroge')aSe act1v1ty was folloned at 200" uE .m -2 s-l PAR

£

exchange was follwed at 0 (.} and 600 (O) uEm

-

and 28 *C.
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Figur'e'32. )
. The recovery of mtrogenase act1v1ty (rmol CZH4 h 7).

in N ccmnune follmng rehydration at 7 and 14 °C under the
following dmrnal ‘light con':htlons. a) 12/12/12 hrs
llght/dark/llght (7 C a ;14 C ) ), B) 12/12/hrs dark,‘/ light (7

C®;14°CH ), and ) 12 hrs light (7 C O --14 "CA) PCthlty
was followed over the final 12 houx: light period in each case
: through destruct.we ‘sampl ing w1th subsequent assays at 28 °C and
200 uE m 2” -1 PAR. Mean values from 8 tepl icate mcubatmns are
‘plotted for each treatment group,. the SEM of wmch is 1ess than 0.5

- fmol CAH, _mg']' nL, .

-t
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. N o Flgure 33
The recovery of m.tzbgenase act1v1ty (rmol CZH 4 h-

in N. ccmrune at 7 and 14 °C after 7 and 12 hours light exposure on_

the Secon:'i day after rehydratmn (12/12 hrs 11ght/ dark) .
Nltroge'lase actwn:y was assayed at 28 “c and: 200 uE m -2 st

for destructlvely sampled repllcates. Rates are expressed in both
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. (3.3) Field Microclimate Ob/servations and T ) ‘ =

, _ Nitrogenase Actifity ° T -

(3.3.1) The Alpine Enviromment

4
a .

Field microclimate observations at the.Prairie BIuff study site

were conducted in the spring and summer of 1980. Selected data Sets

-\

characteristic of the range of general synoptic ‘.-.Eather corx:htlons )’j

encountered in the alpme enviroment are presented below.

. The pattern of incaming, radlatlon, air temperatwre at 2 m height
@‘rficiele thallus temperatures for May 17 and 18; characterirst-ic'

‘of high radiation corﬂi‘iions, are given in Fig. 34. ’Ihere was a marked .

interaction betweefu th.ai.lus temperature and enerqgy qux den51ty " On both
days cuwulus eloui activity resulted in alternating sun-shade comiitious.
Thallus temperatures reached 30 *C under full solar insolation, but

dfopped immediately by more tha\ﬁ/ 10 *C upon even mamentary shading.

The data for May 22 followed a period .of shower activity
throughout -the night and early rriorning and represents very typical

cond:.tlons of cymulus buildup, with sporadic shower act1v1ty (Fig. 35b).

Thallus tan}%eratures of R, supe,éfflcmle obtained for thig day are . &

contnasted with those of Umbilicaria kraschenmmkovn (a 10w- black

foliose lichen intermingled with R. super ficiale thalli). With increésing

radlatlon levels follcwmg early morning shower act1v1ty, Rydrated

‘R. superf1c1ale thalli rapidly reach near 23 "C, finally desmé’ting'

-

(} . . , Co ' ‘\J\ )



A

‘constant (as a result of/mdltiple reﬁtion effects) down to 800 uEm

""'s-}\PAR. The initial melting resulted i development of "closed"

87

{below 25% relative moisture content) near 1015 pours. The dessicated

thalli continue to rise in temperatuze, exceeding that of air

—

considerably by 1500 hours. The .temperature of R.S@rficialé thaili

ramained several degrees C warmer than that of the black

U.krascheninnikovii .’Eﬁalli (Fig‘ 36), U krascheninnikovii also showed a

more &?;natlc decline in temperature when mccmmg dlrect short wave
radiation was mberrupted at midday- by cu'nulus buildup.

Data for low radiation corditions, during heavy precipitation and

low:; amblent temperatures on May 23, 1980 are glvm in Fig. 35a. Even

under these extremely low energy condltlons there is a modest thallus

temperatttre ele"atic'm canpared with air values, but otherwise the data
calls for little camment, the ergti'r'e vertical temperature profile being
nearly ;sotremall | | . '
A The storm system followed in Flg 35a subsequently 1nten51f1ed
resultmg m the ‘accumulation of over 25 am of snow, folloued by. gradual
melt conditions. The data of Fig. 37 document the develppnent of
;nownelt pockets under hic?h%a-t@pring con:iitiéns, 1i_rnmec'i_iately
after snowfall q?eposi- tion. 'Ihrloughout the snownelt per ic;d air .

t:emperatures’gemained low, while PAR range:l,,fr.om values above the solar
-2

shomelt pockets above the soil surface as radiation penetration elevated

the substrate tempe:ét e {(though still er continuous snow c.over)‘.

These "closed" momeluaccentuated the meltmg" process,

resulting in the rapid fommation of "open" snowmelt craters as the snow
YA T
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Le s

surface was breached. In ‘the early morning, under 25 am sno.r_macc:r_y;__e..'.'.m e

R.superficiale thalli temperatures remained at 0 'C. With development of

- surface heating the "closed" snowmelt pockets formed in which

R.superficiale thalli show small bt significant temperature elevation.

"With further melting of the pockets and final collapse of the snow "roof™

there was a substantial increase in thallus temperatures, thalli .within
the large "open" pockets reaching .20 "C while still hydrated from the
surround ing snéw margins. |

By Juli; 10, mid-summer thunderstorm activity was cammon. A
typical data set showing periods of low radiation levels during each
shower period alternating with high radiation corditions is give'x__in Fig.
38. Thallus temperatures closely paralleled the pattern of inccming.‘
short wave radiation, resulting in the exposure of hydrated thalli to
high temperature and 1igh£ levels over repeated- short bursts. The
correspording rock thefmal profile (Fig. 39b) showed a classical
danpening of temperature fluctuations with depth, marked temperature
inversions developing during s“rt precipitation periods.

‘Under high radiation conditions there was a rema.rk,able
temperature profile developed below 15 an. On July 5 strong surface
heating occurred under continuous full radiation cor;iitions, with thélli
air dry throughout tﬁe exper imental period. The camplete air, surface
and rock profiles are shown sequentially in -E‘ig. 40 and effectively
summar ize the thermal events under maximum radiation corditions. In
early morning a strorg temperature inversion was evident, with the rock

sur face/ R.superficiale interface showing the lowest absolute temperature
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in the profile. Strong surface heating developed through the morning
until by 1400 hours a temperature profile of over 20 "C had developed.

By 1800 hours declining solar angle had diminished short wave radiation

in_put and the temperatures of the black U.krascheninnikovii thalli were

mow slightly higher than those of the yellow R.superfir@e thalli. By

2300 a full temperature inversion has been re-established with continued

s
p

long. vave_heat loss. e

This was exanmined experimentally on July 8th under windy (25 km

/

h"l), but virtually cloudless corditfons when the highe:st temperatures of‘_

the summer field perigd were recorded. Thallus temperatures reached 35
"C briefly, a 20 degree differential above air temperature, but remained
above 30 'C throughout a four hour period around s;:olar moon (Fig. 4l1).
The concufrent profile develomment in the undérlying rock. substratum
showed an equivalent response (E‘ig.‘ 3%9a), with a maximum .temperature of.
29 'C recorded at 8 an in depth. At 1300 hours one thermopile monitoring

temperature of an air dry R.superficiale colony was sheltered with wind

screening, yet without reducing incaming short wave radiation. Thallus
temperatures climbed steeply, reaching 45 °C in just over 1 hour .
Removal of the shelter arid the re-establishment of convective cool ing
quickly returned the thallus to the temperatures of surrounding

" unshielded replicates (Fig. 41).

s/
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Fiqure 34
A) Energy Flux Density (W m-_z) for May 17, 1980. Bottom:

~ Air temperature at 2 m% Q), Rsuperficiale thallus temperatures

(@). Plotted fram 15 minute averages. B) As aboveé; but for May 18,
1980. Time alony the x-axis is expressed in hours Mountain
3
 Standard Time (M.S.T.). .
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Figure 35

A) Energy Flux Density (Wm %) for’May 23, 1980. Bottom:

Alr temperature at 2m (O), R.superficiale thallus temperatures
(®). Plotted from 15 minute averages. Mote that arrow denotes .

time at which mean R.superficiale relative moisture content fell

belaw 25%. B) As above, but for May 22, 1980. Time along the

x-axis is expressed in howrs Mountsin Standard Time (M.S.T.).
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E‘iguré 36 -
15 minute temperature averages for May 22, 1980.

R.superficiale thallus temperatures (&), U.krascheninnikovii

thallus temperatures (@), -air temperature at 2 m (Q). Arrow

dendtes time at which afternoon shower activity commenced. Time
along the x-axis is expressed in hours Mountain Standard Time
“(M.S5.T.).
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: Figure 37

Fram top: A) Light Intensity (uE m:z s-k1 PAR) for May 28,

1980. B) R.superficiale thallus temperatures at center of large 30

an "open" snomelt pocket (0); R.superficiale thallus tanpera e

at center of small 10 am “open" snowmel £ pocket (QO): Fﬁck
temperature profile under small "open" snowmel t pocket at 2 an

(@), 4 om (A), and B8 om (l) depth; Air temperatureat 2mhelght

{a). c) R.swperficiale thallus temperature under 20 am snow (O);

Rock temperature profile uxder 20 cm snow at 2 cm (@) and 4 cmn

(a) depth; Air temperature at 2 m height (a). D) R.superficiale

thallus temperature in "closed" snowmelt pocket under 15 am of snow -

{Q); Air temperature at Zm (A). All values plotted from 15

» . 3 3 -———m—
minute averages. Time along the x-axis is expressed in hours

. i

Mountain Standard Time (M.S5.T.).
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Figure 38

.Fram top: A) Energy Flux Density-:(w m ) for July 10,.-1980, L.
Pra1r1e Bluff B) R. superflcmle thallus. tanperature ay; Air - &

‘ tenperature at 2 m he1g-ht (O). All values 15 minute averages. I
R.superficiale thallus percent.mo:.sture conbent_by'helght-'(absqlug:_e ‘;_'"":j' Yo ‘
values] (@). SEM denoted by bars. 'I‘une a‘Lon; the x-axis.is " )
expressed in hours Muntain Standard Time (M.S.T ). _ =

) - . 5 -
4 T
/ ~
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Figure 39’ ST
A) 15 minute tzmperature averages for July 8, 1980, Prairie, '

Bluff. R.swerficiale thallus temperatures (O), Rock temperature

pro%:tle at 2 an (a), 4 cn (®) and 8 an (0O) depth. B) As above, :
but for July 10, 1980. All values plottea f.rcm 15 mmute averages.

'1‘1me along the x-axis is expressed in hours Mauntam Standard Time
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Figure 40 o : *\ |
The temperature profile for Pralrle Bluff on July 5, 1980,
for 0600, 0700, 1000, 1400, 1800 and 2300 hours (M.S.T.). Profile
measngnel'lt pdints,_ fr.‘om top to bottom as follows: 1) Ai-rh
tanperatth:e at 200 an; 2) Air temperature at 100 cm; 3) Air
‘temperature at 15 an; 4) Alr temperature at 2 am; 5)

U. kraschenmmkovn thallns temperature, 6) R superf1c1a1e thallus

temperatme, "7} Rock temperature at 2 om depth below surface, 8)

Rock temperatures at 4 an depth; and 9) Rock temperature at 8 an’

depth. 'I‘:.me along the x-axis is expressed in hours Mountain

Standard Time (M S T. )
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Figure 41

Top: Energy Flux Density (W m'z) for July 8, 1980, Prairie

‘Bluff.  Middle: Air temperature at 2 m {(thin line); R.S@érficiale

thallus temperature (thiék line)'. . Bottom: -R.superficiale thallus

temperat\.jes"mﬂer romal exposure (thick 1iné3 and shelterea by

windscreen for one hour (thin line). Time along the x-axis is

expressed Jin hours Mountain Standard Time "(M.S.T.}. ‘ -
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(3.3.2) The Grassland Enviromment

A typical sequence of temperatures, hat can accanpan a-‘-winter
. show—deposi tlon/ Chindok snomelt pericd ig gJ.ven 1n Fig. 42. \The data
set starts on Dec 16 under anook cond:.tmns, .mth both air

C.trachyphylla thalli temperatures exceeding 15 °C. 'I‘he re-est

-, of cold continental air masses over the site on Dec. 17 resulted in a
rapid temperature drop, air temperatures falling below ~20 *C, while

C.trachyphylla thalli under a fresh snowcover hovered near -10 °C.

Return of warmer marlt:me a1r to ground level on Dec. 24 and agam Dec.
26 resulted in an mne:hate rise of amb1ent a1r t.emperatures. However,
thallus tanperatures showed a much slower rate of 1ncrease over the melt
perlod. Showmel t pockets over the exposed rldge crests occupled by -

C. trachyphylla developed sllghtly en Dec 24 and by Dec 26 thalli were

all largely exposed tbough st111 hydrated frcm surround ing snow margms

{Illustrated. in Plate ). 'Ihe mow depths glven in Flg. 42 refer to-

- average values from the surroundmg grassland depths over C. trachyphylla

thall:. typlcally-bemg less then tho.se shown. A more deta'lled

examination of the periods Dec. 22 to 23 3nd Dec.,25 to 26 is presented

“in Fig. 43, iﬁcluding thalli temperatures of both C.trachyphylla end
N.cammune &s well as air temperatiré at 2 m. Under cold corditions, the
_thalli of N.cammne rémained considerably warmer than those of

_ C.Itrachybhylla, their deeper snowpack providing greater insulation.

. However under melt corditions, the _grearer insularion afforded N.camune

':L;
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. considerably delayed snowmelt pocket establishment. Thus throughout most

of Dec. 26 C.trachyphylla thalli were fully hyd rated andHnembolically

active, whilst N.commne thalli remaindd frozen beneath the snow surface. -

-

A . .
Data from a further snowmelt period, this time in mid-March is presented

in Fig. 44. 2gain, prior to snowmelt substantial insulation was provided

0y

by the subnivean enviromment.-ggrge elt pockets developed quickly
’ . s
upon the establishment of Chinook conditions, the higher incaming sofa{

- .- . . '\
\*'_ Lelux ofgarly s‘pring allowing' rapid elevation of surface temperatures.

—

Again thalli of N.cammune. show ge,lafed mel ting under deepelr\ SowW cover .
oA ' However orce exposad, t'l}eir black coloura):ion and more sheltered posi tion
‘ allows ‘higher temperature exttanas to be reached. The pattern of
"nitrogenase activity followed over’t‘nis Deriod‘ for N.comune is shown in

~ F1g 45., both under natural f1eld tanperatm:e and 111un1nat10n levels

and at 20 "C and 200 uE m -2 s—l PAR for destxuctlvely sampled repllcates.

RS CH, reduction assays on snowmelt Day 1 (under. controlled conditions)'

" found levels of %42 mmol C.H, rng_l h-l, tising to near 1.1 mmol CZH'4

. mg_l bt after 7 hours exposure. Field activity‘ under natural corditions

was lower, only reaching 0.9 mol CZH4 rng -1 _1 by thé end of'Day 1.
Nitrogenasd® activity was not detected whilst the thalli were frozen, but
was detectable immediately upon thamng Day 2, when f:eld rates reaching

o 0.8 mmol CH, mg St while laboratory rates reached I.2 mmol C, m oL

nL. Nitrogenase activity declined on Day 3 as surface drymg\»proceeded. '
Measured temperature, moisture, hydz:atmn and nitrogenase
N : act1v1ty igp N.cammune ccmmme over the pericd May: 28 to June 25, 1982 are shown

N . in E‘1g_s. 46 to 48. Several points of interest anerge. Urﬁ__er full,
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radiation corditions .the mean temperature of the black N.cammine thalli

frequently exceeded 55 °C, with diurnal fluctuations exceedmg 50 *C

.

_not bemg umncamon (eg. the morning of May 31). A marked dlurnal

fluctuation in the moisture content of N.cammune was also moted, even in

) abseﬁce of dewfall or precipitation, as the thalli rehydrated af-er

extreme midday dessication throughout the cooler relatively more humid

nights {eg. May 31 to June 2).  However mo C2H2 reduction was noted,
except after direct precipitation or dewfall corx:fehsation periods.

Following wetting N.cammne thalli quickly reached over 1500% moisture

- content; drying relatively slowly thereafter. For example, on June 8

thalli of N.ccmnune ’required nearly 8 hours under full radiation

‘conditions to fall from saturation to air dry moisture levels (at ca.

1% hours) . In contrast, thalli of C. trachyphylla were fully air-dry.
by 0900 hours (Fig. 49), each having been brouwght to satu::atlon the

prevmus mght. Marked diurnal petterns of mtrogenase act1v1ty were

'__noted m N.cammune. From June 4th to the Bth mldday max ima“of up to 4.7
_ rmol C2‘H4 mg lrh_l were rt_aached, wlthrrates declming grac'lually

e throughout™ the night ‘until sunrise, when rates again rose rapidly.

The instantaneous rates of nitrogenase activity ih Figs. 46 and ..
47 are summmarized in ctmulativre form in E‘icj 48, Chmulatlve nltrogenase,

act1v1ty over the period May 28 to June 28, 1982 exceeded 350 mols C2H4

L mg dry ualght , or over 80 mg N m 2 (using a 3:1 ratio C2H2 reduced to
: N2 flxec'i .See Section 2.3. l) in localized microsites with high surface -
"density of N.cammune. /

Rainfall frequency and intensity over the sumer field study
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H

pei'iod are also given in Fig. 48. The xrecipiltation on Hay 26 to 28 and
June 5 to 7 resulted from major syoptic storm centers, wiile other
rainfall events were largely due to localized thyndershouer agtivity.
Mornings with dewfall deposition, as evidenced both by visible
condensation on equipment and foliage, to_g.e.ther with an early morning
risé- in N.ccomune thallus moi.':zture content in the absence of
precipitation events are given in Taple"(: It is noteworthy that 5 out
of 12 deufal'l peridds had‘been preceeded the ;revidi.m day by rainfall.
However only on June 8 and 17 was there any substantial carry-over of
thallus moisture content in N.commne. Max imum thalli moistwe‘levels »
resulting from dewfall co.‘ndensation were usually recorded around 0600
hous, followed by a peak of C2H2 reduction, several houra-later. The .
rapidity of drying aftert deyaféll hydration ‘was influenced by surface
microtopography, those thalli which remained sha@gd longes't being the
last to dry out.. Frost on the mornings of May 30.‘- 31 and June 8 melted
soon after sunrise and did not effect subsequent nitrogenase aétivi‘t}}.
Nitrogenase activity was QUite var.iélble.. depend—ing on the intensit); of
dewfall condensation and thallus hydra?ion. Oy June 14, althouwgh thallil
were slightly wetted by dewfall condensation, moisture levels failed to

rise to a level sufficient to allow the onset of detectable nitrogenase

a weight to an)area basis are given in Flg. 51. The cover values reflect .

the patchy natjure of ther distribution of N.cammwune, ranging from near 0

-2 2

to over éﬂ gm -, resulting in a‘mean cover value of 4.3 gm .



_For exanpleg June 8 N.commune remains hydrated for twice as long as/

~ . ) . . '102 r “
aﬁ . * . - ‘ /J
The repeated destructive sampling required for accurate thallus °

moisture content determination in C.trachyphylla severély restricted the ..

-

nunber of periods over which thi's parameter could be follo\ed. ‘The -~
11rn1ted data available (Table 8, F1g 49) strongly suggest that in sumer _

J
thallJ. of C.trachyphylla experlence only resticted metabolic ac’c1v1ty -

- . '\

""“C'.trachyphylla.‘ Fapid drying of C.trachyphylla.follawing shover xtﬁlty'

bas also docunented on June 5> and 16 (Table 8), N.commune again retammg' '

thalli moisture for a much lorger pericd. Qlearly the colloidal nature

of N.cammune enables conéiderable moisture retention, well after thalli

of C.trachyphylla are campletely dessicated. The thermal regimes of

-

C.trachyphvlla and N.cammune also differ considerably in summer months.‘

Thalli of C. trachyphylla typically remam much, cooler well into the

midday period and conversely much warmer through the nlght than do thalll
RN
of N.commme (Fig. 50). Further the thalli of N.ccm:mme_sferlence much |

- , .
higher temperature extremes, both midday maxima and nightime minima.

This contrast between the crustaceous surface cryptogam C.tr"acl{lyphylla

So— - 3 v
N.cammne is opposite in pattern to that of R.subew€iciale™:
. lj ] . .
.krascheninnikovii. However, C.trachyphylla and N.cammune are not

mmedlately ad]acent, the C. tracjphylla thglll bemg located on slightly.

h:Lgher rock slabs as outlmed gbave.

P
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oy, Tablo.7. ;n__:m zo_.»#:_.a n_u:»mi and res _341‘ ::..omc:amo activity Azao_m Omza mg _:l_

:o.\ 28 to June Nm- _ﬁ

) lw N n une .__E._:m morning dewfall va_._oﬂ_m from

C “
. , .. ' ’ Daposttlon Maxhefim epos [tlon Perlod " MaxImum Nltrogenase >m+_<_?\. Per [od :
L . s ©__Type - , . % Molsture Content . ) Moisture ‘Content _»04@? Pravlous Io_m+=1mm.
o cmu&_.. . ’ frost.or Dew. Time HI Mean Time HI - Mean .- . Content
. May 30 © - F 0600 280 68 " o830 235 . 62 304 - . 25
31 v F . 0700 80 47 - 083% 70 38 18 ' 12
", . Juno B Foo 0500 1168 52 - 10bo . da0 836 . 2836 ~ 990
. 5 . B I 0600 294 .«° 95 : 1100 185 60 1857 81
. ‘1o D 0530 219 - 103 L 0900 80 60 955 . 38
o : D . 0600 - .:. R * 0900 - 69 51 52 L 27
12 . D . 0500 - L 57 0830 90 25 108"~ - BT R
) . 14 . .. .0 0600 | /al 35 No detectable mn+_<_+< . . 12 . _ﬁ
} 15, “ D o600 _ 3 "o " oeoo - 54 8. 300 5
. . i7. . . D : ‘0530 ._oqu N Lo 1000 . 51%F 83 2345, : 127
. T __On ) 0 ‘ 0600 62 7 N ' om.oo. . 40 16 - 10 ... ' 8
AP 9 o700 118 . 10 /f 0800~ 113 97 _mm S
a_..o*om E.on_u_::o: ualo% n_E.__._m previous 'dey.. e . ) ot . . o . .
AR > za+m Innmols CH g h . Mean <u_co :..oa 8- repllcate Incubations. f N : . ) N
.\.. T . 2 4 . - - 0" W . . . “ . .
A B, a zo“ug; Content at 2100 hours E.me._o:m evening. ‘Mean of 6 determinations, : T ) .
fe T K ' . s v - v ’ s ~ s.r
. . ' . . . R . i . 1 .
. i . ... A . ._ o ) N . . - . . _ . . - ..,... .
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Tabla.a. Comparative tha!lus moisture content of Caloplaca trachyphyla
and Nostoc commune.

DATE  TIME

THALLUS MOiSTURE CONTENT SYNOPSI'S

‘ﬁ.rll solar Insol- e (-
’ \

A

{2 of oven dry weight)
) . trachyphylla N. communs
June 5 1700 ... 75 1100 Overcast, |ight
' 1900 a7 1089 Coo! and windy.
. : ]
June 9 . 2300 B 103 Clear skles.
R . .
» -lp )
June 10 080 12 98 “Morning dewfall,
00 17. 99
) 0830 12 o ) atlon conditlions, -
»
- 70900 9. &0
Joo 3 _ a5
. % . .
. "™ lure 12 ..030 9, 57 As June 10. 7 -
' s 053 9 49
. ™ a0 7" 47
0630 8: a4
. I o0 7 39
: ' 073 7" 33"
- 0800 6 25
0900 1: 16 -
*
1000 1 8
/— © . June 1§ 09D 69 1 Morning showers.
. 1100 .95 1091 7
1200 59 5 - Clearing skies,
. 1300 46 7
1330 36. 4\10
1400 14' 15
) - 14D s, &0
W 1530 L / 3
e / -
&_ Thaltus molsture content below threshold of CO, gas exchange (c.a.
S\ 15% for C.trachyphyllaand 40% for N, commune). _
) ' - ™ S
LY
rl . = ~ a2
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g . v o ‘Figu'x:e43

Top: Thallus temperature for N.cammne (Line 3) and

/T_ . C.trachyphylla (Line B) and air temperature at 2 m (Line C)} for the

_period Dec. 25 to 26, 1981, Pearce, Alberta. Bottom: As above, but
for Dec. 22 to 23, ]_.981.
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Top Energy. Flux Dens:tty (W m2) for March 22 to 23, -1982,
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i’arch 20 to 22, 1982, Pearce, ‘Albert:é.-- From top: A) N'itrégmase-

’repllcates. Standard error of the mean less than 0 S rmol CZH4 mg
iy
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Figure 45
Patt'ernr of nitrogenase activity in' N.cammune and
envirormental parameters over the Chinook snowmelt sequence of
‘ . <

‘act1v1ty (rmol C2H4 Loyl measured wnder field, corditions of

) _1lght, temperature and moisture (O) . contxasted wltl';experunmtal

-2 -1

'rates at 20 °C and 200 uE m - s PAR (.) for Ereshly collected

l .

'n . B) Radla.nt Energy Flux Density. ‘- Air temperature at 2 m

. ' and N.ccrrtmme thallus temperatugasr D) Percent relatwe moxsture

coni:ent by mlght for exper imental’ repl 1cates (|:1)
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. - E‘icjure’46
‘From top:  A) Radiant Energy Flux Density (Wm °) for May-
28 to June rll, 1982, Bearce, Klberta; B) N.camune ﬁnllus
temperatures and air temperature at' 2 m;, C) N.commune thallus
moisture content expressed on both logérit;hnic (L-1000) and linear
) (0-2000) scales; and D) nitrogenase activity rneas‘ui:ed under ambient
temperature, moisture and light éorﬁitions. Each point is the mean o

of 8 to 12 replicates (houfly) , SEM under 0.1 r:mo];l CH, mg'l ‘h"'l.
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-for Fig. 46, but for the period

v

Figure 47

- -"li| -
June 11 to 25, 1982, .
R . ’___—
$ - S -

Y v
an .. \.. )
8



. -
e .
‘.
-
. -
-
-\
-
PRI
‘J/.A
-
.
-

B CONTENTBY

RO NITROGENASE 'WEIGHT (%]

ACTVITY .. .

mg -1 hf‘} ..

oooL
1 dosL

: ) =]

MOISTURE

(°C)

N
o

TEMPERATURE

10¢

DENSITY
WMy

0
0

B ENERﬁ FLUX

10

— 0001

Z86L '9Z-LL ANNP

i



Figue 48 ' o 4
" The pattern of nitrogenase activity end precipitation
_events for May 28 to J.me 28, 1982. Pearce. Alberta From Topy
Rainfall (am) per 28 hour period (trace amownts denoted by %);
mex imun rate of nij:rcgen_ase activity in replicate set inctbated .
wder ambient-temperature, light and moisture canditions: and
- 'cLinulative n'itrcgenase._activ.ity Auith A) max imum, B) mean ."anci C)
minimun values ﬁ"om each set of field incuwations expressed
Results are plotted in both nmols C2H13 mg -1 ang mg N m 2. the N
"..lat!ter over 2 scales, 0- 90 (at a density of‘ 23 9 g m 2) and 0-16 -
).

mg Nm =2 (at a. density of 4:3 g m Results in mg Nm -2 assumé a -

3'1 ratio Czﬂu evolved peI‘ mole N2 rediced. ' N )

¥



' PGEél PITATION

NITROGENASE ACTIVITY

nmols C,Hy mg™!

nmols CoH, mg~ h*

em

10

©.01

350

300

250

150

100

/!
5
:2.5
1*1- ML JENERE Y N T LRI 1 JENARY Ot N NI FIE JE
’ : &

'l"'.’ill"’.l""',"Llllllllll'0-0

28 1 . b 10 15:‘ 20 4B #
" MAY 28 - JUNE 28,1982 . .




£ solar radiation, temperatureand thallus

Radiant Energy F1 nsity (Wm 2); and}a) N.cammme (thick line)

and C.trachyphylla (thin line) thallus temperatures; and C)'

N.cammine (thick line) and C.trachyphylla (thin line) thallus
Y\

Woisture contents by weight. Arrows }ienotb time at which thallus

meisture contents fél\Lbelw thresebéld values at which continued
’ v ’ : .

(202 gas exchange is usually detectabl®- (See tions 4.3 and .

cooa .
4.4.1)- A
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Figure 50

The mttern of N, N.cammune (thick line) and C.trachyphylla

Pearce, Alberta.

(thin line) thallus tanperatmhgv !“Bz>28 to June 24, 1982,

a
.
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figuré 51

oo : LN ,
. The frequéncy distribution of N.cammine biomass in

 Stipe-Bouteloa grassland over 1 g class intervals. Biomass

determinations (g oven dry weight) are from desﬁrmtive..sagpling,

within 41 randamly placed 1 m2 Aquadrai:s. Mean cover equals 4.3 g. ¢ .

m 2, while high and low valuves were respectively 23.94 and Ol g
—2 i » N - .. - - .
m -
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Section‘4.«”"q_ N L . o f

" DISCUSSION .

',_\‘ . - A(4.1) The Pattern of Gas Exchange in R. superf1c1ale\ L

. in Conbext of the Phys:.cal E‘nvuommt . . S Too.

r : . . “ . |‘ -
? B *

WL Maximal rates of net gixotosqus in R. superf1c1ale were seen

d. . " between 0 and 10 °C , with the tanperatm;e ccmpensatlon point being.
reached nea; to 28 _C"‘(E‘i\g. 9. This temperature optimum is similar to
those of a wide range of .ot'her alpine lichens, including: Cladonia

“elongata, C.alcicornus, Sf:ereocaulon alpinum, [ethafia vuipina, Parmel ia

. . Vd
encausta (Lange, 1965), ‘Alegbpria ochroleuca, Thamnolia vermicularis,

~ .Cetraria cucullata, C.islandica, and C.ericitorum (Turk, 1981). Hqally

© many arc¢tic lichens suct; as: Cetraria nivalis, Parmelia olivacea, - -

Nephroma arcticum, and Solorina crocea (Kallio and Heinonen, 1971;

L)

‘ llio, 1973), and entarctjc’ species, for ex:mple, Parmel ia coreyi B
. Y N \ -
" {Langeys % . Beullia igida (I..ange and Kappen, 1972) ard Xanthoria
wsb_fgl (Gannutz, 1 é’&}{ s‘now a,§n\11ar low temperatuxe ogt:.ma of net

y, .
photosynthes15. The” optlmal\rates o\f otosynthes1s observed here in . »

“R. superf;cmle agree/well ?ht‘ﬁose given by Ried (1960) for alpine

populations of R.geographicum in fo(j&d fourd rates of net

i & , ~ . R
. photosynthesis ranging frot 0.3'§ t0-1r._/(trnean*9.73) mg CO..2 ht g 1.

ﬁioaever, oniy summer nﬁ\erial was examined and experimental’ pretreatment

and storage cordltmns wat’e not detailed. ﬂ“t:mmon«mth most of

L4
3 K‘ - above mentioned species, R.superf1c1ale sh a general trend towards . /
- - ' .
~ ’ e ' . -
f‘_ . v + = ~ v . I-—-‘{ -t
- ‘ ’ (T . ) 7 i . : ’
‘ o . .
' - 'r\ . \}\"‘ » . \_’ -



lower net Ehotosynthetic tanp.erarme ‘eptima at lcwer'light intensities.
? This stems largely fram the marked temperature dependmcy of resplratlod,
a’ response cammon to most surface cryptogams. Although Turk (1981)
. regards this trend towards higher llght ccmpensatlon pomts at hzgher
L “ temperatures as an adaptatlon to cool-tanperature and lw—llght ’
condltmns, the relatmnshlp is so mdespread ‘that any adaptlve ’
develognmt relatwe to a spec1f1c habltat is questlonable. This concept\
should ot be confused with the specific adaptatlons to low lzght '
intensities found in some surface cryptoc_!ans and free living algae (See
Section 4.2.1). C |

. i . - . -
LY f

The most striking feature of the physical operating enviroment

of R.superficiale is irs dynamic natwre. During the wiruter months the g
alternating in;ﬂuence of .{\rdtic continental and Pacific maritime air
masses results in repeated srnow deposi tion/snoumel t sequences over the
southern Alberta frongal mountain ranges. Overmrdmnter Chinook -
snounelt pericds the temperature of\ftily hydrated thalli of

‘R superficiale can exceed 5°'C, as observed during Decembe} 1979

collectlons on 'I‘able Mtn.. Under the higher radiation comditions of late
spring hydrated thalli temperatures exceed 20 °C during snowmelt perlods
(Fig. 37). EPing these periods sunfleck activity and, the diurnal

. R . ‘
temperature wave can act in concert to produce even hourly freeze thaw

n }idwinter particularly, hydrated thalli can within t?ours

~30 degree C. A contributing f%to t,%severlty

e(’"}r{\f:anperature fluctuations ex&rlenced by R.superficiale is the\ /1
)

lack of submvean msulatmn afforded thalli on*theu‘typmally windswept v
[

rest habitats (F1g 2) . Larson (1979) suggested that for the rldge

-~

crest surface cryptogams of arctic tundra, ing Snowmelt permd > 7
- » .

;
1 i .
., ﬁ“\/\ -
Al
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might weil represent the major periodfof carbon géin. In R.superficiale,

H‘ith snownelt providing thallm hydyation in all months of the year this

hypothesis -assumes an even greater ignificance.

During maﬂor stom per%ods R.superficiale thalli temperatures
remain quitello-w. genérally clo.:e to air tmmrat&e {(Fig. 35). _'Ihis' is
in agreement %microcl;mate data of Tegler ancj Kershaw (1980) and '
Kershaw and Watson (1983) for nbyf\ern poreal 3ites. I-b\e'xr. ;ven short
amny break; betl;een precipitation periods result in dramatic t.emperatm"e'

elevatian, Fleld miroclimate data indicates that the thalli of

R.s@wficiaie can remain hydrated at levels sufficient for metabolic

aite means that repeated cycles of thal

drylng under full radiation c_oncii i

v\ity for several hours after rainfall cessation_ (Flg. 38). The high

frequency of c_onve;:tive shower activity observed over the alpine study

wetting, f‘ollouad by gradual

s and High temperature are a very

* cogmon occurence for ﬁ.superficiale thalli (Fig. 35).

) : N
It i3 also evident from the field microclimate data that the

thallus temperature of R.superficiale growing closely adpressed to the

2
rock surface -can be significantly higher than that of adjacent foliose

“sur face cryptogams projecting further above the boundary layer zone.

[N

S B ) _
This can be seen i{‘canpa’rison of R.superficiale with U.krascheninnikovil

‘thallus temperatures (Fig 6 afd 40), Ev wh Eﬁgni of

L
!

‘U.krascheninnikovii are much darker in colowr than thoqé of

7

.R.(:/L;perfiéiale they are consistently qgoler wnder higﬁ radiation \
~/ ' '

. : N
conditions, a pattern opposite to that farg;:licted by Kershaw (1975a) for
™ — . '

1:Lght versus dark coloured thalli. Thesé temperatwe}ifferences likely
reflect the resistance of Tatill (ir( in the bomdarw)
T

of sensible heat fluxes., 1In an analagous way ‘the tranafer of latent heat

r to the transfer

T

¥

T
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- from a hydrated thallus is similarly mpeded by boundar.y layer

. corﬂ1t1ons.

.
A further potentlal adﬁntag\e p:ov1ded by the closkly adpressed :

mr;hology of R.superflmale thalll is the improved moisture r®tention

Y

after hydration'periods. thxou;h the equ/ﬁbrum with the subserface

moisture reserves of the porous sedimentary rock. The water content held

by the argxl%gtm substratum reéc:hes ca, 1.4 % by wmght at saturation
(Flg 3b) , a value tugher than that -that docunehted by Kappen et al.
(1981) .for antarctlc andstones colonized by cryptomdolithic lichens,

where the k substrate provides the major protection from ‘desiccation..

evaporation from free ua_ter surfaces (Fig. 3c) . This suggests that under

field comditions of lower air temperature and hlt‘;-her hmidity
- ‘ . R ‘
R.superficialg thalli adpressed to argilitic slabs of many tons in size,

examination, such a

would exper ience attenuated drying cycles, relative to tha\lli of

noh-crustaceous surface cryptogams. . / L4

- ‘I“ne kurtosis of the temperature ;esponse curve in R.superficiale

differs con51derably in fom from those of the other ‘Specles mentloned

above (E‘lg 9). Instead of’a typlcally bell shaped response curve, there

was yirtuall.y no change in net photosynthetic rates from 1 up to 21 ‘C,.
the curve being ‘plat{urtic inl'form (Ferguson,J 1976) . Q'l-first
broad range of response would seem anomalous in the
é:oqtexti of general trends shown by alpine tundra species. However,
closer examination of the specific thermal opgﬁating enviromment
L}

expgl ienced by R.superficiale reveals that only during major stom

L
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 periods does R.superficiale experience the stereotypic alpine climate, CA '

ie. cold and vet. The extreme thermal fluctuatidns experienced. by

_hydrated R. s;peéflcmle thalli are probably a major factpr in the brea:]th

of the Ntheuc temperature response{curve. Thus the

-photosynthetic ieéﬁnnse 'mat:rix does indeed represent an -adaptation to the

alpine tundra envu:orment, cov'relatmg well with the breadth of boundary

~ layer temperature ﬂuctuatlons documented.

4

‘As in C.trachyphylla and many.ot‘her cryptogamic specvi
to

R.supesficiale shows a sharp peak of net photosynthesis relati

thallus moisture content at between 40.to 60 percent moisture content by

- ]
wefight. Both Snelgar et al. (1981.3, b) and Lange ‘and Tenhunen (1981)

ammed this [.'henomma m(a range of lichen species. They

transpol¥ resistance to diffusive passagé of (0, through the surface

2
sater films|and water filled internal spaces of the lichen thalli. The

thick uppef cqrtex of R.superficiale and .other crustaceous surface
. b '

, whilst providing frotection for the phyccobiont from both
iation and excessive desiccation (Runemark, i956; ‘Rundel, 1978;
MacFarlane, 1980)., also creates a high internal resistance to
C0, diffusion when fully saturated. - Similarly, Shelgar et al. (1980) -

found that in finely branched epiphytic lichéps from tropical mist

' forests, no such depression of net photosynthesm was evident at full

thallus saturatl_on, diffusive re51stances bemg lower through their
thinner fungal cortex. Byually specialized gas exchange structures,

ranging from pseudocyphellae to pores and oortical cracks can gro;ide
o { g

 increased acce®® of 0, in other surface cryptogams (Hafﬁl) .

The response of respiration in R.superficiale hanging thallus

A \’ - »
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“t
moisture content is very similar to thati doctumented fot Peltigéera.

polydactyla and P.praetextata by Rershaw (1977a, b). At lo'a-v«

temperatures,. resp:.ratlon rates remain constant as\ thallus momture

content declines mtil very low levels are reached. Wlth mcreasmg
t:emperature levels respiration rates show an almost proportlonal change .

with thallus moisture content. A slight trend. toward mcreased

respiration is seen in the winter collect:.ons of R. sq:erflc:ale,' This

‘may reflect in part a "mnter-hardenmg" of physmloglca.l Processes, as

seen in the increased winter respiration rates in unbi?icaria deusta and
|- : Y
U.mamulata {(Larson, 1980). However, in other surface cryptogams a winter-
\ .
hardened state is variously accampanied by decreasing respirations rates,

as in U.vellrfjard Cladonia rangiferina (Larson,l1980; Teglér and Kershaw,

1980), or np change in rates, as seen in P. polydactyla and U.papulosa

(Kershavg, 1977a; Larson, 1980). Interpretation of these changes in

»

context of their adaptive significance remains obscure at present?i"

The pattern of: response to 1igh3 in R.superficiale is interesting

- \ =
in that saturation of net photosynthe‘ﬁl does not occur until ca. 900 uE \

2 s eag. Typical light intensitids uwnder even overcast field

corditions often reach 600 uE md2 s_l PAR, whilst hydrated R.superficiale
. . d

thalli are frequently exposed to over 2000 uE m 2 st PAR. A high light

. ?

saturation point would be expected from these values, althouéh the ac:tu.al -
liglzt intensities at the chloroplast ];evel’ may be com$Tlerably lower due
to écreening by the highly pigmentad upper cor:te:;: (Runemark, 1956).
Pigmentation in crustaceous surface cryptogans is widely regarded as

protecting the phycobiont against ‘irradiation damage (Kappen, 1973),

particularly in alpine envirorments where a high ultra—-vmleb*cmponent ﬁ_,;
X P
}f present (Bllhngs and r*boney, 1968) . ré .
N - ] =~ o J‘.
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R The factorjl data. set\closest in pattern to that of

B. suoerf1c1a.le is that rec:orded for Collama fuz:furaceun in subarctic

4 —

queal ‘forest of Northérn Ontario {Kershaw and MacFarlane, 1982). It

a also shows a broad patterr; of temperature response with little seasonal

‘variation.  In contx?st to R;'smerficiale it's physical envirorment is

quite stable, being' locéted on shade:i ‘morth facing Populus balmmifera

- L]

i tree trmks where 1ts thallus temperatures closely follows that of

., =

anblent alr. The fol:.ose lxchen Parmella dljlmnta, cammon on exposed

) rocky outcrops-of lw arctlc erwuorments, also shows a response pattern

-~ .
r.plte sm11ar to that:-of R.superflcxale.l Over most of the year, it shows

a temperature opt:u‘nun of about 7 °C and a te:uperature canpensatlon pomt
. at ab_out 28 °C. However, over the midsumber permd P.disjuncta s:hows

marked increases in max imum’ thpsynthetic rates (P__ ) at high ﬁght

levels and moderate fo higﬁ-:‘:anpei:atures. nfortunately the thermal

operating enviromm of this lichen has only been documented while dry

e iation conditions and during major precipitation- pericds. °
tance of snowmelt periods and con@eeﬁve sbower/activ‘ity toL

1 carbon gain in P.dig’uncjta ramaining wnknown. Ro;:se {1982) not:eslf\i
that cor_lv.ective showers occur;..frér%ently in mid?_mner over the coasﬁal
ridges on which P.digjuncta{" 1s located. Thus the rapid fluctuations in

temperature typical of R.'supérficiale's habitat may also play a role in
Y

" the ecolagy of P.disjuncta. The major immediate difference between th\eir

enviroments is that P.®isjuncta remains snow covered over the winter
e /7 .
perl'tod, whilst R.superficiale experiences frequent melt corditions. It

is interesting to mﬁe t the beach ridge lichens Alectoria_ochroleuca \

S

-and Cetraria nivalis, whiTh experience corditions similar to that of

Pdisjuncta, also show mi ci hanges at higher temperature
o Badisi '\ds\ pacity chang g pe 7

P S
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e
(Larson and Kershaw, 1975c, d). The above noted seasonal changes in P

v

have been referred to as examples of photosynthetic acclimation, as they

ax

alldw continued homeostasis of carbon gain over seasonal periods o
(Kershaw, 1977a, b; Larson, 1980; Turk, 1981). In light of the

widespread nature of fthe- seasonal changes in Pmax in these low arctici
surface cryptogams, lar and Kershaw (1975a) suggested that acclimatory

changes wuld prowe common/ in other extreme enviroments. The constancy

of seasonal respon .3uperficlale does not substantiate this

premise., Instead, a case by case comparison of physiology relative to
; .physic‘al operating envir ent appears to bg neces_sary for the '
interpretation of operating stra'té_gies‘_.‘ This comparison is discussed
further in Section 4. 2'.‘ ‘

mr’?ég periods of thallus hydration a major avenue of heat

dissipation for R.super'ficfale is throwh 1atept heat‘loss. following the
partitioning 'of‘ net radiation (Q') into latent (LE), sensible (H) and
‘condwctive (G) heat terms according to the equation:
Q¥ = LE +H + G 1

However, when thalli are dry only G and H are available as avenues of
heat loss. The strong diurnal substrate heat wave (Fig. 39) points to
some losas Ithrough G. However the larger proportion of energy dissipation
probably occurs as H, as evidenced by up to 30 degree C elevation ef
thalli temperatures over that of ambient alr and the clo's.e coupling of
thalli t:emperr;ltur_es Lo convectivé cooling (Fig. #1)}. A simﬁar (
par"titio.ning 13 common to exposed sub-arctic soil surfaces, particularly

- during early phas.es of fire succession (Ker'.shaw and Rouse, 1971). The

“»

/ absolute recorded temperature max imum of R.auperficiale-thalli during the

“summer field period was hw35 "C, a value recorded on July ‘10, 71980

SR N A
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L .
when air tempera /es reached near 2@ "C. This temperature ]imit is .
}
reﬂec&%\m the Yesponse of R.super c:Lale thalki to laboratory heat:/7

stress experiments. In July, after. 14 days of mldday high tanperaturé
storage at 35 C, there was no apparent decline in either net

photosynthetic or resplratory rates. /\v.e\zer even a few days exposure

Rof air dry thalli thalli to mldday 45 C temperature extremes results in

severe reduction of net photosynthetic caggc\:ity (Fig. 19). In midwinter,
an exposure of even 35 °C at midday';esuits ‘in a slight decline of -
photosynthet\ric':ah;acity, whilst the 45 degree treatment immediately [~
results in a botal. loss of photosynthetic ca,pacity. (‘E"i-g. 20). A clear
threshold of thermmal lability appears to exist between 35 and 45 'C. The
data of Fig. 45 suggests that convec‘t'ye- transp;ort of segs_ible heat from
the boundary layer surface is an important d¢amponent of the- energy

\balance of R.superf1c1ale. Removal of this comwvective d1551pat10n of | |

energy by physically screenmg the thalli from wind rapidly results in

temperature values which are clearly quite deleterious ‘after even a few

)

‘hours exposure. The very circu'nsFribed distribution of R.supex?ficiale in’
S .

the study area to campletely exposed and wind-swept alpine tundra areas
L
correlates well with the potential requirement for a strong comvective

term in the energy balance of R.superficiale. MacFarlane and Kershaw

(1980) suggested that the tolerance range to heat stress in surface
cryptogams correlates closely with their envirorment. 'Ims postul ate
appears to hold true for R.superficiale, despite the earlier belief that

4

face crustaceous lichens were practically immme to temperature

trames when dry (Kappen, 1973). As with a priori determination of
- photosynthetic temperature optima, the assicjrment of thermal tolerance
limits without specific reference to parameters of the surface cryptogams

4

R . c

b

v
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operating enviromment can be highly misleading. '

(4.2) The Pattern of Gas Exchange in C.trachyphylla

in Context of the Physical Enviromment

A very different pattern of CO2 gas exchange was found in

. C.trachyphvlla, campared to that of R.superficiale. The temperature

optimum of net photosynthesis is much higher, from 14 to 21 ‘C, while the
temperature canpensation pdint is ‘only reached above 35 'C (Fig. 10).

- -’Ihe net photosynthetic response to levels of thallus hydration in
C.rtrachyphylla again shows a marked optimum at inteﬁnediate thallus water

[y

contents {about 60 to B0 percent by weight), a pattern characteristic of

many lichen spécies. and interpreted by Snelgar et al. (198la, b) as
representing diffusive resistance to CO2 transport at thallus saturation.
This interpretation is strengthened by .the response of net photosynthesis

to increasing CO2 comcentrations in C.trachyphylla. Replicates held at

optimal water content show a steep initial ‘slope of photosynthetic

response to increasing Co'é concentrations (up to near 350 pom), above
which rates continue to rise only slowly. At optimal water content

diffusive resistance to CO, transport is low and only a moderate CO

2 2

gradient is required to saturate the sites of carboxylation. In marked
contrast, replicates held at full thallus saturation require a very high
C02 gradient to overcame physical transport resistance, with cu_vette CO2
levels of 1100 ppm achieving the same net photosynthetic rates previously
's'ee’zn at 350 ppm in drier thalli. A similar pattern of response to COZ
concentration was evident in the data of Lange and Tenhunen (1981) and

Snelgar et al. (1981b). ’Ihe;_ CO2 response curve for C.trachyphylla points
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to the need for careful control over the draw—down of cuvette 002 levels

during the course of "discrete™ IRG incubations. At high thallus

moisture contents in particular, the "discrete® sampl ing IRG system will

tend to slightly underestimate the magnitude of net photosynthesis, as
net assimilation rates decline in direct proportion to the leng'th of

incubation. This problem was not as severe for R.superficiale, whose

r-esponse curve to CO2 corcentration is less marked near ambient
atmmospher ic values. These interactions of net thotosynthesis with
declining CO2 levels will potentially be most severe at higher
temperatures, where photorespiratory gas exchange assumes greater
importance (Coxson et al. ,1982; Bidwell, 1977 Lloyd et al., 1977).

‘The most interesting chfference in phys:.ologlcal response curves

between R.superficiale and C.trachyphvlla was the dranatic increase in

photosynthetic capacity evident at low temperatures in winter collected”

material of C.trachyphylla. This was first noticed in December, 1981
hY .

collections of C.trachyphylla and subsequently reconfirmed in January,

1982 (Fig. 10), March, 1982 (Table 4) and January, 1983 collections of

’J

C.trachyphylla (Figs. 1l and 12). Bjually the lower net photosynthetic

capacity seen in summer collected C.trachyphylla was documented in both

July, 1981 (Fig. %0) and July, 1982 (Table 4). The temperature response

curve for C.trachyphylla thus has more degrees of freedam than most other

studies with surface cryptogams. These capacity changes which were
evident at low temperature could also be induced by pretreatment storage
conditions in both January and March (Figs. 11 and 12, Table 4). In both
cases photosynthetic capacity at 7 "C fell back to summer levels after
one week of storage of the air dry thalli at hlgher tanperatures and

lomger photoperiod. 'I‘ue maintenance of continued photosynthetlc

N



at 7 "C is not simply a thermal stress effect. Further, these changes
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homeostasis at 21 'C for this material indicates that the induced change

were induced while thalli.were air dry, with contzol experiments

rehwdrating s:mer-séored replicates under both winter and summer storage
corﬂitions.yieldix{gv idmti'c.al results. ,

De&:.led examination of the light response curve assoc.la':ed with
these wmter .sxmer ca;ac:.ty changes showed that mo shift ‘1 Quantum
efficiency vaq appar&nt between “storage g:auDs (E‘lgs 11 and 12}, fIhe
capac1ty~change at 7 °C instead gfems from a rise of Pmax alorxy the same
light limiting ?éspons‘e slope, r_esultiﬁq in -2 higher point of light
sai:ura*;ion for the' winter. s";ate material. At 21 °'C, while both quantu'n'
efficiency and Pmax sho;: no diffe;ence between the winter and the su!merl.
state matenal, there is a lower quantum efficiency overall than thit -
found at 7 "C. A rnechamstlc mterpretatlon of these changes in
photosynthetic efficiency is discussed further below (Section 4.2.1).

THese seasonal changes in Prr:ax over the winter period can be

correlated with the frequency distribution of tha.llus hydration periods

in C.trachyphylla. "Ihe Chinook phenomena, described above in context of

v

the alpine stu:'iy site, is even more promounced at the gragsland research

area, where it occurs on average with 30% greater frequency (Lomgley,

1967). The C.trachyphylla t"malll, located on sl‘ghtly exposed rock

slabs, are anong the first surface cryptogams of the grassland
envirorment to experience free thallus meltwat=r with the onset of -

Ch-inook warming. Recorded thalli tﬁmperatufés of. C.trachyphylla rose

from near -15 "C to over 10 "C with develogment of Chinook corditions
during the pdriod Dec. 16 to Dec. 29, 1981 (Fig. 42}, while an gven

greater temperature elevation was documented for early spring Chinook
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snowmelt (Fig. 44). The earlier develomment.of snowmelt F'gckets‘bn

exposad rock 6utcrops where C.trachyphylla grows is evident in Fig. 43,

“~ -

where C.trachyphylla thal.ll are exposed to'f;ee meltwater almost l4~ours

before N.camune thalli on surrounding soil surfaces. These differences,

when integrated over t'h'eﬁmtire winter period, must resul® ‘in

considerably more metabolic activity at low temperatires for -

C.trachyphylla, even thouwgh i- grows" only meters from N.cammme. In

contrast, during summer months C.trachvphylla exper lences far less
metabolic activity then does N.cammne, “he latter retainimg moisture

much longer after precipitation events. The exposed position of.the

C.tr'achypgyl,la thalli on their sandstone substrate results in both higher
drying rates after precipitation events and a reduced frequency’of

dewfall condensation events, reflecting tfne_g‘re‘ater corvective exchange -

Present with topographic expasure. Further, the célladial like nature of

the N.caommne thalli allows much greéter moisture retention after
scammine R . MO

P -

precipitation events (Discussed further below in Section 4.3, Bjually,

R.superficiale thalli also experience greater metabolic activity over the

summer period than do C.trachyphylla thalli, precipitation periods being

more frequent over the alpine tundra and subsequent drying periods lorger
under lower air tanperatuie and higher humidity cormditions. Clearly, the
maintenance of photosynthetic homeostasis at lower temperatures by

C.trachyphylla enhances its potential yearly farbon gain, as most -

hydration periods occur in the winter manths. During the sumer months

thalli of C.trachwvphylla ramain largely dehydrated, often exceeding 40 "C
under full insclation corditions. However, in marked contrast to

R.superficiale, these temperature extremes have no effect on the

resunpticon of photosynthetic activity on hydration., Even after 3 weeks

- ~
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continuous midday exposur-=- of air dry *"alh to 60 C under 1aboratory

corditions, full thotosyntnetic activity is apparent upon *eh}dratlon

(Table 5). : " T -
The carbon gain patterns of Sororan desert llchens follov-ed by

Nash et al. (1982a b) ClOSElj parallel those of C.trac:hyphylla m

seasonal = encv. Again, <hey are metabol 1cally active mainly dur'mEj’
the winter months, in this case during winter rainfall :m.'lods.\ In |

--f’

summer thalli lar"elv ranained dehydrated , dewfall h}dratlon only

mfrequenJy allowing carbon gain. The net pwotosynthetlc ,anperature

opt:mun for the +—wo species exa-nmad Parmel jia kurokawae and Acaros;ora

schlelcnerl, occurred at aporonamtely 20 °C atJSO uE m -2 s_l' PAR.

-

'Unfortunately, only: fall collectlons were examined by bash et al., thus

. potential seasonal responses to periods o*’ ‘hydration oerlods freqaency

remain ynknown. The optimal net ;hotosynthetic rates in A.sc"nle'icl’e'ri

are higher than those of C.trachyohylla, at about 4.0 mg CO, h_l g_l,
whilst in P.kurckawae optlmal rates’are almqst double, at ca. 10 0 mg CO

h_l g_l. However, direct ccmparlson of rates is difficule, as different

Tatios of marginal lobes to older central thalli ¢an bias net
motcisynthe;tic rates considerably, particularly for interspecific
ccmpar.isons (Nash et al., 1980; Kershaw, 1977a).

The most well known exanple of carbon gam patterns in desert

" crustaceous llchens is that documented by Lange et a5l. (1970) for:
——= _

Caloplaca ehrenborgn in the Negev deserty In this env1;onnent, mOSt

- metabolic activity results from early morning dewfall hydration peY iods, -

precipitation events only infrequently resulting in thallus hydration;__

Unfortunately net photosynthetic rates for C.ehrenbergii-are expressed on .

a per area basis and thus are ot ccnparéble with current results .
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T (4.2.1) Cajam..y O'xanges in C. trachyphvlla- }

n Corr:eotual E‘raneuork

Seaso'1al changes of photosynt‘ﬁetlc cagacaty Have bem mde_ly |
dommenued in many surFace cryotoqams found in extreme envirorments.
," Understarrimg of "he mechanlstlc bas;s "'or: such changes has 3dvanced
conmderably m recent years, stemmg largely fram momsvnt"etlc studies
mth frne-llvmg alqae. Recent reviews by Harrls (1978} and PrezeIm |

Pl

(1981) in mrtlcular discuss t":ese concapts at length.

The pzoduchmn of su;ars by “he Cal.'m cycle ~s the end step of

several distines bmcha-ucal and [:i".otoc“mzcal processes, each of which
<

may potentxally be a rate lzm mg s’-eo cont:'ollmg the maxzmal rates of

't

" net motosyntnesm unde: optlmal llght, ﬂnpe:atme, ard 'noxstu:e

| corﬂltlons (P x)-' Pﬁotosynthetlc ﬂnercy conversion is mltlated when
plQments of the. _hylakold membrane absorb 11ght‘ energy, . which is then
,transferr'ed to- pau:ed reactlon centars (Photosys\,ems I and II) These
flrst stegs are performed by a ccmplex genérally denoted as "he
"Photosynthet‘c Umt" PSU), often defined as ‘-he smallest port:on of the
3 thyiakdld ‘nsmbrane which can carry out the 11gkrt reactions of

| photosyntl:zems (Prezelm _and Sweeney, 1977).-" It is canposed of a-l"core of
é:a.,..lB{-) Chi-.a @olecgleslassociated wi th photosystems I-and II ahg
ir}c:lu_dés 'agcessoﬁy pigments '_(chlorophylls, phycobilins, and carotenoids)
mi_'crh can expa:'hd the spectral range .of 1ight'ené'i_:gy- that'?can be absorbed
and tr-.ansfe‘:ed to thl-a (Vieriing and Alberte, 19‘80; .Pre.zelin and |

~ Alberte, 1978; Prezelin, 198l). At the core of this camplex is P700, a
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chlorogt‘iyll dimer that serves as the reaction center of Photosystem I
{Prezelin, 1981'). Absorb,ei light energy, on transfer to the phototram;“
of its reaction centers, triggers an excited singlet state where both
P680 (PS-II) and P700 (PS-I) eject an electron which is rapidly
transferred o Pr:'mary electron acceptors and ultimately MADP (Prezelin,
-1981). The spatial configuration of the canponents across 'the “hylakoid
membrane, with the primary electron donors near the inner thylak-oid l'
sur faces, the reaction centers central and the electron acceptors near
the outer stromal surface (cytosel in procaryotes), allo@s light ené:gy
to be stored as an electrochemical gradient (Prezelin, 1981; Gregory,
1977). ‘.

Several distinct categories of change in the canponents of these
steps are'-proposed by P'rezelin (1981), each being reflécbed in various
p:::ltterns of ;hotosyr_uthetic-irradiance (PI} curves. These are outl med as
follows into four general patterns.

A) Alteration of PS‘U size, ie. the agount of pigment per
PS-1/PS-II quantum trap as reflected in' the .:atio éf chl-a/P700, or oft'en
as c:hl—a/O2 evolved. Since the number of discr;e&e traps ramains the
same, P should remain unaltered, although quantum efficiency should
rise, as é gi\;eﬁ anount of light energy ‘will__‘be intercepted more‘;‘
efficientl'y when expressed on 2 Vper cell basis. The key to elucidation
of PSU size changes from PI relafions_. is_‘_the expression of rgsulﬁs on
both a per cell (or dry weight) and on.a total pigment (chl-a or
accessory pigments as needeg) Il‘:asis. Increases. in PI quantum efficiency
per cell 'd"ill ot be reflectéd. in the slope of PI plotted on a per
pigment basis, the 1§rge: dehominal‘:or cancelling out increased CO

2
uptake. These changes have-been documented in higher plants grown under
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1

o

low light conditions (Brown et al., 1974%; Alberte et al ., 1976). in
diatoms (Perry et zt.l.,::.1981.). dinoflagellates (Phre‘zelin and Jweeney,
1977, 1578) and blue—green algae (Jorgenson, 1969). At present no

examples .are clearly docx.‘niént?gd for terrestial surface cryptogams.

i

- B) ~Changes in U density will also lead to iu‘é‘rea.sed quantum

4 . - P e , l
efficiency per cell, but in addition will be directly proportional to

[

changes in -Pmax' Gzl_—ja/p’;'oo ratios and tl-a/0, evolution ratios will
remain wnchanged, while PTOO/cell W1l rise {Vierling and Alberte, 1980).
PI curves Will show gl-"‘eate'r quantum ‘efficiency when exfressed on a )
cﬁéilular or dry weig'ht basis, but not meﬁ plotted on a whole piment or :
chl-a basis. Such PI response curve éhanges have been seen in
'din&f’lagelLat’es. green algae and higher plants (Prezelin, -1981;
Jorgenson, 1970; Perry et al., 1981::‘Pattersor-1 _et_é‘.. 1977). 'Kershau

and MacFarlane (1983) found increased quantum et‘ficieﬁcy and higher-Pma;(

in’ Peltigera praetextata responding to changes in decidwus forest canopy

closure, PSU density changes were diagnose¢d on the basis of increased
quantum efficiency on a per; dry welght basis, while no such.change was
l-‘apparg'nt on a per chl-a basis. ‘Ot her exanples of changes in PSU density.
chang_es are not clearly‘ documented in sur-face,cryptogans.. .

C) Changes in quantum efficiency can also be due %o reduced
-.gmergy flow through éxisting P50's, le..a coubling/mcoupling of electron
flow betwé'e.n the photosystems (Prezelin, 1981). No pigment‘ation cha;uges
are ob-served, but Doth light limited and light saturated rates of '
phot.oaynthesis are affected. On a cellular or dry weight basis these
changes are ind}stinguishable from PSU densify changes in form of their
respebtive Pl response curves. Fbw;-v'er. '-hen. PI responses are plotted on-
a pigment‘ basi.'s_-. the altered .quantum efficiency and‘ Pmax relationships

1
r
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remain intact, allowing differentiation fram changes in PSU d(lsity where
these differences vanish when similarly plotted: This coupling/
uncoupling of electron flow is basic to diurnal and phenological changes

R 7 .-
cbserved in dinoflagellates, diatoms and blue-green algae (Prezelin et al

.y 1977; Prezmlin and ley, 1980; Senger, 1§70). Prezelin and Sweeney

(1977) postulate that circad:

ion fluxes across the thylakoid membrane

generate reversable conformational changes reflected in photosynthetic

—

capacity. Energy transdustion changes afe often observed in aasociation
with photosynthetic acclimation to temperature in"higher;'plants. hond
et al. {1978) fownd that pretreatment storage conditions of 20/15, 32/25,
or 45/33 day/night temperature induced respectively greater stability éf
interactions between light harvesting pigments and quan-tun t'rai:s. b

max

changes assoclated with these guantum yleld differences have been -
L
documented by Badger et al. (1982) for the desert shruw Nerium oleander

on acclimation of photosynthetic temperature optimum to a high.
temperature regime (45/32 "C day/night). In surface cryptcgams,

winter/summer changes in Qadonia rangiferina and C.stellaris, previously

intermeted e;s acclimatory changes (Tegler and Kershaw, 1980; Carstairs
and Oechel, 1973; Lechowicz, 1978), -have now been intermreted as
reversable coupling/uncoupling by MacFarlane et al., (1983) and Kershaw et
al. (1983). Winter/summer capacity changes prior to leaf céﬁOpy

emergence have alsoc been documented for P.praetextata (Kershaw and

Webber , 1983).' Pl stingul shing between changes in FSU density and
reversible coupling/wuncoupling requires the simultaneous expression of
C02l effluxes on both a per cell or weight basis and on a per pigment
basis. u"ufortmately this data is not available ‘in the majority of

cwrent'\}‘iter_ature exanining acclimatory changes in surface cryptogams.

l
|
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D) The final pattern of changé involv.es events "domstréam“ from
‘the ohotochamical reacti;)ns, ie. changes in enzymatically rate limiting
steps of the Chl\.:'i.n cycle. ‘Theoretically these changes, being
indeperdent of light lz’mitin"g reactions, will iﬁvolve no alteration of
- quantum efficiency, ei;‘hér.c_m_a cellul ag of pig;fnmt basis, but will only

result in altereri"Pm. A similar pé‘ttern of change is seen in the

winter acclimated thalli of C.trachychvlla at low temperature, where

| quantun . efficiency remains constant while Pmax rises sha_rply (Figs. 11
and 12). mfﬁrtmétely, the mechanistic basis of,ﬂ photosynthetic

-accl imatﬂm has only been élose‘ Texamined to date in context of high
temperature responses. Badger ;(1982} for instance, examined the
enzymes of the Caivin éycle concurrent wit-h accl imatory changes in the
desert snrub N.oleander., Only activity. of E‘cu--‘:"2 phcs_;hatase showed any
appreciable change with a shifting photosynthetic optimum. Irbwever; |
interpretation of this accl imatory change was cdrnpl icated by simul taneous
coupl ing/ uncoupl ing of eleﬁtron transport, as reflectead by changes in
the slope of light limiting PI curves. Armord ﬁ. (1978) considers
.these c}'angels‘ in qﬁantun 2fficiency witﬁ acclimation to high tempéfatures
-as a. "heat I'aarderling“' response, with the altered membrane configuration
both red'ucing-_heat l-abili-ty of photosynthetic processes and changing

el ec tron ttanspo_rﬁ efficiency. Potosynthetic acclimation of other

hot-desert plants, for example Atriplex sabulosa and Tidestroma

oblingifolia (Bjorkman and Badger: .1977) » may also involve changes in

-both membrane configuration (reducing heat lability) and increased
enzymatic activity (allowing higher Pmax) - A further carplicating factor
is the interaction of qQuantum efficiency with temperature in_ C3 plants,

due to stimulation of oxygenation of RUP, as temperature increases (Berry

-~
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and Bjor!-&nm, 1980) . Maasurlng quantun efficiency at high <:'IJ2 or low O2
concentrat.ons is one possible means of resolving the relatwg role of
;_i'xotnrespiratory vs. cowpl ing/uncoupl ing (of PSU electron flow) caused
cha‘nges :n quantum efficiency. Examples of changes in rate Llimiting
enzyvmatic rates only; without coupling/uncoupling (viz. Armord et al.,
1978) ‘at oresent are documented only at the level of PI response curves.

The summer capacity changes at high light levels in Parmelia disjuncta.

A .
discussed above, are a potential example of enzymatic adaptation ‘o

higher summrer l’é\pratures. thfortfly, seasonal acclimatory changes

..in the adjacent b}Each ridge species.Bryoria nitidula and Alectoria

ochroleuca {Kex:shaw, 1975b Larson and Kershaw, 1975d) are too incamplete
to 'nmrpret in the context of PI relationships. The best exanple to
date of nigh temperature acclimation in sur face cryprtogams is that of

Peltigera rufescens. Broim and Kershaw (1983) showed marked summer

capac ity changes at 35 “C, without any concanitant changes in quantum
eff1c1ency. ‘Farthermore, these changes could be induced by :nanlpulatfon
of storage temperature and [:hotoperiod corditions.

The capacity changes in"C. trachyphilla at low -empe*’ature may

also fall mt tms catagory of enzymatic changes Winter stqte material.

of C.trachyphylla showed both 2 lower Kc and higher me {Fig. 7),
Su;gestive_of increased af_fin-i;y for C02 by RuBP c‘:a'.rboxylase'at low -

temperatures (Monson et al., 1982). Although Larson {1980) s'ug'gestéd

3

that low temperature acclimation occurred in Unbilicaria deusta, his data
Set does not allow a full interpretation in context of PI/pma

interactions. Increased ffinity of RuBP carboxylase for CO, at low

2
" temperatures has been found in both winter acclimated rye and potatoe _

plants (Huner and .HacDowall, 1979; Huner et al.,,lQBl). Graham and

‘7
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Patterson (1982) swgest that higher substrate affinity of enzymes at low

temperatures may be a more widespread adapéive strategy than presently
documented. Simon (1979) demonstrated Km changés in the respiratory

enzyme 'm-malate dehydrogenase in response to pretreatment storage at
. ' /

7/15, 15/25"and 22/30 °C day/night temperatures, a higher lowr/tanperattxe

substrate affinity evident in cold stored material. The higher P
. :

evident in C.trachyphylla at low temperature, in absence of shifts in

quantun efficiency (ejther on a per weight or a pigment basis), may thm/'

reflect thotosynthetic a:;cl mation in the present strict sense of 'L'
"down stream” enzy;natic events only. |
The above four catagorles provide p0551ble mechanistic

“winterpretations for most capacity chanqes andxcl imatory responses seen
in surface cryptogams. while these .mterpretatlons- cannot at present be
made fram most ghotosynthetic studies with sur face cryptogams,

- re-examination of accl imatory changes in 'the.context of,?)Il response
curves seem a probable next step. . @®viously, both coupling/ uncowl ing
(C above) and Stl; ictly en.zymatic changes (D above) can 'res(:lt in
acci imation in the sense of Prosser (1955), ie. an adaptation resul ting

in homeostasis of carbon gain. Use of the term "photosynthetic

~

Erg .
acclimation" ih the current sense (viz. Prezelin, 1981), where changes in

Pmax above light sai:uration muét be docuna'ited on both a cellular and
p1gment ba51s would alleviate considerably the current amblgmty of
1nterpreta’cion of p}otdsynthetlc changes. uch wsage would ramove the
need f_or: dlstmgm.shmg between the "total™ | (Larson,1980), "martial"
(Kershaw and Watson, 1983), o.r' "incawplete" (Carstairs and Oechel, 1978)

acclimatory responses of net photosynthesis to temperature regime.

L 4

Y
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* (4.3) The Patdern of Gas Exchange in N.cammne -

in Context of the Physical Cperating Enviroment

)

(4.3.1) Physiological Response Matrix ‘

of Gas Exchange

The temperature response éume of both nitrogenase acti'vi.t‘:y and
net motosynthesis in N.camwmne (Fig. 16) does not differ substantially
from that of other soil surface blus—green alg.al crusts (Rychert and
Skujins, 1974; Jonesy 1981; Lynn and Cameron, 1973; Paul e_t__g__l_.,‘ 1971;
Sheriden, 1983). 'I:e>optimal long term temperature response of
nitrogenase ‘activity falls near 28 °C, whi‘le net photosynthesis shows
optimal rates at 35 "C. No marked seasonal differences were apparent in
net photodnthetic or nitrogenase r:.ates, except in May collected
material. waever,. expression of results per mg Chl-a reduces the /_J
magnitide of this difference, possib}.y reflecting higher cell densities
or méreased chlorophyll centent in spring. Seasonal changes in

fmction.a;l chlorophyll densjty have alsc been noted by\f,ynn and Cameron
| (1973) in surface cyaﬁophyte mats. ’

The iight saturation level for nitrogenase activity in N.commune,
~at or near 300 mg CO, n~t g_l, is much higher than typically observed in
most studies with lichens, where increases in activity with increasing

PAR are camon wp to only 75 uE m®st par (Cox and Fay, 1969). Stewart

~ (1974) summar ized the infomation on effects of light intensity on
terrestial cyanoghytés by swygesting that there is a general, but not
almys'very_diiect correlation between light intensity and nitrogen:

fixation in natural ecosystems. The data of Figs. 24 and 25 would

Y
L]
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suggest a more direct transfer of the recent prodwets of rmotosy‘ri'ihesis

- e -

to the nitrogenase enzyme c&nplex in N.canmune, perhaps throwgh smali:é;‘-

pool sizes for recent motosmtha_t;s. The time dependent increases in

CZHE reduwtion observed concurrently \-fith the light dependencies in Fig, ¢
25 have also been noted by Scherer et al. (1980), who suggested that
conformational changes indued by acetylene exposure can enhance

nit-rogenase_ alictivify. Considerable variability was observed in the
inter-replicate response to light "saturation (Fig. 24). This may reflect
wmeven light penetration through the gelatinous sheath surrownding algal

cell populations. Light intensity was measured only at the outer surface

of the colony sheaths in the present studies.

there is afstrbng interaction of C_H, reduction with continufd

22
expsure to light in N.cammune. Activity continued to rise steeply after
initial light exposure for up to ca. 14 howurs (Figs. 31 and 32). Tis
may ref’];ect.a depletion of carbohydrate pools during prior dark periods,
which are not fully.replenished until after several hows in the light.

- The decline of nitrogenase activity in the dark is directly proportional’
to increases in thallus temperature (Flg. 26). Presumably, at highér
temperatures high respiratory demands quickly deplete substrate pools,
while at lower temperatures these pools support nitrogenase activity over
a longer time pericd. As in other blue-green algae, the reductant for
nitrogenase activity is ultimately derived from photosynthetic activity,
with phosphorylation being the major source of ATP (Gallen, 1980). This
dependence on photgiphosphorylation is illustrated well by the rapid
decline in nitrogenase activity on addition of ICMU (Figs. 27 and 28).

A
As rates of nitrogenase activity in the [CMU treated replicates

remained higher than those of replicates placed in darkness, cyelie

2

: .
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phosphorylation may play a m,erocyst ATP provision through
activity of Photosystem I (Gallon, 1980).

Comparison of the moistu;e response curve of N.cammune with that
of other surface algal crusts is difficult due to the discrete
morphological form of this species. It occurs as large thalloid ciunps
on the soil surface, with little intermingling with soil particles ‘and on
drying tends to fom tight clumnps, very much like the lichen Chondropsis
séniviridis (Rogers, 1971): The mu:ilagen‘ous sheath holds up to 3000%

moisture content by weight and on drying shows a response curve very

similar to that of the gelatinous 1ichen Collema furfuraceum {Kershaw and

MacFarlane, 1982). Both species, show little response to declining
thallus moisture content down to'very low levels (Figs. 13, 14, and 23).
Paul et al. (1973) found a sharp peak bf nitrogenase response near 450%
moisture content for surface algal crusts, but these populations were in
intimate contact with the soil column. No metaﬁolic activity was |
detected -here dn N.cammne thalli hel‘d in a wvater vapour saturated (100%
R.H.) c‘uvette for 12 hours {either in CO2 exchange or C2H2 reduction-)”',
contact with water droplets being required for resunption of metabolic =
activity. Jones (1977) also found that cyanophyte soil surface crusts -
showed o resunpti.'on of nitrogenase activi‘ty after being teld in a
saturated enviromment for 3 days,-aithough Brock (1975) re‘port;ed
metabolic activity in crusts held 4 days in a saturéted egwirormaﬁt.

However humidities that high are ‘rarely seen over extended pericds at the

present grassland researciy site and it is concluded that most periods bf .

metabolicI activity in N.camune, as in C.trachyohylla, will require
. - >

direct precipitation or dewfall cordensation.

-
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(4.3.2) Rehydration Recovery

The rapid resan.ption of physiolgical activiﬁy at 1% and 21 *C
(Flgé. 31 to 33) agrees with a i_;rge body of literature on surface
blmégreen algal mats (Paul.”ﬂ ..L1971'; Hitch and Stewart, 1973).
Jones (1977} found resumption of C2H2 redué-tion within 1 hour of wetting
algal mats, whilst Rychert and Xujins (1974) .reported low intial C2H2
reduction within minutes, P';:re critical examination of controlled -
deéiccation (‘an'd the often concurrent heat extremes) are far fewer ..
Kershaw and Dzikowsikd (1977) fomci sharply reduced rates of C2H2

reduction in Peltigera polydactfrla upon rehydration following extremes of

desiccation, whilst MacFarlane and Kershaw (’1978) correlated extremes gf
summer heat.ex.posure with sﬁarply reduced 1eve'l‘s of nitrogenase activity
on subsequent rehydration. Thus thé very rapid recovery of nitrogenase
activity in N.commune was initially suprising, althouwgh centr;ally
importan‘.t to its survival, as midday surface temperatures in thé Suthern
Alberta grassland frequently exceed 60 °C.

The pronownced respiration burst ot‘ten_ noted on rehydration of
surface cryptogams is largel__'y absent in N.commune. Certainly,

r‘espir'atibn is not effected to the extent reported for the lichen

--.Peltig'era pplyactyla (Smith and Molesworth, 1973). There is an initial
bu st of CO2 on wetti‘n'g i;l N..ccmmme. but as this burst can be eliminated
by previous drying of replicates under a low C_Qz airstream, it's nature
appears to be purely physical and does not involve metabolic carbon (Fig.
18}, The gr_adu-al' decl.ine oé respiration ov;zr the first few hous after
rehydration seen in N.c.;-cmmme may represent initlial...ly higher metabolic

activity as cellular integrity is restored, but equally likely, may
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reflect the slow deplerion of r_espi:ratnry substrates with continued time
| in the dark. A simila; declife of respiratory rates was documented for
N.cammne by Coxson et al. (1982) on transfer of material o Sarkness,
foilowin_g a 12 hour ligTht exposune. This slow decline in respiration is
earxron in procaryetes, whose.respiraborif activity is not as tightly
¥ coupled to cytoplasmic energy cherge as that of‘eukeryobes (Coxson et
al., 1982)+ Although other horl-':ers have increased the magnitule of the

resaturatlon resp1ratory bur st t‘irough faster drying of -natemal (Brown

et et al., 1983; Krochko et al., 1979), when N.camune w&s given a very fast e

" (30 mnutes) drying period, there was no significant increase in
resplratlon on subsequent rehy:iratlon canpared to slcwly dried material .
meubllshed dat:a) This is not an me:gpecmd response, for species, -
where metabol ic act1v1ty is confined to very short intervals would 50G0
deplete any available carbon reserves i ..here was a lar;e cost’'to each
wattmg/ drying cycle. Stu:hes on desert lichens, which also experience
repeated short pericds of metabol lc activity, showed little .or no
respiratory burst on rewetting (Rogers, 1971; Kappen et al., 1980) .

- - Most stht.dies examining the rehydration response of net
photosynthesis and nitrogenase activity have followed recovery u;;der roam
temperature conditions, or over midsummer field corditions. Of those "
that have examined mysioiogical act'i-vity at low temperature (MacFarlane
and Ke.rshaw,. 1977; Alexander et al ., 1978; Xallio, 1974; Kall‘io ﬁ.,
1976; Rychert aed Skujins, 1974; Malek and Bewley, 1978), most nave used
mater ial prevmusly hydrated for some time and had not examined initial
rehydration responses. The results presented here show slow recovery of
photosynthetic activity and -even slower recovery of nitrogenase activity

on rehydration at low temperature (E‘igs.'_ 17, and 30 to 33). &As
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l'abora'i:ory controlled low temperature and freeze-thaw transitions do ot

effect n;.trogenase activiﬁy in pr:eviousl); hydrated :;r;ateri.al, the slow
R reccvéry on rehydration (Figs. 32 and 33) may reflect the iphibi.tion of”
deh_novAo ;xqtein s}kﬁthesis over the initial period of membrane integ'rity_
- reétoration. ‘Malek and Bewley (1978) fourd marké:i low temperature

' effects on protein synthesis in the moss Tortula ruralis, with

. incorporatim"l of radibactive lémines slowed by up to 90% at 2 °C

- canpared with controls at‘2‘0 ‘C. Bually, the restoration of _redmit_:a{r‘mt
or ATP flow on rehydration may be ‘emperature sensitive. Ono and Murata
(1981) and Simon (1974) have each noted the temperature dependency of
membrane lbilayer lipid structure, the integrhy\of which is critical to
both :heﬁlrtant and ATP flow (Haaker et al., 1980; Postgate, 1974).
However, critic_al studies on low “emperature membrane re!‘;ydl:ation effects
aréﬂ lacking, particularly with respec‘t to heterocyst membrane structure,
The inhibition of nitrogenase af:tivity on low temperature rehyération

‘could reduce potential nitrogen fixation over the winter months in

Stipa-Bouteloa grassland. - However, this would require full dehyd‘ration
of N.cammume thalli between rehydration periods, a relatively rare

cccurance in winter at the grassland site.

B

{4.3.3) Freeze-Thaw Interactions

The pattern of nitrogenase activity in terrestial cyanophytes

immediately following snowmelt has been examined by a ntmber of workers

(Alexander and Kaliio, 1976; Crittenden and Kershaw, 1979; MacFarlane ana

| Kershaw, 1980). Typically only very low rates of nitrogenase activity

are detected initiglly. However, upon transfer to controlled 1aboratory'
\ .
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- conditions rapid:recovery’of nitrogemase »ac&v‘:ity is L'shal'ly"seéﬁ.'

MacFarlae and Kershaw (1980) show a doublling;'_of Czl-!z__railx:tion rates. it

Peltidera canina within 4 éays after transfer- from under snow pack
2 o1

comditions to a 15/10 ‘C'ti'iermoperi'od‘and 350 uE m PAR phot:op.ariod(.-‘.-
-This recovery.was both light. dependent and terri.peratue m_hancec]. .

The pattert; of recovery of- n_it’;:ogenase écti'Jity in N.ccm‘nune\j .
during and_after field snov_melt cormditions, wher;x @aily freeie/ thaw
c'ycles often occur is. less n—ell documented. Kallio et al (1976) fm;ﬁ:'i.
very low ratés of nitrogenase .activity after repeabeé frosts in
September, while both MacFarlane and Kershaw (1980) and Crittenden and
Kershaw (1979) sujgest that repeated freeze/ thaw cycles. both before and
afte‘r snowmel t would limit most Nz—fixation to spring and summex 7 '
precipitation periods. Hiss-Danell (1977) found marked differenchs in
'ni'trog‘enase ’activity between reél icates colliectad at different stages
after snowmelt and then given a 1 or IR hour pretreatment incubation.
Those exposed longest to moderate bérﬁperature and light corditions, in
. either f‘ield or laborAatory pretfeatment, supported the highest subseguent
CZHZ reduction rates. Unfortinately, the difference between repl icates
at ~éifferent stages of snowmelt is only briefly described and mo
infomation regarding field temperature and light levels is presented.
Thus interactions of cold -lability and temperature and light pretreatéuent
cannot clearly be ;listinguished, a problam camon to much of the
iiter:éture inrthis area.

Under controlled laboratory corditions the daily rise of
_nitrogenase activity in N.cammune after repeated freeze/thaw cycles or
even after continuous subzéro expoéur_e is rapid (Fig. 29), confirming the

patterns seen in other surface cyanophytes. The présent work, in showing
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'that freem/thaw cy::les have less affect on m:t::ogenase act1v1ty than

-

does contmLBd metabol ic 1nact1v1tv, either fr.cm darkness ox: freezmg,
provides fdrther support for the corcept that the status of the mternal
carbohadrate Dools, reflectmg, a$ they -do, an mtegratmn ‘of previous

metabollc act1v1t:y, play a large role in determmlng real1zed mtr:ogenase

ac*-ivny. C:Lea;:ly no mactlvatlon ‘of the in vwo mtrogmase enzyme 2

-

ccmplex was ev1dent in the present st.ﬂy ’n'us was confzr'ned by the

equally rapld recovery of mt:r:ogenase activity docu-nented mder fleld

f
Lt

snownelt conﬂll:ons, a rec:overy which accelerag.ed w:u.th mcreasmg time in

the light and hlgher tanperature (Fig. 45)+ The typically short’ duration

of snowcover in t.l'e Southern Alber ta grassland site may in part account

for_the differences seen between this and other stixj.ies after “snowmelt. -

i

In northern boreal regions, cyanophytic ‘sur face cryptogams' fypically
exper lence snowmelt after many months_;tontinued darkness and/ or
metabolic inactivity. Thus on melting reductant and ATP pools, being

severely depleted, cannot support full potential ni‘troqen:ase acfivity', a

) phencmmon often mistaken for cold lability. 1In contlast., N. ccxrmune is

not snow covered \i‘l winter and thus on meltmg rapldly resumes full

rates of nltrogenase activity, as allowed by ambient tanperature and

photoperiod ¢orditions. }

(4.3.4). "In-situ Summer Nitrogenase Activity .

The extreme resistance of dry N. .camnune thalli to heat stress
treatments under expermental condltlons (Fig. 21) was conflrrned by
in-situ mcubatmns in summer at the grassland field site. For example

on June 16 (Fig. 46) rates of nitrogenase activity climbed rapidly on

-

J"‘.



- oo : A & \
. . ;
- . oo R . »

144

-

rehydration, despite-extranes__fo'f s0il surface temperature during the

: orevious‘ﬂ'\eek exceeding‘ 60 "C at midday. 'I‘ne faster recovery rates of

=
n.l_rogenase act1v1ty under these higher f1eld levels of temperature and
llght (nea.r 35 C and 1300 to 2000 uE m -2 s_l~PAR canpared with a maximun

of 25 "C and 200 uE m 2'% -1 PAR exanmai expernnentally) confirms the-

previously noted in‘:eractloqs of Csz redgc;tlon wlth _‘t;anperature and
light on rehydration at 7, 14, 21 and 25 C. Under field conditions CH,
raduction rates‘-tyoically rise very rapidly until midday temperature
maxima are reached, desiccation usually t")en curtail ing contmued
..act1v1ty (E‘lgs. 46 and 47). Lhder overcast corditions or over
precipitation pericds nitrogenase activity continued to rise to near
sunset, follo?ed v a gradual decline overh'the r;_;ght period, which again .
cf)nfirrned labecratory ihdticed exper imental ratferns.  Jones (1981) .
observe:! smular pa;terns of field nltrogenase act1v1ty by sur[
blue—green algal mats in Florida grass swar:ds in mcubatlons under cool
cor cloxdy corditions However, Jones reported marked raduction of
nitrogenase act1v1ty under midday comditions of full solar insolation.

As no cont::ol over cuvette tanperatu'.res\waé maintained by Jones, this may
simply reflect 6verheatihg of thalli. Certainly thalli of N.camune are
qui te sensitive to t;an'perature extreames when hydrated (Fig. :22) .
Nltrogenase act1v1ty in N.canmune, being qulte temperature dependent, was
closely coupled to patterns of incaming sola:c radiation, due to its
influence on soil surface temperatures. Rychert and Skujins (1974) "
similarly present a very‘ limited data sét showing the dependence of field
CZ‘HZ redtttionfrates on incaming radiafion pai-'.terns. The rapidity of the
recovery of nitrogmasé activity on rehydration in N.cammune allows

utilization of early morning dewfall condensation (Table'7), while after
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evmir:xg thunder shower activity, moisture retention by the colloidal-like

thalli enables continued metabol ic activity well into the next day. This

contrasts marked-i.j( with the hydration regime of C.trachyphylla, whose
cfustaceoﬁs morpholagy and slightly more exposed msition limits moisture
retention after precipitation periods (Table 8).

The estimates of nitrogen fixation by N.camune reported rere,
range from a mean of 0.0l g ™2 month up to 0.077 g n 2 month T (Fig.
48). This extreme range of nitroémase activity, reflects both the
] variability of within replicate Csz reduction rates and the wide range
of surface biomass dens:.tles recorded for N.camune (Fig. 51). If an
average diurnal N fixation cyt:le (for example, June 6) for fully“

hydrated thalli is mul: iplied by a 120 day yearly period of metabol ic
/

activity (following Rychert and Skujins,.1974), then total estimates
N2 fixation reach 1.4 g m 2 ¥yr ~, a very high value canpared with most
other works, excluding the Great Basin Desert studies (Paul et al., 1973;

Rychert and Skujins, 1974; Woodmansee, 1978).



(5.1) The Role of Envirommental -Constancy in.

Ecophysiological Stratég ies“-' :

The enviromments examined in the cufré:i;: work, namely alpine
tundra and semi-ar id grassland, both show 2 ptédcminance of surface
cryptogams and are camonly. régaxdegi as bein;; "extﬁane"‘envirommts.
The aburdance of their surface cfyptogaﬁs is often Athought to stem fram
.absence of campetition from higher vascular plants, which are @able ro
survive these sextremes. Yet this raises the question as to why sur face
cryptogans‘can tl:mselves continue to exist in ﬁl‘aese habitats. al though
‘anabiosis, the avoidance of stress while in a meétabolically .inactive_
stata, may m part explain the abundance ‘of poikilohydrous surface
cryptogams, continued long term existance and reproduction reqbi:es at
' least some pericds of metabolic activity. The process of écclhnation
pro;:ides one péthway by which thysiological processes can be maximiw
during periods of metabolic activity. Berry and Bjorkman (1980) define
photosynthetic acclimation as "envirommentally indl‘x:ed‘ changes in
photeosynthetic chéz:cteristicsl that result in an improved performance

under the new growth regime". Implicit in this definition is response to

o
enviromental change. What remains to be defined is the response time

required for these physiclogical changes <o occur and the scale of
enviromental change acting as the driving parameter.

" 146
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As labox:a'tory__induced_d'lanées of P@ in C.trachyphylla were only

‘e:_cani_ned aftn_ér 7 days storage préti—égtment, the minimun possible response
A ;ﬁné_ra:;ainé mﬂ.é_fined." Brown and Kershaw (1983) found that a minixﬁun

" exposure of ;:me’fdl'l photoperiod to newly_changed enviromental
corditions was required to ‘induce ph'ot':osynthetic capacity changes in the

lichen Peltigera rufescens. Similarly, Kershaw (1977a). found that after

2 days‘ of warm storage, ohotosynthetic rates of winter collected

P.praetextata showed a marked increase in ratés of net photosynthesis,

correspording in magnitude to seasonally induced winter/summer P oax

changes. However, subsequent return of these "summer" acclimated

P.praetextata replicates to cold storage corditions did mot result in a
.

correspording drop in P ., for nearly 4 days. Without further

"mderstanding of the mechanién_s involved in tl'ese induéed changes “in
photosynthetic temperature responses, the .t.;ime required to trigger .
Pnysiological changes cannot clearly be di.stinguished from !he subsequent
lag .per,iod before measurable photosynthetic attributes chan‘ge.‘ Althougl"l
photosynthetic capacity changes as‘sociated.with -altered Eﬁantqn' |
efficiency can be campleted within ‘né)t_.n:s in frelee—liv‘ing‘ aciuat_;ic algae
(Prezelin, 198l), adjustment of do;«.rnstrea-n biochemical eventé in the
Calvin cycle may take much lorger, corrt-é's‘porriinq to the turnover time of
. spec1f1c enzymes (Bjorkman, 1981). Bpually one can speculate that a
finite energetic cost is associated with these acclimatory changes in
photosynthetic pattﬁer_ns, although to daté no such cost/benefit analysis
has been campletad (Bjorkman, 1981; Kershaw, 1984).

In 'C.trachyphylla the higher net photosynthetic rates evident at

low temper:aturﬁs over the winter months allow mcreaSed net annual carbon -

gam through maintenance of motosynthetlc homeostasm over winter
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hydration periods. f-bwever, continued maintenance of this broader
temperatﬁré reponse curve year around would r.ntrbe energetically cost
effective (assuming a fin'i.ter‘tl:ost t:é maintaining this higher P) }, as
teamperatures of hydrated thalii in summer do ot wsually fall Into this
lower rai_%ge where Pmax lca.pacity chan:gegs are observed. A similar
gnotosyntrnetic s_t:ratégy' has been adopted by the lichen Peltigera:
m:fescéﬁs,.but in t-his“species the winter period is oné of metabolic
in}activity, while in . summer, hydrated thalli :.egularly: exper ience high
" temperatures The photosynthetic response of P.rufescens to these
seasbnal chéﬁgeé is. a higher P - at high temperature over the sutmerl

perlod (Brown and Kershaw, 1983) , totally oppomte in pattern to

C.trachyphylla, where a_h:.gher Pmax is seen at lower temperatures onl.y‘ in
winter. In both speci.es these éeasonél changes in the B teﬁperré'ture
response curves allows homeostasis of seasonal carbon ga;in in an
‘e_nvirorrﬁent where the anpl'itLﬁé of. thermal changes {exper i’enced. byll_
hydrated thalli) is high, bu;c_is.; exper ienced over monthly time scales.’
The amplitude of change in the physical cperatmg env1rorment of

R. superf1c1a1e is also high, only for this specles the frequency of .

change is qul_te rapid. The current data set pomts to a highly variable
thermal enviromment, where hydrated thallus’ temperatures can range from
~ below 5 to over 20 “C several times daily. This time scale may well fall
below that which photosynthetic accl imation éan track.  We instead
cbservé a strategy of maint;aininq -a broad rénée’ of response to
ténpera'twe, .enCanas‘si_rlg the anpl itude of envirommental change at all
tﬁmés. |

Cur iously the salme.'reéponse pa-ttern, ie. optimizincj caz_:bqn gain

over a wide temperature range year around, is seen in Collema
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furfiraceun, a low arct:&c epiphyte found in shaded hmbitats which only

. - v

rarely e-xperiemes marked short term temperature fluctuations. Although

“the ff:equency of long term envirommental changes is quite predicatéb‘le :

for C.fu:r:fu:céi:eun, their ané:lituie may-fall below the threshold values at .
. & o
which acclimation of net photosynthetic temperature optimum would yield .

higher carbon gain.

" In N.comune both nitregenase activity and net rhotosynthesis

- ~

"'es_seritiall_y show, no change in seasonal response to either temperatwure,

- l . . - -
molsture, or light. In the context of the dramatic shifts observed in

C.trachy'phylla, his lack of ~response at first seems anomalous. However,

N.cammne experiences an operating enviroment quite different from that

of C.trachyphylla. In winter it remains longer in a frozen state beneath
the snow cover , whilst in sumer it remains lormger in a ‘hydrated state

over high temperature periods. ’Ihe'.mysiological Strategy of N.camune

is supen:.c:.ally qu1te similar to that of the Bouteloa grac:llls grass mat

within which it grovg?_. In B gramlls C acid transfers and
decarboxylation'ccmbine with spatial separatmn of carboxylation enzymes
to enhance CO2 uptake at hlgh temperatures (Kemp and Williams III, 1980) L
the majority of carbon gain occuring in mldsunmer following small
prec1.p1_tj.at10n evg)ts (Sala and I:aurmroth, 1982) . Although Coxson et al.

(]'.982)‘ could detect no rhotorespiratory gas exchange in N.cammune, the

presence-of Cé metabol ic pathways remains unresolved without examination

of ribuloseb'ig'xosphate‘cérboxylase to thosphoenolpyruvate carboxylase

ratios. Seasonal changes of photosynthetic temperature optima have been

noted in the Cy higher olants Atriplex sabulosa and Tidestroma

oblorgifolia, of the Amer ican Southwest Desert habitats {(Bjorkman and

Badg'ér, 1977). -However the alternation of winter-cool and summer-hot



seasonal cnm'iltlons there alr&es greatex: met.abollc re'tm:n Ercm the T

Aly . - .‘ -~ _ \l_‘ s _-.. R _:’: —" ;/4 - -

q‘:rabegy of seasonal ;:hotosvnthetlc temnerature accl:matlon.r 'Ihe absence

- o

of .any winter capacztv changes in N. ccmmme'-nay in part be due to tl'le

T oyery 11:n1ted [:erzods of metabol ic act:.v1ty m winter (relatlve tn LT

4

;.C trachvohylla) ' those few oerzods not jL.st1fy1ng "he expendlture of

T -

) energy in acz:lnmatory mechamsns However, thi s argunen ‘r_anams I

speculatlve m absence oF accl _matory ccst accountmg

In- general “the operatmg envirorments within whlch acel imation

of net—ghotosynthetlc processes result in g:eater' net -annual carbon ga_m

. . - v . - _ .- -
. can be viswmlized as intermeiiate in both their frequency and anplltuﬂer
n - S ;

B &

of enviromental -"c"mange (largely thermal in. present cont_xt) Aftnr

_env:.romenmlly mdu:ed changes in photosynthetic processes occur, the
new env1r_ormental regime must re-occur. with sufficient frequency and
. duration to recoup any metabol ic costs associated with a‘ccl imatory
changes) . ﬁqually; tbe magnituie of these environnental c:héngéé must be:

‘ mgh enough to trigger the orgmal alteratlon of phobosynthetlc

mecl'?lsns. ' ' <

(5.2) Overview

The ecomysiological investi&gation on each of the three surface .

: cryptogans stuiled, R.smerf1c1ale, C. trachyphylla and N.camune was

de51gned so that. that factorlal 1nteract10ns of light, temperature and

mon.sture coul_d be examined concurrently, allowing the identification gf_

. secondary and tertiary interactions. In R.superficiale examination of : -

the 'E:h'ysi-cal' operating enviromment led to recognition of the role played

by short term lther_mal fuctuations in defining this species pﬁysiologiic.al
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response curves. The temperature response of CO2 exchange, initially

puzzling in light of general climatic trends, was readily interpretable

as a specific strateqy allowing optimization of carbon-gain once the

Sy

bourdary layer enviromment was characterized, yet these samé boundary iy,

N

layer parameters favouring carbon gain in R.superficiale-also imposed
- - ¢ : -
potentially severe distributional limits, due to_the limited tolerance

for thermal stress in this species. By contrast, in C.trachyphylla the
=, N

- '-‘.:‘!) - . ~f
primary factor limiting carbon gain was not tempe:ature, buf frequency of ~

hydration. However, changes in carbon gam patterns durlng these &

restricted periods of metabol ic activity, partlcularly dprmg‘\nm:emr
snowmelt periods, allowed potentlally much hlgrer fet annual car,bon gain

-

in C.trachyphylla. The slight dlfference in aspect between C.trachyphylla

and N.cammune at the g}assland site, ccmbmed with the micue: morpholtogy

of N.camune proved 511ff1c1ant to alt:er the operatmg envirgment of

f

N.cammune quite considersbly from that seen in C.trachyphylla. \ These

changes were reflected in the ;hysiologicél respoﬂnsé curves\w\af Neeamuune, . .

the carbon gain ©f which is maximized under full suwmer radiation’ T

-

conditions due to it's high water retention capacity. The differences in

operating strategies between C.trachyphylla and N.camume, located as .

they are, only meters apax:*on exposed graSs.l?ar‘id sur faces, clearly
enphasizes the need for close examination of thé full éperating
env1rorm;ent of sur face cryptogams and hlghllghts t“\e dlfflcultles in
predicting the spec ies metabol ic responses of’ surface cryptogams from-

general cl imatic and thytosocioclogical paranet:ers.

wt
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' APPENDIX A

’ 7 Table.l 7

-

~ Photosynthetic intéractions with CO. comentratibn in R.Sijpérficiale
" and C.trachyphylla using the discre%e sampling IRGA technique. '

Gas Exchange .(mg co, ‘h_l_ g-l)
: o o X%
Assay Thallus Moisture
Temperature (ontent A B C D E
R. sqpefficiale i
01 optimal ~  1.11- - 1.19 1.16 0.03 3.0
14  Optimal © 62 .64 .63 ° .02 2.2
14 Saturation .25 .26 .25 .05 2.0
21 Optimal .24 .28 .26 L .02 5.9
C.trachyphylla
07 Optimal 1.37 1.44 1.41 .03 2.4
07* Optimal 2.07 2.17 2.13 .04 2.0
07 Saturation .32 .37 .35 - .03 7.1
AN P ) :
21 . Saturation .23 .24 .24 01 2.7
21 Optimal 2.40 2.60 2,50 .09 3.7
\
.

thallus moisture contents.

A) Predicteglva}}}e of net photosynthesis (at 300 ppm CO,, 600
mg CO2 h ~ g, and indicated temperature) from 3rd Srder
polynamial regression equations (from raw data scattergrams

of Figs. 5 and 6, except for winter material whose scattergram

was not presented) . v

-_(Cont:.i_nﬁed on next page)

-~

Winter collected material, all other values for surmer collections.
** See Section 3.1.2 for definition of optimal and saturating
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is reached, wher @no,_ 0=30 and a, b, ¢ and d‘are respectively -

1st to 3rd ord &fficients and ‘constant of ‘equatipns used in

© (A) and (B) aboye. - . o '

. . - . : - _ RS . :

D} .(B)-(C), ie. departure of "discrete" sampling net photosynthetic rates -

- from predicted !'instantaneous" rates. The rates predicted fram ;
fA) and (B) will deviate slightly from theoretical instantaneous ™
rates’ (by up to 5%) dué to the small errors inherent in the o
10 to 15 ppm CO% drawdown of Figs. 5 and 6. This -effect however, -

is insignificant on (D) and (E)_‘» (less than' 1% differencey. . T

< < E) (D) represen'Wtage’.,diffeﬁencei‘ '

, Mumbers presented above in colimng (A) to (E) are ‘vélﬁes
rounded to second’ decimal place. o
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